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Summar y

Spatial sound has long b een a topic of in terest in electro-acoustic m usic. With

con tin ual tec hnical adv ancemen ts of metho ds to ac hiev e spatialisation of sound,

an increase in the realisation of spatial sound ideas can b e ac hiev ed, while con-

curren tly giving birth to new concepts in this area. W a v e Field Syn thesis (WFS)

pro vides a comp elling metho d, as it excels in creating a clear lo calisation of a

virtual sound source for a large listening area. Despite the necessary hardw are

in v estmen t, WFS is gaining p opularit y at man y institutes - in ternationally -

pro viding increasing n um b ers of comp osers and sound artists with access to

the tec hnology . This relationship b et w een tec hnology and comp oser pro vides

an en vironmen t for exploration of strengths and w eaknesses, as w ell as driving

forw ard dev elopmen t of the tec hnology while comp osers are creating the con-

ten t. This can b e considered a k ey elemen t in creating a demand for WFS in

commercial and academic mark ets.

T o pro vide more extensiv e con trol o v er sound sources, this thesis prop oses

a metho d for the repro duction of arbitrarily shap ed ob jects emitting sound,

using WFS. The metho d b egins with a kno wn or de�ned geometry of the ob ject

surface, and assumes a kno wn or de�ned vibration of this surface. Using these

parameters, signals for a WFS loudsp eak er arra y are calculated, applying an

adapted WFS op erator that tak es in to accoun t the elev ation ab o v e or b elo w the

horizon tal plane, and di�raction of the sound around the ob ject itself.

The metho d is v alidated through the calculation of sev eral examples, ev al-

uating the e�ects of size, shap e, re�nemen t, distance and di�raction on the

resulting w a v e �eld emitted b y the loudsp eak ers. The di�raction mo del giv es

plausible results, but a �second stage� of di�raction o ccurs at the WFS repro-

duction arra y . A listening test sho ws that sound ob jects repro duced in this w a y

cause signi�can t p erceptual e�ects primarily on tone colouration, but also in

v arious spatial parameters suc h as source width, lo calisation and spaciousness.
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Zusammenf assung

Seit Beginn der elektroakustisc hen Musik stöÿt das Thema des räumlic hen

Klanges un ter K omp onisten auf groÿes In teresse. Durc h die k on tin uierlic he

tec hnisc he En t wic klung k onn ten und k önnen diesb ezüglic h zunehmend Meth-

o den zur Realisierung v on Raumklang erreic h t und neue K onzepte angeregt

w erden. Die W ellenfeldsyn these (WFS) zeic hnet eine gewic h tige Metho de aus,

die eine klare Lok alisation v on virtuellen Klangquellen für einen groÿen Hör-

raum kreiert. T rotz des hierfür not w endigen hohen tec hnisc hen und �nanziellen

Aufw ands gewinn t die W ellenfeldsyn these in ternational an vielen Instituten an

P opularität, w o durc h K omp onisten und Klangkünstlern in zunehmendem Maÿe

Zugang zu dieser T ec hnologie ermöglic h t wird. In dieser Bezieh ung zwisc hen

T ec hnologie und K"unstlern bietet sic h die Möglic hk eit der Erforsc h ung der

Stärk en und Sc h w äc hen, eb enso wie der W eiteren t wic klung der T ec hnologie b ei

gleic hzeitigem Herstellen v on Inhalten durc h die Künstler. Dieses ist auc h der

Sc hlüssel des Erfolges, um die Nac hfrage für die WFS anzuregen und ihr einen

gröÿeren Markt zu ersc hlieÿen.

Um eine gröÿere und detailliertere K on trolle üb er Klangquellen liefern zu

k önnen, wird in dieser Dissertation eine Metho de v orgestellt für die Repro-

duktion (mittels WFS) v on willkürlic h geform ten Klang-aussendenden Ob jek-

ten. Diese Metho de geh t v on einer b ek ann ten, b ezieh ungsw eise einer de�nierten

Geometrie der Ob er�äc he eines Ob jektes aus und nimm t eine b ek ann te o der

de�nierte Sc h wingung dieser Ob er�äc he an. Mit diesen P arametern w erden Sig-

nale für ein WFS-Lautsprec her-Arra y , durc h die An w endung eines angepassten

WFS-Op erator b erec hnet, w elc her auf die P osition üb er und un ter der horizon-

talen Eb ene so wie die Beugung des Klangs um das Ob jekt herum Bezug nimm t.

Diese Metho de wird durc h die Kalkulation einiger Beispiele üb erprüft, w ob ei

die E�ekte v on Gröÿe-, F orm-, V erfeinerungs-, Distanz- und Beugungsparam-

etern auf das resultierende v on den Lautsprec hern wiedergegeb ene W ellenfeld

ausgew ertet w erden. Das Beugungsmo dell ergibt plausib ele Resultate; es tritt

ab er ein �zw eite Stufe� der Beugung auf, auf dem Lautsprec her-Arra y .

Ein Hörtest hat deutlic h gezeigt, das die Sc hallquellen, die auf diese W eise

wiedergegeb en wurden, deutlic h w ahrnehm bare Eigensc haften aufw eisen. Als

Erstes ist ein E�ekt auf die Klangfarb e zu hören, ab er des w eiteren auc h in v er-

sc hiedenen räumlic hen P arametern wie Quellen breite, Lok alisation und Räum-

lic hk eit.
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Samenv a tting

Ruim telijk geluid is al sinds de b egin tijden v an de electro-ak o estisc he m uziek

een thema dat grote in teresse w ekt onder comp onisten. Met de v o ortdurende

tec hnisc he on t wikk elingen op het gebied v an ruim telijk geluid, vinden o ok steeds

meer ideeën v o or ruim telijkheid een uitdrukking, terwijl tegelijk ertijd de nieu w e

tec hnisc he mogelijkheden nieu w e ideeën inspireren. Golfv eldsyn these (W a v e

Field Syn thesis, WFS) biedt een fascinerende metho de, die uitblinkt in het

creëren v an een kristalheldere lo calisatie v an een virtuele geluidsbron, w elk e op

een gro ot luisteropp ervlak ho orbaar is. Ondanks de b eno digde in v esteringen in

hardw are win t WFS aan p opulariteit bij v ele instituten - op in ternationaal vlak

- en v o orziet daarmee meer en meer comp onisten en geluidskunstenaars v an

to egang tot de tec hnologie. Deze relatie tussen tec hniek en comp onist biedt een

omgeving v o or het v erk ennen v an de sterk e en zw akk e k an ten v an de tec hnologie,

en is o ok een drijv ende krac h t v o or v erdere on t wikk eling v an de tec hnologie, ter-

wijl tegelijk ertijd comp onisten inhouden creëren. Dit k an gezien w orden als een

sleutelelemen t om een vraag naar WFS in commerciële en academisc he markten

tot stand te brengen.

Om in een grotere en gedetailleerde b eheersing o v er geluidsbronnen te v o or-

zien, w ordt in deze dissertatie een metho de v o orgesteld v o or de repro ductie,

met b eh ulp v an WFS, v an willek eurig gev ormde ob jecten die klank v o ortbren-

gen. De metho de gaat uit v an een b ek ende of gede�niëerde geometrie v an de

opp ervlakte v an het ob ject, en neem t een b ek ende of gede�niëerde trilling v an

deze opp ervlakte aan. Met deze parameters w orden signalen v o or een WFS

luidsprek er arra y b erek end, met b eh ulp v an een aangepaste WFS op erator, die

de v erticale comp onen t, b o v en of onder het horizon tale vlak, in rek ening neem t,

en di�ractie v an het geluid do or het ob ject zelf.

De metho de w ordt gev alideerd do or de b erek ening v an v ersc heidene v o or-

b eelden, die het e�ect v an gro otte, v orm, discretisatie, afstand en di�ractie op

het gerepro duceerde golfv eld laten zien. Het di�ractiemo del lev ert plausible re-

sultaten op in deze to epassing; er treedt ec h ter een �t w eede stap� v o or di�ractie

op aan het luidsprek erarra y . Een luistertest heeft laten zien dat geluidsbronnen

die op deze manier w eergegev en w orden, duidelijk e p erceptiev e eigensc happ en

hebb en; in de eerste plaats is er een e�ect op de klankkleur, de andere eigen-

sc happ en zijn v an ruim telijk e aard en hebb en b etrekking op de bron breedte

(source width), lok alisatie en ruim telijkheid.
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Pref a ce

This thesis is the result of o ccup ying m yself with W a v e Field Syn thesis for

appro ximately the last �v e y ears.

My �rst in terest in W a v e Field Syn thesis w as b orn b y the v ery �rst demon-

stration of WFS I exp erienced, as I studied Applied Ph ysics in Delft. Though I

originally in tended to do m y Master's Thesis on the topic, this did not w ork out

due to circumstances. While I w as w orking on m y Master's Thesis on Spacious-

ness in Concert Halls, m y sup ervisor Diemer de V ries, w as an Edgard V arèse

guest professor at the TU Berlin, and up on his return to Delft, he held a pre-

sen tation ab out his time in Berlin. Being halfw a y the one y ear Sonology Course

at the Conserv atory in The Hague, I ask ed him, appro ximately one w eek b efore

I handed in m y Master's Thesis whether he though t it w ould b e p ossible for me

to go to Berlin, to w ork on W a v e Field Syn thesis and electro-acoustic m usic; he

put me in con tact with F olkmar Hein, who immediately sho w ed en th usiasm, but

also clearly stated the realit y that there w as no �nancial supp ort to b e o�ered

from the side of the TU Berlin at that momen t. Th us I v en tured in to the w orld

of gran t applications, and ha v e b een extremely luc ky in receiving gran ts from

the VSB F onds (for a 10 mon th p ost graduate researc h pro ject) and the D AAD

(for a 6 mon th p ost graduate researc h pro ject), and ha v e b een luc ky to ha v e

supp ortiv e paren ts in the mon ths where gran t money w as not a v ailable, as w ell

as to ha v e found a temp orary job at the neigh b ouring Institut für T ec hnisc he

Akustik (IT A).

With the app oin tmen t of Stefan W einzierl as the new professor for the

F ac hgebiet in 2004, he con vinced me to expand on the theme of arbitrarily

shap ed sound sources as a Ph.D. researc h pro ject, whic h has b een funded b y

a gran t of the NaFöG (Nac h wuc hsförderungsgesetz) in Berlin (here I need to

thank F rau Susanne Hördt for the great care with whic h she handled all the

details of the gran t).

Up on commencing to actually write do wn the thesis (partly b ecause in the

same p erio d, the TU Berlin has b een able to realise a WFS system in one of its

lecture halls) it app eared b est to com bine b oth the w ork on the soft w are and

its renew ed v ersion, as w ell as its application b y comp osers, and the researc h

in to arbitrarily shap ed sound sources, in to one thesis, esp ecially as this puts the

thesis not only within a ph ysical con text (whic h is the main emphasis of the

arbitrarily shap ed sources), but also in to a more m usical con text, whic h is more

�tting to a facult y of "Geisteswissensc haften", to whic h our Audio Comm uni-
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cation Group b elongs. It also ga v e me an opp ortunit y to elab orate on man y

topics, whic h ha v e not b een describ ed in man y other WFS theses.

This is the place to thank ev ery one who has supp orted me o v er the y ears in

this w ork, whic h not only includes m y sup ervisors Stefan W einzierl and Diemer

de V ries, but also F olkmar Hein, who has b een a great supp ort throughout

m y �v e y ears at the TU, the v arious studen ts and tutors in the studio: Hanns

Holger Rutz (who in tro duced me in to the underground electronic m usic scene of

Berlin), Niklas W erner ( y), Martin Rumori and Stefan Kersten (who all help ed

me get started with Lin ux Audio), and of course, the slo wly expanding WFS

team who rewrote the soft w are and set up the system in the lecture hall: T orb en

Hohn, Simon Sc hampijer (who has also b een a great co-organiser of the Lin ux

Audio Conference 2007), Daniel Plew e, Eddie Mond and Thilo K o c h, as w ell as

Wilm Thob en, Ec kie Güther, Florian Goltz and Sebastian Ro os. Hans-Joac him

Maemp el and Judith Lieb etrau ha v e giv en v aluable advice on the listening tests.

Thanks go to Soma y a Langley for pro ofreading and editing m y English for parts

of this thesis. Julius Stahl and Ilk a Theuric h ha v e help ed me create the German

v ersion of the summary . My brother Philippus read m y whole thesis and found

t yp os and sen tences whic h w eren't making an y sense, so I could correct them

for the �nal publication.

F or inspiration I ha v e to thank sev eral of the Edgard V arèse guest professors,

b esides Diemer, Hans T utsc hku for inspiration and the �rst exp erimen ts com-

bining Mo dalys and WFS, and Norb ert Sc hnell for inspiration for realisation of

the spatial gran ular syn thesis.

Outline of this thesis

The �rst c hapter giv es an in tro duction to spatial tec hniques as used in electro-

acoustic m usic and go es in to detail on spatial p erception of source shap e and

size. Chapter 2 explains the theory of w a v e �eld syn thesis, whereas c hapter 3

details the setup of hardw are and soft w are for WFS as dev elop ed at the TU

Berlin, fo cusing on the practical details of implemen tation. The c hapter that

follo ws will discuss the use of W a v e Field Syn thesis for electro-acoustic m usic.

In c hapter 5 , a source mo del for 3D sounding ob jects is in tro duced, including

di�raction and lo cal re�ections of the source ob ject. Chapter 6 details the algo-

rithms used in the soft w are implemen tation of this mo del. Chapter 7 presen ts

an ev aluation of the mo del.

The thesis is concluded with a discussion of the results and an outlo ok to

the future of WFS.

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



Publica tions

P arts of the w ork presen ted in this thesis ha v e b een published previously in the

follo wing conference pap ers. Sev eral of the results presen ted in these pap ers

ha v e b een review ed and re�ned for this thesis.

Reviewed conference p apers

Marije A.J. Baalman. On w a v e �eld syn thesis and electro-acoustic m usic -

State of the Art 2007. In International Computer Music Confer enc e 2007,

Cop enhagen, Denmark, 27-31 A ugust 2007 , 2007.

Marije A.J. Baalman, T orb en Hohn, Simon Sc hampijer, and Thilo K o c h.

Renew ed arc hitecture of the sW ONDER soft w are for w a v e �eld syn thesis on

large scale systems. In Linux A udio Confer enc e 2007, TU Berlin, 22-25 Mar ch

2007 , 2007.

M.A.J. Baalman. swonder3Dq : Auralisation of 3D ob jects with w a v e �eld

syn thesis. In 4th International Linux A udio Confer enc e, April 27-30, 2006,

ZKM, Karlsruhe , 2006.

M.A.J. Baalman. Elev ation problems in the auralisation of sound sources

with arbitrary shap e with w a v e �eld syn thesis. In International Computer

Music Confer enc e 2005, 1-6 Septemb er 2005, Bar c elona, Sp ain , 2005.

M.A.J. Baalman. Up dates of the W ONDER soft w are in terface for using

w a v e �eld syn thesis. In 3r d International Linux A udio Confer enc e, April 21-24,

2005, ZKM, Karlsruhe , 2005.

M.A.J. Baalman and D. Plew e. W ONDER - a soft w are in terface for the

application of w a v e �eld syn thesis in electronic m usic and in teractiv e sound

installations. In International Computer Music Confer enc e 2004, Miami, 1-6

Novemb er 2004 , 2004.

M.A.J. Baalman. Application of w a v e �eld syn thesis in the comp osition of

electronic m usic. In International Computer Music Confer enc e 2003, Singap or e,

29 Septemb er - 4 Octob er 2003 , 2003.

Invited conference p apers

M.A.J. Baalman. Ho w to Con trol 840 Channels. W orking with Large Scale

W a v e Field Syn thesis. in Next Gener ation, ZKM, Karlsruhe , June 2007. http://

www. zkm. de

xi

http://www.zkm.de
http://www.zkm.de


xii

M.A.J. Baalman. Discretisation of complex sound sources for repro duction

with w a v e �eld syn thesis. In D A GA '05, 14 - 17 Mar ch 2005, München , 2005.

M.A.J. Baalman. T o epassing v an golfv eldsyn these in de comp ositie v an

electronisc he m uziek, In NA G Journaal, bije enkomst van 17 septemb er 2003 .

Nederlands Ak o estisc h Geno otsc hap, 2003.

Other conference p apers

Marije A.J. Baalman. Repro duction of arbitrarily shap ed sound sources with

w a v e �eld syn thesis - ph ysical and p erceptiv e e�ects. In AES 122nd Convention,

Vienna, 5-8 May 2007 , 2007.

M.A.J. Baalman. Repro duction of arbitrarily shap ed sound sources with

w a v e �eld syn thesis - theory and implemen tation. In T onmeistertagung 2006,

L eipzig, 16-19 Novemb er 2006 , 2006.

M.A.J. Baalman. Application of w a v e �eld syn thesis in electronic m usic and

sound installations. In 2nd International Linux A udio Confer enc e, 29 april - 2

Mai 2004, ZKM, Karlsruhe , 2004.

Online journals

M.A.J. Baalman. Application of W a v e Field Syn thesis in electronic m usic and

sound art. In The IDEA #7 , 2004. http:// retiary. net/ idea/ idea7/ idea_ 7/ marijeb/

marije. htm

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...

http://retiary.net/idea/idea7/idea_7/marijeb/marije.htm
http://retiary.net/idea/idea7/idea_7/marijeb/marije.htm


Contents

Summary iii

Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Samen v atting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface ix

Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

Publications xi

1 In tro duction 1

1.1 Comp ositional approac hes . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Creating space and spatialit y . . . . . . . . . . . . . . . . 1

1.1.2 Sym b olic meanings of space and con text . . . . . . . . . . 2

1.1.3 Illusion, allusion and temp oral dev elopmen t . . . . . . . . 4

1.1.4 A terminology for spatial prop erties . . . . . . . . . . . . 5

1.1.5 Psyc ho-acoustical asp ects . . . . . . . . . . . . . . . . . . 5

1.2 Realisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Stereophonic tec hniques . . . . . . . . . . . . . . . . . . . 6

1.2.2 "Put a loudsp eak er there" . . . . . . . . . . . . . . . . . . 9

1.2.3 Sound di�usion . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.4 Doppler e�ects . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.5 Dela y and rev erb eration . . . . . . . . . . . . . . . . . . . 10

1.2.6 Decorrelation . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.7 Metaphoric tec hniques . . . . . . . . . . . . . . . . . . . . 11

1.2.8 Am bisonics . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.9 W a v e Field Syn thesis . . . . . . . . . . . . . . . . . . . . . 11

1.2.10 F o cus of soft w are to ols . . . . . . . . . . . . . . . . . . . . 12

1.2.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Sound sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3.1 Alternativ e transducers in sound art . . . . . . . . . . . . 14

1.3.2 Source directivit y . . . . . . . . . . . . . . . . . . . . . . . 15

1.3.3 Source size and shap e . . . . . . . . . . . . . . . . . . . . 17

1.3.4 Sound source o cclusion . . . . . . . . . . . . . . . . . . . . 20

1.3.5 Source c haracteristics in WFS . . . . . . . . . . . . . . . . 20

xiii



xiv CONTENTS

2 Theory 23

2.1 Homogeneous W a v e Equation . . . . . . . . . . . . . . . . . . . . 23

2.2 Inhomogeneous W a v e Equation . . . . . . . . . . . . . . . . . . . 24

2.3 Kirc ho�-Helmholtz in tegral . . . . . . . . . . . . . . . . . . . . . 25

2.4 Ra yleigh in tegrals . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.5 Op erator for W a v e Field Syn thesis . . . . . . . . . . . . . . . . . 28

2.6 Errors in the repro duction . . . . . . . . . . . . . . . . . . . . . . 32

2.6.1 Errors in tro duced for elev ated source p oin ts . . . . . . . . 32

2.6.2 Errors for receiv er p oin ts not on the reference line . . . . 32

2.6.3 A tten uation errors . . . . . . . . . . . . . . . . . . . . . . 34

2.6.4 Spatial aliasing and truncation e�ects . . . . . . . . . . . 34

2.7 Sim ulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 System setup 47

3.1 Hardw are setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2 Soft w are . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 The con trol unit - cwonder . . . . . . . . . . . . . . . . . . . . . 53

3.4 Rendering - Dir e ct sound . . . . . . . . . . . . . . . . . . . . . . 55

3.4.1 P oin t sources . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4.2 Dela y lines . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.3 Mo ving sources . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.4 Plane w a v es . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4.5 Corrections for elev ation angle of the sp eak er arra y . . . . 57

3.5 Rendering - R o om simulation . . . . . . . . . . . . . . . . . . . . 57

3.5.1 Con v olution . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.5.2 IR cac hing . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.5.3 Calculating the IRs . . . . . . . . . . . . . . . . . . . . . . 60

3.6 Score pla ybac k and recording . . . . . . . . . . . . . . . . . . . . 60

3.7 Graphical User In terface . . . . . . . . . . . . . . . . . . . . . . . 63

3.8 Time and sync hronisation . . . . . . . . . . . . . . . . . . . . . . 63

3.9 Con�guration and data �les . . . . . . . . . . . . . . . . . . . . . 64

3.9.1 Arra y con�guration . . . . . . . . . . . . . . . . . . . . . 65

3.10 OSC commands . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.10.1 Pro ject . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.10.2 Scenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.10.3 Source con trol . . . . . . . . . . . . . . . . . . . . . . . . 66

3.11 Spatial gran ular syn thesis . . . . . . . . . . . . . . . . . . . . . . 69

3.12 Curren t status of the soft w are . . . . . . . . . . . . . . . . . . . . 70

4 WFS and electro-acoustic m usic 71

4.1 P ersp ectiv es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.1 Recording tec hniques . . . . . . . . . . . . . . . . . . . . . 73

4.1.2 Sound installations . . . . . . . . . . . . . . . . . . . . . . 75

4.1.3 Realtime use . . . . . . . . . . . . . . . . . . . . . . . . . 75

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CONTENTS xv

4.2 A v ailable systems and to ols . . . . . . . . . . . . . . . . . . . . . 75

4.2.1 The Game of Life - WFS system . . . . . . . . . . . . . . 76

4.2.2 Casa del Suono . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2.3 Commercial systems . . . . . . . . . . . . . . . . . . . . . 77

4.2.4 F urther researc h systems . . . . . . . . . . . . . . . . . . . 79

4.2.5 Compatibilit y b et w een systems . . . . . . . . . . . . . . . 80

4.2.6 Economical issues . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Comp ositions and installations . . . . . . . . . . . . . . . . . . . 82

4.3.1 W orks from the Electronic Studio of the TU Berlin . . . . 84

4.3.2 W orks created on the IR CAM - Sonic Emotion system . . 94

4.3.3 W orks created for the The Game of Life system . . . . . 94

4.3.4 Sup erMono . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5 Source mo del 97

5.1 Ph ysics of sounding ob jects . . . . . . . . . . . . . . . . . . . . . 97

5.1.1 A coustic w a v es in solids . . . . . . . . . . . . . . . . . . . 97

5.1.2 Finite di�erence metho ds . . . . . . . . . . . . . . . . . . 97

5.1.3 Digital w a v eguide mesh metho d . . . . . . . . . . . . . . . 98

5.1.4 Mo dal syn thesis . . . . . . . . . . . . . . . . . . . . . . . 98

5.1.5 Com binations . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 Source mo del for 3D ob jects . . . . . . . . . . . . . . . . . . . . . 99

5.2.1 T riangulated meshes . . . . . . . . . . . . . . . . . . . . . 99

5.3 Discretisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3.1 Sim ulations . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.4 Di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.4.1 Ov erview of di�raction theories . . . . . . . . . . . . . . . 104

5.4.2 Secondary source mo del . . . . . . . . . . . . . . . . . . . 105

5.4.3 Numerical implemen tation . . . . . . . . . . . . . . . . . . 111

5.5 The source mo del including di�raction . . . . . . . . . . . . . . . 119

5.6 In tegrated mo deling approac h . . . . . . . . . . . . . . . . . . . . 119

5.6.1 Direct sound . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.6.2 Sp ecular re�ections . . . . . . . . . . . . . . . . . . . . . . 120

6 Implemen tation: swonder3Dq 123

6.1 Ov erview of soft w are comp onen ts . . . . . . . . . . . . . . . . . . 123

6.2 In ternal data structures . . . . . . . . . . . . . . . . . . . . . . . 124

6.2.1 File format . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3 Mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.3.1 Choice of view ers and library . . . . . . . . . . . . . . . . 129

6.3.2 Supp orted �le formats . . . . . . . . . . . . . . . . . . . . 129

6.3.3 Re�nemen t of the mesh . . . . . . . . . . . . . . . . . . . 130

6.3.4 Finding planes and outer edges . . . . . . . . . . . . . . . 131

6.4 Filter de�nition and calculation . . . . . . . . . . . . . . . . . . . 132

6.4.1 Filter resp onse of the breakp oin t �lter . . . . . . . . . . . 133

6.4.2 A v eraging �lters . . . . . . . . . . . . . . . . . . . . . . . 134

6.5 3D WFS Calculation . . . . . . . . . . . . . . . . . . . . . . . . . 134

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



xvi CONTENTS

6.6 Di�raction Mo del . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.7 Summary of the calculation for eac h ob ject . . . . . . . . . . . . 136

6.8 In tegration with sW ONDER . . . . . . . . . . . . . . . . . . . . 137

6.8.1 Realtime con trol . . . . . . . . . . . . . . . . . . . . . . . 137

6.8.2 Non-realtime rendering . . . . . . . . . . . . . . . . . . . 139

6.9 F uture w ork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

7 Ev aluation 141

7.1 Ph ysical e�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.1.1 Shap e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.1.2 Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.1.3 Re�nemen t . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.1.4 Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.2 Di�raction e�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7.2.1 Loudsp eak er signals . . . . . . . . . . . . . . . . . . . . . 147

7.2.2 Extrap olation in to the listening area . . . . . . . . . . . . 153

7.2.3 Summary of results . . . . . . . . . . . . . . . . . . . . . . 153

7.3 P erceptual e�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.3.1 T est setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.3.2 Results of the �rst part . . . . . . . . . . . . . . . . . . . 164

7.3.3 Seman tic di�eren tial (phase 2) . . . . . . . . . . . . . . . 165

7.3.4 Analysis of the results . . . . . . . . . . . . . . . . . . . . 166

7.3.5 Summary of results . . . . . . . . . . . . . . . . . . . . . . 172

8 Conclusions 185

A c kno wledgemen ts 189

Bibliograph y 191

A XML �le formats 203

B Program notes 207

B.1 Concert Program Club T ransmediale 2003 . . . . . . . . . . . . . 207

B.2 Electrofringe 2003 . . . . . . . . . . . . . . . . . . . . . . . . . . 209

B.3 Lin ux Audio Conference 2004 . . . . . . . . . . . . . . . . . . . . 209

B.4 Donauesc hingen 2006 . . . . . . . . . . . . . . . . . . . . . . . . . 210

B.5 Lin ux Audio Conference 2007 . . . . . . . . . . . . . . . . . . . . 210

B.6 Lange Nac h t der Wissensc haften 2007 . . . . . . . . . . . . . . . 212

C Algorithms 215

D Listening test instructions 223

E Listening test results 229

Curriculum Vitae 251

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



Chapter 1

Intr oduction

Spatialisation has long b een a topic of in terest within electro-acoustic m usic

1

and consequen tly man y comp osers, sound artists and authors ha v e written ab out

di�eren t approac hes, and used di�eren t tec hniques and tec hnologies. W a v e Field

Syn thesis (WFS) �ts in to this tradition and pro vides the p ossibilit y to realise

man y ideas whic h w ere previously imp ossible.

1.1 Compositional appr o a ches

1.1.1 Crea ting sp a ce and sp a tiality

Raaijmak ers [Raa93 ] states that throughout the 19th cen tury the w orld has b een

reduced from a round, full spatial w orld to a single p oin t, as the factors path (to

b e understo o d as pro cess) and time w ere gained, in exc hange for space, equated

to soul. Since then, attempts ha v e b een made to regain lost space, through (1)

tec hnical, (2) spiritual and utopian means and (3) through art: b y comp osing

space.

T o the �rst p oin t, Raaijmak ers ascrib ed the dev elopmen t from monophonic,

via stereophonic, quadraphonic, am bisonic, to �spacesound�, omniv ersum and

holophon y . T o the second p oin t, he pro vides an o v erview of ho w sev eral artists

and theorists imagine new spatialit y - ones that cannot y et b e realised - b efore

con tin uing on to address, at greater exten t, the topic of comp osed space. Be-

ginning this, is a sc hematic listing of the relation b et w een m usic transmission

and spatial setting of the p erformance:

1. the lonely singer in an empt y w orld;

2. con tra-p oin t, duo, dialogue, duel;

3. circus, camp-�re, jail;

1

With electro-acoustic m usic is referred to m usic that is created b y syn thesis or pro cess-

ing, digitally and/or electronically , whic h is dep enden t on the repro duction b y an electro-

mec hanical transducer, e.g. a loudsp eak er. This sp eci�cally excludes the use of pro cessing

audio data with the aim to repro duce an acoustic ev en t (e.g. a violin concert). It do es include,

ho w ev er, an y genre of electronic m usic, as w ell as (most) sound installations.

1
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4. amphitheatre (as an in-b et w een form);

5. 19th cen tury concert hall, spaciousness, stereo, depth, hierarc h y;

6. p op-screen, 1D, electronic, no depth, arti�cial space, laser/smok e, colour/ligh t.

Mo dern comp osers do not desire space to passiv ely "repro duce" m usic, but

wish for it to b ecome an activ e "source", so as to mobilise it. Three ideals can

b e used to ac hiev e this ideal:

1. "T races", "routes" and "planes" are set out in the space, that the sound

can follo w. With the aid of loudsp eak ers, imaginary sonic routes are

created and mo v emen ts are sim ulated. F orms of an tiphon y and sonic

p olyphon y are created. Examples can b e found in the w orks of Sto c k-

hausen, V arèse, Xenakis, Nono and Bo erman. The sounding space is au-

tonomous and indep enden t of the top ographical space in whic h the sound-

ing is taking place.

2. Space (or lo cation) is seen as a serial factor in the comp ositional pro cess,

equiv alen t to other parameters suc h as pitc h, duration, loudness and tone

colour, as done b y Go eyv aerts and Sto c khausen.

3. Dev elopmen t of a "comp osed acoustic" b y the principle of auto summation

of sound, aiming to transcend arc hitectural acoustics b y the "comp osed

acoustics". The latter b eing sub jected to comp ositional la ws (e.g. the

metho d of Boulez in Rép ons).

Jo el Ry an

2

considers that space can b e addressed in t w o w a ys: the �rst is

to create paths for the sounds, resulting in a c horeograph y of the sounds, and

consequen tly , this c horeograph y requires meaning to b e inserted. An alternativ e

w a y to address space is b y attempting to �ll the space with sound (whic h he

often do es in his o wn w ork) and can b e ac hiev ed b y using tec hniques suc h as

rev erb and dela y .

1.1.2 Symbolic meanings of sp a ce and context

T ro c himczyk [T ro01 ] relates the use of di�eren t spatial designs closely to the

sym b olic meaning of these forms, to spatial meanings encoun tered in our culture.

Distinguishing b et w een circles and nets, the �rst is asso ciated with the familiar,

but at the same time to the m ystical and cen tralised, whereas the second is

asso ciated with a more demo cratic concept.

A t the start of the discussion in her pap er, she states that there is no suc h

thing as spatial m usic, but only spatio-temp oral m usic, as w e can only exp erience

space in time, and in turn, can only exp erience time in space.

Lik e other comp osers and authors (e.g. Bo erman [Bo e92 ] and Böhmer [B

�

93 ]),

she elab orates on the issue of mobilit y of the audience: the m usic is no longer

comp osed for an audience who are �xed in their listening p osition, but rather the

notion is to p ermit audiences to mo v e, creating their o wn p ersonal exp erience

of a certain piece, rather than a (spatially) �xed exp erience. This concept is

2

source: a priv ate con v ersation with the author
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partly situated in a so cio-p olitical con text, where the comp oser can no longer

dictate the auditory exp erience of the listener, but rather the listener tak es on

an activ e role in his or her o wn exp erience, gaining freedom that is driv en b y

his or her o wn curiosit y . Practical concerns arise, suc h as that of the audience

making noises themselv es whilst mo ving (whic h can b e addressed b y carp eting

spaces so fo otsteps are not heard [B

�

93 ]), as w ell as b eing distracted a w a y from

fo cussed listening b y ha ving to concen trate on appropriate mo v emen t through

the space, to cite Xenakis [Xen94 ]:

�The problem is that when p eople mo v e around they cannot listen

in the same w a y , they do not concen trate on the m usic. They do

not kno w ho w to pa y atten tion while w alking and they do not notice

the fact that when they c hange p osition they ha v e a di�eren t aural

p ersp ectiv e caused b y the di�erence in lo cation. Besides, they are

distractiv e, they anno y other p eople who are listening, when they

mo v e.�

Opp osing this is Cage [Cag67 ], in his description of the b eha viour of the

audience in Diary: A udienc e 1966 :

�An audience can sit quietly or mak e noises. P eople can whisp er,

talk, and ev en shout. An audience can sit still or it can get up and

mo v e around. P eople are p eople, not plan ts.�

Xenakis' approac h in T err etektorh and Nomos Gamma is to disp erse the

orc hestra b et w een the audience, so spatial tra jectories can b e created b y se-

quen tially allo wing the v arious instrumen talists to pla y the sounds; he also in-

tro duces an in timacy b et w een the audience and the sound. As Boulez notes

ab out R ép ons [T ro01 ], if an audience mem b er w an ts to hear a di�eren t p ersp ec-

tiv e on the piece, he or she can listen to it again from another lo cation. Of

course, this means that an audience should b e able to ha v e access to sev eral

p erformances, but in realit y this is rarely the case.

An ma jor inhibitiv e factor for creating m usic for mobile audiences, is that

concert halls are often not suitable for suc h situations: due to so cial tradi-

tions, la y out (where seats are �xed), plus securit y concerns. In con trast, in a

non-classical con text (p opular m usic, club v en ues or underground/exp erimen tal

m usic), the audience is more lik ely to b e able to mo v e around the space, c hang-

ing their p ersp ectiv e. A go o d example of this are the concerts of the Dutc h

band Kong from the 1990's, where they p erformed in a quadraphonic la y out.

Eac h of the four m usicians pla y ed on a small stage placed on eac h side of the

hall and the audience w as able to freely mo v e (and dance) in b et w een them.

Mobilit y of audiences can b e more easily ac hiev ed in sound installations

[dlMH99], whic h are usually presen ted in gallery or m useum en vironmen ts, and

that are often op en to the audience o v er extended time frames. Listeners can

c ho ose when to en ter and when to lea v e, and are pro vided with the opp ortu-

nit y to shift their p osition in the space. This con text in tro duces the problem

where comp ositions in tended for this space m ust b e comp osed in a w a y that

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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is suitable for this t yp e of presen tation. Commonly found, are lo op ed comp o-

sitions, although increasingly , generativ e comp ositions are comp osed for suc h

spaces [Itu07 ]. When comp ositions are created to b e resp onsiv e to action and

momen t inside the space (b y the use of sensor tec hnology), the pro cess b ecomes

directly related to the static arc hitectural space, but also, and p erhaps more im-

p ortan tly , to the dynamic so cial arc hitecture of the space, i.e. the in�uence of

the p eople presen t in the space and their attribution to en vironmen tal c hanges

in eac h sp eci�c situation. As the sonic en vironmen t is dynamic, reacting in one

w a y or another to individuals in the space, p erception of the space is constan tly

c hanging.

Another form for spatial m usic is the mobilit y of the p erformers. Here the

problem is that this v ery mobilit y ma y in tro duce a theatrical c haracter to the

w ork, whic h m ust b e carefully ev aluated. When the imp ortance of the m usi-

cians' actions o v ershado ws that of the sonorous results of these actions, m usic

is transformed in to m usical theatre [T ro01 ].

1.1.3 Illusion, allusion and temporal development

Barrett [Bar02 ] giv es an o v erview of comp osition strategies for spatial sound,

discerning four main approac hes to space and ho w the comp oser can w ork within

it:

1. illusion of a space or a spatial lo cation of an ob ject,

2. allusion to a space or a spatial lo cation of an ob ject,

3. sim ulation of the three-dimensional sound �eld,

4. spatial p ossibilities con tingen t up on temp oral dev elopmen t.

In the �rst case it is attempted to create a p erceiv ed space, whic h matc hes

(as closely as p ossible) a real space. This is carried out b y main taining spatial

la ws suc h as the e�ect of sound transmission, the prop erties of the rev erb er-

an t �eld, ob ject image and m ultiple ob jects relationships, Doppler shifts and

gestural-spatial de�nition. T o create an e�ectiv e spatial illusion, the tec hnical

implemen tation pla ys an imp ortan t role. Ho w ev er, it is often su�cien t to create

a plausible spatial illusion via fairly simple means.

In the second case, space is implied b y making use of listener's assumptions

ab out certain sounds, e.g. through information that do es not conform to the

spatial la ws, where insu�cien t spatial la ws are presen t, or where presen ted spa-

tial la ws are set in con�ict. An example of information other than the spatial

la ws is the sonic result of wind sw a ying a large tree in full leaf. When a listener

hears this sound, he/she will assume an outdo or space.

In third case, the aim is to create an accurate sim ulation of a 3D sound �eld,

rather than creating the illusion of one. This metho d is not based on creating

psyc ho-acoustic illusions, but to create a ph ysically accurate acoustical w a v e

�eld. F or a comp oser this demands a di�eren t w orking metho d, as it is ob ject

orien ted, rather than trac k orien ted.

The fourth case is where the spatial p erception relies on the memory of

the listener, b e it from outside the comp osition (long-term memories, outer-
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referen tial dev elopmen t) or within the comp osition (self-referen tial dev elop-

men t). Con trasts or parado xes can b e ac hiev ed b y c hanging from a spatial

�illusion� to an �allusion�, or b y c hanging from accurate spatial (and sp ectral)

cues, to con�icting cues. One example of this is b y mo ving a sound source

quic kly through the space and placing the Doppler shift at a p osition that is

to o early or to o late. If the deviation from the natural ph ysics is not to o large,

the listener will not p erceiv e it as a breakdo wn of the spatial image, but rather

p erceiv e it as a transformation of the sounding ob ject.

1.1.4 A terminology f or sp a tial pr oper ties

Kendall [Ken07 ] presen ts a terminology of spatial attributes for describing spa-

tial relationships of electro-acoustic m usic, b eginning with a terminology of spa-

tial attributes, as presen ted b y Rumsey [Rum02 ], for repro duced sound. He uses

the dimensional attributes of width, distance, depth and direction, as w ell as

the immersiv e attributes of en v elopmen t and presence. These elemen ts can b e

applied on di�eren t lev els of an auditory scene, from one source to groups of

sources (suc h as an ensem ble), to groups of groups, where the transition is con-

tin uous rather than discrete. As man y lev els as required in the comp osition

b eing studied, can b e used.

He also men tions four di�eren t frames of reference for �source�:

1. the source signal, i.e. the acoustical signal or represen tation thereof;

2. the 'source image', i.e. the 'source' that has spatial attributes in the

auditory scene;

3. the 'conceptual source', i.e. the ob ject that the listener iden ti�es with the

sound, indep enden t of the spatial attributes;

4. the listener's spatial sc hemata SOUR CE (see [Joh87 ]).

1.1.5 Psycho-a coustical aspects

Our directional hearing serv es a v ery primitiv e function, that of a w arning sys-

tem [Mo o04 , e.g.]. When w e hear a sound, w e need to b e able to quic kly iden tify

the lo cation of the sound, and whether the source pro ducing the sound is a dan-

ger to us.

As the ma jorit y of ev en ts in the ph ysical w orld o ccur within the horizon tal

plane, w e ha v e w ell dev elop ed capabilities for determining the p osition of a

sound source in this plane. Also, w e are b etter at lo calising sounds in fron t of

us, than b ehind us [Bla97 ].

Our v ertical p erception is less dev elop ed. Our abilit y for horizon tal lo cal-

isation of sounds is based up on the fact that w e ha v e t w o ears, and are able

to ev aluate the di�erences in the signals w e receiv e with eac h ear

3

. Whereas,

lo calisation in the v ertical plane is asso ciated with sp ectral di�erences, due to

the w a y sounds are re�ected in our outer ear.

3

fron t-bac k confusion can o ccur as the in teraural di�erences for fron t and bac k ma y the

same. Head mo v emen ts help to a v oid the confusion.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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The main purp ose for aural lo calisation is to enable us to direct our visual

atten tion to the p erceiv ed sound source, whic h then determines our subsequen t

b eha viour (suc h as seeking co v er, mo ving out of the w a y , or aiming our arro ws).

Sounds that o ccur b ehind us can mak e us feel uncomfortable, as w e are often

not able to distinguish them as quic kly as sounds o ccurring in fron t of us.

It should also b e noted that generally , w e p erceiv e sounds as coming from

certain angles, and ha ving a certain distance, i.e. w e do not in terpret the space

in a Cartesian, but rather in a spherical co ordinate system. Distance is directly

related to feelings of in timacy: a close whisp er in the ear, v ersus a distan t

shout. Sudden in trusions of the in timate sphere ma y cause discomfort, whereas

a careful approac h ma y b e p erceiv ed as comforting.

Spatial dislo cation of sources can also help us to p erceiv e di�eren t streams

of audio (stream segregation); our auditory system is capable of fo cusing our

atten tion to a sp eci�c stream of audio, based on its lo cation in space, and th us

distinguishing the stream from another auditory stream. Musically , this giv es

the opp ortunit y to use di�eren t sound source lo cations for di�eren t v oices in the

m usic (an example can b e found in a pro duction of Nancarro w's pla y er piano

w orks b y Sando v al and Höldk e [Ho e07 ]). Where in instrumen tal m usic this

segregation tak es place automatically as eac h instrumen t has its o wn p osition

in space, using loudsp eak ers, this can b e ac hiev ed b y using separate sp eak ers

for separate v oices.

1.2 Realisa tion

The exten t to whic h spatial parameters can pla y a role in m usical comp osition

is dep enden t on the tec hnology a v ailable to ac hiev e spatialisation. In the fol-

lo wing an o v erview is giv en of common tec hnologies and their adv an tages and

disadv an tages.

1.2.1 Stereophonic techniques

In the dev elopmen t of loudsp eak er tec hnology , there has b een a dev elopmen t

from mono, to stereo, and to m ultic hannel stereophon y (quadraphon y , o ctaphon y ,

5.1 surround, 7.1 surround, etc.). In its simplest form stereophon y is based on

amplitude based panning, and in a more complex form on v ector based panning,

where time dela ys of the signals are also tak en in to accoun t.

In electro-acoustic m usic, w e can see that in the dev elopmen t of using these

tec hniques there has b een a great in terest in ho w to con trol the panning of sound

sources, in a w a y that go es b ey ond the common "pan-p ot" or balance knob on a

mixing desk. Jacques P oullin (1951) created in P aris the p otentiomètr e d'esp ac e

system for distribution of sound amongst four loudsp eak ers, t w o in fron t of the

audience, one ab o v e and one in the rear. This system allo w ed the p erformer to

p osition a sound b y simply mo ving a small hand-held transmitter coil to w ard

or a w a y from four large receiv er coils that w ere p ositioned around him. The

exp erimen ts with spatial pro jection of sound induced conceptual ideas on the

spatial parameter of electronic m usic, that w en t b ey ond a notion of stereophon y ,

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...
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Figure 1.1 : The inside of the Osak a spherical pa vilion. The sp eak ers are placed

on the sphere, in a similar pattern as the ligh ts.

as Pierre Sc hae�er (1951) [Sc h90 ] men tions: "... le nouv eau pro cédé est une

dialectique du sons dans l'espace et je p ense que le terme de musique sp atiale

lui con viendrait mieux que celui de stéréphonie."

4

.

Though most commonly quadraphonic or o ctaphonic setups are found, there

are examples of w orks that used man y more sp eak ers, suc h as the m ultimedial

w ork Po ème Ele ctr onique (1958) of Edgard V arèse, h undreds of loudsp eak ers

w ere used to create spatial tra jectories through the Philips P a vilion (b y LeCor-

busier and Iannis Xenakis), and the hemisphere spatialisation for the W orld

Exp o in Osak a (1970). The latter w as a further dev elopmen t of Sto c khausen's

tec hnique for Kontakte (1958-60), where he rotated one, highly directional,

sp eak er on a plate, pla ying sound, and recorded this with four microphones

on to four c hannels [MB88 ]. A t the start of 1960 Manfred Krause implemen ted

an impro v ed v ersion of this idea on a electronic basis (the T onmühle ): the elec-

tronic signals are divided o v er sev eral sp eak ers b y c hanging a resistance. The

n um b er of sp eak ers w as increased, and the device w as usable for liv e p erformance

[GGF96]. The basics for this device w ere dev elop ed further for the hemisphere

spatialisation used for the W orld Exp o in Osak a in 1970 (�gure 1.1 ). 50 loud-

sp eak er groups w ere divided o v er a hemisphere and a corresp onding ball with

50 buttons to con trol the spatialisation w as dev elop ed [GGF96] (�gure 1.2 ).

Recen tly , there is a renew ed in terest in the hemisphere for spatialisation,

4

"...the new pro cess is a dialectic of sound in space and I think that the term sp atial music

could �t it b etter than stereophon y"

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 1.2 : Sc hematic o v erview of the audio-visual tec hnology for the sphere-

pa vilion in Osak a.

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...
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lik e for example the Klangdom in the ZKM, Karlsruhe [R GB06 ]. One of the

reasons of this dev elopmen t could b e that it is no w m uc h easier to con trol

the spatialisation o v er suc h large systems, as the signals can b e calculated b y

soft w are on a commercially a v ailable computer (see for example [Bar07 ]), and

are no longer dep enden t on sp ecially designed hardw are for the purp ose.

Sim ultaneously , the surround formats in tro duced b y the �lm industry , suc h

as 5.1 surround and 7.1 surround, are gaining some p opularit y in the �eld of

electro-acoustic m usic, as it pro vides a means for a large scale distribution of the

w orks, made a v ailable through the D VD format, as w ell as an in terest of radio

stations to broadcast in these surround formats. Nonetheless these surround

formats do p ose some problems, as they w ere primarily dev elop ed for a fron tal

presen tation, and as a consequence, there are more sp eak ers lo cated in the fron t

of the listener (where the visual fo cus is), than in the rear, and moreo v er in

the compressed format the rear c hannels are treated as less imp ortan t and th us

more compressed during the enco ding. Th us although the tec hnology pro vides

a means for distribution, the comp oser has to tak e in to accoun t that he has to

comp ose for an un balanced space, where the fron t is more imp ortan t than the

rear. It is hard, if not imp ossible, to place sounds at the sides, as the angles

b et w een the fron t-left and rear-left (and also fron t-righ t and rear-righ t) are to o

large for stereophonic panning.

The main problem for using quadraphon y [K op05 , e.g.] w as not only that

man ufacturers did not agree up on a common format for distribution, but also

that the angle b et w een the four sp eak ers (one in eac h corner of the hall) are ac-

tually to o wide to ac hiev e a go o d audible result: b et w een all sp eak er pairs, there

is a "hole" when the source is in the middle b et w een the sp eak ers. Moreo v er, the

actual in tended result is only heard prop erly in the cen tre of the four sp eak ers,

the so-called swe et sp ot . Ho w ev er in man y concert situations for electro-acoustic

m usic, this sp ot is reserv ed for the comp oser or in terpreter con trolling the mix-

ing desk, and no audience mem b er is actually seated in the sw eet sp ot [B

�

93 ].

Octaphonic setups (8 sp eak ers equally spaced in a circle around the audience)

remedy the situation only partially , as the angles b et w een the sp eak ers are made

smaller, the "hole" in the middle b et w een the sp eak ers is not as serious. Still

there is a large dep endency on the sw eet sp ot.

1.2.2 "Put a loudspeaker there"

The w eaknesses of stereophonic tec hniques ha v e prohibited some comp osers (for

example G.M. K önig) from using these tec hniques for spatialisation, as they

do not feel comfortable with the result. Curtis Roads men tions in a p ersonal

con v ersation with Alb erto de Camp o:

5

"If y ou w an t the sound to come from a

sp eci�c place, put a loudsp eak er there".

Examples of these can b e found in comp ositions or sound installations cre-

ated for sp eci�c spaces, where sp eak ers are placed at sp eci�c lo cations within

the space, and are used to emphasise or use the natural acoustics of the space,

5

ca. 2000, probably at Sound in Space Conference, San ta Barbara. (source: email com-

m unication b et w een the author and De Camp o).

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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b y infusing acoustic energy in to the ro om at those places where it will resonate

w ell with the acoustics.

1.2.3 Sound diffusion

A di�eren t approac h, more as a w a y of p erforming an electro-acoustic piece,

than seeing the spatialisation as part of the comp osition, di�usion tec hniques

ha v e b een dev elop ed using so-called loudsp eak er orc hestras, lik e the Birming-

ham Electro-A coustic Sound Theatre (BEAST

6

), the Group e de Musique Ex-

p érimen tale de Bourges' GMEBaphone [Clo01 ] and of the GRM

7

.

While the main tec hnique used to disp erse the m usic o v er the sp eak ers,

is essen tially amplitude panning, the loudsp eak ers are c hosen for their sp ecial

c haracteristics, i.e. not all sp eak ers are the same. Eac h of the sp eak ers is seen

as a di�eren t in terpreter for the m usic and b oth the spatial dislo cation of the

sp eak ers, as w ell as their individual sp ectral and directional c haracteristics, pla y

an imp ortan t role in this tradition.

1.2.4 Doppler effects

Cho wning (1971) [Cho71 ] describ ed metho ds to create the impression of fast

mo ving sound b y sim ulating Doppler e�ects.

1.2.5 Dela y and reverbera tion

One w a y of adding spatial features to a sound is to mimic the acoustic rev er-

b eration of a hall. T ec hnologies [WT06 ] to ac hiev e this ha v e b een dev elop ed

for a long time, starting with rather ph ysical solutions, where the sound w as

broadcast in to a rev erb eration ro om and recorded again, as w ell as inputting the

sound in to a metal plate (e.g. the EMT Hallplatte from 1957), and recording

it again from another lo cation on the plate. Later analogue electronic solu-

tions w ere dev elop ed, or mixed analogue-digital solutions, through devices lik e

buc k et brigade dela ys. Ec ho es can also b e created b y sampling and pla ying bac k

the sounds. As digital signal pro cessing dev elop ed itself further, DSP pro ces-

sors with v arious rev erb eration algorithms b ecame a v ailable on the mark et, and

in recen t y ears con v olution has come within the realm of realtime pro cessing,

increasing the p opularit y of the con v olution rev erb.

1.2.6 Decorrela tion

Decorrelation of audio signals [Ken95 , V ag01 ] creates tim bral colouration and

com bing due to constructiv e and destructiv e in terference, pro duces a di�use

sound �eld and do es not su�er from image shift and the precedence e�ect. This

tec hnique do es not aim to create a ph ysically correct image, but rather uses

psyc ho-acoustic e�ects (confusion) to ac hiev e a di�use, broad sound image.

6

http:// www. ea- studios. bham. ac. uk/ BEAST/

7

http:// www. ina. fr/grm/
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1.2.7 Met aphoric techniques

The spatialisation tec hnique do es not necessarily ha v e to b e related to nat-

ural spatial sound, as for example sho wn in the soft w are Meloncillo

8

whic h

determines the strength of the certain sounds in certain sp eak ers based on an

arbitrarily de�ned function around the sp eak er [Rut04 ].

Here space is used in a more abstract sense, as a w a y of na vigating through

parameters, in this case the amplitude of sounds for a certain loudsp eak er. A

more generalised approac h for using spatial relationships for na vigating through

parameter spaces is found in [MW03], though this go es b ey ond the scop e of this

thesis.

1.2.8 Ambisonics

The am bisonic sound system [MM95] is a t w o-part tec hnological solution to the

problem of enco ding sound directions and amplitudes, and repro ducing them

o v er practical loudsp eak er systems, so that listeners can p erceiv e sounds lo cated

in a three dimensional space. This can o ccur o v er a 360 degree horizon tal only

sound stage (pan tophonic system), or o v er the full sphere (p eriphonic system).

The system enco des the signals in a so-called B-format ; the �rst order v ersion of

this enco des the signal in three c hannels for pan tophonic systems and a further

c hannel for the p eriphonic, i.e. "with-heigh t" repro duction.

Essen tially the system giv es an appro ximation of a w a v e �eld b y a plane w a v e

decomp osition of the sound �eld at the listener's p osition. This appro ximation

gets more precise, when the order of am bisonics is increased, whic h also means

that more c hannels are needed for enco ding, and that more sp eak ers are needed

for deco ding. F or v ery high orders, am bisonics can b e equated to w a v e �eld

syn thesis [DNM03].

In recen t y ears, am bisonic tec hniques ha v e b ecome more and more p opular,

as a w a y of spatialising sound. Most commonly �rst order systems are found,

in rarer cases higher order am bisonics. With am bisonic tec hniques di�eren t

spatialisation e�ects can b e ac hiev ed than with stereophonic tec hniques, though,

as stereophon y , it is dep enden t on a "sw eet sp ot" where the e�ect is optimal.

Implemen tations of am bisonics can b e found in man y p opular sound syn the-

sis programs, suc h as CSound, Max/MSP , Pd and Sup erCollider

9

.

1.2.9 W a ve Field Synthesis

W a v e Field Syn thesis (WFS) w as in tro duced b y Berkhout [Ber88 ] in 1988, and is

an approac h to spatial sound �eld repro duction based on the Huygens principle.

With WFS it is p ossible to create a ph ysical repro duction of a w a v e �eld; this

has the adv an tage o v er other tec hniques in that there is no swe et sp ot , i.e. there

is no p oin t in the listening area where the repro duction is remark ably b etter

than at other places, rather, there is a swe et ar e a , that is quite large.

8

http:// meloncillo. sourceforge. net

9

http:// www. csound. org , http:// www. cycling74. com , http:// www. puredata. org and

http:// supercollider. sourceforge. net resp ectiv ely .

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources

http://meloncillo.sourceforge.net
http://www.csound.org
http://www.cycling74.com
http://www.puredata.org
http://supercollider.sourceforge.net
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(a) The Huygens' Principle (b) W a v e Field Syn thesis

Figure 1.3 : F rom the Huygens' Principle to W a v e Field Syn thesis

The principle of Huygens states that when y ou ha v e a w a v e fron t, y ou can

syn thesise the next w a v e fron t b y imagining on the w a v e fron t an in�nite n um b er

of small sound sources, whose w a v es together will form the next w a v e fron t

[Huy90] (�gure 1.3a ). A listener will then not b e able to determine the di�erence

b et w een a situation where the w a v e fron t is real, or when it is syn thesised.

This principle can b e translated to mathematical form ulae using theories of

Kirc hho� and Ra yleigh and can then b e applied for use with an linear arra y

of loudsp eak ers (as describ ed in c hapter 2 ). By sending the righ t signals to

eac h loudsp eak er, that is: sending to the loudsp eak er the signal that w ould b e

measured at the lo cation of the sp eak er, if the sound source w ould really b e at

the lo cation it is virtually placed, sound sources can b e virtually placed at an y

place in a horizon tal plane b ehind, or ev en in fron t of, the sp eak ers (see �gure

1.3b).

In comparison with am bisonic tec hniques, w a v e �eld syn thesis is b etter at

repro ducing spatial depth, though the v ertical dimension whic h can b e used in

am bisonics is something that is lac king in WFS.

The use of W a v e Field Syn thesis for electro-acoustic m usic is one of the main

topics of this thesis and th us will b e elab orated up on in the next c hapters.

1.2.10 F ocus of softw are tools

Sev eral asp ects of spatialisation are found in comp ositions and soft w are, creating

ˆ spatial tra jectories of sound sources,

ˆ an acoustic en vironmen t of sound sources, b y re�ections and rev erb,

ˆ a broad sound image,

ˆ a di�use en v eloping sound �eld.

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...
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P erceptual parameters azim uth and elev ation

source presencedistance

brilliancew arm th

ro om presence

running and late rev erb eration

en v elopmen t

hea viness and liv eness

Lo w-lev el DSP parameters equalisation

Doppler e�ect

air absorption

m ulti-c hannel rev erb eration

directional distribution according to v arious setups

(stereo, 3/2 stereo, m ulti-c hannel system

(4 to 8 sp eak ers), 3-D stereo either binaural

using headphones or transaural using sp eak ers)

T able 1.1 : The parameters that can b e set in IR CAM's sp at . ( Sour c e: http://

forumnet. ircam. fr/356. html? &L=1 , accessed at August 10, 2007)

Most traditional audio editors are mo delled after the w ork �o w of w orking

with tap e recorders and mixing desks, y ou will �nd the audio trac ks on the one

hand, and mixing con trols on the other hand, with p ossibilities for automation

of the mixing con trols. Usually the panning of a sound source can b e automated,

whic h for a t w o-c hannel stereo pair is still relativ ely easy to visualise. Ho w ev er

for the represen tation of spatial tra jectories for more than t w o c hannels, one

spatial co ordinate is not su�cien t. F or mo v emen t in a horizon tal plane, at

least t w o dimensions are needed, whic h in a spatio-temp oral visualisation re-

sults in three dimensions, whic h can b e visualised using 3D graphic tec hniques

(see c hapter 3 ), but p oses c hallenges to the in teraction (editing of ) with this

represen tation. An alternativ e approac h (as found in Meloncillo [Rut04 ]) is to

pro vide sev eral represen tations: one in a traditional 2D time-spatial co ordinate

view, and a 2D spatial view of a selected p ortion of the time line. In Sno ei's

soft w are (see c hapter 4) for W a v e Field Syn thesis, extensiv e w ork has b een done

creating comp ositional to ols, where paths can b e edited in 2D views, but also

sp eed curv es of mo v emen t along the paths can b e edited.

Rev erb to ols are commonly found as plugins, for one c hannel, or t w o c hannel

use. A m ultic hannel example for adding rev erb eration to an audio c hannel,

can b e found in the sp atialisateur (or sp at ), created b y IR CAM; in this to ol,

parameters can b e set for v arious p erceptual asp ects of the acoustic en vironmen t,

suc h as presence, en v elopmen t and so on (for a complete list see table 1.1 ). The

result can b e rendered for sev eral loudsp eak er setups.

Curren tly , there is a dev elopmen t from the traditional trac k/c hannel orien ted

w a y of w orking, where an audio trac k corresp onds to what is pla y ed on a certain

sp eak er c hannel, to an ob ject orien ted w a y of w orking, where the audio trac k

is treated as a sound source ob ject, and the spatial c haracteristics that are

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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needed for the repro duction of the source are stored as meta data, so that the

repro duction metho d is indep enden t of the enco ding (e.g. MPEG4 [PBG03 ], and

XML3D Audio [P ot06 ]). This has as an adv an tage that spatial comp ositions are

in terc hangeable b et w een systems, as w ell as a reduction of stored audio c hannels

for systems that use a lot of loudsp eak ers.

1.2.11 Summar y

In most of these realisation tec hniques, the loudsp eak er is seen as a neutral

instrumen t, with whic h a sim ulation or illusion can b e ac hiev ed. In the discus-

sion on sound di�usion, w e sa w that loudsp eak ers w ere c hosen for their di�eren t

c haracteristics as w ell, whic h leads to the next part of the in tro duction, where

the use of alternativ e transducers and the need for con trol o v er directional b e-

ha viour of the sound source is discussed.

1.3 Sound sour ces

1.3.1 Al terna tive transducers in sound ar t

Since the 17th cen tury there has b een a dev elopmen t of automated m usic ma-

c hines, whic h in the late 19th cen tury had its p eak, as automated orc hestra

automata w ere dev elop ed, to enable cafés to ha v e en tertainmen t m usic, with-

out ha ving to hire m usicians. The commercial dev elopmen t of these mac hines

stopp ed more or less, as the gramophone pro v ed to b e a m uc h c heap er solution

10

.

Nev ertheless, some artists, suc h as Go dfried Willem Raes

11

, Jacques Ré-

m us

12

and T rimpin

13

, ha v e since con tin ued creating suc h mac hines, for v arious

reasons. One of the reasons is that they do not lik e the generic sound of a

loudsp eak er and b eliev e that a m uc h ric her sound can b e ac hiev ed b y the use

of other electro-mec hanical means

14

. By exciting ob jects of v arious materials in

one w a y or another di�eren t t yp es of sound can b e created, whic h ha v e spatial

c haracteristics b oth b y the dimensions of the ob jects themselv es, as w ell as the

placemen t of sev eral of these ob jects spread out in a space, whic h creates a spa-

tial sonic en vironmen t. Another p oin t of in terest, but whic h is not so relev an t

for our curren t discussion, is that the in ten tion is to create mac hines whic h pla y

acoustical instrumen ts in w a ys h umans are not capable, due to the limitations

of the h uman b o dy .

The intonarumori as dev elop ed b y Luigi Russolo and Ugo Piatti in 1913

[AB01] can also b e seen in this con text: they attempted to create instrumen ts

whic h created di�eren t sounds than con v en tional acoustical instrumen ts.

P aul de Marinis

15

used gas �ames in his piece Fir ebir ds (2004), where the

10

Source: guided tour of the m useum �V an Sp eelklok tot Pieremen t� in Utrec h t, the Nether-

lands.

11

www. logosfoundation. org

12

http:// www. mecamusique. com

13

http:// www. otherminds. org/ shtml/ Trimpin. shtml , http:// en.wikipedia. org/ wiki/

Trimpin

14

source: the NIME 2007 w orkshop and panel on m usical rob otics.

15

http:// www. well. com/ ~demarini/ exhibitions. htm
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gas �ames are "suitably mo dulated b y electrical �elds to b e made to act as

omnidirectional loudsp eak ers of surprising clarit y and amplitude". In his piece

R aindanc e (1998), he used w ater v alv es whic h w ere op ened and closed, to create

rh ythmic v ersions of p opular rain songs, whic h could b e heard b y the visitors,

as they w alk ed underneath the v alv es with an um brella.

Edwin v an der Heide

16

uses air pressure v alv es, whose op ening and closing

rate can b e mo dulated, in his piece Pneumatic Sound Fields (2006). Here

also the v alv es are spread out o v er a larger space, in order to create a spatial

comp osition.

Julius Stahl's Ensemble r e adymade

17

, in whic h exciters are placed on ob jects

found at the p erformance site, whic h will then act as sound sources. In his piece

T o c ar (2006), he uses exciters placed on 12 platforms spread out in a matrix form

in the ro om in whic h the concert or installation tak es place, and the audience

is seated on these platforms. The sound material, pla y ed b y a p ercussionist

and pre-recorded sounds, is spatialised in v arious forms o v er the matrix. The

audience sitting on the platforms, will b oth hear the sound transmitted this

w a y in to the ro om, and feel the vibration of the platform on whic h he or she is

sitting, th us creating an individual audio-haptic exp erience for eac h mem b er of

the audience. This can b e seen as a further excursion in the direction in whic h

Xenakis w as w orking (see ab o v e), b y not only in tro ducing a more individual

auditory p ersp ectiv e, but also a haptic exp erience.

Sa v annah Agger uses plates of v arious metals in her piece Metal De gr e es

(2007), as ph ysical sound pro cessors

18

, b y infusing the plates with sounds through

sp eak er cones, and recording the results again with microphones, and amplify-

ing these through normal loudsp eak ers. Here the plates are not used so m uc h

as sounding ob jects, but rather as pro cessing units, whic h due to their ph ysical

nature, ha v e a certain unpredictabilit y , due to factors that in�uence the metal's

b eha viour, suc h as temp erature, whic h cannot b e con trolled b y the comp oser.

1.3.2 Sour ce directivity

A common problem that has b een noticed b y comp osers and listeners, is that

the sound from acoustical instrumen ts and those from electro-acoustic parts of

a comp osition ha v e a v ery di�eren t qualit y; often the sound of the acoustical

instrumen t sounds m uc h more ric h and liv ely , than the sound from the loud-

sp eak er. This is a result of the directivit y of the instrumen t, whic h in teracts

with the acoustics of the ro om and whic h is often (consciously) v aried while

pla ying as the p erformer mo v es his instrumen t, and (in con trast) the static di-

rectivit y of the loudsp eak er: the loudsp eak er itself is static, and there is no

v ariation in directivit y as a result of the kind of sound that is pla y ed, while dif-

feren t acoustical instrumen ts (pro ducing di�eren t tim bres) also ha v e di�eren t

16

http:// www. evdh. net

17

http:// www. juliusstahl. de/ ensemble. html

18

comparable with the original plate rev erbs, though Aggers aim is not to create a realis-

tic sound rev erb, but rather she is in terested in the di�eren t c haracteristics of the di�eren t

materials.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 1.4 : The 120 indep enden t elemen t spherical loudsp eak er arra y dev el-

op ed at Berk eley's CNMA T. ( Photo fr om CNMA T , http:// www. cnmat. berkeley.

edu/ Research/ AES2006/ speakerarray/ icosaspeakers. htm )

directivities.

A sound source has a certain directivit y , i.e. when an ob ject emits sound

in to space, it is generally not emitted equally strong in all directions. In the far

�eld

19

of the sound source, the source can b e describ ed as a p oin t source with

a directivit y function, usually a function of angle and frequency .

The directivit y of v arious acoustical instrumen ts has b een studied in depth

b y Mey er [Mey95 ] and Fletc her [FR98 ], analysing the (temp oral) directional

c haracteristics of m usical instrumen ts. Misdariis [MW C01 ] and W arusfel [WM01 ,

W CMC04 ] ha v e prop osed sp ecial 3D loudsp eak er arra ys to sim ulate and con-

trol di�eren t radiation c haracteristics for the purp ose of electronic m usic. F reed

et al. [F A WK06 ] created a spherical sp eak er arra y consisting of 120 sp eak ers

with programmable radiation con trol for the same purp ose (�gure 1.4 ). Com-

mercially a v ailable is a 6 c hannel half-sphere loudsp eak er from the compan y

Electrotap

20

.

19

the far �eld is at a distance that is m uc h larger than the dimensions of the ob ject and/or

m uc h larger than the w a v elengths of the sound pro duced b y the ob ject.

20

http:// www. electrotap. com/
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(a) Coheren t sources (b) Incoheren t sources

Figure 1.5 : In�uence of coherence on p erceiv ed source exten t (indicated with

the dotted line).

1.3.3 Sour ce size and shape

The source directivit y function is de�ned as an appro ximation of the source

radiation in the far �eld of a source. When getting closer to the source, the

actual shap e and size of the ob ject pla y an imp ortan t role in its p erception,

as w e will no longer get the impression of a sound coming from one place, but

rather from a wider region.

Source exten t has b een studied in the literature under the names of apparen t

source width, tonal v olume and others (see e.g. [Bla97 ] for an o v erview). It has

b een sho wn that the p erceiv ed source exten t dep ends on the v alue of the in ter-

aural cross correlation co e�cien t (IA CC) [Mor02 ], sound loudness [Bor26 ], pitc h

and signal duration [PB82].

In order to repro duce the exten t of a sound source, sev eral, spatially distinct,

p oin t sources can b e used; the sound from these p oin t sources m ust b e statisti-

cally uncorrelated from one another, while as the correlation is high b et w een the

p oin t sources, they will b e p erceiv ed as a single auditory ev en t [Bla97 ], lo calised

at the cen tre of gra vit y (dep enden t on the p ositions of the p oin t sources and

their in tensit y) as indicated in �gure 1.5. If the signals are w eakly correlated

they will b e p erceiv ed as distinct auditory streams and a spatially wide sound

source will b e p erceiv ed. If the p oin t sources are densely distributed, not ev-

ery single p oin t source will b e p erceiv ed as a di�eren t auditory stream, but an

impression of a single, spatially large, sound source will b e pro duced.

P otard [P ot06 ] did some further in v estigations in to the p erception of source

size and shap e, whic h will b e review ed and criticised here.

Horizont al extent

His �rst exp erimen t studies the p erception of horizon tal source exten t. He

found that with increasing densit y of the p oin t sources the source width w as

more underestimated. He ascrib es this to a higher IA CC

21

v alue, when more

sources are presen t. On the other hand, when the p oin t sources are further apart

with increasing densit y , with a source width ab o v e 100 degrees (repro duced b y 3

angular equidistan t sources) a gap is p erceiv ed and the sources are distinguished

21

In teraural Crosscorrelation Co e�cien t, for a de�nition see [And85]

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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individually . Another imp ortan t factor he found, w as the signal t yp e, whic h ma y

b e link ed to the tonal v olume of the source.

Here should b e remark ed that for the test setup he used (7 sp eak ers in an

arc, spaced 30 degrees from eac h other), the stim uli with a densit y of one source

p er 10 degrees, could only b e repro duced b y relying on stereophonic panning.

W egmann [W eg05 , c h. 4] sho w ed that the directional p erception of sound based

on stereophonic tec hniques is probably based on a quite di�eren t principle, than

the directional p erception of a real sound source, though it is not y et understo o d

exactly this w orks. It is therefore questionable whether the mix of approac hes

in P otard's exp erimen t is v alid.

Horizont al and ver tical extent

In a second exp erimen t b oth the p erception of horizon tal and v ertical exten t

is studied, using a 16-sp eak er arra y placed in a geo desic dome con�guration

(CHESS). He found that the p erceiv ed horizon tal exten t of the sources matc hed

coarsely with the in tended exten t. A p erceptual narro w er exten t w as noticed

with sources with a horizon tal exten t of 60 degrees. He ascrib es this to the high

densit y of the p oin t sources (15 degrees), but again it should b e remark ed that

the minim um angle b et w een loudsp eak ers of the test setup w as ca. 30 degrees,

so repro duction of stim uli with a higher densit y than this w ere relying on some

kind of panning to b e ac hiev ed.

The p erception of one-dimensional v ertical sound sources matc hed the in-

tended v ertical exten t fairly w ell, if one tak es in to accoun t that lo calisation in

the median plane is less accurate [Bla97 ]. He also found that there is a notable

di�erence b et w een the accuracy of source exten t p erception on the side and

b ehind the listener: the p erception is less accurate, just as with lo calisation of

sound sources.

F or sources with a rectangular 2D exten t the p erceiv ed and in tended exten t

matc hed w ell. Generally the sub jects could distinguish w ell b et w een 2D sound

sources, horizon tal or v ertical line sources and p oin t sources.

Shape

His third exp erimen t fo cused on the abilit y to iden tify source shap es. The

sp eak er setup is indicated in �gure 1.6 . On this setup six di�eren t source shap es

w ere presen ted b et w een whic h the listeners had to distinguish, for four di�eren t

t yp es of signals: white noise, lo wpass �ltered noise, highpass �ltered noise and a

blues guitar ri�. The source shap es w ere created b y sending decorrelated signals

to one or more sp eak ers, in suc h a w a y that there w as no di�erence in loudness

b et w een the stim uli.

The p oin t source (sound coming from one sp eak er) w as clearly iden ti�ed

b y the sub jects. F or white noise and high pass noise presen ted to the fron t

of the listener, the iden ti�cation of the sound source shap e w as w ell ab o v e

statistical probabilit y , but still under the 50 % threshold. The listeners could

iden tify w ell b et w een di�eren t t yp es of shap es: p oin t source, line source and

2D sources. Source shap e iden ti�cation w as also b etter for sources presen ted

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...
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azim uth (degrees)

elev ation (degrees)
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(-23,32)
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Figure 1.6 : Sp eak er co ordinates for the shap e exp erimen t b y P otard [PB03].

The sp eak ers w ere at 1.6m from the listener p osition.

in the fron t than in the bac k; in fact, source shap es presen ted at the bac k of

the sub ject w ere only iden ti�ed signi�can tly correct for the p oin t source. F or

fron tal presen tation only the source shap e, where all sp eak ers w ere used, w as

not iden ti�ed with statistical signi�cance.

In his discussion to explain the b etter shap e iden ti�cation for white noise

and highpass �ltered noise, than with the other signals, he notes that with

the metho d used to create the source shap es, the metho d of decorrelation, the

phases of the signals get randomised, causing the binaural system to ha v e to

rely on in teraural lev el di�erence (ILD) rather than in teraural time di�erence

(ITD). ITD cues are kno wn to b e mainly used for lo calisation of sounds with

frequencies b elo w 3 kHz [Bla97 ].

Na turalness of extended sour ces

In a further exp erimen t P otard studied whether 3D audio scenes using extended

sources w ere p erceiv ed to b e more natural than those only using p oin t sources,

and found that they w ere p erceiv ed to b e more natural in 70.4 % of the time.

Summar y of experiments on sour ce size and shape

F rom this o v erview, w e can motiv ate the further in v estigation of repro ducing the

spatial exten t of sound sources, as the spatial exten t is apparen tly p erceptually

relev an t, and can lead to an increase in p erceiv ed naturalness of an audio scene.

P otard's studies ha v e fo cused on the use of decorrelated p oin t sources to create

spatial exten t. He already noted that this ma y lead to loss of phase information

whic h ma y carry imp ortan t cues for p erception of spatial exten t for frequencies

b elo w 3 kHz. It should also b e noted that decorrelated sound sources corresp ond

to sources with spatial exten t, whic h are actually built up from large amoun ts

of small sources, for example rustling of lea v es of a tree, a m urder of cro ws, an

applauding cro wd or a singing c hoir, that are ph ysically uncorrelated: they mak e

a similar sound, but there is no structure b orne ph ysical relation b et w een the

sounds (see section 3.11 ). F or a sounding ob ject, whic h is made from connected

materials, the sound from di�eren t p oin ts on the ob ject will b e correlated and

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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(a) P oin t source b ehind

the loudsp eak ers

(b) P oin t source in fron t of

the loudsp eak ers

(c) Plane w a v e

Figure 1.7 : Source t yp es that are curren tly implemen ted in man y W a v e Field

Syn thesis applications

ha v e a ph ysical relation with eac h other.

1.3.4 Sound sour ce occlusion

In natural en vironmen ts sound sources can b e o ccluded b y other ob jects, whic h

means that the sound will b e di�racted b y the o ccluding ob ject and only a part

of the sound will reac h the listener. An o v erview of di�raction mo dels is giv en

in c hapter 5. The p erception of o ccluded sources w as in v estigated b y F arag et

al. [FBA03], who did listening tests on the (horizon tal) lo calisation of sounds

that are o ccluded b y ob jects. The results of their exp erimen ts sho w that the

p erceiv ed lo cation tends to b e to w ards the edge of the o ccluding ob ject, that is

closed to the sound source. They attribute this to the precedence e�ect. F or a

source at equal distance from b oth sides, the listener lo calises the source more

or less in the middle, as a summation e�ect tak es place, as the sound from b oth

edges arriv es at the same time.

1.3.5 Sour ce chara cteristics in WFS

Curren tly , in man y implemen tations of WFS only p oin t sources and plane w a v es

ha v e b een implemen ted as source t yp es (see �gure 1.7 ).

Theile [TWR02 ] in tro duced the Virtual P anning Sp ots (VPS) as a metho d

to create broad sound images: y ou create t w o p oin t sources, put them on a

sp eci�c lo cation and pan the sound b et w een these t w o p oin ts. This is a relativ e

simple solution to create a broad sound image, whic h has the adv an tage that it

can mak e use of traditional sound recording tec hniques and studio tec hniques,

i.e. traditional audio engineers are familiar with the tec hnique and can use their
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accum ulated exp erience.

Bork [BK03 ] did an exp erimen t to repro duce the source radiation of a grand

piano b y using a n um b er of p oin t sources, placed so that the resultan t radiation

c haracteristic corresp onds to that of a real grand piano.

Corteel [Cor07 ] (IR CAM) describ es ho w directional source c haracteristics (as

a com bination of m ultip oles) can b e repro duced and used b oth for creating direct

sound with directiv e c haracteristics [W CMC04 ], as w ell as a to ol to in�uence the

rev erb eran t �eld in the listening ro om [CCW03, WM04 ], b y using a directiv e

source to emit more energy to the w alls of the ro om, and th us creating more

lateral energy in the listening area. In order to optimise the amoun t of energy

that is emitted b y the sp eak ers to the listening area, m ultic hannel equalisation

tec hniques are used.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



22 1.3. SOUND SOUR CES

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



Chapter 2

Theor y

2.1 Homogeneous W a ve Equa tion

The acoustic w a v e propagation in air can b e describ ed b y the homogeneous

acoustic w a v e equation

r 2p(~x; t) �
1
c2

@2

@t2
p(~x; t) = 0 (2.1)

where p(~x; t) is the acoustic w a v e pressure at the p osition ~x and time t , c
denotes the sp eed of sound, and r 2

is also referred to as the L aplac e op er-

ator 4 = r 2
. This equation describ es the w a v e nature of sound, including

di�raction, pro vided the follo wing assumptions are v alid:

1. the propagation medium is homogeneous,

2. the propagation medium is quiescen t,

3. the propagation medium can b e c haracterised as an ideal gas,

4. the state c hanges in the gas can b e mo delled as adiabatic pro cesses,

5. the pressure and densit y p erturbations due to w a v e propagation are small

compared to the static pressure p0 and the static densit y � 0 .

An alternativ e form of equation (2.1 ) can b e obtained when a F ourier trans-

formation is made with resp ect to the time t of the acoustic pressure p(~x; t) .

The F ourier transformation pair of p(~x; t) is giv en b y:

P(~x; ! ) = F t f p(~x; t)g =
Z 1

�1
p(~x; t)e� j!t dt (2.2)

p(~x; t) = F � 1
t f P(~x; ! )g =

1
2�

Z 1

�1
P(~x; ! )ej!t dt (2.3)

where ! = 2 �f denotes the temp oral (radial) frequency and F t f�g the

F ourier transformation with resp ect to the time t . With this transformation

the acoustic w a v e equation can b e form ulated in the frequency domain

r 2P(~x; ! ) + k2P(~x; ! ) = 0 (2.4)

23
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x

y

z

b

r

�

�

Figure 2.1 : Spherical co ordinate system. The co ordinates of a p oin t with carte-

sian co ordinates (x; y; z) are giv en b y r =
p

x2 + y2 + z2
, � = atan( y=x) and

� = acos(z=r) . The in v erse equations are x = rcos� sin� , y = rsin� sin� and

z = rcos� .

where k = !
c , the acoustic w a v e n um b er.

2.2 Inhomogeneous W a ve Equa tion

If there is a source presen t in the medium, equation (2.1 ) has to b e adapted to

re�ect the addition of energy to the medium b y the source:

r 2p(~x; t) �
1
c2

@2

@t2
p(~x; t) = � q(~x; t) (2.5)

In the follo wing, solutions to this equation will b e discussed.

Point sour ce

Consider a radially oscillating sphere, that generates an outgoing w a v e. A p oin t

source is a mo del of the limiting case as the radius of the sphere b ecomes smaller

and smaller. The sphere will degenerate to a single p oin t in space. Then q(~x; t)
b ecomes a Dir ac impulse at p osition ~x and time t

r 2p(~x; t) �
1
c2

@2

@t2
p(~x; t) = � � (~x; t) (2.6)

It is con v enien t to use a spherical co ordinate system (see �gure 2.1 ) to de-

scrib e the �eld caused b y a p oin t source, due to the omnidirectional nature of

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CHAPTER 2. THEOR Y 25

the radiated pressure �eld. The acoustic pressure �eld Pp for a source in the

origin can b e describ ed b y

Pp(~x; ! ) = Pp(�; ! ) = P̂ (! )
1
�

e� jk�
(2.7)

where k denotes the w a v e n um b er, � the radius and P̂ (! ) a frequency de-

p enden t pressure amplitude. T ransforming equation (2.7 ) bac k in to the time

domain using the in v erse F ourier transformation (2.3 ) w e obtain

pp(~x; t) = pp(�; t ) =
1

2��
p̂(t �

�
c

) (2.8)

Arbitrar y sour ce

An arbitrary shap ed source can b e approac hed b y a p oin t source if the dimen-

sions of the source are small compared to the considered w a v elength and the

w a v e �eld is observ ed at a large distance compared to the source dimensions.

Ho w ev er, in most cases the �eld will not b e spherically symmetric as the source

ma y not emit the same sound pressure in eac h direction. Th us w e ha v e to add

a dep endence on direction to equation (2.7)

Pp(~x; �; �; ! ) = Pp(�; �; �; ! ) = P̂ (!; �; � )
1
�

e� jk�
(2.9)

P̂ (!; �; � ) can b e split in to a directivit y function G(!; �; � ) and an amplitude

function Pa(! ) as follo ws

P̂ (!; �; � ) = G(!; �; � )P̂a (! ) (2.10)

If the conditions for the p oin t source appro ximation are not met, then another

appro ximation for an arbitrary shap ed source m ust b e found. As the w a v e

equation is linear, an y source can b e appro ximated b y a sum of p oin t sources,

for example an in tegral o v er a surface of in�nitely close spaced p oin t sources.

2.3 Kir choff-Helmhol tz integral

Green's second theorem states:

Z

V
[F r 2G � Gr 2F ]dV =

I

S
[F r G � Gr F ] � ~ndS (2.11)

where F and G m ust b e scalar functions de�ned inside and on S , with

con tin uous second-order deriv ativ es inside S .

W e can c ho ose for F and G the follo wing t w o functions:

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Sound sources

b b
b

b

br

S

V
b

rA

~n�

Figure 2.2 : The geometry used for Green's second theorem: a v olume V sur-

rounded b y a surface S

1. F equals the F ourier transformed pressure of a compressional w a v e �eld

that is generated b y sources outside the closed surface S : F = P =
P(~r; ! ) . Inside S , P will satisfy equation (2.4 ).

2. G equals the F ourier transformed pressure of a compressional w a v e �eld

that is generated b y a (virtual) monop ole in a p oin t A inside S :

G =
e� jk � r

� r
(2.12)

with � r =
p

(xA � x)2 + ( yA � y)2 + ( zA � z)2
. G satis�es

r 2G + k2G = � 4�� (~r � ~rA ) (2.13)

Substituting these expressions for F and G in Green's theorem (2.11 ) yields

� 4�
Z

V
P(~r; ! )� (~r � ~rA )dV =

I

S
[Pr G � Gr P] � ~ndS

� 4�P (~rA ; ! ) =
I

S
[Pr G � Gr P] � ~ndS

P(~rA ; ! ) =
1

4�

I

S
[P

@G
@n

� G
@P
@n

]dS (2.14)

using the equation of motion

�
@P
@n

= � 0
@vn
@t

(2.15)

P(~rA ; ! ) =
j!�
4�

I

S
[P Gn � GVn ]dS

=
1

4�

I

S
[j!� 0Vn (~r; ! ) + P(~r; ! )

1 + jk � r
� r

cos� ]
e� jk � r

� r
dS

(2.16)
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Sound sources

b b
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V

Figure 2.3 : The geometry used for deriving the Ra yleigh in tegral: a v olume V
enclosed b y a a plane surface S0 and a hemisphere S1 . r 0

A is the mirror p oin t of

rA in the surface S0 .

where Gn = @n G=j!� is the normal comp onen t of the monop ole particle

v elo cit y on S .

Equation (2.16 ) is the 3D forw ard Kirc hho�-Helmholtz in tegral. It states

that in a v olume V of a source-free compressional, homogeneous and isotropic

medium the sound pressure at an y p oin t can b e calculated if b oth the pressure

and normal v elo cit y on the b oundary surface S is kno wn.

2.4 Ra yleigh integrals

In order to simplify the Kirc hho� in tegral a Green's function can b e c hosen

suc h that it satis�es a more con v enien t b oundary condition. If on S a b oundary

condition is c hosen suc h that @G=@n= 0 , the �rst term of equation (2.16 )

v anishes; this implies that S acts as a p erfect re�ecting rigid surface. If S is

a re�ection free surface (or pr essur e-r ele ase ), the b oundary condition is G = 0
and the second term of equation (2.16 ) v anishes [Sp o05, Sta97 ].

Consider the geometry of �gure 2.3 . The v olume V is enclosed b y a a plane

surface S0 and a hemisphere S1 with radius r1 . The sound sources are situated

in the upp er half-space ( z > z s ), outside V .

Ra yleigh I

In the case that @G=@n= 0 on S0 , S0 is a p erfect rigid re�ecting surface and a

suitable Green's function is the summed pressure �eld of t w o equal monop oles

situated symmetrically with resp ect to S0 , i.e.

G~r A (~r; ! ) =
e� jk j~r � ~r A j

j~r � ~rA j
+

e� jk j~r � ~r 0
A j

j~r � ~r0
A j

(2.17)

By using this Green's function and letting the radius of S1 extend to in�nit y ,

it can b e sho wn that the in tegral o v er S1 v anishes and w e obtain the Ra yleigh
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I in tegral:

P(~rA ; ! ) =
j!� 0

2�

Z

S0

Vn (~r; ! )
e� jk j~r � ~r A j

j~r � ~rA j
dS (2.18)

this means that an y �eld due to sources in the half space V 0(z < z S ) can b e

reconstructed in the half space V (z > z S ) b y means of a con tin uous distribution

of monop oles at the surface S0 with source strength jk� 0cVn (r; ! ) .

Ra yleigh I I

Consider the case in whic h G = 0 on the surface S0 . As S0 is no w a p erfect

re�ection free surface, the Green's function is the di�erence of the pressure �elds

of t w o equal monop oles situated symmetrically with resp ect to S0 , i.e.

G~r A (~r; ! ) =
e� jk j~r � ~r A j

j~r � ~rA j
�

e� jk j~r � ~r 0
A j

j~r � ~r0
A j

(2.19)

Using this Green's function, and letting the radius r1 of the sphere S1 ap-

proac h to in�nit y , the Green's theorem reduces to

P(~rA ; ! ) =
1
s�

Z

S0

P(~r; ! )
1 + jk j~r � ~rA j

j~r � ~rA j
cos�

e� jk j~r � ~r A j

j~r � ~rA j
dS (2.20)

whic h is called the Ra yleigh I I in tegral. It states that an y �eld due to sources

in the half space V 0(z < z S ) can b e reconstructed in the half space V (z > z S)
b y means of a con tin uous distribution of dip oles at the surface S0 with source

strength P(r; ! ) .

2.5 Opera tor f or W a ve Field Synthesis

In [V er98 ] a 21
2 D -op erator w as deriv ed for the repro duction of sources within

a horizon tal plane b y a linear arra y situated in that same plane. This deriv a-

tion w as necessary for a practical implemen tation of WFS, as using a planar

arra y of sp eak ers is to o exp ensiv e (b oth �nancially and computationally) and

in man y cases undesirable, as it w ould (visually) blo c k the primary sources (of

imp ortance when WFS is used for ampli�cation).

F or WFS repro duction of a 3-dimensional source ob ject this 21
2 D -op erator

is not su�cien t as in the deriv ation only sources in the same plane as the arra y

and reference line are tak en in to accoun t. Th us, in order to deriv e a prop er

driv er function, w e m ust start anew from the Ra yleigh in tegrals.

The Ra yleigh I in tegral states that if the normal comp onen t (p oin ting to-

w ards receiv er area) of the v elo cit y , Vn , is kno wn on a plane S (at z = 0 ) caused

b y a source distribution on the left hand of S , the pressure in p oin t R in the

receiv er plane can b e determined b y

P(~rR ) =
1

2�

Z

S
j!� 0Vn (~rS )

e� jk � r

� r
dS (2.21)
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Figure 2.4 : Geometry for deriv ation of the adapted 21
2 D-op erator. 	 1 and 	 2

are p oin ts from the source distribution, ~r1 and ~r2 the v ectors to a p oin t M on

the in tegration line m .

~� r is the v ector from a p oin t M on the in tegration line

to the receiv er p oin t R on the line l .

in whic h � 0 denotes the medium densit y and � r = j ~� r j = j~rR � ~rS j , i.e. the

distance from the receiv er p oin t ~rR = ( xR ; yR ; zR ) to a p oin t ~rS on the surface

S (see �gure 2.4 ). k is the w a v e n um b er.

Hence, substituting the far �eld appro ximation ( kr � 1) of the normal

comp onen t of the particle v elo cit y on the plane S due to a monop ole sound

source in to the Ra yleigh I syn thesis in tegral yields

P(~rR ) =
1

2�

Z 1

�1
Pm (~rR )dx (2.22)

with Pm the pressure on the line m (see �gure 2.4 ):

Pm (~rR ) =
Z

m
jkS (! )cos�

e� jkr

r
e� jk � r

� r
dy (2.23)

W e can no w apply the stationary phase metho d ([Ble84 ], c h. 2.7) to equation

(2.23 ), as the in tegrand is of the form:

I =
Z 1

�1
f (y)ej (y ) dy (2.24)

with  (y) = � k(r + � r ) . No w w e need to �nd the stationary p oin t of  (y)
for whic h  0(y0) = 0 . Then, for j  j� 1, the appro ximate solution to (2.24 ) is

I = f (y0)ej (y0 )

s
2�j

 00(y0)
(2.25)
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Figure 2.5 : The stationary p oin t y0 lies on the cross-section of plane S and the

plane through 	 and R . In practice

~� r0 will in fact b e

~~� r0 .

where y0 is the stationary phase p oin t

1

and  00(y0) is the second deriv ativ e

of  ev aluated at y0 .  0(y0) = 0 is true for the shortest path from the source

p oin t 	 at (x 	 ; y	 ; z	 ) to an y p oin t R on the receiv er line l . The shortest path

lies in the plane de�ned b y the source p oin t and the line l , and th us (see �gure

2.5):

y0 = yR + ( y	 � yR )
jzR j

jz	 j + jzR j
(2.26)

and at the stationary p oin t:

 (y0) = � k(r0 + � r0); (2.27)

 00(y0) = � k
r0 + � r0

r0� r0
; (2.28)

f (y0) =
1

2�
S(! )
r0� r0

cos� 0 (2.29)

The driv er function for a sp eak er for the con tribution of one monop ole source

p oin t then b ecomes:

Q	 (x; y0; ! ) = S(! )

r
jk
2�

r
� r0

� r0 + r0
cos(� 0)

e� jkr 0

p
r0

(2.30)

1

for eac h line m ( x = xm and z = 0 ) there is a stationary p oin t with the (v ertical)

y -co ordinate y0 .
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where x is the co ordinate of the sp eak er at the sp eak er arra y . The sp eak er

should in fact b e at the p osition of the stationary p oin t, (x; y0; 0), but is in prac-

tice placed on the x -axis (at (x; 0; 0)). Due to this, sev eral errors are in tro duced,

whic h will b e discussed in the next section.

It should b e noted that the actual elev ation will not b e heard b y the receiv er,

when the elev ated source is pla y ed bac k b y the WFS-arra y . Ho w ev er, for the

source mo del whic h will b e presen ted in c hapter 5 , the elev ated p oin ts are of

in terest, b ecause their con tributions will in terfere with those of the p oin ts in the

horizon tal plane.

Sour ce points in fr ont of the arra y

F or source p oin ts in fron t of the arra y , w e �nd in analogy to the deriv ation of

the fo cused op erator in [Jan97 ]:

y0;focused = y	 + ( y	 � yR )
jz	 j

jzR j � j z	 j
(2.31)

whic h means that the stationary p oin t will ha v e a higher elev ation than the

elev ation of the actual source p oin t, as it lies in the plane that go es through the

reference line and the source p oin t.

The ver tical dimension

The v ertical dimension has up to no w not really b een implemen ted for WFS,

due to sev eral practical considerations:

ˆ In theory one needs a plane of loudsp eak ers to do this, whic h has a problem

that ev en more hardw are and pro cessing p o w er is needed.

ˆ A plane of sp eak ers renders itself impractical for com bination with theatre

and/or �lm, as the stage or screen w ould b e blo c k ed b y the sp eak ers.

ˆ The h uman hearing is less sensitiv e to v ertical p ositioning of sound sources.

Moreo v er, the p erception of v ertical p osition is based on sp ectral �ltering

of the sound b y the ear pinna

1

. Due to spatial aliasing with WFS, this

ma y b e more di�cult to ac hiev e.

Curren tly , researc h is b eing done at the TU Delft on adding at least a little

bit of v ertical information to the w a v e �eld, b y adding loudsp eak er arra ys at

the ceiling. This w a y , ceiling re�ections ma y b e added to the w a v e �eld.

The adapted driv er function (2.30 ) could b e used for a n um b er of linear ar-

ra ys that are distributed at sev eral heigh ts. The lo cation of the stationary phase

p oin t could then b e a measure for a panning b et w een t w o v ertically adjacen t

1

as this �ltering is di�eren t for eac h individual it is unlik ely that a sense of heigh t can b e

ac hiev ed whic h w orks for ev ery one. This is a problem with binaural tec hniques: when the

HR TF's (head related transfer functions) do not matc h the individual listener, lo calisation

will not w ork correctly . Moreo v er, if the sp ectral �ltering w ould b e used, then it w ould only

b e v alid for a sp eci�c listening distance, as another distance, w ould mean that the source

comes from a di�eren t elev ation angle, and the �ltering should c hange accordingly .

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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sp eak er arra ys. F urther researc h will of course b e needed to ev aluate whether

this metho d leads to p erceptually useful results.

2.6 Err ors in the repr oduction

2.6.1 Err ors intr oduced f or elev a ted sour ce points

F or p oin t sources outside of the horizon tal plane y0 6= 0 . This means that

the main con tribution of this p oin t should not b e emitted from the sp eak er

p osition, but from a higher or lo w er p osition. An error will b e made as the

actual propagation of the source signal will b e from the sp eak er to the receiv er

p oin t and not from the stationary p oin t to the receiv er p oin t (see �gure 2.5 ).

This means that the amplitude will b e higher and the dela y will b e shorter.

Note that the error will b e larger for sources further a w a y from the horizon tal

plane and for sources closer to the arra y (for constan t y	 ). This error ma y b e

comp ensated b y adding a correction factor of

~� r0

� r0
e� jk (� r 0 � ~� r 0 )

(2.32)

to the driv er function of equation (2.30 ).

In �gure 2.6 the errors in the dela y and amplitude are sho wn for the source-

sp eak er-listener path. The reference is the direct path from source to receiv er.

The errors are sho wn for the con tribution of 1 sp eak er of the arra y , that is

directly in b et w een the source and receiv er (i.e. the x -co ordinates of source,

sp eak er and receiv er p oin t are the same); the receiv er p oin t is at the reference

line. The �gure sho ws that the correction factor comp ensates the error.

2.6.2 Err ors f or receiver points not on the reference line

The deriv ation of the driv er function (2.30 ) is v alid for a reference line. F or

receiv er p oin ts not on this line errors will b e made that ma y further in�uence

the in terference pattern of the w a v es coming from elev ated p oin ts.

F or p oin ts closer to the arra y than the reference line, the v ertical co ordinate

of the stationary p oin t y0 w ould b e smaller than the one used for the reference

line (see �gure 2.7 ). Hence, r0 should b e larger for these receiv er p oin ts and

th us an error is made in dela y and amplitude of the driv er function. � r0 will

b e smaller for these p oin ts, resulting in further errors in the propagation dela y

and in the amplitude factor. F or p oin ts that are further from the arra y than

the reference line, the e�ects are opp osite.

In �gure 2.8 a the errors are visualised for the con tribution of one sp eak er.

The �gure sho ws the di�erence in dela y and amplitude, when sound is propa-

gated from source to receiv er p osition. The reference line is tak en at 3 meters

from the arra y . In the dela y w e see that the error is in b et w een -0.7ms and

0.25ms without the correction factor, and b et w een -0.3ms and 0.15ms with the

correction factor. These errors are up to 2.5 times higher than the dela y error

discussed in the previous section. Moreo v er, w e see that the correction factor
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Figure 2.6 : The dela y and amplitude error for source p oin ts at di�eren t elev a-

tions and three di�eren t distances, z , b ehind the arra y . Note that the correction

factor eliminates the error.

giv es b etter results also for receiv er p oin ts not on the reference line.

The amplitude error is up to 6 dB for the receiv er distances plotted. This is

an order of magnitude higher than the error describ ed in the previous subsection.

Ho w ev er, this error is mostly due to the atten uation errors that are made an yw a y

as will b e discussed in the next subsection. This is illustrated in �gure 2.8 b,

w ere the atten uation errors for a source in the horizon tal plane are plotted. F or

the elev ated p oin t, w e see that the amplitude error is sligh tly larger for the

calculation with the correction factor.

F rom these results it can b e concluded that the correction factor should only

b e made for the dela y , so the correction factor b ecomes solely:

e� jk (� r 0 � ~� r 0 )
(2.33)

The e�ect of an error in the dela y will b e that the phases of the w a v es ar-

riving at the listening p oin t will not b e correct and the in terference b et w een

w a v e �elds of di�eren t source p oin ts will b e distorted; in the w orst case certain

frequency comp onen ts ma y b e ampli�ed instead of atten uated through in terfer-

ence, causing a false frequency sp ectrum for the listener. The amplitude e�ects

also in�uence the in terference pattern.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 2.7 : Geometrical explanation of the error made for receiv er p oin ts not

on the reference line. F or receiv er p oin ts Rf in fron t of the reference line R
the v ertical co ordinate of the stationary p oin t y0;f w ould b e lo w er than y0 . F or

receiv er p oin ts Rb b ehind the reference line R the v ertical co ordinate of the

stationary p oin t y0;b w ould b e higher than y0 .

2.6.3 A ttenua tion err ors

Sonk e [Son00 ] elab orates on the atten uation error that is made, when using the

21
2 D -op erator, for source p oin ts in the horizon tal plane.

It can b e seen that the amplitude rolls o� with a factor that is just in b et w een

1
r , as w ould b e necessary in a 3D situation, and

1p
r , as w ould b e in a 2D situation.

The atten uation factor deviates from the 3D case at p ositions other than on the

reference line. Bet w een arra y and reference line, the amplitude factor is higher

than the desired factor, on the other side of the reference line, the amplitude

factor is lo w er. The order of magnitude of the deviation, as sho wn in �gure 4.7

of his thesis, is ho w ev er smaller than the amplitude deviation w e ha v e seen in

the previous section; at least for receiv er p oin ts further than the reference line.

Sonk e also prop osed some strategies to reduce the amplitude deviations.

Both optimisations prop osed are dep enden t on the desired receiv er area and

primary source lo cation, whic h means that there is less �exibilit y of the system,

whic h ma y b e detrimen tal for realtime use.

When w orking with a n um b er of p oin t sources, that are m utually dep enden t

on (or correlated to) eac h other, as is the case with an arbitrary shap ed source,

and whose resultan t w a v e �eld is a sup erp osition of the w a v e �elds of these p oin t

sources, atten uation di�erences in the repro duction pla y a more imp ortan t role,

than is the case for indep enden t sources. As di�eren t parts of the source will

in general emit di�eren t frequency sp ectra, the repro duced w a v e �eld will sho w

di�erences in frequency sp ectra, p ossibly resulting in audible colouration of the

sound, dep enden t on lo cation in the listening area. This can b e an undesired

e�ect.

2.6.4 Sp a tial aliasing and tr unca tion effects

In practice, the secondary sources on the b oundary S0 will not b e con tin uous as

has b een assumed th us far, but instead will b e realised b y placing loudsp eak ers at

discrete p ositions, i.e. the b oundary will b e spatially sampled. If the secondary

source distribution is on the x -axis, w e can write for the w a v e �eld P(~x; ! )
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Figure 2.8 : The error in dela y and amplitude for receiv er p oin ts not on the

reference line, whic h is at 3m from the arra y . Results with zSC are with the

correction factor, results with zS are without the correction factor.
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within the listening area V [Sp o05 ],

P(~x; ! ) =
Z 1

�1
D(~x0; ! )V (~x � ~x0; ! )dx0 (2.34)

where V(~x � ~x0; ! ) denotes the w a v e �eld of the secondary sources, and

D(~x; ! ) the driving function for the secondary sources. No w the D(~x; ! ) will b e

sampled, as it will b e created b y discrete loudsp eak ers; this can b e written as a

m ultiplication of D with a series of Dirac functions:

DS (x; ! ) = D(x; ! )
1

� x

1X

� = �1

� (x � � x� )

=
1

� x

1X

� = �1

D(� x�; ! )� (x � � x� ) (2.35)

If w e apply a spatial F ourier transform to equation (2.34 ), with (2.35 ) as the

driving function, w e get

~PS (~k; ! ) = 2 �
1X

� = �1

~D(kx �
2�
� x

�; ! ) ~V (~k; ! ) (2.36)

where the

~P is the pressure in the w a v e n um b er-frequency domain, kx is the

spatial frequency in the x -direction, and � is an index.

The sp ectrum of the driving function

~DC (kx ; ! ) is dep enden t on the virtual

source to b e repro duced. F or a plane w a v e aliasing in the repro duced w a v e �eld

will b e presen t if the frequency sp ectrum of the signal to b e repro duced con tains

frequencies that do not ful�ll the aliasing condition

f �
c

� x(1 + jsin� pw j)
(2.37)

where � pw is the incidence angle with the normal on the sp eak er arra y of

the plane w a v e. F or frequencies ab o v e this aliasing frequency , there will b e

comp onen ts presen t in the w a v e �eld with incidence angles:

sin� pw ;� al =
2�
� x � al + !

c sin� pw
!
c

(2.38)

� al is the coun ting index from equation (2.36 ), for whic h the follo wing con-

dition is true:

j
2�
� x

� al +
!
c

cos� pw j �
!
c

(2.39)

and � al 2 Z n 0.
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Sp a tial aliasing f or point sour ces

The an ti-aliasing condition (2.37 ) w as deriv ed for a plane w a v e. F or the repro-

duction of p oin t sources, the situation will b e sligh tly di�eren t: the incidence

angle of the w a v e fron t will b e di�eren t for eac h loudsp eak er and th us the high-

est frequency for whic h there is no aliasing is presen t will b e sligh tly di�eren t

(this case is the rev erse of incidence of a plane w a v e on a circular arra y , whic h

is discussed b elo w). Consequen tly , if the source signal do es con tain frequen-

cies whic h harm the an ti-aliasing condition, the artefacts will b e presen t in the

repro duced w a v e �eld, their lo cal strength b eing dep enden t on the lo cation of

the virtual p oin t source. This means that for certain lo cations in the listening

area the repro duction ma y b e (almost) correct, while for other lo cations in the

listening area, there are artefacts audible.

T o illustrate this e�ect, a sim ulation w as made utilising Matlab [Mat] for

a loudsp eak er arra y of 10 meters long with a sp eak er distance of 20cm., and

the resulting signals at a distance of 3 meters from the arra y w ere calculated.

The resulting frequency resp onse is sho wn in �gure 2.9 . It can b e seen that the

aliasing will b e heard relativ ely stronger when mo ving further a w a y from the

source p osition.

Cir cular and arbitrar y shaped arra ys

F rom Sp ors' [Sp o05 ] discussion on spatial aliasing with circular arra ys, w e kno w

that for the repro duction of plane w a v es, there will alw a ys b e aliasing artefacts

presen t. T w o conclusions are dra wn: �rst: the higher the bandwidth of the

plane w a v e, the more energy will b e con tained in the aliasing con tributions of

the repro duced w a v e �eld. Secondly , the further the listener p osition is from

the activ e secondary sources, the lo w er the energy of the aliasing con tributions.

The case of a circular arra y , can b e generalised to an arra y with arbitrary

shap e, b y mapping the b oundary @V of the arbitrary listening area V to a

circular b oundary @V0
of a listening area V 0

. A ccording to the Riemann mapping

theorem [W ei03] ev ery simply connected region can b e mapp ed with a one-to-

one transformation to a unit circular region using an analytic function. The

mapping of an equidistan tly sampled arbitrary shap ed arra y on to a circular

arra y ma y result in a non-equidistan t angular sampling on the circle. As a

consequence, it will not b e p ossible to deriv e a generic an ti-aliasing theorem.

Tr unca tion effects

In practice the loudsp eak er arra y will also b e �nite and truncation e�ects will

o ccur [Sta97 , Son00 ]. A spatial tap er o v er the driving function can reduce

the p erceptual disturbing cues created b y the truncation. By applying suc h a

tap er, the di�racted w a v es are smeared out in time and place. The tap er also

in�uences the correctly syn thesised w a v e �eld, so the c hoice of a tap er is alw a ys

a compromise b et w een the reduction of the di�raction artefacts and the size of

the listening area.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 2.9 : Illustration of spatial aliasing for a p oin t source. On the left-hand

sources at lo cation with x = � 2:85, on the righ t-hand with x = 2 :85. The upp er

plots are at a distance of 1m b ehind the arra y , the lo w er plots at 5m .
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Figure 2.10 : Geometry of the sim ulations. Source p oin ts are sampled at 0:1m

in terv als in y -direction. The sp eak er arra y and the receiv er lines are sampled at

5cm in terv als. The sp eak er arra y go es from � 3 to 3m, the receiv er lines from

� 3:5 to 3:5m in x -direction.

2.7 Simula tions

2.7.1 Setup

A com bination of p oin t sources at di�eren t elev ations, running from -0.5 to +0.5

m in steps of 0:1m, cen tred b ehind the WFS arra y , w as used as the source for

sim ulations done with Matlab . The source signal w as a Gaussian w a v elet with

no frequency comp onen ts ab o v e 750Hz. The source signal w as extrap olated with

a w a v e �eld extrap olation op erator based on the Ra yleigh I in tegral. In b oth

sim ulations, the follo wing source and receiv er distances w ere used: 1, 3 and 5

meter b ehind the arra y and 1, 3 and 5 meters in fron t of the arra y resp ectiv ely

(see �gure 2.10 ). The reference line w as at 3 meters in fron t of the arra y , parallel

to it. In order to a v oid truncation e�ects, a Hanning windo w o v er 20% of the

arra y length w as used on b oth sides (see [V er98 ]).

The correct �eld

2

w as compared with WFS repro duction follo w ed b y extrap-

olation from the sp eak er arra y to the listening p osition. The WFS repro duction

arra y w as sampled at 5cm in terv als

3

, as w ere the listening p ositions. The cor-

resp onding aliasing frequency for this arra y is 3:4kHz, th us w e can assume that

the WFS repro duction do es not in tro duce aliasing problems.

2.7.2 Resul ts

In �gures 2.11 to 2.13 , the time domain resp onses are sho wn for a source at

an elev ation of 0:5m , at di�eren t distances b ehind the arra y and for di�eren t

receiv er distances. The repro duction seems to b e quite go o d, though w e can see

that for the WFS repro duction there are artefacts as the source is further a w a y ,

but these are the same for a source without elev ation (not sho wn here), so these

2

calculated with direct w a v e �eld extrap olation from source to listening p osition

3

this ma y not b e realistic, but as the aim is to lo ok at the e�ect of elev ated p oin ts, the

distance w as c hosen in order not to in tro duce aliasing artefacts

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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can b e attributed to truncation artefacts.

The di�erence b et w een the WFS repro duction with and without the correc-

tion factor is negligible.

The corresp onding frequency resp onses are sho wn in �gure 2.14 to 2.16 . Here

w e can see that the artefacts seen in the time domain ha v e an in�uence on the

frequency resp onse: at certain p ositions in the listening space some frequencies

will b e stronger than at other p ositions.
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(a) A t a receiv er distance of 1m from the arra y

(b) A t a receiv er distance of 3m from the arra y

(c) A t a receiv er distance of 5m from the arra y

Figure 2.11 : Source at 1m b ehind the arra y , with an elev ation of 0:5m , in the

time domain. Left-hand: correct �eld (wfe), middle: WFS repro duction with

driv er function (2.30 ) and righ t-hand: WFS repro duction with the comp ensated

driv er function ((2.30 ) with (2.32 )).

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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(a) A t a receiv er distance of 1m from the arra y

(b) A t a receiv er distance of 3m from the arra y

(c) A t a receiv er distance of 5m from the arra y

Figure 2.12 : Source at 3m b ehind the arra y , with an elev ation of 0:5m , in the

time domain. Left-hand: correct �eld (wfe), middle: WFS repro duction with

driv er function (2.30 ) and righ t-hand: WFS repro duction with the comp ensated

driv er function ((2.30 ) with (2.32 )).
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(a) A t a receiv er distance of 1m from the arra y

(b) A t a receiv er distance of 3m from the arra y

(c) A t a receiv er distance of 5m from the arra y

Figure 2.13 : Source at 5m b ehind the arra y , with an elev ation of 0:5m , in the

time domain. Left-hand: correct �eld (wfe), middle: WFS repro duction with

driv er function (2.30 ) and righ t-hand: WFS repro duction with the comp ensated

driv er function ((2.30 ) with (2.32 )).

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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(c) A t a receiv er distance of 5m from the arra y

Figure 2.14 : Source at 1m b ehind the arra y , with an elev ation of 0:5m , in

the frequency domain. Left-hand: correct �eld (wfe), middle: WFS repro duc-

tion with driv er function (2.30 ) and righ t-hand: WFS repro duction with the

comp ensated driv er function ((2.30 ) with (2.32 )).
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(b) A t a receiv er distance of 3m from the arra y
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(c) A t a receiv er distance of 5m from the arra y

Figure 2.15 : Source at 3m b ehind the arra y , with an elev ation of 0:5m , in

the frequency domain. Left-hand: correct �eld (wfe), middle: WFS repro duc-

tion with driv er function (2.30 ) and righ t-hand: WFS repro duction with the

comp ensated driv er function ((2.30 ) with (2.32 )).
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(b) A t a receiv er distance of 3m from the arra y
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(c) A t a receiv er distance of 5m from the arra y

Figure 2.16 : Source at 5m b ehind the arra y , with an elev ation of 0:5m , in

the frequency domain. Left-hand: correct �eld (wfe), middle: WFS repro duc-

tion with driv er function (2.30 ) and righ t-hand: WFS repro duction with the

comp ensated driv er function ((2.30 ) with (2.32 )).
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Chapter 3

System setup

3.1 Hard w are setup

A t the TU Berlin W esk e [W es01 ] set up a 24-sp eak er system using activ e loud-

sp eak ers (F OSTEX 6301B) (see �gure 3.1 ), a Lin ux PC with an RME Hammer-

fall Digi9652 soundcard, and Marian A dcon con v erters. The sp eak er distance is

12.5 cm.

On this system, the soft w are sW ONDER w as initially dev elop ed and used

for the comp osition of sev eral pieces, describ ed in section 4.3 .

In 2006/2007, the TU Berlin launc hed a pro ject to equip one of the lecture

halls with a large WFS system [MGM

+
07 , BAM07 ], of in total 832 loudsp eak er

c hannels, b oth for sound reinforcemen t during the regular lectures, as w ell as to

ha v e a large scale WFS system for b oth scien ti�c and artistic researc h purp oses.

The loudsp eak ers are built in to loudsp eak er panels [GMMW07], eac h pro viding

8 audio c hannels, whic h are fed with an AD A T signal. The 8 c hannels are eac h

pla y ed bac k with 3 loudsp eak ers, that eac h ha v e a di�eren t �ltering of the signal.

Lo oking at �gure 3.2 , the �rst ro w of sp eak ers underneath the 2 larger sp eak ers,

that are used for the frequencies up to 200 Hz, emits up to 5.5 kHz, the 2nd ro w

up to 10 kHz, and the third up to 17 kHz. The t w o larger sp eak ers emit the

lo w-pass �ltered sum of the 4 c hannels b elo w it. Within the sp eak er panel, the

signal is �ltered with a digital �lter for (linear phase) equalisation, whic h can

b e reprogrammed if necessary . The �ltering for the di�eren t ro ws of sp eak ers

is ac hiev ed b y analogue �ltering (i.e. capacitors). The panel w as designed to

ha v e a broad horizon tal radiation angle, and a narro w v ertical radiation angle,

so that �o or and ceiling re�ections are a v oided.

T o driv e these sp eak ers a cluster of 15 Lin ux computers is used. Eac h com-

puter calculates the loudsp eak er signals for 56 loudsp eak er c hannels. Eac h com-

puter is equipp ed with an RME HDSP MADI [RME ] sound card. Eac h MADI

output is connected to an MADI to AD A T bridge (RME ADI648), whic h is

moun ted inside the w all, so that the AD A T cables can b e k ept relativ ely short

(up to 10 meters). The input to the system is m ultiplexed to eac h MADI sound

card with the use of MADI bridges (RME MADI Bridge).

47
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Figure 3.1 : The 24 F OSTEX loudsp eak ers in a WFS setup in the electronic

studio of the TU Berlin (photo: F olkmar Hein) .

Figure 3.2 : The loudsp eak er panel for the lecture hall at the TU Berlin.
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Figure 3.3 : Sc hematic o v erview of the hardw are setup for the WFS system in

the lecture hall of the TU Berlin.

The cluster has t w o net w orks, one for the OSC [WFM03 ] comm unication,

and one for data-transfer. Separating these net w ork functions, ensures that the

OSC comm unication is fast. The master mac hine (Con trol PC) acts as a bridge

to the outside w orld and is the only computer that is connected to an external

net w ork.

A general o v erview of the hardw are setup is giv en in �gure 3.3 and a photo-

graph of the lecture hall is sho wn in �gure 3.4. Note that the lecture hall has a

sligh t elev ation when going from the stage to the bac k of the hall, whic h means

that the sp eak er arra y needed to mak e a similar elev ation when going to the

bac k of the ro om. This resulted in sev eral adaptations in the soft w are to ensure

that the sound repro duction is correct, whic h will b e discussed b elo w. Other

arc hitectural constrain ts for moun ting the sp eak er arra y w ere: the necessit y to

ha v e a blac kb oard in the fron t (causing a high elev ation ab o v e the stage in the

fron t), con trol ro om windo ws in the bac k (th us the sp eak er arra y had to b e

moun ted quite lo w, at the heigh t of the seats of the bac k ro w), do orw a ys on the

side (another reason for the elev ation in the fron t, and some missing sp eak er

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 3.4 : P anorama view of lecture hall H0104 of the TU Berlin, equipp ed

with an 832-c hannel WFS system (photo: F olkmar Hein) .

panels in the bac k), as w ell as esthetic demands. The design of the sp eak er

panels had to b e b oth robust (against v andalism) and main tainable.

The sW ONDER soft w are w as adapted to con trol this system, in suc h a w a y ,

that it can also b e used b y similar but not necessarily iden tical systems.

3.2 Softw are

The soft w are sW ONDER

1

[BP04, Baa04 , Baa05 ], w as dev elop ed with the aim

to pro vide comp osers with an easy to use in terface to use W a v e Field Syn thesis

for the comp osition of spatial mo v emen ts.

Initially a comp osition to ol only [Baa03 ], the program has dev elop ed to

b ecome a fully capable WFS soft w are that can b e used b oth for small and large

WFS systems, whic h need sev eral computers to render audio [BHSK07 ].

The soft w are is divided in to sev eral parts

2

:

ˆ a graphical user in terface,

ˆ a score pla y er/recorder,

ˆ a con trol unit,

ˆ a realtime time domain render unit,

ˆ a realtime frequency domain render unit,

ˆ an o�ine render unit,

ˆ a timer application jfwonder ,

1

an acron ym for sound W ave �eld synthesis Of New Dimensions of Ele ctr onic music in

R e altime . The soft w are is released under the GPL license at http:// swonder. sourceforge.

net . The original name for the soft w are w as W ONDER, but that name w as already tak en

on SourceF orge b y a pro ject for W ebOb jects applications, so a sligh t name c hange had to b e

made. T o swonder is y et to b e recognised as an English w ord for to move fr e ely in sp ac e .

2

The soft w are describ ed in this c hapter has b een dev elop ed b y a team of programmers,

co ordinated b y the author. Simon Sc hampijer programmed the con trol unit, T orb en Hohn the

audio rendering units, as w ell as the LADSP A plugins, Daniel Plew e the score pla y er/recorder,

Eddie Mond the graphical user in terface and Sebastian Ro os programmed the VST plugin.

F urthermore, Thilo K o c h installed the cluster and net w orking.
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Figure 3.5 : Sc hematic o v erview of the di�eren t parts of the soft w are sW ON-

DER . The con trol unit can comm unicate with an arbitrary n um b er ( N ) of re-

altime and o�ine renderers.

ˆ and a common library for general functions.

Comm unication b et w een the di�eren t parts of the program is based on the

OSC proto col [WFM03 ]. Figure 3.5 giv es an o v erview of the program parts and

their comm unication.

Graphical User Interf a ce

A graphical user in terface has b een dev elop ed primarily for enabling an easy

in terface to create and c ho ose scenes, as w ell as to create, edit and visualise

scores of mo v emen ts [Mon07 ]. The details ab out this are describ ed b elo w.

Score pla yer/recorder

The system can tak e an y kind of audio input, so that the user can use the audio

pla y er (s)he prefers to pla y the audio. The score pla y er/recorder is used to

sync hronise with an audio pla y er and record and pla ybac k source mo v emen ts.

Belo w is a detailed description.

Offline renderer

F or ro om sim ulations or for arbitrarily shap ed sound sources (see c hapter 6 ),

the calculations for the impulse resp onses for eac h sp eak er can tak e quite long,

and cannot b e p erformed in realtime, so an o�ine render unit is needed, whic h

can utilise the cluster, b ene�ting from parallel execution.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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r everb er ations
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8�

output

p er sp e aker

(JA CK/ALSA)

Figure 3.6 : An o v erview of the audio signal pro cessing b y the realtime render

unit.

Contr ol unit

The con trol unit ( cwonder ) acts as a bridge b et w een the user in terface and the

audio renderers; it also comm unicates with the score pla y er/recorder. Though

the sW ONDER suite of programs supplies a graphical user in terface, an y other

program that can send (and receiv e) OSC can b e used to con trol the system.

The user in terface only needs to comm unicate with the con trol unit, and do es

not need to kno w an ything ab out the audio rendering details; the con trol unit

tak es care of that. The con trol unit is describ ed in more detail b elo w.

Rendering engine

The realtime render unit is resp onsible for the actual audio signal pro cessing.

It has sev eral w a ys to deal with the audio streams: pla ybac k of direct sound,

utilising w eigh ted dela y lines, con v olution of the input sound for early re�ections,

and con v olution of the input sound for rev erb follo w ed b y w eigh ted dela y lines

to create plane w a v es with the rev erb tail. Sc hematically this is sho wn in �gure

3.6.

The rendering engine consists of t w o parts: twonder for the dela y line im-

plemen tation, and fwonder for the con v olution. Both programs are con trolled

b y OSC and are describ ed b elo w; audio input and output ha v e the audio serv er

JA CK [Dea] as the audio bac k-end.

Plugins

T o automate mo v emen ts of sources with a m ulti-trac k sequencer, LADSP A plu-

gins [F ur] w ere created to do so. One to send out OSC mo v emen t commands

for one source, and one to send out OSC mo v emen t commands for a group of

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CHAPTER 3. SYSTEM SETUP 53

Figure 3.7 : Screenshot of the VST plugin for sW ONDER .

t w o sources and one for a group of four sources, of whic h a cen tre p oin t can b e

mo v ed, and the scale and rotation of the cloud of p oin ts can b e v aried (�gure

3.8).

A VST plugin [VST] has also b een dev elop ed (�gure 3.7 ).

3.3 The contr ol unit - cwonder

sW ONDER is a �distributed application� that comm unicates o v er OSC. cwonder

is the glue part that eac h of the other parts comm unicates with. The only thing

the other parts need to kno w is the address of cwonder whic h can b e retriev ed

from a con�guration �le. The other parts, or other applications, can connect to

di�eren t streams that cwonder sends out:

ˆ /WONDER/stream/r en der con tains all information to render the audio for

the sources.

ˆ /WONDER/stream/s co re con tains all information to record and pla y the

source mo v emen ts.

ˆ /WONDER/stream/v is ual con tains all information to displa y the status of

all the sources and settings.

ˆ /WONDER/stream/t im er giv es a regular up date on the curren t time of the

system.

When connected to a stream, cwonder sends out regular messages (�ping�)

to whic h needs to b e replied (with �p ong�). If a program that is connected do es

not reply for a certain amoun t of time, cwonder will stop sending data to that

program.

An application can send to a stream directly as w ell. This message is then

forw arded to a stream without cwonder pro cessing it. One case where this

should b e used is for replies to actions. If for example pla ybac k of a score is

started from the user in terface the score pla y er should use the follo wing syn tax

to reply to this command:
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Figure 3.8 : The 4 c hannel LADSP A plugin in Ardour.
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/WONDER/stream/score/send ssis /WONDER/reply path 0 "start to pla y"

The namespace of the message is /WONDER/stream/sc or e/s en d . The mes-

sage the other receiv ers of this stream will receiv e is /WONDER/reply in this case

whic h is the �rst argumen t of this message. The other argumen ts just follo w lik e

in the other cases. So cwonder will create from the ab o v e message the follo wing

message and send it to the receiv ers of the stream score:

/WONDER/reply sis path 0 "start to pla y"

3.4 Rendering - Dir e ct sound

The direct sound of a WFS syn thesised source, consists of the dela y ed and

atten uated source signal. This dela y and atten uation is unique for eac h sp eak er.

The direct sound of the source is rendered in the time-domain b y the comp onen t

twonder .

3.4.1 Point sour ces

In order to calculate the dela y and atten uation for a p oin t source the follo wing

steps are tak en in the calculation:

1. calculate the v ector b et w een source and sp eak er,

2. calculate the in-pro duct of this v ector with the normal v ector on the

sp eak er,

3. if this normal v ector is negativ e, and if the source is inside the arra y of

sp eak ers (c hec k whether it is within a p olygon de�ned b y the sp eak er

lo cations)

(a) c hec k whether the source is within a maxim um distance from the

sp eak er, if it is then apply a windo w within a �windo w width� for a

smo oth fade out,

(b) do a recalculation of the distance (dela y time) based on a 3D v ector

calculation (imp ortan t for ro oms with an elev ation),

(c) set the distance to a negativ e v alue,

4. adjust dela y to smallest dela y (to prev en t illegal assignmen t later on in

the program),

5. c hec k whether distance is bigger than 1.5 times the sp eak er distance:

(a) bigger and b ehind sp e akers calculate the corresp onding factor,

(b) bigger and in fr ont of sp e akers calculate the corresp onding factor,

(c) smal ler calculate factor as an in terp olation b et w een the factor at 1.5

times sp eak er distance b ehind and in fron t of the sp eak ers,

6. m ultiply the factor with the windo w and cos� with the sp eak er.

The factor of 1.5 the sp eak er distance ensures that ev en if the source mo v es

through the sp eak ers righ t in b et w een t w o sp eak ers, there will alw a ys b e some

sp eak ers that pla y sound, and the amplitude will not �explo de� (note that in

� r in equation (2.30 ) b ecomes 0 at the sp eak er p osition).
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N + m

do wnN

upN � l

Figure 3.9 : Illustration of the resampling problem: if the dela y time gets longer

within a certain blo c k, w e need to output more samples than w e ha v e a v ailable

in our bu�er. Th us, w e need to upsample the a v ailable samples. If the dela y

time gets shorter, w e need to output less samples than w e ha v e a v ailable in our

bu�er and w e need to do wnsample them.

3.4.2 Dela y lines

T o initialise the dela y lines, the length of the dela y lines need to b e determined.

The length is related to the largest distance a source will ha v e to a sp eak er.

Also, it needs to b e decided ho w far in fron t of the sp eak ers w e w an t to mo v e

a source, as this determines the needed dela y o�set. If no fo cused sources are

needed, w e can set the dela y o�set to a smaller n um b er, th us in tro ducing less

latency in the system. These options can b e set p er source.

3.4.3 Mo ving sour ces

When a source mo v es, the dela y time will c hange con tin uously , as w ell as the

v olume factor. In twonder the dela y times and factors for the start and the

end of the blo c k are calculated (th us these are a kind of anc hor p oin ts), and the

samples inside the blo c k are resampled. This is clari�ed in �gure 3.9 . If the dela y

time is 20 samples at the start of the blo c k, and 30 samples at the end of the

blo c k, w e need to output 10 samples less than the actual blo c k size N . Th us, w e

need to resample N to N � 10 samples. Because of the CPU restrain ts (w e need

to do this for a lot of dela y lines in realtime), an e�cien t resampling algorithm

is needed. A linear in terp olated resampling w as c hosen. The implemen tation

is a mo di�ed v ersion of Bresenham's line dra wing algorithm [Wik07], whic h

eliminates the need to cast a �oat to an in teger in the inner lo op; this is an

adv an tage as in most CPUs there is a separate in teger and �oat computation

unit; casting a �oat to an in teger causes a hold-up in b oth calculation pip elines,

so should b e a v oided in in tensiv e time-critical calculations.

Mo ving a source in this w a y , creates a Doppler e�ect, whic h will b e audible

if the mo v emen t is v ery fast. Sometimes it is not desired (b y the comp oser) to

hear a Doppler e�ect, so another option for mo v emen t is pro vided, whic h w e

ha v e called a fade jump . Using this option, the illusion of mo v emen t is created

b y fading the source out on one p osition, while fading it in on the next p osition.

The user can set a threshold at whic h the system will stop resampling and switc h

to blo c kwise crossfades. The threshold is the n um b er of samples whic h w ould

need to b e added or remo v ed due to the mo v emen t of the source. This is p er
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calculation blo c k, and th us dep ends on the calculation blo c k size the system is

con�gured to.

3.4.4 Plane w a ves

Plane w a v es are ac hiev ed b y v arying the dela y times for eac h sp eak er, based on

the angle the w a v e fron t mak es with the sp eak er arra y . A dela y o�set is created

b y giving the plane w a v e a p oin t of origin in space, in addition to its direction.

This approac h also mak es it p ossible (in principle) to switc h from a p oin t source

to a plane w a v e and vice v ersa.

The amplitude is adjusted b y a factor dep ending on the angle the plane w a v e

mak es with the sp eak er arra y , and with a factor to comp ensate for the di�erence

in loudness with a p oin t source. This comp ensation factor can b e adjusted in

the con�guration at startup b y the user.

Plane w a v es can b e used to sim ulate sources that are v ery far a w a y and

only ha v e a direction, or to sim ulate re�ections, as will b e describ ed in the next

section.

3.4.5 Corrections f or elev a tion angle of the speaker arra y

The lecture hall H0104 has a sligh t elev ation. This is made clear in �gure 3.10 ,

where the co ordinates of the outline of the hall are sho wn. F rom 8.8 meters

measured from the blac kb oard at the fron t w all, the sp eak er arra y mak es an

elev ation, ending up 4.4m. higher in the bac k, o v er a distance of 16.9m., than

it is in the fron t.

F or a fo cused source, it is imp ortan t that the w a v es con v erge from the sp eak er

to the in tended source p osition, and for this the actual path length of the w a v es

to the source p osition needs to b e tak en. This means that the z -co ordinate of

the sp eak ers cannot b e neglected. In the source co de this problem w as solv ed

b y calculating an appropriate z -co ordinate for the source, so that it is alw a ys

placed in the plane of the sp eak ers. The dela y times for eac h sp eak er are then

calculated based on the 3D-co ordinates of the virtual source and the relev an t

sp eak ers.

3.5 Rendering - R o om simulation

Ro om sim ulation is ac hiev ed b y adding re�ections to the direct sound. This can

b e ac hiev ed in sev eral w a ys:

1. inclusion of a �rst re�ection in the dela y line,

2. doing a short con v olution for early re�ections for eac h sp eak er with o�ine

calculated impulse resp onses (IRs), and

3. doing a con v olution with a longer impulse resp onse, the result of whic h

will b e pla y ed bac k using plane w a v es from di�eren t directions.

In the �rst option a �lter on the re�ected sound can also b e included, pro-

vided the �lter can b e created with ca. 8 FIR taps.
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stage

b
0 x

y

(+7.7,0,2.1)m.(-7.7,0,2.1)m.

(+10,8.8,2.1)m.(-10,8.8,2.1)m.

(+10,25.7,6.5)m.(-10,25.7,6.5)m.

0 °

90 °

135 °

Figure 3.10 : The co ordinates for the lecture hall H0104.
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A con v olution engine, fwonder , has b een dev elop ed to enable the second and

third option, but the o�ine renderer to calculate the early re�ection impulse

resp onses is not ready y et. Instead, other metho ds could b e used to calculate the

early re�ection IRs, suc h as an old v ersion of sW ONDER , or using an approac h

based on measuremen ts suc h as describ ed in [MdV06, dVLM06 , HdV01 ].

In the case of early re�ections, the impulse resp onses are unique to eac h

source p osition and sp eak er. Th us for eac h sp eak er a con v olution needs to b e

made. This option is CPU-in tensiv e and memory-in tensiv e, and a clev er IR

cac hing is needed to enable the use of a lot of impulse resp onses. In [Hel03]

researc h is presen ted from whic h can b e concluded ho w closely grid p oin ts need

to b e spaced to ensure p erceptual consistency of the w a v e �eld, for a sp eci�c

setup (dep ending on the dimensions of the virtual ro om, as w ell as the size of

the desired listening area).

Option 3 can b e used for rev erb eration. Researc h at the TU Delft has sho wn

that using 8 plane w a v es (at 45 degrees in terv al directions) is su�cien t to create

a realistic rev erb eration [SdV97 ].

3.5.1 Conv olution

The fwonder program implemen ts a fast con v olution from m ultiple inputs to

(ev en more) m ultiple outputs. It uses the same complex m ultiplication metho d

as BruteFIR [T or05 ]. This metho d consists of reordering the �lter co e�cien ts

in suc h a w a y , that the CPU needs to fetc h new data less often from memory ,

whic h sp eeds up the computation pro cess.

Instead of extending BruteFIR, a con v olution engine w as rewritten from

scratc h, b ecause this w as considered faster than extending BruteFIR, due to the

lac k of transparency and do cumen tation of the BruteFIR co de. Other a v ailable

solutions w ere not written in C++ or tied to Sup erCollider [Ker06 ], whic h w ould

ha v e slo w ed do wn dev elopmen t also. So it w as decided to reimplemen t the

algorithm, while learning from the other implemen tations.

The con v olution engine fwonder is also capable of non-uniform partitioned

con v olution as describ ed b y Sommen [Som89 ].

3.5.2 IR ca ching

When a source is mo ving, the activ e impulse resp onses need to b e c hanged.

Because the set of impulse resp onses do es not �t in to memory , a cac he structure

needs to manage the loading of the impulse resp onses from disk.

This problem is solv ed as follo ws: when the p osition of a source c hanges

the UI sends the absolute p osition in meters to the con trol unit. The con trol

unit sends the new p osition to twonder , and sim ultaneously calculates the cor-

resp onding (closest) grid p osition for whic h an early re�ection impulse resp onse

is a v ailable, and sends this information to fwonder . fwonder then switc hes the

impulse resp onses used in the con v olution to the new ones. Crossfading is used

to reduce the artefacts of this pro cess.

Because the loading of new impulse resp onses is a task that tak es some time

to complete, it should happ en b efore an ev en t actually o ccurs if p ossible. In
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realtime mo de it is not kno wn in adv ance what parameters of whic h source will

c hange next. As a solution the grid of p oin ts for whic h IRs are calculated is

divided in anc hor p oin ts and normal p oin ts. Anc hor p oin ts are p oin ts whose IRs

are alw a ys stored in memory . When a source mo v es to a new lo cation, �rst the

IR of the anc hor p oin t is used, and then the surrounding p oin ts are loaded in to

memory , so that c hanges to lo cations nearb y can b e made in realtime (see �gure

3.11 a). When there is a score, w e kno w whic h IRs are needed in the future, and

w e can determine the needed IRs in time, as sho wn in �gure 3.11 b.

The con trol unit tak es care of this sc heduling of loading and unloading of

IRs and sends commands to the render units to p erform this (i.e. the render

unit fwonder is 'stupid' and just follo ws the orders of the con trol unit).

3.5.3 Calcula ting the IRs

The IRs as describ ed ab o v e, will need to b e calculated b eforehand with the

o�ine renderer. This is handled as follo ws: in the UI the user de�nes a grid of

p oin ts and virtual ro om dimensions. Then he sends a message to the con trol

unit to start the calculation. The con trol unit then comm unicates with all the

o�ine renderers that are running, to p erform this task, and sends a message

bac k to the UI when the task is completed. Afterw ards, the calculated IRs can

b e used in realtime.

3.6 Score pla yba ck and recording

In order to pla ybac k the mo v emen ts of v arious sources a score pla y er and

recorder is needed that can sync hronise with an audio pla y er. There are sev-

eral clo c ks a v ailable for sync hronisation, the most common b eing supp orted is

MTC, whic h stands for Midi Time Co de. On the Lin ux platform JA CK T rans-

p ort [Dea] is commonly used, whic h w ould b e another option.

In order to record a score, recording needs to b e turned on, so that cwonder

sends the score the source data as they c hange o v er time. F urther �ags can b e set

to record only sp eci�c sources, while pla ying bac k the mo v emen ts of previously

recorded sources.

The source mo v emen ts are stored, as the OSC messages come in: the score

recorder notes the timeco de from the clo c k, and stores the OSC message. If

the OSC message con tains the same information for a source as the previous

message, the message is discarded. This results in an event based recording,

whic h is of b ene�t as less information is stored. Ho w ev er, it mak es jumps in

time more complicated to handle.

If a user jumps to another p oin t in time in the comp osition, then the score

pla y er needs to determine the lo cations of the sources at that momen t in time.

In principle, the score pla y er w ould need to parse all data from the start in order

to determine the information at the c hosen p oin t in time. In order to sp eed up

this jump, the score pla y er can create anc hor p oin ts in time, for whic h it kno ws

the curren t lo cations, so that when a time jump o ccurs, it only needs to parse

the data from the anc hor p oin t whic h is just b efore the requested p oin t in time.
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(a) In realtime, w e m ust mak e use of the

anc hor p oin ts and neigh b ouring p oin ts.
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(b) While pla ying a score, w e kno w the fu-

ture lo cations of the source, so w e can pre-

load the IRs that corresp ond precisely to

the sound path.

Figure 3.11 : Loading grid p oin t impulse resp onses in to cac he. The blac k p oin ts

are the anc hor p oin ts and corresp ond to impulse resp onses that are alw a ys

loaded in memory . The red (dark est grey) p oin t indicates the grid p oin t used

for the curren t p osition, the orange (grey) p oin ts the one for whic h the IRs are

curren tly loaded in memory . The ligh t grey p oin ts are the a v ailable p oin ts on

disk.
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(a) Scene view

(b) Score view

Figure 3.12 : The xwonder graphical user in terface (pictures tak en from

[Mon07 ])
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The data is stored in an XML format whic h is mo delled after the XML3D Audio

format as describ ed b y P otard [P ot06 ]. In case of v ery dense data, the score

recorder stores the data in a binary �le, whose format and path are sp eci�ed in

the XML �le.

The format basically has t w o sections: an orc hestra section, whic h de�nes

whic h sources are part of the score, and their initial parameters, and a score

section, con taining all the ev en ts of c hanges in the parameters for eac h source,

as they o ccur. An example is sho wn in �gure A.5 for a score with 10 sources.

3.7 Graphical User Interf a ce

The graphical user in terface, xwonder [Mon07 ], has b een written using the Qt-

Libraries [T ro05 , v ersion 4], and Op enGL. The main functions are created for

the realtime use of the system, as w ell as creating con ten t with the system. The

GUI pro vides an in terface to mo v e sources in realtime, to store constellations

of source as scenes, and to select scenes. The graphical represen tation of the

sources can b e con�gured b y c ho osing a colour for the source, and giving the

source a lab el. F or score manipulation and visualisation, the 3D view o�ers

a represen tation of the p ositions of the sources o v er time, so that the spatio-

temp oral b eha viour of the sources can b e seen. Some screenshots of the GUI

are sho wn in �gure 3.12 .

3.8 Time and synchr onisa tion

There are sev eral concepts of time within the system:

ˆ the user in terface can send messages, whic h ha v e to b e executed now

( t = 0 ) and ha v e a certain dur ation ; or it can send messages whic h ha v e

to b e executed at a certain time ( t = t0 ) from now and ha v e a certain

dur ation ,

ˆ the score pla y er/recorder has to deal with b oth MTC and the sample time.

It should sync hronise itself to MTC, and comm unicate to the con trol unit,

just lik e other user in terfaces,

ˆ the audio clo c k.

All comm unication from the user in terface to the con trol unit ab out time,

is in seconds. As the renderers need to b e sync hronised with sample accuracy ,

the con trol unit translates the time in seconds to frame time. The audio clo c k

is used as the time reference for this. This clo c k is reliable, has got the desired

gran ularit y and is presen t on eac h render unit and the con trol unit. The audio

devices in the units are fed with a MADI signal whic h includes a sync hronisation

signal

3

. Because the audio links are digital, a sa wto oth generated at the con-

trol no de, will b e su�cien t to extract the initial sync hronisation p osition from

3

alternately , the audio devices can also b e connected with a W ordclo c k signal for sync hro-

nisation
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the audio signal. When initial sync hronisation is done, sync hronisation will b e

main tained b y the audio sync con tained in the MADI signal.

This leads to a system with one cen tral clo c k and a v oids the need for clo c k

sk ew comp ensation whic h is needed when ha ving m ultiple clo c ks.

As an example w e consider the task of c hanging the p osition of a source.

This information is sen t from the UI to the con trol unit where a time stamp for

this ev en t is generated. Since the con trol unit has the information ab out the

actual time in samples the messages will b e stamp ed with this time reference

and sen t to the render unit.

Both the con trol unit and the render unit can deal with in terp olation o v er

time, i.e. it is p ossible to send the con trol unit a message to mo v e a source from

one p osition to another with a certain duration of the mo v emen t. The con trol

unit will pass on this duration to twonder , whic h then in terp olates the mo v emen t

and calculates the p ositions (and th us the dela ys) at the end of eac h blo c k, and

creates the mo v emen t. The con trol unit will also calculate the in termediate

p ositions on the grid, and ensure that the IRs for the in termediate p oin ts are

preloaded b y fwonder and the IRs needed for the curren t p osition are switc hed

to in time.

3.9 Configura tion and d a t a files

F or con�guration of the system and creating a pro ject with the system, sev eral

�les are needed to store the relev an t data.

It w as c hosen to use XML

4

for the format for storing this data, as it is easy

to extend in case of need.

There are �les for:

Default con�guration the address of the con trol unit and w orking directory

(for example: �gure A.3 ).

Arra y setup p ositions of the sp eak er arra y segmen ts.

Global Arra y general settings for the arra y , suc h as the inner ro om of the

arra y .

Pro ject the general settings for a pro ject, suc h as ho w man y sources are used

and the c haracteristics of eac h sources. It can also con tain a reference to a

score �le, a grid �le, and settings for di�eren t scenes (static constellations

of sources, b et w een whic h the user can switc h). F or an example: �gure

A.4.

Grid the information ab out the grid p oin ts used for early re�ection calculation,

as w ell as information ab out the impulse resp onses (path and format in

whic h they are stored).

4

�The Extensible Markup Language (XML) is a general-purp ose mark-up language. Its

primary purp ose is to facilitate the sharing of data across di�eren t information systems, par-

ticularly via the In ternet. It is a simpli�ed subset of the Standard Generalized Markup

Language (SGML), and is designed to b e relativ ely h uman-legible. XML is recommended b y

the W orld Wide W eb Consortium. It is a fee-free op en standard. The W3C recommendation

sp eci�es b oth the lexical grammar, and the requiremen ts for parsing�, source: WikiP edia,

http:// en. wikipedia. org/ wiki/ XML
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Score the mo v emen ts of the sources in time, as describ ed in section 3.6 .

In addition to these con�guration �les, the soft w are pac k age comes with a

set of scripts, whic h automate the starting and stopping of most comp onen ts.

3.9.1 Arra y configura tion

There are t w o �les for the arra y con�guration: the global arra y con�guration

and the arra y con�guration. The �rst �le con tains global settings, whic h all of

the renderers need to kno w, and the graphical user in terface. There are settings

for:

ˆ The sp eak ers: the distance b et w een the sp eak ers (needed for the calcula-

tion for a source mo ving �through� the sp eak er arra y) and the distance to

the reference line.

ˆ The calculation of fo cused sources include: the distance up un til whic h a

sp eak er will con tribute to a fo cused source, as w ell as the margin for this,

i.e. the distance o v er whic h it will fade out.

ˆ The elev ation comp ensation: the y -co ordinates b et w een whic h the elev a-

tion is, and the (v ertical) z -co ordinates determining the elev ation. This

assumes that the co ordinate system is c hosen in suc h a w a y , that the

elev ation is in the y -direction.

ˆ The p olygon, de�ning the outer limits of the arra y . This is needed to

determine whether or not a sp eak er should b e activ e, when a source is in

fron t of a sp eak er segmen t. If it is inside this p olygon, it will b e activ e,

pro vided it is within the �fo cus�-distance. The graphical user in terface

needs this information to displa y the arra y . In non-closed arra ys it should

represen t the listening space.

An example for the lecture hall H0104 is sho wn in �gure A.1 .

The arra y con�guration con tains information on the actual sp eak er setup

for the renderer. It con tains information on a n um b er of linear segmen ts, where

the settings consist of:

ˆ the n um b er of sp eak ers in the segmen t,

ˆ the start co ordinates for the segmen t,

ˆ the end co ordinates for the segmen t,

ˆ the normal v ector of the segmen t, p oin ting in w ards (to w ards the listening

area),

ˆ a windo w width, in case a Hanning windo w is pro vided as a tap er (see

subsection 2.6.4 ).

An example for one renderer of the setup in lecture hall H0104 is sho wn in

�gure A.2.
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3.10 OSC commands

In table 3.1 an o v erview is giv en of the curren tly w orking OSC commands. In

the next subsections the functionalit y of these commands is explained, clarifying

some of the concepts used in the soft w are.

3.10.1 Pr oject

T o b e able to store scenes, y ou need to create a new pro ject with the command:

/WONDER/project/c re ate , with t w o string s as argumen ts: the pro ject name

and the path.

Y ou can sa v e the pro ject with the command: /WONDER/project/ sa ve , and

later load it again with the command /WONDER/project /l oad .

When a pro ject is loaded cwonder will send the calling application the XML

represen tation of the curren tly loaded pro ject. The calling application needs

to b e able to understand this message b y implemen ting a callbac k function to

the message /WONDER/project/c ur re nt ; the err or no. will b e non-zero if no

pro ject is loaded in cwonder .

3.10.2 Scenes

Y ou can create a snapshot of the curren t source p ositions (called a �scene�)

and store them in the pro ject, using the command /WONDER/scene/a dd with

an in teger as argumen t for the slot n um b er under whic h y ou w an t to store the

scene.

Later y ou can recall the scene with the command /WONDER/scene/se lec t ,

with as argumen ts the scene n um b er, the time at whic h the c hange to the scene

should start, and the duration in whic h it should fade to the new scene.

With /WONDER/scene/rem ov e a scene is deleted (and th us the slot is freed

again). With /WONDER/scene/se t y ou can o v erwrite an existing scene. Note

the subtle di�erence b et w een adding a scene and setting a scene: adding creates

a new scene and stores the curren t source p ositions to it. It giv es an error bac k

when the scene n um b er already exists. �Set� stores the curren t source p ositions

to an existing scene and giv es an error bac k if the scene slot do es not exist.

With /WONDER/scene/cop y y ou can cop y one scene to another scene slot.

With /WONDER/scene/nam e y ou can giv e a scene a name, a lab el with whic h

to remem b er the scene, whic h is useful for displa y in the UI.

A scene do es not need to con tain information on all sources: it is p ossible to

enable and disable sources for a scene with the command

/WONDER/scene/sou rc e/e na bl e ; it tak es as argumen ts the source id and an

in teger, whic h should b e �1� when the source is enabled and �0� if it is not. If the

source id is �-1� the command enables all sources. With /WONDER/scene/so urc e/ na me

a source within a scene is giv en a lab el.

3.10.3 Sour ce contr ol

There are curren tly t w o t yp es of sources: p oin t source and plane w a v e (�gure

3.13 ).
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command t yp es argumen ts

/WONDER/project/ cre at e ss pro ject name, path

/WONDER/project/ loa d ss pro ject name, path

/WONDER/project/ sav e ss pro ject name, path

/WONDER/project/ cur re nt is error no., XML-string

/WONDER/scene/se lec t ii� scene no., mix, time, duration

/WONDER/scene/se t i scene no.

/WONDER/scene/ad d i scene no.

/WONDER/scene/re mov e i scene no.

/WONDER/scene/co py ii from id, to id

/WONDER/scene/na me is id, name

/WONDER/scene/so urc e/ nam e is src id, name

/WONDER/scene/so urc e/ ena bl e ii src id, 1 or 0

/WONDER/global/e nab le i enable

/WONDER/global/f ade ju mp_ th re sho ld i threshold

/WONDER/global/m ute i m ute

/WONDER/global/m ax_ ne gde la y f maxim um negativ e dela y

/WONDER/source/p osi ti on i��f src id, p os x, p os y , p os z, time, duration

/WONDER/source/a ngl e i�f src id, angle, time, duration

/WONDER/source/t ype ii��f src id, t yp e, p os x, p os y , p os z, angle, time

/WONDER/source/f ade ju mp_ th re sho ld ii src id, threshold

/WONDER/source/m ute ii src id, m ute (1 == silence)

/WONDER/source/e nab le ii src id, enable

/WONDER/source/m ax_ ne gde la y if src id, maxim um negativ e dela y

/WONDER/score/qu it

/WONDER/score/un do

/WONDER/score/re do

/WONDER/score/pl ay

/WONDER/score/pa use

/WONDER/score/st op

/WONDER/score/re cor d

/WONDER/score/ne wti me f new time

/WONDER/score/re set

/WONDER/score/of fse t f

/WONDER/score/sa ve

/WONDER/score/lo ad s �lename

/WONDER/score/se t_m id iin _d ev i midi device

/WONDER/score/se t_m id iou t_ de v i midi device

/WONDER/score/sh ow_ mi did ev ic es

/WONDER/score/st atu s

T able 3.1 : W orking OSC commands.
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(a) P oin t source (b) Plane w a v e

Figure 3.13 : Source t yp es.

With the command: /WONDER/source/t yp e y ou can set the t yp e for one

source. Plane w a v e is �0�, p oin t source is �1�; the angle argumen t is the start

angle for the plane w a v e; the p osition of the source also needs to b e set. In the

case of a p oin t source, this will b e the actual p osition of the source. In the case

of a plane w a v e, this is a reference p oin t for the calculation; it should b e c hosen

to b e a p osition somewhere b ehind the arra y in the direction where the plane

w a v e is coming from. This p oin t determines the basic latency of the plane w a v e.

/WONDER/source/p os iti on tak es as argumen ts the source id, the x , y and

z p osition (in meters)

5

, the time at whic h the c hange should start (in seconds

from �no w�), and the duration for the c hange to tak e place (also in seconds).

/WONDER/source/a ng le tak es as argumen ts the source id, the angle in de-

grees, the time at whic h the c hange should start, and the duration for the c hange

to tak e place.

/WONDER/source/f ad eju mp _t hre sh ol d tak es as argumen t the source id and

the threshold at whic h the system will stop resampling (causing the Doppler

e�ect) and switc h to blo c kwise crossfades. The threshold is the n um b er of

samples whic h need to b e added or remo v ed due to the mo v emen t of the source.

This is p er calculation blo c k, and dep ends on the calculation blo c k size, the

system is con�gured to.

/WONDER/source/m ax _ne gd el ay tak es as argumen t the source id and the

maxim um negativ e dela y in seconds, whic h is related to the maxim um distance

a source can b e in fron t of the arra y .

/WONDER/source/m ut e m utes a source, whereas /WONDER/source/ en abl e

enables the source, so commands ab out the source are passed on b y cwonder .

5

the z p osition should b e 1.0 for no w, but ma y b e used in the future

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CHAPTER 3. SYSTEM SETUP 69

/WONDER/grain/ch ann el iiib o�set time, c hannel, size, data blob

/WONDER/grain/po int i��b o�set time, p os x, p os y , p os z, size, data blob

/WONDER/grain/pl ane i��b o�set time, p os x, p os y , p os z, angle, size, data blob

T able 3.2 : OSC commands for spatial gran ular syn thesis. The �rst command

assigns a grain to a sp eci�c sp eak er c hannel; the other commands to a WFS

rendering of the grain.

3.11 Sp a tial granular synthesis

Within gran ular syn thesis

6

a sound is build up of v ery �ne grains of sound (order

of magnitude ca. 1 ms), whose parameters are usually con trolled in statistical

terms, with parameters for densit y , frequency range and grain length, with a

con trollable amoun t of randomness within eac h parameter.

If for these parameters also spatial c haracteristics are set for eac h grain,

clouds of sound can b e created whic h are b oth spread out through space (these

clouds can also mo v e through space), and ha v e an inner spatial structure that

yields a new sensation of �ne detail within a sonic ev en t, that is not encoun tered

in nature. One could ma yb e compare it with a sw arm of buzzing insects, but

then a thousand times denser and not necessarily a buzzing sound.

In order to realise this, it is not feasible to ha v e one audio c hannel for eac h

grain. Rather an arc hitecture is required, where via OSC messages with the

audio data for eac h grain are sen t to the renderers, together with the p ositional

and time information (see table 3.2 ). In this w a y , the audio data can b e inserted

in the dela y lines at the required p ositions for eac h sp eak er. As no resampling

will b e needed, w e can pro cess as man y grains as required, as the pro cess of

calculating the dela y o�set and amplitude and putting the data in the dela y

line is a linear op eration.

The steps in the calculation are:

1. for eac h sp eak er calculate the dela y and amplitude for the grain,

2. add the dela y to the o�set to get the �sp eak er o�set�,

3. add the grain samples, m ultiplied with the amplitude factor, to the sam-

ples already presen t in the dela y line of the sp eak er starting at �sp eak er

o�set�.

The limits to the densit y of the grains are th us only related to the net w ork

bandwidth and CPU time to pro cess the data.

6

The theory of gran ular syn thesis w as dev elop ed b y Dennis Gab or, though Iannis Xenakis

also has claims on in v en ting this syn thesis approac h (Xenakis, F ormalized Music, preface xiii).

Curtis Roads is often credited as the �rst p erson to implemen t a digital gran ular syn thesis

engine. Canadian comp oser Barry T ruax w as one of �rst to implemen t realtime v ersions of

this syn thesis tec hnique. [Wik06]
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3.12 Current st a tus of the softw are

Of the soft w are infrastructure presen ted in this c hapter, not all comp onen ts ha v e

b een implemen ted y et, at the time of writing this thesis. The curren t TODO

list is:

ˆ Inclusion of a single re�ection with twonder .

ˆ O�ine render units (see also c hapter 6 for some asp ects of this).

ˆ Implemen tation of the IR cac hing algorithm in cwonder , together with

comm unication b et w een fwonder and cwonder .

ˆ Score editing op erations to the score pla y er/recorder and the GUI. Dy-

namic anc hor p oin t managemen t to the score pla y er.

ˆ The spatial gran ular syn thesis structure needs to b e �nalised, i.e. an

adapted v ersion of twonder needs to b e created. Some basic structure for

distributing the grains has already b een done.
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Chapter 4

W a ve Field Synthesis and

electr o-a coustic music

4.1 Perspectives

W a v e Field Syn thesis o�ers new p ossibilities for electro-acoustic m usic, in that

it allo ws more accurate con trol o v er mo v emen t of sound sources, enables other

t yp es of mo v emen t than those often seen with circular o ctaphonic setups (suc h

as mo v emen ts whic h use depth and mo v emen ts through the listening space)

and pro vides an in teresting p ossibilit y for con trasts b et w een the e�ect of p oin t

sources and of plane w a v es: a source with a �xed p osition v ersus a source whic h

mo v es along when the listener w alks through the sound �eld. A dditionally , it

is p ossible to w ork with virtual ro om re�ections, ev en with ro om dimensions

c hanging o v er time (see the insert for a though t exp erimen t on relativ e ro om

dimensions).

The clarit y of lo calisation that is ac hiev ed with WFS can also b e regarded as

a w eakness or a c hallenge for the comp oser, as W outer Sno ei notes in an email

exc hange with the author:

�In regular (non-WFS) spatialisation sometimes the fact that it's

not that go o d b ene�ts the sound. It creates a kind of tension where

y our ears try to �gure out what's happ ening but nev er really �nd

out. The spatial p osition of sounds th us sta ys unclear, as if a kind of

cloak is around it. Ob viously partially hidden things can sometimes

b e m uc h more exciting than the whole thing unco v ered. In WFS

all spatial p ositions are alw a ys crystal-clear, whic h can b e a bit dull

sometimes. It w ould b e nice if one could ha v e the clarit y or qualit y

of spatialisation as an extra parameter, and of course ha ving that

on a p er-sound basis w ould b e a really in teresting addition to the

p o w er of WFS.�

Electro-acoustic m usic is b y its nature more lik ely to run in to the limitations

of W a v e Field Syn thesis, mainly the problem of spatial aliasing (see subsection

71



72 4.1. PERSPECTIVES

Relativ e ro om dimensions

F rom the idea to ha v e a ro om whic h c hanges its dimensions o v er time, w e

can start the follo wing though t exp erimen t: imagine a static sound source in

a ro om of whic h one w all is mo ving to w ards the sound source. Then the �rst

sound ra y to b e re�ected from the w all is that whic h has a path p erp endicular

to the w all. When the sound ra y directly next to that is to b e re�ected, the

w all will already ha v e mo v ed a little closer to the sound source. And so on for

the sound ra y next to that. So the w all that the sound is actually re�ected on,

will b e a curv ed w all. Consequen tly the w a v es re�ected from this curv ed w all

will ha v e a fo cus p oin t, where all re�ected w a v es will come together again.

this curv ed w all is momen tary: for the sound some seconds later the w all

will ha v e another p osition again, and th us the fo cus p oin t will mo v e as w ell.

P erceptually this could lead to in teresting e�ects.

2.6.4 ). Due to the distance b et w een the loudsp eak ers, sounds with a w a v elength

smaller than this distance, cannot b e repro duced accurately b y WFS, as spatial

aliasing o ccurs

1

. While in the repro duction of natural sound sources this is

usually not a serious problem, as there tends to b e a considerable amoun t of

energy in the lo w er part of the sp ectrum, electronic sounds can (and often do)

ha v e an y imaginable sp ectrum and so the problem of aliasing will b e more

prominen t, when most of the energy is in the upp er part of the sp ectrum.

An imp ortan t distinction to other applications of WFS is that in electro-

acoustic m usic one do es not necessarily w an t to create a sonic impression that

has a natural equiv alen t, i.e. there is an in terest to create sonic ev en ts, whic h

w ould not b e p ossible in a natural en vironmen t, and only b e p ossible within a

syn thesised virtual en vironmen t, th us creating a new psyc ho-acoustic c hallenge

for the listener. An example is to create sev eral virtual sound sources, eac h in

another virtual ro om.

The listening ro om will in�uence the resulting acoustic sim ulation; this is of

course also a problem with other loudsp eak er spatialisation tec hnologies. Gen-

erally it is recommended to use a dry ro om for WFS repro duction. On the other

hand, recen t researc h [WM04 , CCW03 ] has sho wn that the in teraction with the

actual listening ro om will add re�ections to the sound, but that these will b e

the re�ections from the virtual source p osition.

T o w ork with WFS an ob ject orien ted approac h is needed, i.e. the source

material m ust b e divided in suc h a w a y , that the materials whic h will mak e

the same mo v emen ts through space m ust b e presen ted on the same c hannel,

and in the pro duction pro cess the material will b e link ed to data that describ es

the spatial transformations of the material. F or man y comp osers this w a y of

w orking will not p ose a large problem, as conceptually man y of them are already

using this approac h when w orking with spatialisation. The only di�erence will

b e in the pro duction pro cess, where they no longer ha v e to render to a �xed

1

F or a sp eak er distance of 10cm the aliasing frequency is 1.7 kHz in the w orst case, 3.4

kHz in the b est case, for a sp eak er distance of 15 cm. to 1.1 kHz and 2.2 kHz resp ectiv ely .
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n um b er of c hannels, whic h will then constitute the piece to b e p erformed.

4.1.1 Recording techniques

Recording tec hniques for W a v e Field Syn thesis can b e distinguished based on

the e�ect that is aimed at, namely recording

1. a single sound, whic h will later b e spatialised,

2. the acoustics of a space, whic h will later b e used to add these acoustics to

virtual sound sources,

3. a real en vironmen t, whic h will b e repro duced as is, i.e. there will b e no

further adaptation of the spatialisation in the pro duction.

F or the �rst, it is imp ortan t that the source signal is as dry as p ossible, so

the recording should only con tain the direct sound. The source can then b e

repro duced as a p oin t source with WFS.

There are also metho ds to record the directivit y pattern of a sound source

for use with WFS repro duction [JAMdV05 ].

T o record the acoustics of a space microphone arra ys need to b e used. There

are sev eral tec hniques to pro cess the measuremen ts for use on an y WFS con�g-

uration, for example a plane w a v e decomp osition [HdV01 ]. Theoretically , suc h

measuremen ts need to b e made for eac h source p osition that the virtual source

will tak e within the ro om, ho w ev er in practice w e can measure the resp onses for

few er source p ositions, as w e do not hear small di�erences in re�ection patterns

[Hel03]. The results of these measuremen ts and pro cessing can then b e used to

add virtual ro om re�ections to virtual sources.

Measured ro om impulse resp onses can b e further analysed and pro cessed to

allo w for artistic con trol o v er the re�ection patterns of the virtual ro om. T o ols

for this are b eing dev elop ed b y Melc hior [MdV06, dVLM06], and a screenshot

of the user in terface is sho wn in �gure 4.1 . The idea is that after analysis of

a recorded w a v e �eld, sev eral mirror image sources can b e iden ti�ed, whic h

con tribute to imp ortan t early re�ections. After ha ving iden ti�ed those, they

can b e mo v ed, to create a di�eren t pattern. F urthermore, the other re�ections

are split up based on directions from whic h they come, through a plane w a v e

decomp osition. The sp ectra of these can then also b e edited to create the desired

result.

Recording a real en vironmen t for repro duction b y WFS is of in terest for com-

p ositions based on �eld recordings. Here also microphone arra ys will b e needed

to record the spatial prop erties of the en vironmen t, and the same p ost pro cess-

ing tec hniques can b e used. Ho w ev er, whereas microphone arra y measuremen ts

for ro om impulse resp onses are usually made b y mo ving the microphone after

eac h measuremen t, for recording a real en vironmen t an arra y is needed where

all c hannels are recorded sim ultaneously [HSdVB03 , A dV04 , dVHG07]. Suc h

an arra y has b een dev elop ed at the TU Delft (see �gure 4.2 ), and the protot yp e

has already b een used to record a new m usic p erformance, whic h uses space as

a comp ositional parameter.
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Figure 4.1 : A screenshot of the user in terface for editing re�ection patterns of

a virtual ro om (from [MdV06 ]).

Figure 4.2 : A circular recording arra y , as dev elop ed at the TU Delft [HSdVB03].

Here in action for a recording in the Liebfrauenkirc he in Halb erstadt, German y

( Photo by Bernhar dt A lbr e cht ).
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4.1.2 Sound inst alla tions

As the w a v e �eld created with WFS is stable in the sense that sources sta y where

they are when w alking around as a listener

2

, this is an in teresting tec hnology for

use in sound installations. Within a sound installation the listener is usually not

b ound to one listening p osition, as with seated concerts. Th us, the listener can

b ecome an activ e participan t in the installation, b y mo ving around within the

sound �eld, and th us gaining sev eral p ersp ectiv es on the piece (see also c hapter

1 for a discussion on this topic).

Note, this di�erence of p ersp ectiv e on the sound �eld, based on the listener's

p osition, is also an imp ortan t issue for concert situations. It has b een argued

that with WFS there is no sw eet sp ot, but rather a large listening area. Ho w ev er,

this do es not mean that ev ery one will ha v e the same listening exp erience

3

,

instead it is comparable to ha ving di�eren t seats during a concert of an orc hestra,

where similarly the impression of the acoustic ev en t dep ends on where one is

seated in the concert.

4.1.3 Real time use

With the curren t to ols a v ailable it is p ossible to c hange the p ositions of sound

sources in realtime, and th us mak e this dep enden t of a real time pro cess in

an installation. This w as done for example in the installation Scr atch (2004),

describ ed b elo w.

Latency of the system ma y b e a concern, though dep ending on the actual

hardw are setup, latency can b e minimised: the WFS pro cessing of the TU Berlin

system in tro duces a latency of 256 samples

4

, i.e. 5.8 ms at 44.1 kHz; this w as

found su�cien t for T utsc hku's Zel len-Linien , where the liv e sound of a grand

piano w as pro cessed and pla y ed bac k via the WFS system. This n um b er is

without the latency in tro duced b y the sound tra v elling from its virtual p osition

to the listener. In the case of fo cused sources, there needs to b e a pre-dela y ,

whic h needs to b e con�gured b eforehand.

If sound is recorded, pro cessed and send bac k o v er the system, feedbac k ma y

b ecome a problem, as not all traditional metho ds to prev en t feedbac k ma y b e

applied, due to the large amoun t of sp eak er c hannels in v olv ed. This is still a

topic for future researc h.

4.2 A v ailable systems and tools

Besides the system at the TU Berlin, there are sev eral other WFS systems

a v ailable to comp osers no w ada ys, and an o v erview will b e giv en in this section.

2

as opp osed to spatialisation with stereophonic tec hniques where the lo calisation of a source

tends to mo v e along with y ou as y ou mo v e out of the sw eet sp ot, un til it collapses on to the

sp eak er.

3

listening exp erience in a narro w sense, i.e. resulting from the same p erceiv able acoustic

ev en t, and not taking in to accoun t extra-acoustical parameters in�uencing the exp erience.

4

in fact, this latency is dep enden t on the blo c k size and can b e con�gured. Larger blo c k

sizes are computationally more e�cien t and allo w for a more stable system with more sound

source inputs.
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Figure 4.3 : WFS sp eak ers for the The Game of Life system (August 2007)

4.2.1 The Game of Life - WFS system

In 2006, a mobile W a v e Field Syn thesis system [Sno06 ] w as realised for the

Dutc h foundation The Game of Life . It consists of a loudsp eak er arra y (de-

signed b y Ra viv Ganc hro w) of 192 SEAS coaxial 2-w a y loudsp eak ers, 12 activ e

sub w o ofers (Hyp ex) (see �gure 4.3 ), driv en b y t w o G5 computers running soft-

w are written in Sup erCollider [McC] b y W outer Sno ei and Jan T rutzsc hler.

The system w as premièred at No v em b er Music 2006

5

in Gen t (BE) and Den

Bosc h (NL). Comp osers Barbara Ellison, Y annis Kyriakides and W outer Sno ei

created pieces for this system. F or the Sup erCollider Symp osium

6

in Septem-

b er 2007 in The Hague, sev eral more comp osers created pieces for the system.

F urther pro jects utilising this system are b eing planned, suc h as the in terdisci-

plinary pro ject Sternenr est ab out science, art and con templation [Ste06 ], with

comp oser Wim Bogerman. The system is curren tly installed in the Sc heltema

Complex in Leiden.

The Institute for Sonology is in close co op eration with the Game of Life

foundation and one of the topics of the �sound and space� course

7

is w a v e �eld

syn thesis.

The user in terface for this system has b een created in Sup erCollider on

MacOSX, and pro vides man y useful graphical to ols for spatial comp osition.

The in terface pro vides a score editor, where groups of audio �les and paths can

b e arranged. A single group can then b e edited in more detail, and single paths

can b e edited using the path editor as sho wn in �gure 4.4. The strengths of this

5

http:// www. novembermusic. net

6

http:// supercollidersymposium. sampleandhold. org

7

http:// www. koncon. nl/ public_site/ 220/ Sononieuw/ UK/ frameset- uk. html
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in terface are that default forms are pro vided (suc h as circles, spirals, random

motion, etc.), p oin ts can easily b e added, deleted and mo v ed in the path, and

the path as a whole can b e scaled, rotated, duplicated, and so on; it is also

p ossible to store the path as a SV G (scaled v ector graphic) �le, and edit it with

a graphics program lik e A dob e Illustrator

8

or Inkscap e

9

. Esp ecially in teresting

is the view at the b ottom, where the sp eeds of the source to the next p oin t are

sho wn; this will giv e an indication of the Doppler e�ects that will b e heard, and

the view pro vides w a ys to edit the path in time on this lev el (e.g. equal times

b et w een p oin ts, or equal sp eeds), or simply b y dragging the p oin ts up and do wn

for faster and slo w er sp eeds. When a path has b een de�ned, it can b e stored in

a bank, for future use, or b e assigned to a selected sound �le.

4.2.2 Casa del Suono

In the Casa del Suono

10

in P arma, Italy , t w o systems are installed that utilise

the WFS principle. One is a listening ro om, equipp ed with WFS, the second is

a sound c handelier, the lamp adario (see �gure 4.5 ), used to fo cus sound sources.

F or the inauguration of the exhibit, Martino T ra v ersa created a comp osition

titled NGC 353 , from the name of a spiral galaxy lo cated 8 millions ligh t y ears

from Earth. The comp osition is a sort of �sonic sculpture�, dancing around and

ab o v e the head of the listener, who gets the feeling of b eing able to touc h the

sounds.

4.2.3 Commer cial systems

T o date there are t w o companies that mark et complete WFS systems, sonicE-

motion

11

and IOSONO

12

, including hardw are and soft w are to do WFS.

The F raunhofer Institute for Digital Media and IOSONO ha v e installed

larger systems at the Lindenkino in Ilmenau, in Bregenz [Ro d05 ] and in Ba v aria

Filmstadt. IOSONO pro vides soft w are for rendering and con trol of the sources,

and ha v e w ork ed together with the compan y LA W O

13

, to in tegrate their soft-

w are in terface with a mixing desk.

The Swiss compan y sonicEmotion are in close co op eration with IR CAM in

P aris. Their soft w are is con trollable via OSC, and they created an in terface to

IR CAM's sp atialisateur (sp at) , as w ell as a plugin for the Pyr amix

14

m ulti-trac k

soft w are.

Other companies are starting to mark et W a v e Field Syn thesis as w ell, lik e

A CS

15

[dV vDSvdH07].

8

http:// www. adobe. com/ products/ illustrator/

9

www. inkscape. org

10

see http:// pcfarina. eng. unipr. it/ CdS/ CdS. htm and

http:// www. danieletorelli. net/ lampadario. html .

11

http:// www. sonicemotion. com

12

http:// www. iosono- sound. com/

13

http:// www. lawo. de

14

http:// www. merging. com/

15

http:// www. acs- bv. nl/
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Figure 4.4 : The path editor of the WFS soft w are b y W outer Sno ei.
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Figure 4.5 : The Lampadario in P arma, Italy (Photo tak en from http:// www.

danieletorelli. net/ lampadario. html ).

4.2.4 Fur ther resear ch systems

Sev eral researc h institutes ha v e in v ested in WFS systems, these institutes in-

clude the sound con trol group of the TU Delft

16

, IR CAM

17

, the Institute for

T elecomm unications and Multimedia Applications (iTEAM) of the T ec hnical

Univ ersit y of V alencia in Spain

18

, F raunhofer Institute for Digital Media

19

, Insti-

tut für Rundfunktec hnik (IR T)

20

, the Univ ersit y of Erlangen

21

, F ac hho c hsc h ule

Düsseldorf

22

, the T-Labs of the Deutsc he T elek om

23

, Digitale Medien of the

F urt w angen Univ ersit y

24

, McGill Univ ersit y , Mon tréal, Canada

25

and Univ er-

sit y of California

26

, San ta Barbara, USA.

Most of these institutes are in terested in collab orations with artists, though

this is not the primary fo cus for all of them, e.g. the Univ ersit y of Erlangen

presen ted on the Hörkunstfestiv al 2005 in Erlangen, German y , sev eral w orks

27

16

http:// www. soundcontrol. tudelft. nl

17

http:// http:// recherche. ircam. fr/ equipes/ salles/ WFS_WEBSITE/ Index_wfs_site.

htm

18

http:// www. gtac. upv. es

19

http:// www. idmt. fraunhofer. de/

20

http:// www. hauptmikrofon. de/

21

http:// www- nt. e- technik. uni- erlangen. de/ lms/ research/ projects/ WFS/

22

http:// www. medien. fh- duesseldorf. de/

23

http:// www. deutsche- telekom- labo rato rie s. de/

24

http:// www. dm. hs- furtwangen. de/

25

http:// www. cirmmt. mcgill. ca/

26

http:// www. create. ucsb. edu/

27

http:// www. hoerkunst. de/ hkf2005_hkf3- B10. html
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of v arious comp osers.

F rom the author's exp eriences with users of the sW ONDER -soft w are, there

m ust b e at least a dozen or so other small WFS systems, set up b y artists (e.g.

McMahon as describ ed b elo w) and b y researc hers in small companies.

4.2.5 Comp a tibility between systems

There ha v e b een a n um b er of di�eren t systems created, b oth di�ering in soft w are

implemen tation, as w ell as hardw are setup (n um b er of sp eak ers, arra y form,

etc.). With all these di�eren t systems, the question arises whether comp ositions

are transferable to other systems. This is still a problem that needs to b e solv ed,

and curren tly e�orts are b eing undertak en to agree up on a common �le format

to store the comp osition data.

Though there are existing standards, suc h as MPEG4 [PBG03 ], whic h in-

clude spatial audio co ding, these standards do not co v er all rendering p ossibil-

ities that WFS is capable of; also the use of compressed audio is not desirable

for electro-acoustic m usic. F urthermore, it is not an free standard, whic h mak es

implemen tation in op en source soft w are problematic. Another existing format

is XML3D Audio [P ot06 ], whic h could serv e as a basis for a common format.

The format should (for eac h virtual source) con tain information on

ˆ p osition,

ˆ t yp e (plane w a v e, p oin t source, directional source, 3D ob ject),

ˆ ro om e�ects

for eac h momen t within the comp osition. A dditionally , it is of in terest to

b e able to store scenes: i.e. �xed constellations of virtual sources (see also

c hapter 3 ). Details of the sp eak er arra y ma y b e useful to kno w for whic h system

the comp osition w as originally created. A p oin t of reference in the co ordinate

system should also b e de�ned.

There are still a n um b er of problems to solv e to mak e a compatible format:

as the soft w are implemen tation details di�er b et w een systems, and it is unclear

what e�ects these ha v e on the audible result, e.g. some systems include Doppler

e�ects within the source mo v emen t, or ha v e this as an option, whereas other

systems do not; another example is the m ultic hannel equalisation for the �at

panel loudsp eak ers [CHP02 , Cor06 ]. Not all implemen tation details are w ell

do cumen ted, or the do cumen tation (or the source co de) is not op en, whic h

p oses another complication.

F urthermore, it is still questionable ho w w ell comp ositions made for small

systems (and th us usually also a smaller space) scale up to large systems, and

vice v ersa. It is unlik ely that there will b e a straigh tforw ard w a y of scaling

comp ositions: a comp oser ma y ha v e audio material on di�eren t trac ks that are

related to eac h other (together forming a sound ob ject), whic h if they are scaled

up lik e they w ere single trac ks ma y lo ose their common sound impression. When

w orking with a larger system, it ma y mak e sense to ha v e more separate sound
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sources

28

, as more sound sources will b e distinguishable b y the listener, whereas

when do wnscaling, sev eral trac ks could b e com bined. An issue here is also the

question of in timacy , whic h w as discussed in c hapter 1; a piece comp osed for

a small ro om tends to b e m uc h more in timate than a piece for a large ro om.

There ma y b e cases where this c hange in scale just do es not mak e sense.

Compatibilit y with other spatialisation tec hnologies is also an issue. Eac h

spatialisation tec hnology has its o wn adv an tages and limitations, and it dep ends

on the tec hniques used with the tec hnology , whether or not the same e�ects can

b e reac hed with another tec hnology . Within these limits, it is p ossible to ac hiev e

compatibilit y with am bisonic and binaural formats. This compatibilit y has as

an adv an tage that comp osers can prepare their w ork on suc h systems, b efore

ha ving access to the actual WFS system. On the other hand: b oth in am bisonics

and binaural tec hniques, it is p ossible to add the v ertical dimension, whic h up

to no w, has not b een implemen ted y et for WFS, due to tec hnical and �nancial

reasons (see also c hapter 2 for a short discussion on this).

4.2.6 Economical issues

In the past y ears WFS has gained acceptance as a feasible alternativ e to other

surround sound systems, within audio engineering circles

29

; nonetheless, the

mark et do es not seem rip e y et for this tec hnology .

One of the issues is that there is of course not m uc h con ten t y et a v ailable,

whic h really utilises the p ossibilities of WFS. P artly , this is a deadlo c k, as en-

tertainmen t industry will not pro duce con ten t for a medium that is not widely

spread. This seems to b e one of the main problems for mark eting WFS to the

�lm industry , though an additional factor there is also that Dolb y Surround has

only recen tly b ecome a mark et standard and the ma jorit y of the theatres still

ha v e a long time b efore they can in v est in new audio tec hnology .

Ho w ev er, there are comp osers and other artists in terested in exploring the

p ossibilities of WFS, and it is just a matter of giving these p eople access to

the tec hnology . Doing so, will not only pro vide con ten t for WFS, but also giv e

impulses for new demands on WFS systems; only b y w orking with the system,

desires and ideas for to ols will surface, and driv e new dev elopmen ts and researc h.

Getting comp osers in v olv ed in the dev elopmen t also has an economic adv an tage:

as they create con ten t for the repro duction metho d, there will b e a demand for

more repro duction spaces.

A mark et as of no w neglected b y the man ufacturers is the club scene. Here

there is already an establishmen t of surrounding the dancing audience with

sp eak ers, but mostly these sp eak ers are not used for spatialising the m usic, but

are mean t to enhance the o v erall sound lev el of the system. Comp osers and m u-

sicians of club m usic are not unin terested in spatialisation and it is the author's

b elief that b y in v olving some of these comp osers to create m usic with WFS,

28

This w as the case with R ituale , T utsc hku c hose to use t wice as m uc h virtual sound sources

when adapting the piece for the TU Berlin system.

29

Diemer de V ries noted this in a con v ersation with the author during the AES Conference

2007 in Vienna.
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and exp erimen ting in the club en vironmen t with this tec hnology , could b ecome

a great success. Moreo v er, the club scene is less b ound to industry standards

than �lm industry , and often comp ete with eac h other b y sp ecial features of the

club, ranging from pro viding a certain am bience, certain p erformers and DJ's,

m usic st yle/genre, and p ossibly adv anced sound systems.

Luc kily , in the recen t y ears WFS is gaining a lot of in terest from educational

institutes, and slo wly they are setting up WFS systems and teac hing studen ts

ab out the tec hnology , as w ell as giving them access to w ork with it. Ob viously ,

this is an imp ortan t w a y to ensure that WFS will b ecome a mark et p oten tial.

The compatibilit y issues of course need to b e lo ok ed in to and solv ed, if WFS

is to b ecome a standard for the mass mark et.

F or WFS systems at home there are certainly issues to b e solv ed on ho w to

place sp eak ers inside a living ro om en vironmen t. This is one of the main reasons

there is an in terest in the �at panel loudsp eak ers, as these can b e more easily

in tegrated with the living ro om arc hitecture.

As loudsp eak er companies are b ecoming more in terested in dev eloping and

mark eting m ultic hannel loudsp eak er panels, the cost for the loudsp eak ers can

b e exp ected to decrease, so this will b e less of an imp eding factor.

4.3 Compositions and inst alla tions

Ed win v an der Heide's sound inst alla tions

Edwin v an der Heide

30

has created sev eral sound installations whic h use the

principle of sound holograph y , b y recording a sound �eld with an arra y of

microphones and repro ducing it via a similar loudsp eak er arra y , suc h as "A

W orld Beyond the L oudsp e aker (1998): an installation with 40 c hannel w a v e

�eld recording and w a v e �eld syn thesis", whic h utilises a planar arra y of sp eak-

ers. The sound material for this piece w as a recording with the microphone

arra y near a rail road trac k, while a train is passing. In "W avesc ap e (2001):

underw ater w a v e �eld recording with acoustic w a v e �eld syn thesis", he uses a

linear arra y of h ydrophones, whic h record the underw ater sound, whic h is then

pla y ed bac k directly via m uc h closer spaced sp eak ers on the w aterside; the ratio

b et w een the sp eak er distance and the h ydrophone distance corresp ond to the

ratio of the sound v elo cit y in air and in w ater. In these t w o w orks, there w as a

one-to-one relationship b et w een the microphone recordings and the loudsp eak er

repro duction.

Impuls #6 (2000) w as created for the same plane of 40 loudsp eak ers as A

W orld Beyond the L oudsp e aker , but here the necessary dela ys and amplitude

factors for the (virtual) sound sources and re�ections w ere calculated with a

MAX/MSP [Max ] patc h, th us the w a v e �eld w as syn thesised.

30

http:// www. evdh. net
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Figure 4.6 : The loudsp eak er arra y of the sound installations A W orld Beyond

the L oudsp e aker (1998) and Impuls #6 (2000) b y Edwin v an der Heide.
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Artist Title y ear

Marije Baalman P ollo c ks Sprec h wunsc h 2003

F rieder Butzmann Bun te Flügel 1974/2003

Boris Hegen bart hermetisc he_garage 2003

Marc Lingk Pingp ong Ballet 2003

Rob ert Lipp ok Hands and Fingers 2003

Markus Sc hneider Ballro om 2003

Ilk a Theuric h Restored to Life 2003

Marije Baalman Beurskrac h 2003

Marije Baalman Scratc h 2004

Kirsten Reese Hallenfelder 2006

Hans T utsc hku Rituale 2004/2007

André Bartetzki Reale Existenz! 2007

Christian Calon East (from A tlas) 2007

Victor Lazzarini Streams 2007

Ludger Brümmer Xronos 2005/2007

Mic hael Amman Oral 29 2007

Shin taro Imai Immersiv e Motion Study 2007

Hans T utsc hku Zellen-Linien 2007

T able 4.1 : List of WFS comp ositions created in Berlin from 2002 to 2007.

Program notes can b e found in app endix B.

4.3.1 W orks fr om the Electr onic Studio of the TU Berlin

Sev eral comp osers ha v e created comp ositions for the W a v e Field Syn thesis sys-

tems at the TU Berlin (see table 4.1 for a complete list), whic h explore the

artistic p ossibilities of W a v e Field Syn thesis.

The system used for the �rst comp ositions (2003-4) w as a fron tal linear WFS

arra y consisting of 24 F OSTEX sp eak er with a distance of 12.5 cm (see section

3.1). The comp ositions from 2003 w ere created for and presen ted at the festiv als

Club T ransmediale (Berlin (DE), F ebruary 2003) and Electrofringe (New castle

(A U), Octob er 2003). A t the Lin ux Audio Conference (Karlsruhe (DE), April

2004) the sound installation Scr atch w as presen ted on this same system.

F or the Musikfestiv al Donauesc hingen (DE, Octob er 2006), the installation

Hal lenfelder w as created using a fron tal linear arra y of 20 loudsp eak ers with a

distance of 35 cm, th us spanning at total of 7m.

In 2007, the WFS system for the lecture hall H0104 (see section 3.1 ) w as

completed and sev eral more comp ositions w ere created for the Lin ux Audio

Conference (Berlin (DE), Marc h 2007), the o�cial op ening of the hall and the

Lange Nac h t der Wissensc haften (b oth June 2007).

The soft w are with whic h these comp ositions w ere created has b een describ ed

in section 3.2 and in [Baa03 , BP04, Baa05 ] previous v ersions of the soft w are ha v e

b een discussed.
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Figure 4.7 : Sound source mo v emen ts in Ping Pong Bal let of Marc Lingk. P aths

1 & 2 are the paths of the ball b ouncing on the table, 3 & 4 of the ball b eing

hit with the bat, 5 & 6 of m ultiple balls b ouncing on the table, 7 & 8 of balls

dropping to the �o or.

Ping Pong Ballet (2003) - Mar c Lingk

The sounds for this piece w ere all made from ping p ong ball sounds, whic h w ere

pro cessed b y v arious algorithms, alienating the sound from its original. Using

these sounds as a basis, the inspiration for the mo v emen ts w as relativ ely easy

as the ping p ong ball game pro vides a go o d basis for the distribution in space of

the sounds. Th us, Marc Lingk created v arious lo ops of mo v emen t for the v arious

sounds as depicted in �gure 4.7 . Cho osing mostly prime n um b ers for the lo op

times, the p ositions are constan tly c hanging in relativ e distance to eac h other.

The mo v emen t is relativ ely fast (lo op times are b et w een 5 and 19 seconds). In

the b eginning, the piece giv es the impression of a ping p ong ball game, but as it

progresses the sounds b ecome more and more dense, creating a clear and vivid

spatial sound image.

This piece explores the b oundaries b et w een a de�ned p erceptually lo calised

sound ev en t (a single ball hitting the table on a sp eci�c lo cation) and spatially

displacing dense ev en t structures to enhance the o v erall liv eliness of the sonic

impression, and the transition b et w een these t w o extremes. This transition can

b e seen as an example of the temp oral dev elopmen t Barrett men tions [Bar02 ]

(see also c hapter 1 ): through the asso ciations a listener has with the sounds

in the b eginning of the piece, the spatial imagery in the later part b ecomes

that of a surreal ping p ong ball game where �rst the n um b er of balls increases

enormously , after whic h they b ecome lik e a bubbling �uid.
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Pollock's Sprechwunsch (2003) - Marije Baalman

In this piece the mo v emen ts are based on a pain ting created b efore in a rather

impro visational w a y . The di�eren t colours in the pain ting w ere mapp ed to

di�eren t sounds and they also ha v e di�eren t mo v emen t c haracteristics. One

source is mo ving p erp endicular to the arra y , another parallel to the arra y . Y et

another is zigzagging to and from the arra y , one source is jumping from one

lo cation to another. The other t w o sources ha v e other t yp es of paths that are

less easily stereot yp ed; in �gure 4.8 an o v erview is sho wn of all the mo v emen ts.

The exact mo v emen t in time is made dep enden t on the sounds. Silences on

the sound input are used to let the virtual source jump to another p osition for

the next sound to start its path. As the mo v emen ts are relativ ely slo w and the

sound is not v ery dense, the mo v emen ts and di�eren t p ositions of the sound

can b e heard quite clearly . Through the di�eren t spatial relationships b et w een

sounds, depth e�ects also b ecome p erceptible. The space is b eing de�ned b y

the sounds, their lo cations and their c horeograph y .

The sound material itself consists of recordings of sounds created with bal-

lo ons: b ouncing, squeaking, rubbing, explo ding, rolling, in�ating and de�ating.

This basic material has b een pro cessed with Sup erCollider [McC] with v o w el-

lik e �lters, whic h giv e the material a sp eec h-lik e c haracter, without b ecoming

actual sp eec h (�Sprec h wunsc h� is German for �the wish to sp eak�).

Restored to Life (2003) - Ilka Theurich

Ilk a Theuric h, a studen t of sound sculpture in Hano v er (in 2003), w as mainly

in terested in the p ossibilities of including virtual ro oms and re�ections in to the

comp osition. In her piece, one sound is placed in a rather small ro om with fully

re�ecting w alls (�gure 4.9 ). This results in a sound that w as virtually at sev eral

lo cations (due to the mirror image source mo del). As the sound from the actual

source lo cation is the �rst sound to reac h the listeners' ear, the sound is still

lo cated there b y the listener.

Other sounds are placed in a larger ro om, while others are mo ving without

b eing placed in a ro om. One of the sources is a plane w a v e, whic h allo ws the

listener to get di�eren t p ersp ectiv es on the comp osition b y mo ving through the

listener area. The plane w a v e sound only has a direction and as suc h is alw a ys in

fron t of one, with a sp eci�c angle, whereas the other sounds ha v e clearly de�ned

lo cations.

The e�ect of the mo v emen t and re�ections pro v ed to b e the most clear for

recorded sounds (ha ving a ric h sp ectrum), as opp osed to syn thetic sine-based

tones. In order to limit the CPU-load, some compromises had to b e made: the

total amoun t of re�ections calculated w as reduced.

During this w ork (b eginning of 2003) the idea came up to enable the ro om

c haracteristics to c hange in time. This has b een implemen ted in the soft w are

since then, though the idea has also led to the though t exp erimen t describ ed on

page 72 .

The w ork also sho ws that in these comp ositions ro om re�ections are not

necessarily used to sim ulate a realistic ro om, but rather to giv e the sound an
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(a) Source 1 (b) Source 2

(c) Source 3 (d) source 4

(e) Source 5 (f ) Source 6

Figure 4.8 : Source mo v emen ts in Pol lo ck's Spr e chwunsch .
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Figure 4.9 : A sound in a v ery small ro om in R estor e d to Life ; the ro om is

smaller than (and outside of ) the actual listening area.

extra c haracteristic, whic h with other tec hnologies w ould not ha v e b een p ossible

to ac hiev e. This can b e compared with the use of rev erb not as a means to add

a ro om expression, but to create a sp ecial e�ect, after whic h the rev erb erated

sound can b e seen as new material b y itself.

Spatial tra jectories of pure syn thetic sounds w ere not v ery succeful in this

piece, as they w ere p erceptually hard to lo calise.

Beurskra ch (2003) - Marije Baalman

In the comp osition Beurskr ach four sources are de�ned, but regarded as b eing

p oin ts on one virtual ob ject

31

, i.e. these p oin ts mak e a common mo v emen t; the

sound material for these four p oin ts are also based on the same source material,

but sligh tly di�eren t �lterings of this, to sim ulate a real ob ject where from

di�eren t parts of the ob ject di�eren t �lterings of the sound are radiated. These

sligh t v ariations in the �ltering w ere often p erceiv ed as phasing e�ects, whic h

suggests that the spatial resolution of the ob ject w as not high enough (see also

c hapter 7).

During the comp osition, the ob ject, a shopping cart, comes closer from afar

and ev en comes in fron t of the loudsp eak ers, there it implo des and then imme-

diately scatters out again, making a rotating mo v emen t b ehind the sp eak ers,

b efore falling apart in the end. See �gure 4.10 for a graphical o v erview of this

mo v emen t. The comp osition pla ys with exaggeration of the natural spatial p er-

sp ectiv e: as the ob ject is far a w a y the p ersp ectiv e is emphasized b y placing the

source p oin ts closer together and as the ob ject approac hes, the source p oin ts

mo v e further apart from eac h other.

The piece w as accompanied b y a video created b y Julius Stahl, using images

of shopping carts.

31

This piece can b e seen as the author's �rst artistic exploration for the use of displa ying

larger sources with W a v e Field Syn thesis
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Figure 4.10 : The sound source mo v emen t in Beurskr ach .

Scra tch (2004) - Marije Baalman

The sound installation Scr atch , that w as presen ted during the Lin ux Audio

Conference 2004, mak es use of the OSC-con trol o v er the mo v emen ts. The sound

installation is created with Sup erCollider, whic h mak es the sound and whic h

sends commands for the mo v emen t to W ONDER in a generativ e, in teractiv e

pro cess. The concept of the sound installation is to create a kind of sonic

creature, that mo v es around in the space. Dep ending on in ternal impulses and

on external impulses from the visitor (measured with sensors), the creature

dev elops itself, and mak es di�eren t kinds of sounds, dep ending on its curren t

state. The name "Scratc h" w as c hosen b ecause of t w o things: as the attempt

to create suc h mo del for a virtual creature w as the �rst one, it w as still a kind

of scratc h for w orking on this concept. The other reason is the t yp e of sound,

whic h sound lik e scratc hing on some surface.

The sound is actually built up out of t w o comp onen ts; one b eing a lo w

frequency breathing sound, the other b eing the scratc hing sound. Within the

comp osition the breathing sound is enhanced b y b eing placed in a virtual ro om,

and it pro v ed b etter to limit this part of the sound in its mo v emen t to a smaller

area than the scratc hing sound. The breathing sound created undesirable arte-

facts when allo w ed to mak e larger mo v emen ts, as the FIR co e�cien ts w ere

crossfaded; the lo w sound w as also hard to lo calise p erceptually . The scratc hing

sound on the other hand w as v ery w ell lo calisable and its mo v emen t w as clearly

audible. Space is used in this piece for creating spatial tra jectories of a single

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



90 4.3. COMPOSITIONS AND INST ALLA TIONS

Figure 4.11 : The sound installation Scr atch during the Lin ux Audio Conference.

In the ball are accelerometers to measure the mo v emen t of the ball, whic h

in�uences the sound installation ( photo by F r ank Neumann ).

sound ob ject, while the listener can mo v e freely through the listening area, and

in�uence the sonic mo v emen t b y in teracting with the installation.

Hallenfelder (2006) - Kirsten Reese

The sound installation Hal lenfelder w as created for the Donaueschinger Musik-

tage and used recorded sounds as its basic material. The recordings w ere made

in nine halls in Donauesc hingen, used as concert halls during the Musiktage ,

but whic h normally host other activities, suc h as sp orts, Carniv al parties, �ea

mark ets, exams, or cinema. On the one hand the basic ro om noise, caused b y

v en tilation and heating and other noises whic h p enetrate and resonate in the

empt y hall, w as recorded, and on the other hand sp eci�c ev en ts taking place in

the halls. Certain sounds w ere also recorded with a mono microphone to get

just the direct sound in the recording.

The main c hallenge during the pro duction of this sound installation w as

to create a spatial impression of the ro oms with the recordings made, though

the aim w as not so m uc h to create a completely natural repro duction of the

ro om sounds, but in a w a y accen tuate it. The four c hannels of the recordings

w ere p ositioned as p oin t sources within the ro om, in an approac h similar to

virtual panning sp ots [TWR02], i.e. the p oin ts w ere used as virtual loudsp eak ers

b et w een whic h the sound is panned, or in this case they corresp ond directly

to the microphone p ositions and th us re�ect the spatialit y in the recording.

F or di�eren t scenes the actual lo cations of the p oin t sources w ere di�eren t and

transitions from one scene to another w ere ac hiev ed b y mo ving the p oin t sources

to their new lo cation during a certain time span. F or some isolated ev en ts, where

there w ere recordings of the direct sound a v ailable, a mo ving p oin t source w as

used to mo v e the sound through the space; partly these w ere sounds that y ou

exp ect to mo v e, suc h as a bask etball and fo otsteps, but this w as also used for

sounds that normally do not mo v e, suc h as the sound of someone jumping on a

tramp oline and the op ening of a snac k pac k age. This e�ect w as used sparsely ,

but e�ectiv e.
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Figure 4.12 : The loudsp eak er arra y in the sound installation Hal lenfelder in

the small sp ort hall of the Realsc h ule in Donauesc hingen.

The result w as v ery go o d: due to the w a v e �eld syn thesis, a v ery spatial

feeling w as ac hiev ed, and during scenes where there w as a lot of activit y , the

impression w as v ery realistic: one could really imagine the p eople making the

sounds in the sp ort hall, without ha ving the feeling that the sound w as com-

ing from the loudsp eak ers. Despite the relativ ely large distance b et w een the

sp eak ers, there w ere no p erceptually disturbing aliasing e�ects.

The w ork clearly tries to recreate existing spatial sound �elds, but at the

same time creates illusions of mo ving sounds, thereb y alienating the natural

sound �eld. Di�eren t spatial sound �elds are shifted one in to the other, mo ving

the listener from one space to another. The video helps the listener in recognising

the sonic en vironmen t, b y giving short visual excerpts of the activities in the

hall, while at other times sho wing an image of the curren t hall where it is

empt y . The do cumen tary qualit y of the piece has surely con tributed to the great

in terest in the w ork from the lo cal p opulation, while for the regular visitors of

the Musikfestiv al the piece giv es an insigh t in to the ev eryda y liv es of the nine

�concert� halls do cumen ted.
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Rituale (2004/7) - Hans Tutschku

�The 15 min ute piece R ituale (2004) pro cesses h uman v oices and instrumen tal

sounds from v arious cultures to a sound ritual. It is a con tin uation of T utsc hku's

w ork on R ojo and obje ct-obstacle , whic h w ere b oth also concerned with the

theme of rituals. The comp osition uses extensiv ely the p ossibilit y to place sound

sources close to the listeners, i.e. inside the listening ro om.�

32

R ituale w as originally (in 2004) created for the IOSONO W a v e Field Syn-

thesis system in the Ilmenauer Lindenkino, and w as adapted for the lecture

hall of the TU Berlin in 2007. During the adaptation, T utsc hku c hose to split

up the sound material in t wice as man y separate sound sources, as due to the

larger space in whic h the sources are placed, the listener can distinguish b e-

t w een more sources sim ultaneously . F or the con trol of the mo v emen ts of the

sound, the comp oser designed his o wn user in terface in Max/MSP [Max], send-

ing OSC-messages to sW ONDER . The resulting score w as recorded as w ell with

sW ONDER 's score recorder, so that the piece can b e pla y ed bac k without the

need for the Max patc h.

The piece mainly explores the use of spatial tra jectories of v arious sounds

and in trusion of the listener's in timate sphere b y mo ving sounds v ery close to

the listener.

East (fr om A tlas) (2007) - Christian Calon

East is one out of four parts of a concert installation b y Christian Calon, and has

b een pro duced for the Berlin WFS lecture hall. The comp osition w as prepared

as 8 c hannel audio material, whic h w as then spatialised on the system, in t w o

groups of four c hannels. F or this Calon used the LADSP A plugin (see section

3.2) to con trol four related sources, whic h mo v e together through the ro om.

The four c hannels in eac h group are lik e a square, and he mostly v aries the

fron t-bac k p osition, mo ving the sources through the ro om, while the left-righ t

p osition has only few v ariations. Also the scaling, i.e. the distance b et w een the

four sources is c hanged in b oth dimensions, and later in the piece there are also

rotations of the four sources around the cen tre p oin t.

The main stage in the piece is in the fron t cen tre

33

, from where the sound is

dra wn in to the space, creating an immersiv e e�ect, where the listener is inside

the sound scap e. Throughout the piece, he k eeps returning to the fron t cen tre,

as an anc hor p oin t. Calon seems mostly in terested in a spatial di�usion of

the sound, rather than clear spatial tra jectories, immersing the listener in the

acoustic realm of his sound material.

Reale Existenz! (2007) - André Bar tetzki

Bartetzki tak es a similar approac h, in that he also uses groups of four sources

(again making use of the LADSP A plugin in Ardour). But he also uses some

single sources for single actors, lik e a v oice (Sc hro edinger), and a squeaking

32

see the program notes in the app endix B.

33

coinciden tally , the fron t of the hall is to w ards the east
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sound that mo v es through the ro om. In addition he uses plane w a v es for distan t

metallic sounds. In total he uses 32 audio streams, divided in to 8 plane w a v es

(static), 4 single sources, and 5 groups of 4 sources. In this w a y he creates

v arious o v erlapping sonic spaces, where single sound ob jects ha v e v ery clearly

de�ned spatial tra jectories.

Streams (2007) - Victor Lazzarini

In the piece Str e ams , sounds of recognisable sources are split apart in space

and tim bre; so space is tied in with sp ectra-morphology . The piece starts with

en tries of the four w o o dwind instrumen ts in di�eren t sides of the ro om, then

their sp ectra are split in t w o and glide the comp onen ts in opp osite directions as

they mo v e apart in space. Ev en tually they meet together 180 degrees of where

they start, fusing in to their original sp ectra. In other sections of the piece, the

instrumen ts' sp ectra are split in four and then mo v e around the ro om, spinning,

etc. So he uses spatial tra jectories for his source material, but breaks up their

natural coherence b y splitting up the sp ectra. Th us it b ecomes a c hallenge for

the listener as his abilit y for stream segregation - based up on distinguishing as

stream of sound b y its lo cation and tim bre - b ecomes c hallenged, as sounds are

brok en do wn in space and tim bre and then re-united.

Though WFS w as seen as the most suitable di�usion en vironmen t for re-

alising this t yp e of idea, the principle is indep enden t of tec hnology and the

comp oser has also prepared an am bisonic v ersion of the piece. Ho w ev er, as

Victor Lazzarini notes, �some di�usion tec hnologies will con v ey the ideas b etter

and more precisely than others...�. He also noted that the Doppler e�ect (whic h

w as gained automatically b y the dela y line based implemen tation) ga v e an extra

elemen t to the piece.

Immersive Motion Stud y (2007) - Shint ar o Imai

Imai himself describ es his use of spatialisation throughout his comp ositional

w ork as:

�I'm using spatialisation to mak e particular sound textures in space.

In this case spatial realit y is not so imp ortan t, but I w ould need

�high resolution� sound image as p ossible.�

In Immersive Motion Study , Imai starts with dra wing out the space from a

single p oin t, to surrounding the listener. During the comp osition, this space is

k ept de�ned through surrounding mo v emen t of sev eral sources, building up to

a climax, after whic h the listener is completely immersed in a vivid soundscap e.

T o w ards the end this soundscap e then dissolv es and retreats to the p eriphery .

The tec hnique he uses for this is mo ving �stereo-made sources in p oin t-symmetry

to mak e complex sound mo v emen t textures.�

While w orking with the system, Imai found an in teresting di�erence in sound

c haracter b et w een plane w a v es and p oin t sources, something whic h he w ould lik e

to explore further a next time.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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4.3.2 W orks crea ted on the IR CAM - Sonic Emotion system

sonicEmotion ha v e organised sev eral presen tations in collab oration with the

Musikforum in Stuttgart [Wit04, e.g], as w ell as realised sev eral artistic w orks

in collab oration with IR CAM and Cen tre P ompidou in P aris, suc h as for the

D AD A exhibition (see b elo w), the Agora/Resonances festiv al

34

and the Sam uel

Bec k ett exhibition

35

.

L'Amiral cher che une maison à louer (2005) - Gilles Grand

F or the Dada exhibition in Cen tre P ompidou from Octob er 5th, 2005, till Jan-

uary 9th, 2006, Gilles Grand

36

created a sound installation utilizing the W a v e

Field Syn thesis system of sonicEmotion , in co op eration with IR CAM

37

[Kuh06 ].

The sound installation w as based on the p o em (Sim ultangedic h t) of T zara,

Huelsen b ec k and Janco from 1916, and aimed to create a new in terpretation of

this p o em, whic h w as cited sim ultaneously b y three actors in three languages,

German, English and F renc h. The installation w as presen ted as a completely

white ro om; the 56 sp eak ers used w ere �at panel sp eak ers, in visible for the audi-

ence. The three virtual actors mo v e around through the space. In the realisation

directional sources are used, so one can hear a di�erence dep ending on in whic h

direction the virtual actor is turned.

4.3.3 W orks crea ted f or the The Game of Life system

W outer Sno ei's Corr elation (2006) is a comp osition constisting of t w o fairly in-

dep enden t parts. The piece is an exploration of di�eren t t yp es of tra jectories

p ossible with WFS, suc h as sounds that mo v e, spiralling in to eac h other, ran-

dom mo v emen ts through the space, constellations of p oin t sources around the

audience in elliptic forms, whic h w ould c hange o v er time, melo dies pla y ed from

di�eren t lo cations (serial approac h), as w ell as v ery fast mo v emen ts along the

arra y .

Y annis Kyriakides uses snipp ets of v o cal sounds, that form w ords when they

meet in his Music in a for eign language (2006).

Barbara Ellison w orks in A net to c atch c ontingency (2006) with a drone

that slo wly mo v es through space, a static w ater sound in one corner and mainly

circular mo v emen ts of other sounds; v o cal sounds pla y an imp ortan t role in her

piece as w ell, returning ev ery no w and again in the piece.

F or the Sup erCollider Symp osium 2007, T om Hall ( Skeletal Keys ), Alo Allik

( �A rti�cial Soul� ), Je� Carey ( Structur al Unit II ), Sergio Luque ( Happy Birth-

day ) and Rob ert v an Heumen ( Phases2 (at the Symp osium) ) created further

comp ositions.

T om Hall uses distinct p oin ts in space to spatialise piano and violin sounds

34

�Seule a v ec Loup� (June 2006) - N+N Corsino Dance Group, whic h is an in teractiv e

c horeographic w orld, with b oth 3D visuals and audio. http:// www. nncorsino. com/ .

35

Cen tre P ompidou, Sam uel Bec k ett exhibition, Marc h 14 - June 25 2007

36

http:// ouir. free. fr

37

http:// www. ircam. fr/ 99. html? event=314
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in a v ery quiet w a y . In his program notes he writes:

�Sk eletal Keys, a comp osition for w a v e�eld syn thesis pla ybac k, ex-

plores notions of harmonic and motivic cell rep etition and recon�g-

uration found in the m usic of Erik Satie (1866 - 1925) and Morton

F eldman (1926 - 1987). Suc h tec hniques w ere fundamen tal to b oth

comp osers in di�eren t w a ys, from F eldman's early "graph" m usic

and later notational practice, to Satie's early "m ystical" w orks and

the later pieces suc h as Cinema. Sk eletal Keys con tains elemen ts of

a n um b er of these w orks, eac h inhabiting di�eren t spatial zones.�

Alo Allik's piece, whose title translates to A rti�cial Soul , creates a subtle

and quiet, almost meditativ e, spatial athmosphere, using WFS, where he mak es

use of his previous exp eriences with am bisonics.

Je� Carey's piece is inspired b y the c hemical building up of molecules, ho w

they are com bined to larger units, and uses in his piece a simple FM syn thesis

unit as his �structural unit�. Spatially he slo wly builds up an encompassing

sound �eld around the listener.

Sergio Luque's piece is based on extensions of Xenakis' sto c hastic theories.

Spatially the piece is mostly fron tal with some div ersions to the left and righ t

and some e�ects of depth.

Rob ert v an Heumen establishes a dialog b et w een sounds, and uses con trasts

b et w een close p ositions and surrounding am bience, from the program notes:

�A blend of algoritmic comp osition & �eld recordings, inspired b y the w ork of

James T enney�.

4.3.4 SuperMono

Alex McMahon created the comp osition Stasis , �a sp ectral comp osition for string

quartet and electronics w as dev elop ed in conjunction with the system. This com-

p osition pro cess explores the inheren t structure of a simple sound to pro duce

an absolute m usic. Syn thesised sound sources are assigned three-dimensional

spatial p ositions and tra jectories. It is in tended that the system should pro-

vide eac h mem b er of the audience with a unique exp erience of the same liv e

p erformance.� [McM06 ].

The sp eak er arra y he used is a 4 b y 4 grid of sp eak ers, whic h w ere used to

create �steerable lob es� to pro ject sound on to the audience.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Chapter 5

Sour ce model

5.1 Physics of sounding objects

5.1.1 A coustic w a ves in solids

In a solid, sound can propagate b oth as a transv erse w a v e, as w ell as a longi-

tudinal w a v e. Propagation sp eed is dep enden t on the material c haracteristics

of the solid: v =
q

B
� where B is the bulk mo dulus and � is the densit y . The

sp eed for transv erse (w a v es of alternating shear stress) and longitudinal w a v es

(w a v es of alternating pressure deviations from the equilibrium pressure, causing

lo cal regions of compression and rarefaction) can di�er in di�eren t directions

if the material is not isotropic. Disp ersion o ccurs in most material media, so

the w a v e energy is more spatially spread out and high and lo w frequency w a v es

propagate at di�eren t sp eeds. In general, the sp eed of sound within a solid is

m uc h higher (5 to 20 times as high, dep ending on the material), than the v elo c-

it y of sound in air. Up on reac hing a surface or an edge of the solid, or a b order

b et w een materials, some acoustical energy will b e re�ected, whereas other parts

will transfer in to the medium on the other side of the edge, b order or surface.

Th us, a complex pattern of surface vibrations on the ob ject will o ccur, based

on the material and the geometry of the ob ject.

It can b e observ ed that the vibration of the surface of the ob ject is not a

sup erp osition of randomly decorrelated p oin t sources, rather, the sound coming

from di�eren t p oin ts on the surface has a (complex) ph ysical relation to the

vibration of the ob ject at other lo cations.

5.1.2 Finite difference methods

Finite Di�erence Time Domain (FDTD) mo delling is based on direct discreti-

sation of the w a v e equation [KMP04 ]. The second-order partial deriv ativ es are

replaced b y symmetric second-order di�erences, for b oth time and place. This

results in a recursion form ula for eac h spatial p osition where the t w o neigh b our-

ing no des and the v alue of the no de itself, one time step b efore, are used to

compute the next v alue of the no de. FDTD is based on computing Kirc hho�
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quan tities. The adv an tage of the FDTD metho d is that only t w o unit dela ys p er

no de are needed in an y dimensionalit y , while the Digital W a v e Guide (D W G)

metho d needs 2� K , where K is the dimensionalit y of the mo del. On the other

hand, FDTD are n umerically less robust.

5.1.3 Digit al w a veguide mesh method

The Digital W a v e Guide (D W G) mesh metho d is a v arian t of the FDTD meth-

o ds, but has its origins in the �eld of Digital Signal Pro cessing (DSP) and is

designed for e�cien t implemen tation. D W G metho ds are based on w a v e quan-

tities. In a digital w a v eguide mesh (e.g. [BM04 , Smi92]), p oin ts in space are

view ed as units whic h are connected through bidirectional dela y lines and scat-

tering junctions whic h act as spatial and temp oral sampling p oin ts within the

mo delled space. In higher dimensions di�eren t mesh top ologies can b e used, for

example tetrahedral or rectilinear. F or a lossless junction connecting lines of

equal imp edance, t w o conditions m ust b e ful�lled; namely (1) the sum of inputs

equals the sum of outputs (�o w adds to zero), and (2) signals at eac h in tersecting

w a v eguide are equal at the junction (con tin uit y of imp edance) [Sa v00 ].

W a v eguide mesh mo dels are limited b y the disp ersion error, i.e. the v elo cit y

of the propagating w a v e is dep enden t up on b oth its frequency and direction

of tra v el, leading to w a v e propagation errors. This error is highly dep enden t

on the c hosen mesh top ology , and can b e comp ensated to some exten t using

frequency w arping tec hniques. The accuracy of the metho d primarily dep ends

on the densit y of the mesh.

5.1.4 Mod al synthesis

In mo dal syn thesis, a structure is treated as an assem bly of substructures, eac h

of whic h is analysed as a separate unit. The equations of motion of the complete

structure are form ulated b y syn thesising the prop erties of the comp onen ts, suc h

as mo de shap es and in terface compatibilit y conditions [Agr76 ].

Examples for application of this metho d for m usical purp oses, can b e found

in the soft w are Mo dalys [IR C05 , EIC95 ], in [A dr91 ], in [Bis00 ] and [HvdDF03].

This metho d can b e used for realtime syn thesis with curren t CPU p o w er.

5.1.5 Combina tions

The tec hniques describ ed ab o v e can b e used in com bination with eac h other.

Mo dalys pro vides a �nite elemen t metho d to calculate the vibration of a sub-

structure [IR C03 ]. Bilbao [Bil06 ] describ es a metho d to use digital w a v eguide

extraction to calculate the mo des for higher dimensional structures, while Kar-

jalainen and Mäki-P atola [KMP04] describ e com bined metho ds for FDTD and

D W G metho ds.
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5.2 Sour ce model f or 3D objects

The w a v e �eld of a sounding ob ject can b e appro ximated b y sup erp osition of the

w a v e �elds of a n um b er of p oin t sources. The lo cations of these p oin t sources

and the n um b er can b e c hosen arbitrarily , but it mak es sense to c ho ose lo cations

on the surface of the ob ject. This separates the calculation of the vibration of

the ob ject itself from the calculation of the radiation of the sound from the

ob ject in to air.

In practice, the sound emitted from di�eren t p oin ts on the ob ject's surface

will b e correlated. F or a practical implemen tation it is useful to assume that

for a p oin t 	 on the surface:

S	 (~r	 ; ! ) = S(! )G(~r	 ; ! ) (5.1)

i.e. from eac h p oin t source that is part of the distribution, a source signal

S(! ) �ltered with G is emitted ( G dep ending on the lo cation ~r	 of the p oin t

source 	 and the angular frequency ! of the sound). Applied to the repro duction

of electronic m usic, this allo ws a comp oser to determine the �lter c haracteristics

of his/her source ob ject and the sound signal emitted b y the source indep en-

den tly . Th us, the resulting �ltering function for eac h sp eak er can b e determined

in adv ance and the signal input can b e con v olv ed in realtime using this �lter.

5.2.1 Triangula ted meshes

The geometry of the source ob ject can b e e�ectiv ely mo delled with a trian-

gulated mesh. This is a common format used in computational and graphical

mo delling (e.g. [BB06 ]), that can equally b e used for acoustic mo delling. A

triangulated mesh de�nes the geometry as a collection of triangular surfaces,

edges and v ertices (p oin ts). The v ertices can b e used as p oin t sources in our

mo del.

5.3 Discretisa tion

Spatial aliasing in WFS due to the discretisation of the secondary sources, i.e.

the loudsp eak er arra y , has b een researc hed and do cumen ted in the literature.

With an arbitrary shap e of the primary source, spatial aliasing can also o ccur

due to spatially sampling the w a v e �eld on the source surface. This sampling is

not dep enden t on ph ysical constrain ts, as in the case of the WFS repro duction

with loudsp eak ers, where the sp eak er size pro vides the constrain t. Instead the

sampling distance, � � , can b e c hosen freely . Ho w ev er, for a practical implemen-

tation it is desirable to k eep the calculation p o w er and data size requiremen ts

as lo w as p ossible, and th us, to c ho ose � � as large as p ossible.

If w e assume that for a correct repro duction, the sp eak ers should b e driv en

with an alias-free signal, w e can deriv e the follo wing form ula for the maxim um

sampling distance ( � � max ) of a source (in analogy to the spatial aliasing fre-

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 5.1 : a) Geometry for the deriv ation of the aliasing form ula (5.2). b) Ex-

amples of amplitude v ariation o v er the length of a line source with an indication

of the corresp onding � , to determine the Ra yleigh criterion (eq. (5.3)).

quency for the loudsp eak er distance (eq. (2.37 ) and [Sp o05 ])):

� � max; 1 =
c

f max (1 + j sin � max j)
(5.2)

Where c is the v elo cit y of sound, f max is the highest frequency in the source

signal, and � max is the largest angle that the v ector b et w een source p oin t and a

sp eak er creates with the normal on the source surface (see �gure 5.1 a). F or the

geometry , as sho wn in this example, w e can replace sin � max with

x 0;max

r max
and

w e can see that � � max will b e larger at greater distances from the arra y .

Another source for spatial aliasing can b e the undersampling of the am-

plitude v ariations o v er the source surface. Here the Ra yleigh criterion (e.g.

[BCJ01 ]) determines the maxim um sampling distance:

� � max; 2 =
� min

4
=

1
4k0

max
(5.3)

here � min is the smallest w a v elength of the amplitude v ariation (see �gure

5.1b) and k0
max = kmax

2� can b e seen as its in v erse, the spatial frequency of the

amplitude.

The maxim um sampling distance allo w ed is then the minim um of equations

(5.2) and (5.3 ).

As with the arbitrarily shap ed arra ys discussed in section 2.6.4 , this is not

a �xed criterion: the ob ject can ha v e an irregular shap e and th us the angle

b et w een the surface normal and the 'source p oin t to sp eak er'-v ector will b e

di�eren t for eac h face and eac h sp eak er.
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0
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Figure 5.2 : a) Geometry of the sim ulation exp erimen ts. b) Amplitude v ariations

of the di�eren t sources, � min -v alues: 2:0, 0:40 and 0:069m .

5.3.1 Simula tions

T o study discretisation e�ects, some sim ulations w ere done with Matlab [Mat].

A line source with a length of 1:0m w as placed 1:0m b ehind the WFS sp eak er

arra y , parallel to and cen tred to the cen tre of the WFS arra y . The source signal

used w as a Gaussian w a v elet at t w o di�eren t frequency bandwidths (�rst with

cen tre frequency 750 Hz and maxim um 3 kHz , second with 200 Hz and 750 Hz

resp ectiv ely; see �gure 5.3.1 ). The source signal w as extrap olated with a w a v e

�eld extrap olation op erator based on the Ra yleigh I in tegral. In the sim ulation

exp erimen ts 2 receiv er distances w ere used: 1 and 3 meters in fron t of the arra y

(see �gure 5.2 a). The reference line w as at 3 meters in fron t of the arra y . The

WFS repro duction arra y w as sampled at 5cm in terv als, as w ere the listening

p ositions. The corresp onding aliasing frequency for this arra y is 3.4 kHz ; for

b oth source w a v elets this is ab o v e the highest frequency comp onen t. Th us, no

spatial aliasing is in tro duced b y the WFS repro duction arra y .

In �gure 5.3 the e�ects of aliasing are sho wn. Already in the WFS repro duc-

tion signal, there are aliasing e�ects visible if source sampling discretisation � �
is tak en to o large (righ t-hand plots: � � = 0 :2m ), and aliasing app ears as side

lob es in the higher frequency parts (from ca. 1500 Hz ). In the receiv er area this

aliasing should b e audible mainly to w ards the sides of the listening area, while

in the plots on the left-hand side ( � � = 0 :1m ), these e�ects are not visible.

In �gure 5.4 the �eld extrap olated to the listening area is sho wn at 1m from

the arra y , for a source 1m b ehind the arra y with an amplitude distribution

of t yp e 2 as indicated in �gure 5.2 b. F or this source � � max; 2 = 0 :1m . The

repro duction is indeed correct for this v alue. A t 0:2m the frequency sp ectrum

b ecomes less fo cused and th us incorrect. In �gure 5.5 w e see similar plots for

a source of t yp e 3 ( � � max; 2 = 0 :017m ); here the e�ects are m uc h clearer: the

repro duction with � � = 0 :01m is correct, but at 0:05m the repro duction is no

longer correct, ev en further a w a y from the WFS arra y .

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 5.3 : Aliasing e�ect for a source signal of t yp e 1 (see �gure 5.2 b), with

a Gaussian w a v elet with cen tre frequency at 750 Hz and highest frequency at 3

kHz . The top plots are the WFS repro duction signals, the lo w er plots at receiv er

distance 1m and 3m . Left-hand plots are with discretisation distance 0:1m , the

righ t-hand plots with 0:2m .
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Figure 5.4 : WFS repro duction at receiv er line 1 meter in fron t of the arra y for

source of t yp e 2 (see �gure 5.2 b), lo w frequency w a v elet, with � � = 0 :1m (left)

and 0:2m (righ t).
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Figure 5.5 : WFS repro duction at receiv er line 1 (top) and 3 (b ottom) meter in

fron t of the arra y for a source of t yp e 3 (see �gure 5.2 b), lo w frequency w a v elet,

with � � = 0 :01m (left) and 0:05m (righ t).
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Figure 5.6 : The problem of di�raction.

5.4 Diffra ction

The sound emitted b y the source ob ject di�racts around the ob ject itself.

The basic problem of di�raction is illustrated in �gure 5.6 . An ob ject is

irradiated b y a source and blo c ks the transmission of the sound. W e can dis-

tinguish di�eren t zones: the shado w zone, where no direct sound arriv es, the

sp ecular zone, where b oth direct and re�ected sound arriv es and a zone where

only direct sound arriv es. In all zones di�racted sound arriv es.

5.4.1 O ver view of diffra ction theories

In this section a short review will b e giv en of v arious mo dels to calculate di�rac-

tion of w a v es, motiv ating the c hoice for the mo del, that is used as the source

mo del, and is describ ed in detail in the remainder of the section.

5.4.1.1 Geometrical and Unif orm Theor y of Diffra ction (GTD/UTD)

The Geometrical Theory of Di�raction (GTD), as stated b y Keller [Kel62 ] in the

1960s is a description of di�raction in terms of ra ys. Starting from a generalised

F ermat's principle, the GTD states the existence of di�racted ra ys b y w edges

and p eaks, creeping ra ys, plus man y others in addition to the classical direct

and re�ected ra ys of geometrical optics. The �eld at a receiv er p oin t in the

shado w zone of an obstacle can then b e predicted as the sum of all the �elds of

individual ra ys, pro vided that all paths from source to receiv er are kno wn.

There is a problem for the calculation of the �eld at the shado w b oundary .

This is solv ed with the Uniform Theory of Di�raction (UTD), that is deriv ed

from the GTD with the addition of higher order terms after Lüneb erg-Kline

[KP74].
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5.4.1.2 Radiosity or Ener getic models

Reb oul et al. [RBPL05 ] describ e a metho d based on radiosit y . This metho d

attempts to �nd a transfer equation whic h states the equilibrium of energy ex-

c hange b et w een t w o facing surfaces. All ra ys tra v elling b et w een these surfaces

are tak en in to accoun t in the form of an in tegral equation. In cases of m ultiple

di�raction, this has the adv an tage that the problem can b e solv ed in a �nite

n um b er of steps, whereas metho ds based on the GTD ha v e to b e truncated

at some p oin t (i.e. the calculation only go es up to a �xed order of di�raction).

Though the results of the metho d are promising, results in the vicinit y of b ound-

aries b et w een illuminated and shado w zones are incorrect, just as in the GTD.

In addition, in terference e�ects cannot b e describ ed, as the energies are simply

added. This is a limitation that do es not o ccur in GTD.

Another metho d based on radiosit y is describ ed b y Stephenson [Ste04 ], whic h

is essen tially a b eam tracing metho d, where at suitable p oin ts in the calcula-

tion b eams are recom bined, so as to prev en t an explosion of calculation time.

Although he describ es the metho d extensiv ely , it seems he has not implemen ted

it.

5.4.1.3 Biot-Tolsto y and Med win's 'discrete Huygens interpret a tion'

Biot and T olsto y [BT57 ] presen t explicit impulse resp onse (IR) solutions for the

problem of edge di�raction from an in�nite w edge irradiated b y a p oin t source

for the cases of a rigid w edge and a pressure release w edge.

Medwin et al. [MCJ82 ] presen t an in terpretation of the Biot-T olsto y mo del

whic h they describ e as a discr ete Huygens interpr etation , whic h can b e used for

�nite w edges and can b e extended to handle m ultiple di�raction. The mo del is

a secondary source metho d, whic h assumes a n um b er of secondary sources on

the di�racting edge.

Sv ensson et al. [SF99 ] revised Medwin's theory and ha v e since w ork ed on

solutions for singularities that o ccur in the in tegrand of the metho d [SC06 ].

T ogether with Calamia, sev eral asp ects of the n umerical implemen tation ha v e

b een presen ted [CS05 , CSF05 , CS07 ].

Of the three di�eren t mo dels review ed here, the last one can easily b e in-

tegrated with the source mo del presen ted in this c hapter, and results of the

metho d ha v e pro v en (in the literature) to b e accurate. Therefore, this mo del

will b e discussed in more detail in this c hapter and has also b een implemen ted.

5.4.2 Second ar y sour ce model

The problem considered is that of a sound source irradiating a rigid or soft ob ject

[SF99]. The impulse resp onse (IR) for plane-surfaced ob jects can b e stated as

a sum of the geometrical acoustics IR, hGA , and the di�raction comp onen t,

hdi�r . The direct sound and sp ectral re�ections of �rst and higher orders will

b e con tained in hGA . In the case of an ob ject with an en tirely con v ex geometry

(i.e. no inden ts), hdi�r will consist of only �rst and higher order di�raction
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Figure 5.7 : The geometry of a w edge irradiated b y a p oin t source S . Cylindrical

co ordinates are used with the z -axis along the edge of the w edge. The source has

co ordinates rS and � S and is placed at zS = 0 . The receiv er has the co ordinates

rR , � R and zR and the w edge has an op en angle of � W .

comp onen ts, whereas other geometries migh t cause com binations of sp ecular

re�ections and edge di�raction. Here, w e will only consider con v ex geometries;

in section 5.6 will b e describ ed ho w the mo del can b e extended to include

sp ecular re�ections.

Consider a rigid w edge with a geometry as indicated in �gures 5.7 and 5.8 ,

where the cylindrical co ordinates rS , � S , 0 are used for the source and rR , � R ,

zR for the receiv er. The con tin uous time edge di�raction IR can then b e written

as [SF99, CS05]:

hdi�r (� ) = �
�
4�

4X

i =1

Z z2

z1

� (� �
m + l

c
)

� i

ml
dz (5.4)

where v = �=� w is the w edge index, � w is the op en w edge angle, c is the

sp eed of sound, and m and l are the distances from the source to the edge p oin t

and the receiv er to the edge p oin t, resp ectiv ely . The in tegration limits z1 and

z2 are the end p oin ts of the edge. The functions � i are

� i = f�g i
sin(�� i )

cosh(�� ) � cos(�� i )
(5.5)

where the function f�g i dep ends on the c haracteristics of the surface

1

, and

the angles � i are

1

F or hard material, the function is +1 for all i , for soft (pressure-release) material the

v alues are: i = 1 ! � 1, i = 2 ! +1 , i = 3 ! +1 and i = 4 ! � 1.
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Figure 5.8 : A plane view of the edge constructed from the t w o half-planes

con taining the edge and the source S and the edge and the receiv er R , resp ec-

tiv ely . T w o z -co ordinates, zl and zu , are indicated for whic h the t w o sound

paths S � zl � R and S � zu � R ha v e iden tical path lengths. Also indicated

is the shortest distance L 0 , via the ap ex p oin t, denoted A , of the edge. Angles

are de�ned with signs so that sin� = z=m and sin 
 = ( z � zR )=l .

� 1 = � + � S + � R

� 2 = � + � S � � R

� 3 = � � � S + � R

� 4 = � � � S � � R (5.6)

and the auxiliary function � is

� = cosh� 1f
ml + ( z � zS )(z � zR )

rS rR
g (5.7)

5.4.2.1 Integrand singularities

The in tegrand in equation (5.4 ) has a singularit y for certain receiv ers, namely

near the zone b oundaries, sho wn in �gure 5.9 . These singularities o ccur as the

terms cosh(�� ) and cos(�� i ) , b oth tak e the v alue 1 for certain com binations of

� S and � R . This b eha viour o ccurs for z -v alues around the ap ex p oin t, suggesting

an approac h with an analytical appro ximation of the in tegrand whic h is v alid

around the ap ex p oin t. The deriv ation of this appro ximation is giv en in [SC06 ];

here only the result is giv en.
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Figure 5.9 : Zones de�ned b y the geometrical acoustics as de�ned b y the w edge

and the source p osition S . A receiv er ( R1) in zone I will receiv e b oth re�ected

and direct sound, a receiv er R3 in zone I I only direct sound, and a receiv er R5
in zone I I I neither. Di�racted sound will b e audible in all three zones. Receiv ers

R2 and R4 are on the sp ecular and shado w b oundary , resp ectiv ely , for whic h

� r = � � � S . F or these cases the singularities in the in tegrand of equation (5.4 )

o ccur and the in tegrand should b e appro ximated b y equation (5.13 ).

Giv en an edge, source and receiv er, the z -co ordinate of the ap ex p oin t is

za =
zR rS + zS rR

rS + rR
(5.8)

and an appro ximation of the in tegrand � i =ml near the ap ex p oin t can b e

made b y using a z -co ordinate relativ e to za , zrel = z � za .

F or small v alues of zrel

cosh(�� ) � 1 + � 2 (1 + � )4

2� 2R2
0

z2
rel (5.9)

and

ml �
R2

0�
(1 + � )2 +

cos R 0(� � 1)
� + 1

zrel +
sin2  (1 + � )2 � 2�

2�
z2

rel (5.10)

where the dimensionless quan tit y � is de�ned as

� =
rR

rS
(5.11)

and the angle  , sho wn in �gure 5.10 , is de�ned suc h that

sin  =
rS + rR

R0
; cos =

zR � zS

R0
(5.12)
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Figure 5.10 : An unfolded 2D view of a w edge, source and receiv er, sho wing the

angle  . R0 = m0 + l0 for equation (5.12 ).

Using these equations, the in tegrand � i =ml can b e appro ximated as

� i

ml
= B0 �

1
z2

rel + B1
�

1
z2

rel + B2zrel + B3
(5.13)

where

B0 =
4R2

0� 3 sin(�� i )
� 2(1 + � )4[(1 + � )2 sin2  � 2� ]

B1 =
4R2

0� 2 sin2( �� i
2 )

� 2(1 + � )4

B2 = �
2R0(1 � � )� cos 

(1 + � )[(1 + � )2 sin2  � 2� ]

B3 =
2R2

0� 2

(1 + � )2[(1 + � )2 sin2  � 2� ]
(5.14)

Note that only B0 and B1 are functions of � i . The �nite in tegral in equation

(5.4) can b e solv ed analytically when the in tegrand is giv en b y equation (5.13 ).

The solution will b e discussed when w e treat the n umerical implemen tation in

subsection 5.4.3 .

5.4.2.2 Higher order diffra ction

F or a second order di�raction, where the sound di�racted b y one edge is di�racted

b y another edge, w e can write in analogy to equation (5.4 ) [SF99]:

hdi�r (� ) =
� 1� 2

(4� )2

Z z1; 2

z1; 1

Z z2; 2

z2; 1

� (� �
m1(z1) + m2(z1; z2) + l (z2)

c
)

P 4
i =1 � i; 1

P 4
i =1 � i; 2

2m1(z1)m2(z1; z2)l (z2)
dz1dz2 (5.15)
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Where z1 is the in tegration v ariable on the �rst edge, and z2 on the sec-

ond edge. The factor 2 in the denominator comp ensates for the doubling

in pressure generated b y an acoustic source when it is moun ted on a ba�e.

It should b e 1 if the path from the �rst edge to the second edge do es not

run along a plane. It should b e noted that � 1[� 1(z1); 
 1(z1; z2); � S1; 0] and

� 2[� 2(z1; z2); 
 1(z2); 0; � R2], i.e. they are b oth dep enden t on b oth z1 and z2 . In

this form ulation it has b een assumed that the path is along a plane, so that

� R1 = 0 and � S2 = 0 .

Equation (5.15 ) can also b e written as:

hdi�r (� ) = �
� 1

4�

Z z1; 2

z1; 1

[
� (� � m 1 (z1 )

c )
m1(z1)

� I 2]dz1 (5.16)

I 2 = �
� 2

4�
1
2

Z z2; 2

z2; 1

� (� �
m2(z1; z2) + l (z2)

c
)

P 4
i =1 � i; 1

P 4
i =1 � i; 2

m2(z1; z2)l (z2)
dz2

where � denotes con v olution. F or higher order di�raction w e can then gen-

eralise the result for arbitrary order N to

hdi�r (� ) = �
� 1

4�

Z z1; 2

z1; 1

[� (� �
m1(z1)

c
)

1
m1(z1)

� I 2(� )]dz1 (5.17)

I 2 = �
� 2

4�
1
2

Z z2; 2

z2; 1

[� (� �
m2(z1; z2)

c
)

P 4
i =1 � i; 1

m2(z1; z2)
� I 3(� )]dz2

:::

I N = �
� N

4�
1
2

Z zN; 2

zN; 1

� (� �
mN (zN � 1; zN ) + l (zN )

c
)
P 4

i =1 � i;N � 1
P 4

i =1 � i;N

mN (zN � 1; zN )l (zN )
dzN

Alternately , w e can write this from a receiv er p oin t of view:

hdi�r (� ) = �
� N

4�
1
2

Z zN; 2

zN; 1

[� (� �
lN (zN )

c
)

1
lN (zN )

� I N � 1(� )]dzN (5.18)

I N � 1(� ) = �
� N � 1

4�
1
2

Z zN � 1; 2

zN � 1; 1

[� (� �
mN (zN � 1; zN )

c
)

P 4
i =1 � i;N

mN (zN � 1; zN )
� I N � 2(� )]dzN � 1

:::

I 1(� ) = �
� 1

4�

Z z1; 2

z1; 1

� (� �
m1(z1) + m2(z1; z2)

c
)

P 4
i =1 � i; 1

P 4
i =1 � i; 2

m1(z1)m2(z1; z2)
dz1

This last form ulation is useful for our source mo del, as it enables us to

calculate the in tegral I N � 1 for the source ob ject as a whole, as the source p oin ts

on the ob ject are static with resp ect to the di�racting edges also on the ob ject.

Then, only the last in tegral needs to b e calculated when w e kno w the source

ob ject p osition relativ e to the loudsp eak er arra y . This is further clari�ed in

section 6.6 .
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5.4.3 Numerical implement a tion

The transition from the con tin uous time domain to discrete time domain can b e

ac hiev ed b y sub dividing the edge in to segmen ts, and calculate for eac h segmen t

the con tribution � hi to the IR hIR (n) 2

and distributing this con tribution among

the appropriate time samples. In general, the n umerical in tegration is straigh t-

forw ard, but sp ecial care needs to b e tak en for the singularit y as describ ed in

subsection 5.4.2.1 . Regardless of whether or not the singularit y o ccurs, the an-

alytic appro ximation of equation (5.13 ) is v alid for the �rst sample of the IR,

h(n0) . Th us, the appro ximation can alw a ys b e used for the con tribution around

the ap ex p oin t.

5.4.3.1 Edge subdivision stra tegies

Sample-aligned segmen ts

In the case of sample-aligned segmen ts the edge is divided in to segmen ts, eac h

corresp onding to the con tribution to one sample of the IR [CS05 ]; this means

that the in tegration limits zn; 1 and zn; 2 in

hdi�r (n) = �
�
4�

4X

i =1

Z zn; 2

zn; 1

� i

ml
dz (5.19)

are determined b y the source and receiv er lo cations suc h that the path length

mn + ln = c(n � 0:5)=FS , where c is the sound v elo cit y , FS is the sampling fre-

quency and n is the sample index. The edge segmen t lies b et w een in tersections

of the edge and t w o confo cal ellipsoids, of whic h the fo ci are the source and

receiv er lo cations and whose axes lengths are determined b y the path lengths,

as sho wn in �gure 5.11 .

Using sample aligned segmen ts has sev eral adv an tages:

1. By c ho osing a high enough sampling frequency , the sp ectrum of the dis-

crete IR can matc h up to the con tin uous IR up to a c hosen frequency ,

dep enden t on the inheren t lo w pass �ltering e�ect of area sampling of

equation (5.19 ).

2. F or the onset sample n0 the analytical appro ximation of equation (5.13 )

can easily b e used. It should b e noted that ev en when the appro xima-

tion is not necessary , it is b ene�cial to isolate the pro cessing of the onset

sample, as the di�racted energy at the start of the IR is v ery high, and

th us inaccuracies will ha v e greater e�ect on the accuracy of the whole

calculation.

3. T w o sample-aligned segmen ts that con tribute to the same sample (so on

eac h side of the ap ex p oin t) do so equally . Th us it is su�cien t to de�ne and

pro cess only the samples of the longest branc h and double the con tribution

for these segmen ts if a corresp onding segmen t on the other branc h exists.

2

throughout the follo wing I will k eep to the con v en tion of using hIR (n) for the full IR, and

h(n) for the con tribution at the sample n of the IR.
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Figure 5.11 : Unfolded 2D view of a source, receiv er, and segmen ted edge. The

upp er edge is mark ed with the b oundaries for a 3-sample alignmen t zone (sam-

ples n0 , n1 , and n2 ) in blac k and the original ev en-segmen t b oundaries in red.

The lo w er edge ( S and R not sho wn) is mark ed with the mo di�ed segmen t

b oundaries for the h ybrid sub division sc heme in blue: ev en segmen ts o v erlap-

ping the alignmen t zone ha v e b een truncated at the edges of the zone, and those

completely within the alignmen t zone ha v e b een discarded.
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4. The metho d is straigh tforw ard, and can use b oth n umerical in tegration

metho ds, as w ell as analytical appro ximation.

Ho w ev er, this metho d also has disadv an tages:

1. The segmen t b oundary calculations are time consuming, and a high sam-

pling frequency can lead to a v ery large n um b er of segmen ts.

2. The b oundaries m ust b e recalculated for c hanges in either source or re-

ceiv er p osition.

3. The b oundaries are only sample aligned for �rst-order di�raction, so the

b ene�ts do not extend to higher orders of di�raction.

Ev enly sized segmen ts

Alternativ ely , the edge (with length L ) can b e divided in to ev enly sized segmen ts

b y setting a maxim um segmen t size of � zmax and sub dividing the edge in to k
segmen ts of length � z , where k = dL=� zmax e3

and � z = L=k [CS05 ]. Asso-

ciated b oundaries are easy to calculate and are indep enden t of the source and

receiv er lo cations, while the segmen ts can b e used for higher order calculations.

An edge segmen t j placed at p osition zj will giv e a con tribution � hj to the

IR

� hj � �
�
4�

4X

i =1

� i

m(zj )l (zj )
� z (5.20)

This con tribution should b e added to a single time sample n = f s
(m j + l j )

c or

divided o v er t w o or more consecutiv e time samples:

� hj (n) � �
�
4�

4X

i =1

� i

m(zj )l (zj )
� zW(n) (5.21)

where W (n) is a w eigh ting function to divide the v alue o v er the relev an t

samples, and only has v alues b et w een the time samples corresp onding to the

paths through zj � � z for a non-ap ex segmen t. F or ap ex segmen ts, the b ound-

aries are the onset sample and the sample corresp onding to the longest path

through either zj � � z .

If the path lengths zj � � z are denoted as pa and pb with pb > p a , corresp ond-

ing to the real v alues sample n um b ers Na = pa � Fs=c and Nb = pb � Fs=c, and

in teger sample n um b ers na = round( Na) and nb = round( Nb) , then the sample

span for the segmen t is Ssp = Nb � Na , whic h comprises SI = nb � na � 1 com-

plete inner samples and 2 fractional outer samples. F or the latter, the segmen t

fractions �co v ered� are � a = na + 0 :5 � Na and � b = Nb � nb + 0 :5. A simple

�at distribution of � hj o v er the sample span results in � a � hj =Ssp in sample

na , � b� hj =Ssp in sample nb and � hj =Ssp in eac h of the SI inner samples. This

is illustrated in �gure 5.12 .

3 df e means the v alue of f rounded up to the next in teger
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� a = 0 :7 � b = 0 :5
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Figure 5.12 : Illustration of the w eigh ted distribution of the con tribution o v er

the a v ailable samples.

Ho w ev er, a simple �at distribution leads to a staircase e�ect in the impulse

resp onse. T o remedy this, it is p ossible to c ho ose a di�eren t w eigh ting function,

whic h adjusts the con tributions based on the lo cal slop e of the IR. F or example,

if t w o adjacen t m ulti-sample segmen ts with total amplitudes � h1 and � h2 , and

sample spans Ssp;1 and Ssp;2 . With the �at distribution, the middle sample of

the �rst segmen t w ould b e giv en v alue � h1=Ssp;1 and the middle sample of the

second segmen t v alue � h2=Ssp;2 . Under the assumption that the IR is lo cally

linear, the slop e s b et w een these samples can b e calculated and the distribution

of � h2 can b e adjusted suc h that the slop e o v er Ssp;2 is equal to s.

The disadv an tages to ev enly sized segmen ts are, that a small v alue of � z ma y

lead to a large n um b er of segmen ts to pro cess, and the p er-segmen t pro cessing

is somewhat more complicated than with sample-aligned sub division, as for

eac h segmen t the sample span m ust b e calculated and the con tribution m ust

b e distributed. A large v alue of � z ma y lead to inaccuracy , though the slop e

correction has pro v en to b e a rather go o d appro ximation. Finally , the lo cation

of the onset sample is not giv en automatically , whic h mak es it necessary to

include an extra c hec k, to con�rm whether the ap ex is included in the segmen t,

in order to a v oid the onset singularit y and to calculate the correct onset sample.

Hybrid sub division strategy

A h ybrid strategy can b e used to b ene�t from the adv an tages of b oth the sample

aligned segmen ts and ev enly sized segmen ts. In this strategy [CS07 ], sample

aligned segmen ts are used for the �rst M samples (including the ap ex segmen t,

whic h uses the analytical appro ximation for the in tegrand) and ev enly sized

segmen ts are used for the rest of the edge. An y p ortion of an ev enly sized

segmen t that o v erlaps with a sample aligned segmen t is discarded.

5.4.3.2 Integrand singularities

Here w e con tin ue the discussion started in subsection 5.4.2.1 , to discuss the

analytical appro ximation of the in tegral in equation (5.19 ).

The appro ximation is needed only for the �rst sample of the edge-di�raction

IR, h(n0) , as this is the only sample a�ected b y the singularit y in the original

in tegrand [SC06 ]. Th us, the limits of the in tegration will b e the z -v alues that

delineate the p ortion of the edge that con tributes to the onset sample. Using
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z -co ordinates relativ e to the ap ex p oin t, one of these v alues will b e negativ e

( z�
0 ) and the other p ositiv e ( z+

0 ), so w e can write for the �rst sample:

hdi�r (n0) = �
�
4�

4X

i =1

Z z+
0

z �
0

� i

ml
dz

= �
�
4�

(
4X

i =1

Z 0

z �
0

� i

ml
dz +

4X

i =1

Z z+
0

0

� i

ml
dz) (5.22)

and as t w o segmen ts on opp osite sides of the ap ex p oin t, whic h con tribute

to the same sample con tribute an equal amoun t,

hdi�r (n0) = �
�
2�

4X

i =1

Z z+
0

0

� i

ml
dz (5.23)

T o appro ximate this in tegral, w e need to distinguish b et w een a symmetrical

and an asymmetrical case.

Symmetrical case

F or a symmetrical case, either zS = zR , i.e.  = �= 2, or rS = rR , i.e. � = 1 , and

in b oth cases B2 = 0 in equation (5.13 ), th us the in tegral for the �rst sample

b ecomes:

hi (n0) � �
�
2�

�
B0

B3 � B1

Z zrange

0

1
z2

rel + B1
�

1
z2

rel + B3
dzrel (5.24)

The result of this in tegration b ecomes:

hi (n0) � �
�
2�

�
B0

B3 � B1
[

1
p

B1
arctan

zrangep
B1

�
1

p
B3

arctan
zrangep

B3
] (5.25)

A sp ecial case for the symmetrical situation o ccurs when � = 1 and  = �= 4.

The in tegrand � i =ml then simpli�es to

� i

ml
� B4

1
z2

rel + B1
(5.26)

where

B4 =
B0

B3
=

sin(�� i )
2� 2 (5.27)

The result of in tegration is then

hi (n0) � �
�
2�

�
B4p
B1

arctan
zrangep

B1
(5.28)
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Asymmetrical case

The in tegral form for the i th term of the �rst sample of the di�raction IR is

after some rearrangemen t

hi (n0) �
�
2�

B0B2

B1B 2
2 + ( B1 � B3)2 (5.29)

Z zrange

0
[
zrel + ( B1 � B3)=B2

z2
rel + B1

�
zrel + ( B1 � B3 + B 2

2 )=B2

z2
rel + B2zrel + B3

]dzrel

The result of the in tegration is

hi (n0) �
�
2�

B0B2

B1B 2
2 + ( B1 � B3)2 [

1
2

ln j
B3(z2

range + B1)

B1(z2
range + B2zrange + B3)

j

+
B1 � B3p

B1B2
arctan(

zrangep
B1

) +
2(B3 � B1) � B 2

2

2B2
F ] (5.30)

where F can tak e one of four forms, dep ending on the quan tit y

q = 4 B3 � B 2
2 (5.31)

F or q < 0 and �nite, form I should b e used, where

FI =
1

p
� q

ln( j
2zrange + B2 �

p
� q

2zrange + B2 +
p

� q
�

B2 +
p

� q
B2 �

p
� q

j) (5.32)

F or q > 0 and �nite, form I I should b e used, where

FII =
2

p
q

(arctan
2zrange + B2

p
q

� arctan
B2
p

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 go es to zero.

When q is written as

q =
4R2

0� 2[2(1 + � 2) � cos2  (1 + 6 � + � 2)]
(1 + � )2[(1 + � )2 sin2  � 2� ]

(5.35)

it is clear that the denominator will b e zero when

sin2  =
2�

(1 + � )2 (5.36)

or, equiv alen tly ,

� = cot 2  � (1 �
q

1 � tan4  ) (5.37)
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Choice of zrange

F or the implemen tation, an appropriate v alue of zrange m ust b e c hosen. There

can b e t w o cases:

1. The whole segmen t from z�
0 to z+

0 is con tained in the edge, whic h is the

most common case at high sampling frequencies.

2. One or b oth of the onset segmen t b oundaries is not included in the edge.

In this case the doubling of the in tegrand (see eq. (5.23 )) is not v alid for

part of the segmen t. If z�
edge is the edge end p oin t in either the p ositiv e

or negativ e direction, then the smallest of z�
edge < z �

0 is tak en as the

initial c hoice for zrange , and uses, for the remainder of the calculation, a

n umerical in tegration.

F urthermore, the c hoice of zrange m ust satisfy the condition that zrange is

small compared to m0 and l0 for the analytical appro ximation to b e v alid, so a

criterion is for example zrange = 0 :05� min(m0; l0) . If the c hosen v alue of zrange

is smaller than either of the segmen t b oundaries z�
0 , n umerical in tegration m ust

b e used for the remainder of the segmen t.

5.4.3.3 Numerical integra tion

F or the n umerical in tegration of the in tegrand � i =ml sev eral tec hniques can b e

used. The most simple is a 1-p oin t midp oin t in tegration, whic h simply ev aluates

the in tegrand at midp oin t and uses this m ultiplied with the segmen t size � z
as the resulting v alue. Alternate metho ds are a standard 3-p oin t Simpson's

rule in tegration, or a comp ound Simpson's rule in tegration with one step of

Ric hardson extrap olation (also called a Rom b erg in tegration).

F or three ev enly spaced p oin ts x0 , x1 and x2 with distance � x , the 3-p oin t

Simpson's rule states that [W ei05a ]:

Z x 2

x 0

f (x)dx =
Z x 0 +2� x

x 0

f (x)dx �
� x
3

(f (x0) + 4 f (x1) + f (x2)) (5.38)

A comp ound v ersion of this rule can b e obtained if w e sub divide the in ter-

v al [x0; x1] again in n steps, pro vided w e divide them in an ev en n um b er of

subin terv als ( n = 2 m ):

Z x 1

x 0

f (x)dx �

� x
3

m � 1X

i =0

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

=
� x
3

[f (x0) + 4 f (x0 + � x) + 2 f (x0 + 2� x) + :::

::: + 2 f (x0 + ( n � 2)� x) + 4 f (x0 + ( n � 1)� x) + f (x1)] (5.39)
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The accuracy can b e written with Ric hardson extrap olation [F en06] as

f exact (x) = f (x; � x) + � � x + ::: (5.40)

where f (x; � x) means the solution obtained at x with step size � x , and

where higher order terms are neglected. W e do not kno w the co e�cien t � or

the exact solution f exact (x) . Ho w ev er, if w e carry out a solution for t w o di�eren t

time steps, w e can solv e the pair of equations and obtain an appro ximation for

f exact (x) b y truncating the series. The co e�cien t � is of no in terest.

f exact (x) �
f (x; � x2)� x1 � f (x; � x1)� x2

� x1 � � x2
(5.41)

When � x2 = � x1=2 w e obtain

f exact (x) � 2f (x; � x=2) + f (x; � x) (5.42)

In the case of in tegration b y the comp ound Simpson rule, the order of the

neglected terms is O(� x4) . Applying the metho d here giv es the sc heme (this

form is kno wn as the Rom b erg in tegration):

f exact (x) � f (x; � x=2) �
f (x; � x=2) � f (x; � x)

15
(5.43)

5.4.3.4 Higher order diffra ction

The in tegral form ulations in (5.18 ) and (5.19 ) can b e written in a discrete form;

using the receiv er form ulation, w e ha v e

h(n) � �
� N

4�
1
2

M NX

j =1

[
WN (n)
l (zj;N )

� I N � 1(n)]� zj;N (5.44)

I N � 1(n) = �
� N � 1

4�
1
2

M N � 1X

j =1

[
WN � 1(n)

P 4
i =1 � i;N

mN (zj;N � 1; zj;N )
� I N � 2(n)]� zj;N � 1

:::

I 1(n) = �
� 1

4�

M 1X

j =1

W1(n)
P 4

i =1 � i; 1
P 4

i =1 � i; 2

m1(zj; 1)m2(zj; 1; zj; 2)
� zj; 1

Here the functions Wk (n) are the w eigh t functions to divide the con tribu-

tions o v er the relev an t samples for order k , in analogy to the function W (n) in

equation (5.21 ).

Higher order di�raction is most easily implemen ted for ev enly sized segmen ts,

though (with some extra e�ort) a h ybrid approac h can also b e used. In this w a y ,

onset samples for eac h in termediary impulse resp onse will b e calculated correctly

and inaccuracies will not propagate throughout the calculation.
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5.5 The sour ce model including diffra ction

The source mo del describ ed in section 5.2 can no w b e extended with calculations

for di�raction around the edges of the three dimensional ob ject. So for eac h

p oin t on the surface of the ob ject, w e calculate the WFS driv er functions for eac h

sp eak ers of the direct sound, and then calculate the di�racted sound arriving at

eac h sp eak er, using the metho d describ ed in the previous section. T w o things

need to b e tak en in to accoun t:

ˆ If w e com bine this form ulation with the WFS op erator for the secondary

sources, w e m ust replace the amplitude factor caused b y the path l , with

the WFS atten uation. The dela y as calculated in the di�raction algorithm

is the same as the WFS dela y .

ˆ As the sound from the di�racted source p oin ts for a con v ex ob ject tra v el

along the ob ject's surface, a factor 1=2 has to b e added for the �rst order

di�raction, as the source is as if it w ere placed in an in�nite ba�e (compare

the discussion in [SF99 ] ab out the secondary sources whic h are used as

sources for higher order di�raction).

The details of the implemen tation will b e describ ed in the next c hapter.

5.6 Integra ted modeling appr o a ch

The determination of the di�raction parameters can b e used to detect whether

a source p oin t is o ccluded for a receiv er, and whether sp ecular re�ections o ccur

[CSF05]. The approac h is as follo ws: from the triangulated mesh of the sound

ob ject w e calculate and store the di�raction parameters in a �rst pass of the list

of edges.

In a second pass o v er the list of faces, w e ev aluate the di�raction parameters

to determine whether or not a face obstructs the direct sound, or creates a

sp ecular re�ection. This is done b y main taining t w o coun ters for eac h face:

1. the n um b er of edges for whic h � 2 < 0 or � 3 < 0,

2. the n um b er of edges for whic h � 4 > 0.

When the �rst coun ter is 3 (i.e. for all of the edges the situation o ccurs),

the face obstructs the direct sound. Once a face has b een found to obstruct the

sound for a sound source, no further faces need to b e c hec k ed for direct sound

obstruction.

When the second coun ter is 3, the face creates a sp ecular re�ection. F urther

ev aluation of parameters is necessary to �nd the re�ection p oin t. Once a sp ecu-

lar re�ection has b een found to b e created b y a face, no other faces in the same

plane need to b e tested.

Both cases will b e discussed in more detail b elo w.

5.6.1 Direct sound

Relativ e to a single edge, a face will o cclude the direct-sound path if the angles

� S and � R di�er more than � , i.e. if � � j � S � � R j < 0. If this is the case for all

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



120 5.6. INTEGRA TED MODELING APPR O A CH

b R1

�
2 = � + �S � �R

1 > 0
b

R2

�
2 =

� +
�
S �

�
R

2 <
0

b
S

(a)

� 2 < 0
� 2 > 0

� 2 > 0

� 2 > 0

(b)

Figure 5.13 : Chec king for the o cclusion of direct sound. (a) the face tested is

sho wn as a horizon tal line, and the edge comes out of the page. The di�raction

parameter � 2 from equation (5.6 ) measures the angular distance of the receiv er

from the shado w b oundary . If � 2 < 0, for example for R2 , the sound source is

o ccluded b y the edge for the receiv er. (b) If � 2 < 0 for all three edges of the

face, the face o ccludes the direct sound.

three edges of a triangular face, that face o ccludes the sound. This is illustrated

in �gure 5.13 .

The result can b e generalised to a face that is b ordered b y an arbitrary

p olygon: if for all edges � � j � S � � R j < 0, then the face o ccludes the direct

sound. In v ersely , an y edge for whic h � � j � S � � R j > 0, disquali�es the face as

a p ossible o ccluder (so no more edges need to b e c hec k ed).

This calculation is a fairly c heap metho d to c hec k the visibilit y of a source

p oin t. Another metho d w ould b e to calculate the in tersection p oin t of the

source-receiv er path with eac h surface elemen t of the ob ject; if this p oin t is

within a face, then the p oin t is not visible. More detail on this metho d will b e

giv en in the next subsection, where it will b e used to �nd the re�ection p oin t.

5.6.2 Specular reflections

The test for a sp ecular re�ection in v olv es testing whether � 4 = � � � S � � R > 0
for eac h edge of the surface, i.e. � S + � R < � , or in other w ords, it measures the

distance of the receiv er to the sp ecular b oundary � � � S . This is illustrated in

�gure 5.14 .

Once a re�ecting surface has b een found, it is p ossible to lo cate the re�ecting

p oin t on the surface. This metho d in v olv es deriving the b aryc entric co ordinates

of the p oin t within the re�ecting (triangular) face. This metho d is similar to a

metho d used in computer graphics to �nd line-triangle in tersections.

T o �nd the co ordinates of the re�ection p oin t, it is helpful to consider �rst

a 2D case, as in �gure 5.15 , to get an expression for the distance x of the

re�ection p oin t to the edge, in terms of the di�raction parameters rS , rR , � S

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CHAPTER 5. SOUR CE MODEL 121

b
R1

� 4
=

� �
� S

�
� R 1

>
0

b

R2
� 4

= � � � S
� � R 2

< 0

b
S

(a)

� 4 > 0
� 4 < 0

� 4 < 0

� 4 < 0

(b)

Figure 5.14 : Chec king for sp ecular re�ections. (a) the face tested is sho wn as a

horizon tal line, and the edge comes out of the page. The di�raction parameter

� 4 from equation (5.6 ) measures the angular distance of the receiv er from the

sp ecular b oundary . If � 4 > 0, for example for R1 , the sound is re�ected b y the

face to the receiv er. (b) If � 4 > 0 for all three edges of the face, the face creates

a sp ecular re�ection.

b
S

b
R

x

� 1 � 2

rS

� S

rR
� R

(a)

A B

C

a

b

c

xCA

xBC

xAB

b
S

b
R

b

P

(b)

Figure 5.15 : Finding the re�ection p oin t P . (a) 2D geometry to �nd the dis-

tance x of P from an edge. (b) The v alues xAB , xCA , xBC , eac h calculated

with equation (5.45 ) relativ e to the three edges giv e the exact p osition of P in

trilinear co ordinates, whic h can b e con v erted to barycen tric co ordinates (equa-

tion (5.46 )), that can b e used to calculate the Cartesian co ordinates (equation

(5.48 )).
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and � R . When � 1 = � 2 (true for a sp ecular re�ection), x is giv en b y

x =
rS rR sin(� S + � R )

rS sin � S + rR sin � R
(5.45)

F or the 3D case, consider a source S , receiv er R , and a triangular face

4 ABC , as illustrated in �gure 5.15 , for whic h � 4 > 0 for all three edges. The

�rst order sp ecular re�ection path from S to R m ust go through a p oin t P in

the in terior of the face; the v alue x in equation (5.45 ) corresp onds to the p er-

p endicular distance from P to the edge for whic h the di�raction parameters are

measured. Th us w e can obtain a triple (xBC ; xCA ; xAB ) represen ting the lo ca-

tion P in exact trilinear co ordinates. This triple can b e con v erted to barycen tric

co ordinates (t1; t2; t3) [W ei05b], where

t1 =
xBC a

n
; t2 =

xCA b
n

; t3 =
xAB c

n
(5.46)

with a, b and c the lengths of the sides of the face, and

n = axBC + bxCA + cxAB (5.47)

Using the kno wn Cartesian co ordinates of the triangle v ertices A , B and C ,

the Cartesian co ordinates of P can b e found with

P = A � t1 + B � t2 + C � t3 (5.48)

This is a similar represen tation as the parametric co ordinates of a p oin t P
in a plane

4

:

P = V (s; t) = A + s~u+ t~v = (1 � s � t)A + sB + tC (5.49)

using the direction v ectors ~u = B � A and ~v = C � A , and where s and t are

real n um b ers, whic h are co ordinates for the plane relativ e to the origin A and

the basis v ectors ~u and ~v. When 0 < = s, 0 < = t , and s + t < = 1 , P = V (s; t)
is inside the triangle T = V0V1V2 .

In our source ob ject mo del, sp ecular re�ections can only o ccur in the case

of a non-con v ex geometry , i.e. when the ob ject has inden ts. The re�ectiv e

prop erties of the surface can b e tak en in to accoun t, b y adding an extra �ltering

function R(! ) to the re�ected sound. The re�ected sound will also b e di�racted

on the edges of the inden t, that are not part of the re�ecting face.

4

see http:// www. softsurfer. com/ Archive/ algorithm_0104/
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Chapter 6

Implement a tion: swonder3Dq

Soft w are w as written to implemen t the calculations for the GNU/Lin ux plat-

form, as an op en source pro ject under the GPL-license. The soft w are is an

extension of the sW ONDER -soft w are, though it has initially b een dev elop ed as

a separate pro ject. In this c hapter sev eral asp ects of the implemen tation will b e

discussed in detail, as w ell as asp ects for the �nal in tegration with the soft w are

describ ed in c hapter 3.

6.1 O ver view of softw are components

The soft w are is (curren tly) divided in to three executable programs and a library

con taining the common classes and data structures.

Graphical user interf a ce

One of the programs is a graphical user in terface (GUI), created using the Qt-

libr aries [T ro05 ]. This GUI (see �gures 6.1 and 6.2 ) enables the user to de�ne a

pro ject con taining sev eral ob jects and calculate the loudsp eak er �lters for WFS

repro duction.

The ob jects themselv es are de�ned b y their geometrical data and the radia-

tion �lters at sev eral p oin ts on the surface. Ob jects can b e p ositioned and giv en

di�eren t orien tations in space. The user can de�ne �lters for eac h no de, and

the program calculates loudsp eak er impulse resp onse �lters based on the WFS

op erators and sa v es them to disk.

Renderer

A second part of the soft w are w as written to enable scriptable calculations, based

on a pro ject. This program tak es a script with commands to c hange di�raction

order of an ob ject, or a lo cation, or to re�ne an ob ject, and then execute the

WFS calculation for sp eci�c ob jects. The program outputs a log-�le in whic h is

describ ed whic h commands w ere executed, where the results of the calculation

are stored and ho w long eac h command to ok to execute. A summary of script

123
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Figure 6.1 : Snapshot of the main windo w of the graphical user in terface of

swonder3Dq .

commands is giv en in table 6.1 .

Engine

A third part of the soft w are enables the user to load a pro ject and listen to the

desired ob ject on the desired lo cation with the desired orien tation. This part of

the soft w are can b e con trolled with Op enSoundCon trol (OSC) [WFM03]. An

o v erview of the OSC commands is giv en in table 6.2 . BruteFIR [T or05 ] is used

as the con v olution engine. There is a sim ultaneous visualisation of the scene

p ossible using Ge omView (see b elo w).

6.2 Internal d a t a str uctures

The in ternal data structure has at its ro ot a Pro ject, whic h con tains the sp eak er

Arra y , a list of Ob jects and a list of Scenes. Eac h elemen t of the structure is

implemen ted as a C++-class. In �gure 6.3 there is a general o v erview of the

data structure.

The Array refers to the loudsp eak er arra y used for the WFS repro duction.

It con tains t w o lists, the �rst b eing a list of ArraySegments , the second a list

of ArraySpeakers . ArraySegments are used to de�ne linear parts of the arra y ,

from whic h the actual loudsp eak er p ositions are calculated with the function

Array::calcspeake rp os( ) .
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Figure 6.2 : Snapshot of the ob ject de�nition windo w of the graphical user

in terface of swonder3Dq .

The Object refers to the de�nition of the sounding ob ject. The ob ject

has a geometrical de�nition in the form of a triangulated Mesh , has scaling

factors scale and can ha v e a n um b er of p ositions as de�ned b y the list of

ObjectCoordinates . The scaling factor allo ws for a scaling of the Mesh in eac h

of the three dimensions and is �xed for eac h ob ject.

The list of ObjectCoordinates describ e co ordinates for whic h w e w an t to

calculate the WFS resp onse of the loudsp eak ers. The ob ject co ordinates consist

of a translation v ector, indicating the p osition of the ob ject, and a rotation

v ector, indicating the rotation of the ob ject around eac h axis. The results of

the WFS calculation are stored in a binary �le: one for eac h lo cation of eac h

ob ject. This �le con tains all the impulse resp onses for all the sp eak ers de�ned

in the sp eak er arra y . The class CoefSet con tains a description needed to use the

data for con v olution, and con tains information ab out the sp eak er id to whic h the

co e�cien ts apply , the data format (e.g. Big Endian �oats), the blo c k size, the

o�set and the name of the �le. With this information the engine can generate

a BruteFIR con�guration �le.

The WFS_Mesh -class inherits from the Mesh -class, whic h con tains only the

geometric description, and con tains the complete de�nition of the ob ject. The

basic geometry is divided in to Vertices , Edges and Triangles , where eac h

Edge is made up of t w o Vertices , and eac h Triangle is made up of three

Edges and three Vertices . These references are stored in ternally using p oin ters.
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Pro ject

Arra y

Segmen t

Sp eak er

Ob ject

scale[3]

Co ordinates
translation[3], rotation[3]

Co efSet

Mesh

V ertex

Edge

T riangle

FilterNo de

Plane

OuterEdge

Di�ractionEdge

Scene

Ob jects

Lo cations

Figure 6.3 : Ov erview of the data structure within swonder3Dq . A shado w ed

b o x means there is a list of the named ob ject within the paren t class. Eac h

elemen t is implemen ted as a C++-class (except scale, translation and rotation).

A description is giv en in section 6.2.
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c ommand ar guments description

refine ijb re�ne ob ject i j times with or without

in terp olation of the �lters

diffraction ij set the order of di�raction of ob ject i to j
addlocations ij add j lo cations to ob ject i
translate ijxyz translate lo cation j of ob ject i with ( x; y; z )

rotate ijxyz rotate lo cation j of ob ject i with ( x; y; z )

scale ijxyz scale lo cation j of ob ject i with ( x; y; z )

calculatewfs i calculate wfs �lters for ob ject i . If no

argumen t is giv en, calculate for all ob jects

# indicates a commen t. The text of the commen t

is copied in to the log �le

T able 6.1 : A v ailable script commands.

A dditionally eac h Vertex , Edge and Triangle has a unique name, b y whic h

it can b e iden ti�ed. The acoustic prop erties for eac h Vertex are stored in a

FilterNode , whic h con tains a p oin ter to the Vertex it b elongs to. The �lter

de�nition is describ ed in more detail in section 6.4 .

The WFS_Mesh class has a metho d, WFS_Mesh::find_p lan es _an d_ ou ter ed ge s ,

to �nd from the geometric description ho w man y di�eren t Planes are within the

ob ject, and the OuterEdges of eac h Plane (see section 6.3 ). These are then used

to create the DiffractionEdges with WFS_Mesh::create _d iff ra ct ion _e dge s .

This will b e describ ed in more detail in section 6.6 .

A Scene con tains t w o coupled lists: the �rst is a list of Object id's whic h

are part of the scene, and the second is a list of the lo cation id's of where these

ob jects are in the scene. Creating Scenes in a Project allo ws to calculate

the resulting WFS sp eak er resp onse for a constellation of sources, including the

di�raction of the sound of one source around another ob ject (b y setting all of

the �lters of an ob ject to zero, non-sounding ob jects can b e created, around

whic h sound from other sources is di�racted)

1

.

6.2.1 File f orma t

All data is stored in an XML �le format, whic h is handled b y a set of classes:

XML_WFS , XML_Project , XML_Mesh and XML_Array . The last three create �les for

the Project , con taining information on all ob jects and scenes, the WFS_Mesh ,

and the Array . The class XML_WFS con tains functions whic h create the actual

XML data structure. F or the XML implemen tation, the library libxml++-2.6

2

is used, whic h is a v ailable in Lin ux distributions.

1

The scene calculation has not actually b een implemen ted y et, though the basic infrastruc-

ture (as describ ed here) is there.

2

http:// libxmlplusplus. sourceforge. net/
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Messages the engine understands:

c ommand ar guments description

/start start the engine

/stop stop the engine

/verbose prin t messages to stdout

/quit quit the program

/project s load pro ject �le

/change ii mo v e ob ject i to lo cation j
/info s render get info on render status

/info s project get info ab out pro ject

/info si object get info ab out ob ject i
/info sii location get info ab out lo cation j of ob ject i
/client ss set clien t address and p ort for feedbac k

/mute is m ute ob ject i on or o�

/geomview/start start the view er

/geomview/stop stop the view er

/geomview/array sho w the sp eak er arra y

/geomview/projec t sho w the pro ject

/geomview/top op en top view

/geomview/front op en fron t view

Messages the engine sends:

c ommand ar guments description

/swonder3d s general feedbac k

/swonder3d/chang e ii ob ject i mo v ed to lo cation j
/swonder3d/mute is ob ject i m ute in state j
/swonder3d/rende r s engine running or not running

/swonder3d/proje ct si pro ject with name i and j amoun t of

ob jects

/swonder3d/objec t issii ob ject i with name j , mesh �le k ,

l amoun t of ob jects, curren tly at

lo cation m
/swonder3d/locat ion sii����f ob ject with name i and id j ,

lo cation k , with xyz -parameters for

translation, rotation and scale

T able 6.2 : Op enSoundCon trol namespace. In the argumen ts column �s� means

string, �i� means in teger and �f � means �oat. In the description where necessary

the argumen ts are referred to with italic letters in alphab etical order, starting

with i , re�ecting the order in whic h the argumen ts are passed on with the

message.
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Figure 6.4 : Graphical displa y of an ob ject with mview .

6.3 Mesh

6.3.1 Choice of viewers and librar y

There are a m ultitude of programs and libraries a v ailable for manipulating and

visualising 3D data. The GTS-libr ary [gts05 ] is a C-library and encompasses

man y functions to read, write and w ork with meshes. A disadv an tage of this

library is that the p oin ts on the mesh (the v ertices) are not ordered or tagged

while they are loaded, so it is not easily p ossible to connect the data for the

radiation �lters to them.

In the C++-program mview [Can05 ] a lot of metho ds for w orking with

meshes had already b een implemen ted and with only a few additions to imple-

men t the �lter de�nition p er source p oin t, it is incorp orated in to swonder3Dq

for the graphical displa y of the ob jects (see �gure 6.4 ).

Ge omView [T ec05 ] is used as a second view er to view the whole scene: the

WFS sp eak er arra y as w ell as sev eral sounding ob jects (see �gure 6.5 ). Ge-

omView is used as an external program, in terfaced via a (�le) no de.

6.3.2 Suppor ted file f orma ts

As the basic mesh co de is b orro w ed from mview , swonder3Dq can read the

follo wing mesh formats:

ˆ PMesh format (used at the Vision group of the Univ ersit y of Edin burgh),

ˆ GTS format (from the Gn u T riangulation Library),
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Figure 6.5 : Visualisation of a WFS-Scene with Ge omView .

ˆ Geom view format (only format "OFF" or "COFF"),

ˆ PL Y format (only ASCI I format),

ˆ VRML 1.0 format,

ˆ VRML 2.0 format (VRML97),

ˆ Visualisation T o olkit VTK format (ASCI I POL YD A T A only),

ˆ Alias W a v efron t / Ja v a 3D OBJ format (ASCI I p olygon data only).

The mesh m ust b e a triangulated mesh for the calculations within swon-

der3Dq .

In order to displa y a scene swonder3Dq stores the mesh in the Geom View

format, so that Geom View can load and displa y the mesh.

As men tioned ab o v e, swonder3Dq uses its o wn XML-format to store the

mesh. This is due to the fact that it needs to store m uc h more information than

can b e con tained in the other formats.

6.3.3 Refinement of the mesh

T o mak e the discretisation distance smaller, an algorithm is needed to calculate

more p oin ts on the ob ject surface. A simple metho d (inspired b y a metho d

in the GTS Libr ary ) is the mid v ertex insertion metho d. On eac h edge of a

triangle, a p oin t is added in the middle to divide the edge in t w o. Then, ev ery
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b b

b

Figure 6.6 : Re�nemen t of a triangle with the midvertex insertion metho d

midp oin t is connected to those of the other edges (�gure 6.6 ). This metho d can

b e applied m ultiple times to create a �ne raster of p oin ts. An estimate for the

aliasing frequency (see section 5.3 ) can b e calculated b y �nding the longest edge

in the mesh and calculate the corresp onding aliasing frequency from equation

(5.2).

A dditionally the �lter for the newly calculated p oin ts needs to b e determined.

This is done b y an a v erage of the �lter of the neigh b ouring p oin ts, using an

in v erse distance w eigh ting metho d [Gre00 ] to determine the con tribution of eac h

p oin t:

Z j =

P n
i =1

Z i

h �
ijP n

i =1
1

h �
ij

(6.1)

Z j is the v alue of the new p oin t j , Z i of the neigh b our p oin t i , hij the

distance from p oin t i to j , and � a factor that de�nes the w eigh ting of the

distance, usually set to � = 2 . In this case the factor � can b e in terpreted as a

kind of measure ho w w ell the sound is propagated through the material of the

ob ject.

F urther asp ects of the �lter a v eraging will b e discussed in the next section.

6.3.4 Finding planes and outer edges

Algorithm C.2 �nds the planes and outer edges in the mesh, whic h will b e used

for the di�raction calculation. It calls the function WFS_Mesh::numbe r_ pla ne s()

(algorithm C.1 ), whic h iterates o v er all the triangles, assigns a plane n um b ers

to the triangle (if it do es not already ha v e one) and giv es an y other trian-

gles in the same plane the same n um b er. The c hec k for the same plane is

a c hec k whether the normals of the triangles ha v e the same direction, and

whether the distance of the surface to the origin is the same (see the function

Triangle::on_same _p lan e in the source co de).

When a new outer edge is created, it automatically lo oks for an y other edges

that are on the same outer edge. As eac h Edge con tains references to the t w o

Vertices it is made of, it can c hec k whether other Edges , of whic h that Vertex

is a part, are on the same line. This can b e done iterativ ely , un til no more Edges

are found.
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Figure 6.7 : Snapshot of the dialog to de�ne a �lter for a p oin t on the source

ob ject surface.

6.4 Fil ter definition and calcula tion

F or eac h v ertex of the ob ject a function G(~r; ! ) needs to b e de�ned. There are

�v e options for this function:

1. No �lter, i.e. G(~rN ; ! ) = 0 .

2. Unit y �lter, i.e. G(~rN ; ! ) = 1 . There is an amplitude parameter to set

the actual resp onse to another sound lev el.

3. A breakp oin t �lter, i.e. the function G(~r; ! ) is de�ned b y a n um b er of

breakp oin ts for frequency in magnitude and phase.

4. An impulse resp onse from �le.

5. A �lter de�ned in the frequency domain (this format is used in ternally).

There is a simple graphical represen tation of the frequency resp onse of the

�lter, where the user can de�ne breakp oin ts (�gure 6.7 ). The �lter settings can

b e copied b et w een source p oin ts and there is an in teraction b et w een the pic k ed

triangle and its corner p oin ts (whic h can b e selected in the GUI) and the curren t

source p oin t for whic h a �lter is de�ned.
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6.4.1 Fil ter response of the breakpoint fil ter

In the case of a breakp oin t �lter, the �lter's resp onse is calculated with a metho d

as describ ed in [Smi97 , c h. 17, p. 297-300]. The follo wing steps are tak en in

the calculation:

1. Con v ert the breakp oin ts to actual bin v alues for the frequency magnitude

and phase resp onse. This is done in the function

FilterNode::corn er Poi nt sT oBi ns . The metho d has as a constrain t that

the �rst and last sample m ust b e 0.

2. Con v ert from a magnitude/phase to a real/imaginary represen tation.

3. The in v erse discrete F ourier transform (DFT) is tak en to mo v e the �lter

in to the time domain (see Convolution::fi lte rN ode To FF TW ). F or the

fast F ourier transform the FFTW Libr ary is used [FJ05 ]:

fftw_execute( backward_transfo rm );

4. The time resp onse is shifted with M/2 samples, where M is called the �lter

k ernel:

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+kernelsiz e/2 ][ 0] = filt[i][0];

temp[i+kernelsiz e/2 ][ 1] = filt[i][1];

}

5. The time resp onse is windo w ed:

for ( int i=0; i < kernelsize; i++ )

{

filt[i][0] = filt[i][0] * (0.54-0.46*cos( 2*M_PI*i/kernelsi ze ) );

filt[i][1] = filt[i][1] * (0.54-0.46*cos( 2*M_PI*i/kernelsi ze ) );

}

6. The time resp onse is truncated:

for ( int i=kernelsize; i < windowsize; i++ )

{

filt[i][0] = 0;

filt[i][1] = 0;

}

7. The time resp onse is transformed bac k in to the frequency domain:

fftw_execute( forward_transfor m );
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Figure 6.8 : A v eraging of the �lter v alues. On the left is sho wn from whic h p oin t

the a v erage is tak en: � is the new p oin t, � are the neigh b ourp oin ts. On the

righ t is sho wn ho w the breakp oin ts are added when a v eraging.

6.4.2 A vera ging fil ters

The w eigh ted a v erage b et w een t w o �lters is calculated as follo ws

(see FilterNode::weig ht ed _av er ag e ):

ˆ If b oth �lters ha v e no �lter, the result has no �lter ( type0 ).

ˆ If one of the �lters has no �lter, then the amplitude of the other �lter is

w eigh ted ( type0 ).

ˆ If b oth �lters ha v e a unit y resp onse, the result has a unit y resp onse

( type1 ).

ˆ If b oth �lters are of a breakp oin t t yp e: for eac h breakp oin t from either

�lter the corresp onding v alue on that frequency v alue is calculated for the

other �lter. The new �lter then has a breakp oin t v alue at that frequency

v alue, whic h is an a v erage of the t w o breakp oin ts of the t w o �lters (�g-

ure 6.8 ). The a v erage is tak en from the real and imaginary parts of the

co e�cien ts ( type2 ).

ˆ If b oth �lters are impulse resp onses, the a v erage is tak en of these ( type3 ).

ˆ If one �lter has a unit y resp onse, and the other �lter an impulse resp onse,

then the impulse resp onses are a v eraged ( type3 ).

ˆ In all other cases, b oth �lters are con v erted to an FFT format (if they not

already are in that format) and the a v erage is tak en of these. The result

is k ept in the FFT format ( type4 ).

6.5 3D WFS Calcula tion

There is a c hoice b et w een de�ning the source p oin ts as monop oles or as dip oles.

In the case of a dip ole, the main axis of radiation is in the direction of the

normal (p oin ting out w ards) on the surface; in the case of p oin ts on the corners

of triangles whic h are not on the same plane, this normal is an a v erage of the

normals of the triangles it is a corner p oin t of.

Algorithm C.3 giv es an o v erview of the calculation of the 3D WFS op erator

for the monop ole source t yp e; the calculation for a dip ole source t yp e follo ws
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Figure 6.9 : Illustration of the di�raction algorithm. sp indicates the sp eak ers.

F or eac h 2nd order edge source the con tributions dh1
can b e calculated and

stored as an impulse resp onse. F or the �nal impulse resp onse for a certain

loudsp eak er, then the con tributions dh2
can b e calculated for eac h edge source,

con v olv ed with the impulse resp onse of the previous di�raction, b efore adding

all con tributions up for the loudsp eak er impulse resp onse.

a similar sc heme. Note: the factor

q
jk
2� from equation (2.30 ) is not tak en

in to accoun t during the calculation; giv en an appropriate FIR v ersion this �lter

it w ould b e straigh tforw ard to add a con v olution with this �lter during the

computation.

When a source p oin t is at the bac k side of the ob ject, a direct path of

the sound to the loudsp eak er is not p ossible and this source p oin t should not b e

tak en in to accoun t. The algorithm for this w as describ ed in the previous c hapter.

Di�raction of sound w a v es around the ob ject is tak en in to accoun t using the

di�raction mo del from c hapter 5 and implemen tation details are b elo w.

Algorithms C.4 and C.5 giv e an o v erview of the complete pro cedure of cal-

culating the WFS sp eak er resp onses for an ob ject.

The amplitude factor with whic h the sp eak er �lter is m ultiplied b efore it is

sa v ed to disk consists of the amplitude that has b een set b y the user, and an

amplitude correction for the n um b er of p oin ts N on the mesh. The latter factor

is

A =
1

p
N

(6.2)

whic h can b e easily deriv ed, as the sound pressure lev el is dep enden t on the

square of the amplitude of the w a v e.

6.6 Diffra ction Model

In section 6.3 w as describ ed ho w the planes and outer edges of the ob ject are

found. Then (see algorithm C.6 ) for eac h source p oin t emitting sound, �rst order

di�raction edges are determined. After that, the higher order di�raction edges

are determined. Eac h di�raction edge holds a reference to its source function

(the �lter of the source p oin t), its previous order di�raction edges, and its higher

order di�raction edges. Based on this information, a di�raction mo del of the

ob ject can b e calculated.
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The next step is to prepare the di�raction impulse resp onses, in as far as

p ossible. T o calculate the impulse resp onse of a di�raction edge, w e need to

kno w the source p osition, the secondary (or edge) sources, and the receiv er

p osition. As in our case the source p osition is �xed (with resp ect to the

ob ject), w e can calculate the (m ultiple) di�raction impulse resp onses up to

the secondary sources of the last edge, whic h act as receiv ers for the second

last edge (see �gure 6.9 and equation (5.19 )). Th us, these in termediary im-

pulse resp onses can b e calculated for the ob ject (this is done in the function

WFS_Mesh::prepare _d iff ra ct ion _i rs , describ ed in algorithm C.7), and only

for the �nal impulse resp onse, w e need to calculate the con tribution from the

last edge source to the receiving p oin t (in our case the loudsp eak er), con v olv e

that with the impulse resp onse of previous orders for that edge source, add up

the con tributions from all edge sources, and sa v e it as the impulse resp onse for

the sp eak er.

In algorithm C.6, it can b e seen that an argumen t called min. distanc e is

used. This argumen t sets the minim um distance t w o edge elemen ts need to

ha v e, b efore m ultiple di�raction is taking place b et w een them. The minim um

distance giv en determines from what distance on the con tribution is windo w ed.

If this is not done, then, esp ecially when high orders of di�raction are calculated,

m ultiple di�raction b et w een nearb y edge elemen ts con tribute with eac h order,

and as the tra v el time di�ers only marginally from previous order con tributions,

they add up (to o) rapidly

3

.

In the function DiffractionEdge: :ca lc ul ate _e dge so ur ce_ re sp ons e (al-

gorithm C.8), the resp onse for an edge is calculated. This is done b y �rst �nding

the sample aligned sources, after whic h is c hec k ed within whic h edge segmen ts

they are. The user can set ho w man y samples need to b e aligned for the �rst

order; for higher orders alw a ys only the �rst sample is aligned to ensure that

the onset sample is calculated correctly . Then the con tribution for eac h sam-

ple aligned source is calculated, and, for the �rst order, placed in to the result

v ector. F or higher order di�raction, the result is placed in to the v ector, when

the resp onse for the edge segmen t within whic h the sample aligned source lies

is calculated.

Finally , the con tributions for all edge segmen ts are calculated. There needs

to b e iterated t wice o v er the edge segmen ts, as in the second run w e place the

con tributions in to the result v ector and in order to apply slop e correction, w e

need to kno w the con tributions of all edge segmen ts.

6.7 Summar y of the calcula tion f or ea ch object

Summarised, the calculation metho d for eac h ob ject is:

1. Calculate the di�raction mo del.

(a) Find the edges of eac h plane surface.

(b) De�ne the di�raction edges.

3

F or suc h small distances it cannot b e assumed that the di�raction theory is v alid.
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(c) Calculate the in termediate impulse resp onses.

2. F or eac h lo cation:

(a) T ransform the mesh to the new lo cation.

(b) Calculate the WFS dela y and atten uation (for eac h sp eak er) for eac h

source p oin t and eac h secondary source p oin t, this includes a visibilit y

c hec k.

(c) Calculate the resulting impulse resp onse for all di�raction edges for

eac h sp eak er p osition as a receiv er.

(d) Con v olv e all of the impulse resp onses with the source �lter.

(e) Sa v e the �lters to disk.

6.8 Integra tion with sW ONDER

In c hapter 3 a general structure for a comp onen t based WFS soft w are w as

presen ted. The soft w are swonder3Dq can b e in tegrated in to this system with

the follo wing mo di�cations:

ˆ The addition of a 3dqr ender stream to cwonder , whic h tak es care of the

comm unication b et w een a user in terface and a non-realtime renderer for

the calculation of the impulse resp onses.

ˆ Realtime rendering using fwonder , instead of BruteFIR.

ˆ A daptation of swonder3Dq to split the o�ine rendering from the GUI, so

there will b e an OSC-con trolled o�ine renderer and a GUI that comm u-

nicates via cwonder with the o�ine renderer and the realtime renderer.

A dditional OSC commands for the comm unication are sho wn in table 6.3 .

6.8.1 Real time contr ol

The realtime rendering can b e done with fwonder as a con v olution engine, whic h

means that during the non-realtime rendering the �le format for impulse re-

sp onse storage m ust b e adapted.

cwonder needs to b e extended to b e able to select the correct impulse re-

sp onses for fwonder to load.

First of all the command /WONDER/source/ typ e needs to b e in terpreted

suc h that t yp e 3

4

means, that a 3D ob ject is c hosen. With a further command

/WONDER/source/ob je ct the actual ob ject can b e selected, up on whic h cwonder

can send bac k a message to the visual stream with the mesh data of the stream

( /WONDER/source/mes h ).

If a source b ecomes a 3D ob ject, twonder m ust m ute (or fade out) that

source, while fwonder m ust unm ute (or fade in) that source, as w ell as load the

appropriate impulse resp onses.

As 3D ob jects can b e rotated, the command /WONDER/source/ro ta tio n

needs to b e added.

4

t yp e 2 is reserv ed for m ultip oles
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command t yp es argumen ts

/WONDER/source/r ota ti on i��f src id, rot x, rot y , rot z, time, duration

/WONDER/source/o bje ct is src id, name

/WONDER/source/m esh is�fb src id, name, scale x, y , z, mesh data

/WONDER/3dqrende r/o bj ect /a dd isb ob ject id, name, mesh data

/WONDER/3dqrende r/o bj ect /p oi nt i ob ject id

/WONDER/3dqrende r/o bj ect /m es h ib ob ject id, mesh data

/WONDER/3dqrende r/o bj ect /s ca le i�f ob ject id, scale x, scale y , scale z

/WONDER/3dqrende r/o bj ect /f il ter no de iiib ob ject id, v ertex id, t yp e, data

/WONDER/3dqrende r/o bj ect /d if fra ct io n ii�� ob ject id, di�raction order + parameters

/WONDER/3dqrende r/o bj ect /r ef ine ii ob ject id, times of re�nemen t

/WONDER/3dqrende r/l oc ati on /a dd ii ob ject id, lo cation id

/WONDER/3dqrende r/l oc ati on /t ran sl at e ii�f ob ject id, lo cation id, translation x,

translation y , translation z

/WONDER/3dqrende r/l oc ati on /r ota te ii�f ob ject id, lo cation id, rotation x,

rotation y , rotation z

/WONDER/3dqrende r/s ce ne/ ad d i scene id

/WONDER/3dqrende r/s ce ne/ de le te i scene id

/WONDER/3dqrende r/s ce ne/ ob je ct/ ad d iii scene id, ob ject id, lo cation id

/WONDER/3dqrende r/s ce ne/ ob je ct/ de le te iii scene id, ob ject id, lo cation id

/WONDER/3dqrende r/c al cul at ew fs i ob ject id

/WONDER/3dqrende r/o bj ect /c al cul at ew fs i ob ject id

/WONDER/3dqrende r/l oc ati on /c alc ul at ewf s i ob ject id, lo cation

/WONDER/3dqrende r/s ce ne/ ca lc ula te wf s i scene id

/WONDER/3dqrende r/t as k/d on e i task id

/WONDER/3dqrende r/t as k/e rr or iis task id, error id, error message

/WONDER/3dqrende r/t as k/p ro gr ess iii task id, progress, total

/WONDER/3dqrende r/t as k/n ew is task id, command name

/WONDER/3dqrende r/t as k/s ub ta sks ii task id, n um b er of subtasks

/WONDER/3dqrende r/s ub tas k/ un iqu eI D iii paren t task id, sub task id, unique id

/WONDER/3dqrende r/t as k/s to p i task id

T able 6.3 : A dditional OSC commands for in tegration of swonder3Dq with

sW ONDER .
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When there are sev eral sources (including 3D ob jects) at sev eral lo cations

c hosen, cwonder needs to c hec k whether a sp ecial scene calculation has b een

made for that constellation; if not, it can lo ok for a simple sup erp osition of the

lo cations, if the c hosen lo cations for the ob jects are a v ailable.

F urthermore, for realtime in teraction with a user in terface it will b e useful

to b e able to request information ab out the a v ailable ob jects in the pro ject, and

their lo cations, as w ell as the a v ailable scenes. So this information needs to b e

passed on b et w een cwonder and the user in terface.

6.8.2 Non-real time rendering

The o�ine calculation can b ene�t from the cluster arc hitecture, as the calcu-

lations are for a large part only dep enden t on the receiv ers, i.e. on the WFS

repro duction arra y sp eak er p ositions. Only the �rst part of the calculation,

where the di�raction mo del is b eing de�ned, cannot b e parallelised in this w a y .

So for this part there are t w o p ossible solutions: (1) duplication of this part of

the calculation for eac h cluster no de, and (2) calculation of this part on the con-

trol no de, after whic h the result is distributed to eac h other cluster no de. The

second option w ould b e the b est solution, but requires extra e�ort to implemen t.

As the cluster no des ha v e dual cores, with h yp er-threading, further paral-

lelisation can b e useful to sp eed up calculations. Here w e can b ene�t from the

fact that calculations need to b e done for eac h lo cation of the ob ject, and that

these calculations are indep enden t from eac h other. Th us w e can create threads

for eac h of these calculations, whic h are then pro cessed indep enden tly .

This can b e ac hiev ed b y constructing the program ha ving t w o main func-

tions: the �rst is the OSC-serv er, whic h w aits for messages from cwonder with

commands for pro cessing. F or eac h command a task is created and sub divided.

Information ab out the task, and ho w it has b een sub divided is sen t bac k to

cwonder , with the message /WONDER/3dqrend er /ta sk /n ew to inform ab out the

task id, and /WONDER/3dqrend er/ ta sk /su bt ask s ab out the n um b er of sub-

tasks, and /WONDER/3dqrende r/s ub ta sk/ un iq ueI D ab out the n um b ers eac h of

these subtasks ha v e b een lab elled with. These tasks are put on a T askQueue.

The T askQueue is c hec k ed in regular time in terv als, to c hec k whether:

1. a task has b een completed ( /WONDER/3dqrende r/ tas k/ do ne ),

2. an error o ccurred while executing a task ( /WONDER/3dqrende r/ tas k/ er ror ),

up on whic h the task is stopp ed,

3. ho w far the task has progressed ( /WONDER/3dqrender /t as k/p ro gre ss ),

4. a task w as not running y et, and can b e started no w.

cwonder adds to eac h task message an extra argumen t, indicating the ren-

dering unit, b efore passing the message on to the UI.

The prop osed structure can b e used for an y other non-realtime rendering

program.

With the object -commands the settings for ob jects can b e set. The add

command, adds a new ob ject and sets the mesh data. If the ob ject is in fact a

p oin t source (useful, in case it will b ecome part of a sc ene ), an extra message
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needs to b e sen t to set it to a p oin t source ( point ). If the mesh data needs to

b e c hanged, or b e renew ed, the command mesh sets the data. With scale the

ob ject can b e scaled. The acoustic prop erties for eac h v ertex can b e set with

filternode , b y indicating the v ertex id, the t yp e of �lter, and data. Di�raction

settings are set with diffraction . With the command refine , the ob ject is

re�ned N times.

With the location -commands, lo cations for the ob ject can b e added and

mo di�ed.

With the scene -commands, constellations of sources can b e created, for

whic h the complete resp onse will b e calculated, i.e. the o cclusion of sound

sources b y other ob jects is tak en in to accoun t, as w ell as di�raction around

these ob jects.

The calculatewfs commands start the actual calculation of all ob jects de-

�ned in the pro ject, or for either an ob ject, a scene, or a lo cation of an ob ject,

with the corresp onding sub command.

Eac h of these commands creates a task; if no other calculations are running,

most of them will b e ready so on. Re�nemen t of an ob ject can tak e some time,

if the ob ject consists of a lot of triangles. The WFS calculations are also time

consuming.

6.9 Future w ork

Though the basic algorithms ha v e b een implemen ted, there are some directions

in whic h the implemen tation can b e expanded, apart from the full in tegration

with the other sW ONDER comp onen ts, as prop osed in the previous section.

F uture w ork should b e directed to w ards:

ˆ Optimisation of the calculation algorithm, making calculations faster.

ˆ Including the calculation of audio scenes, where the sound of one source

is di�racted around another ob ject.

ˆ Including lo cal re�ections on the ob ject, in order to enable accurate re-

pro duction of non-con v ex geometries (see subsection 5.6.2 ).

ˆ Connecting the metho d with ph ysical mo delling of the source surface vi-

bration, in order to pro vide an in tegrated metho d (see section 5.1 )
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Chapter 7

Ev alua tion

7.1 Physical effects

In the repro duction the follo wing parameters can b e v aried: (1) shap e of the

ob ject, (2) size of the ob ject, (3) lev el of re�nemen t, (4) di�raction (and man y

parameters of this, suc h as the order and n um b er of segmen ts), (5) �lters for the

p oin ts on the surface, (6) p osition of the ob ject and (7) rotation of the ob ject.

Also the p osition of the listener herself has in�uence on the p erceiv ed e�ect.

T o analyse the e�ect of the parameters in the repro duction, sev eral signals

w ere created and analysed. The signals w ere created for the repro duction setup

as sho wn in �gure 7.1 .

W e fo cus here on the e�ect of the shap e, the size, lev el of re�nemen t and

the p osition of the ob ject. The signals w ere calculated without di�raction, and

a unit y �lter for eac h source p oin t (so G(~r	 ; ! ) = 1 for all p oin ts).

7.1.1 Shape

F our di�eren t shap es w ere used: a p oin t source, a sphere, a tetrahedron and an

icosahedron (abbreviated as "icosa"), as sho wn in �gure 7.2 . The last three all

had a diameter of 2m .

The resulting sp eak er impulse resp onses for the test setup are sho wn in

�gure 7.3 . Di�erences are clearly visible: the p oin t source sho ws (as exp ected)

a single w a v e fron t, whereas the more complex shap es sho w sev eral w a v e fron ts,

from sev eral directions. Dep ending on the re�nemen t and the size of the ob ject,

the in terference patterns b et w een the w a v e fron ts b ecome more complex. The

impulse resp onses are fairly short: up to 10 ms; this is in the range of direct and

pseudo-direct sound. F rom the amplitudes w e can see that dep ending on the

shap e, the amplitude at the repro duction sp eak ers has a di�eren t distribution

for eac h shap e. Esp ecially note ho w the con tribution of the middle sp eak er

tends to b e the highest.
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qp

qp

qp

qp

Figure 7.1 : Virtual test setup for analysis of the ph ysical e�ects. An arra y

of 101 loudsp eak ers is used, with a total length of 10 meters. The p en tagons

indicate the virtual sound source p osition (1 m., 3 m., 6 m. and 10 m. b ehind

the arra y).
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(a) sphere (b) tetrahedron (c) icosahedron

Figure 7.2 : Di�eren t shap es used in the sim ulation and the listening test.

(a) p oin t source (b) sphere

(c) tetrahedron (d) icosa

Figure 7.3 : The loudsp eak er impulse resp onses for di�eren t ob ject shap es (at

1 meter b ehind the arra y) for the sp eak er setup used in the listening test (see

�gure 7.19 ). On the x -axis is the time in ms, the y -axis is the sp eak er n um b er

and the z -axis is the amplitude.
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7.1.2 Size

T w o ob jects (the tetrahedron and the icosa) w ere created with three di�eren t

sizes: one the original size, one half the size, one quarter the size. F or the

tetrahedron the resulting sp eak er impulse resp onses for the test setup are sho wn

in �gure 7.4 . Sev eral e�ects can b e distinguished: the w a v e form gets less wide

with decreasing size, and the w a v e fron ts get closer to eac h other. F or the left-

hand plots the decrease in size w as done with the same n um b er of p oin ts p er

surface elemen t. This means that the discretisation distance w as also decreasing

with decreasing size. If the discretisation distance is held constan t, the n um b er

of w a v e fron ts is larger for larger ob jects, but the outer shap es are the same (i.e.

the w a v e fron ts from the most extreme p oin ts w ould still b e there, and cause

the same spatial extension; see the righ thand plots of �gure 7.4 ).

7.1.3 Refinement

T w o ob jects (the tetrahedron and the icosa) w ere created with four di�eren t

re�nemen ts.

F or the tetrahedron the resulting sp eak er impulse resp onses for the test

setup are sho wn in �gure 7.5 . With increasing re�nemen t, the n um b er of w a v e

fron ts in terfering with eac h other increases. The w a v e fron ts start to cancel

eac h other out, whic h results in a smo oth deca y in the impulse resp onse, whic h

will cause a kind of lo wpass �ltering e�ect. This is sho wn on the righ t-hand

side of �gure 7.5 , where the frequency resp onses are plotted. It can b e clearly

distinguished that with increasing re�nemen t, the higher frequency comp onen ts

are more atten uated.

This can b e understo o d if w e lo ok at the resp onse of a line source (vibrating

in phase) at a certain p oin t in space (see �gure 7.6 ). The resp onse in p oin t R
is the in tegral of a p oin t source resp onse (see eq. 2.8 ) b et w een p oin t ~r1 and ~r2 :

Z ~r 2

~r 1

1
2�r

p̂(t �
r
c

)dr =
Z ~r 2

~r 1

1
2�r

� (t �
r
c

)dr (7.1)

So there will b e a �ltering of the sound, as compared to the resp onse of a

p oin t source. The frequency will b e dep enden t on the length of the line source

(so there is a relation to the diameter of the source), and the n um b er of p oin ts.

This is illustrated in �gure 7.7 . With increasing length, w e see that the impulse

resp onse get longer and the lo wpass �ltering gets stronger. With decreasing

re�nemen t, w e see that the higher frequencies b ecome less atten uated, but also

more irregularly �ltered.

7.1.4 Dist ance

All ob jects w ere repro duced at four di�eren t distances from the arra y: 1 meter,

3 meters, 6 meters, and 10 meters b ehind the arra y . F or the tetrahedron shap e

the resulting sp eak er impulse resp onses for the test setup are sho wn in �gure 7.8 .

It can b e seen that the curv ature of the w a v e fron ts decreases with increasing

distance, causing the sp eak er impulse resp onses to b e more similar to eac h other.
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(a) factor 1 (b) factor 1

(c) factor 0.5 (d) factor 0.5

(e) factor 0.25 (f ) factor 0.25

Figure 7.4 : The loudsp eak er impulse resp onses for the tetrahedron of di�eren t

sizes for the virtual sp eak er setup (see �gure 7.1 ). The left-hand side plots sho w

the results with constan t n um b er of p oin ts on the surface, the righ t-hand side

plots with constan t discretisation distance.
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(a) 4 triangles (b) 4 triangles FFT

(c) 16 triangles (d) 16 triangles FFT

(e) 64 triangles (f ) 64 triangles FFT

(g) 256 triangles (h) 256 triangles FFT

Figure 7.5 : The loudsp eak er impulse resp onses for di�eren t re�nemen ts of the

tetrahedron for the virtual sp eak er setup (see �gure 7.1 ). On the left-hand side

the time domain plots, and on the righ t-hand side the frequency domain plots.
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�nite linesource

~r1 ~r2~r 0

2
~rs

b

R
Figure 7.6 : Calculation of the impulse resp onse of the �nite line source in

receiv er p oin t R .

In the frequency domain it can b e seen (on the righ t-hand side of �gure 7.8 )

that the resp onse is more similar for neigh b ouring sp eak ers. F urthermore, there

are some subtle di�erences in the frequency resp onse. Esp ecially note ho w at

close distances there is a 'jump' in the resp onse on the side (e.g. at 1m near

the sp eak ers 40 and 60). This jump is a result of not calculating di�raction, as

from one sp eak er to the other, a source p oin t on the ob ject b ecomes 'visible' for

that sp eak er. A t larger distances, the angle b et w een the sp eak er and the ob ject

b ecomes more or less the same for all sp eak ers, and the 'jump' falls out of the

scop e of the sp eak er arra y .

With increasing distance, the signals b ecome sligh tly less �ltered, whic h can

again b e explained b y lo oking at the impulse resp onse of a line source. With

increasing distance, the resulting impulse resp onse b ecomes shorter (but later

in time), th us creating a �atter impulse resp onse (see �gure 7.9 ).

7.2 Diffra ction effects

In order ev aluate the di�raction mo del, an example w as calculated for the scene

sho wn in �gure 7.10 , mo delled after the example discussed in [V an91 ]. The

source ob ject is a mo del of a b o x loudsp eak er, with a fron t ba�e dimension

of 0.4m b y 0.64m., ha ving a b o x depth of 0.32m. A p oin t source is placed at

0.2m from the top and side edges. The b o x is placed suc h that the p oin t source

is at the heigh t of the loudsp eak er arra y . The calculations w ere done for t w o

distances of the ob ject placemen t: 2 and 7 meters b ehind the loudsp eak er arra y ,

and t w o rotations of the ob ject: one with the face to w ards the sp eak er arra y ,

and one with the bac k to the arra y . The loudsp eak er arra y consisted of 101

loudsp eak ers at 10cm distance from eac h other. A Hanning tap er w as applied

with a width of 20%.

7.2.1 Loudspeaker signals

The loudsp eak er signals that are calculated are sho wn in �gures 7.11 a (for the

sp eak er mo del turned to w ards the arra y) and 7.11 b (for the sp eak er mo del

turned a w a y from the arra y) for �rst, second and third order calculation. W e
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(b) frequency resp onse

Figure 7.7 : Impulse resp onses in the time (top) and frequency (b ottom) domain

of a sim ulation of a line source. The green line (upp er) is for a line source of 2

meters long, the blue line (the middle) of 4 meters, and the red one of 7 meters

(lo w er).
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(a) 1 meter (b) 1 meter FFT

(c) 3 meters (d) 3 meters FFT

(e) 6 meters (f ) 6 meters FFT

(g) 10 meters (h) 10 meters FFT

Figure 7.8 : The loudsp eak er impulse resp onses for di�eren t distances of the

tetrahedron for the virtual sp eak er setup (see �gure 7.1 ).
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(b) frequency

Figure 7.9 : Time resp onse (a) and frequency resp onse (b) for a line source

at di�eren t distances. The �rst (red) resp onse is at 3 meters distance, the

subsequen t ones are at 6 meters (blue), 10 meters (green) and 15 meters (y ello w)

distance. W e see that with increasing distance, the frequency resp onse b ecomes

�atter, and there is relativ ely less lo wpass �ltering.
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Figure 7.10 : Scene with a simple loudsp eak er mo del and a WFS arra y of 101

sp eak ers.

can clearly see the direct sound, follo w ed b y the �rst order di�ractions from

the edges, then follo w ed b y the second and third order di�raction. The spatial

prop erties can clearly b e distinguished.

In �gure 7.11 b, w e can see that the direct sound is missing, whic h is to b e

exp ected. W e can also see that the di�raction edges for the �rst order are not

visible for the middle sp eak ers (the ones in b et w een � 0:2 and 0:2m.).

The resp onses of t w o single sp eak ers are sho wn in �gures 7.12 and 7.13 , for a

sp eak er on-axis ( (0; 3; 0)m.), and a sp eak er o�-axis ( (� 2; 3; 0)m.), for the mo del

turned to w ards the repro duction arra y and turned a w a y from it.

The di�erence b et w een the sp eak ers on and o�-axis are clear: for the sp eak er

on the axis, the con tributions from the side and top edges coincide, whereas for

the sp eak er o�-axis, they arriv e at di�eren t times. In b oth cases w e can see a

lo wpass �ltering e�ect of the di�racted signal, as w ell as a com b �lter e�ect for

the higher frequencies. This is the exp ected b eha viour of the di�raction impulse

resp onse (see also [V an91 , FBA03 ]). W e see that with higher order the lo wpass

�ltering e�ect gets stronger. What is esp ecially in teresting is that for frequencies

ab o v e 1kHz there is only a v ery small di�erence b et w een the di�eren t orders of

calculation; the main di�erences are found in the lo w frequency region. There

they v ary most on o�-axis lo cations. This w ould suggest that it ma y not b e

necessary to calculate the signals up to a v ery high order.

F or the ob ject with the source p oin t a w a y from the repro duction arra y , w e

can see that the di�racted sound do es not arriv e for the �rst order at the sp eak er

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 7.11 : Sp eak er resp onses for the scene from �gure 7.10 in the time domain

for the ob ject lo cation (0; 5; 0).

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



CHAPTER 7. EV ALUA TION 153

on-axis. F or b oth on-axis and o�-axis sp eak ers the di�erence b et w een the second

and third order is larger than with the source p oin t to w ards the repro duction

arra y; the absence of direct (and �rst order di�racted) sound mak es the higher

orders more imp ortan t. F rom 1kHz on w ards the di�erence is relativ ely small.

7.2.2 Extrapola tion into the listening area

The loudsp eak er signals w ere con v oluted with the Gaussian w a v elet sho wn in

�gure 7.14 , and extrap olated in to the listening area, to 3m and 8m in fron t of

the repro duction arra y . The resulting resp onses are sho wn in �gures 7.15 to

7.18 , for the t w o orien tations of the ob ject, and t w o (virtual) distances b ehind

the repro duction arra y .

W e can see that the spatial nature of the di�raction is k ept. W e can also see

that the �rst order di�raction, whic h w as not presen t for the middle sp eak ers,

is smeared out in to the on-axis listening p ositions getting further from the re-

pro duction arra y . This is logical, as the w a v es propagate in all directions from

the sp eak ers. In a w a y , it is a con tradiction in the mo del, as the sp eak ers will

still act as a kind of �windo w� for the sound coming from the ob ject, where the

sound di�racts again from this windo w. When w e compare the sound �eld from

the ob ject placed at 2m. b ehind the arra y at a listening distance of 8m. from

the repro duction arra y (�gure 7.16 , lo w er plots), with the sound �eld from the

ob ject placed at 7m. b ehind the arra y at a listening distance of 3m. from the

repro duction arra y (�gure 7.18 , upp er plots), w e can see that there is a clear

di�erence b et w een the t w o cases, although for the listener b oth situations rep-

resen t a source ob ject at 10m. distance. Whereas in the �rst case the resp onse

in the middle of the listening area is already forming a coheren t w a v e fron t, the

resp onse in the second case still sho ws clear disturbances from the shado w zone

sp eak ers.

F or the same comparison for the ob ject with the source turned to w ards the

repro duction arra y (�gure 7.15 , lo w er plots, and �gure 7.17 , upp er plots), the

di�erence is not as serious.

W e can also notice in 7.16 and 7.18 that the results for the third order seem

not completely symmetrical, as the left side seems stronger pronounced than

the righ t side. It is susp ected that this is due to a soft w are bug.

7.2.3 Summar y of resul ts

The di�raction calculations giv e plausible results. F rom the example sho wn,

it can b e concluded that for source p oin ts facing the repro duction arra y , the

di�raction only needs to b e calculated up to �rst or second order to get an

accurate result. F or sources on the bac kside (i.e. not facing the repro duction

arra y), the resp onse needs to b e calculated up to second or third order to get

more accurate results for the lo w frequencies. F or a more complex shap ed ob ject,

higher order calculations ma y b e needed to accoun t for all di�raction edges.

As the di�raction mo del is a geometrical mo del, there o ccurs a kind of second

�stage of di�raction� at the repro duction arra y: as the di�racted sound for some

sp eak ers ma y b e blo c k ed b y the ob ject for certain di�raction orders, there will

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Figure 7.12 : The impulse resp onses for the sp eak er at co ordinates (0; 3; 0) (top)

and the sp eak er at co ordinates (� 2; 3; 0) (b ottom), for the loudsp eak er mo del

ob ject placed at (0; 5; 0) with the source turned to w ards the repro duction arra y .
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Figure 7.13 : The impulse resp onses for the sp eak er at co ordinates (0; 3; 0) (top)

and the sp eak er at co ordinates (� 2; 3; 0) (b ottom), for the loudsp eak er mo del

ob ject placed at (0; 5; 0) with the source turned a w a y from the repro duction

arra y .
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Figure 7.14 : The Gaussian w a v elet with whic h the sp eak er signals w ere con v o-

luted b efore extrap olation in to the listening area.

b e no con tribution of that order for those sp eak ers; ho w ev er up on emitting the

sound in to the repro duction area, the sound emitted b y the sp eak ers next to

the sp eak ers in the shado w zone, will emit their con tribution also in to this zone.

As a consequence there will b e a di�erence b et w een the repro duction of a signal

from an ob ject at a (virtual) distance close to the arra y , listened to far a w a y

from the repro duction arra y , and a signal from an ob ject p ositioned at a large

virtual distance, listened to at a close distance from the repro duction arra y .

It is sub ject for future researc h in ho w far this is a problem, when w e ha v e

not only sound coming from one p oin t on the ob ject, but from p oin ts all o v er

the ob ject. In that case the di�racted signals will pla y a less imp ortan t role,

and the e�ect ma y not b e disturbing.

F or a ph ysically correct repro duction it ma y b e w orth while to form ulate a

di�eren t mo del for di�raction, whic h do es not su�er from this geometrical error;

for example a mo del whic h calculates the di�raction for a represen tativ e area

in the listening area and do es a bac kw ards transformation to the loudsp eak er

arra y to calculate the repro duction signals.

7.3 Per ceptual effects

T o study the p erceptual e�ects of this approac h, the signals describ ed in sec-

tion 7.1 w ere presen ted in a listening test, based on the rep ertory grid metho d

[BR99 ]. This metho d consists of t w o phases: in the �rst phase the test sub jects

are presen ted sev eral signals, whic h they ha v e to compare with eac h other and
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Figure 7.15 : The extrap olated signal at 3m (top) and 8m (b ottom) for the

loudsp eak er mo del at the p osition (0; 5; 0), turned to w ards the listening area.
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Figure 7.16 : The extrap olated signal at 3m (top) and 8m (b ottom) for the

loudsp eak er mo del at the p osition (0; 5; 0), turned a w a y from the listening area.
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Figure 7.17 : The extrap olated signal at 3m (top) and 8m (b ottom) for the

loudsp eak er mo del at the p osition (0; 10; 0), turned to w ards the listening area.
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Figure 7.18 : The extrap olated signal at 3m (top) and 8m (b ottom) for the

loudsp eak er mo del at the p osition (0; 10; 0), turned a w a y from the listening

area.
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describ e the di�erences b et w een them. Often this is done in triads: of three sig-

nals, the test sub ject has to c ho ose whic h one is the most di�eren t from the other

t w o and describ e the di�erence, as w ell as the similarit y b et w een the remaining

t w o signals. In this w a y , bip olar pairs of c haracteristics are constructed. In the

second phase of the test, eac h signal is quan titativ ely rated on those bip olar

scales.

The c hoice for the rep ertory grid metho d w as motiv ated b y the di�cult y to

create reference signals, whic h made it imp ossible to compare the repro duced

signals with real signals as emitted b y 3-dimensional ob jects. F urthermore, as

one of the main goals of the metho d is to create spatial, p erceptual e�ects for

comp osition of electro-acoustic m usic, it w as found in teresting to in v estigate the

p erceptual e�ects resulting from certain parameters in the repro duction. As the

rep ertory grid metho d allo ws the test sub jects to freely describ e the p erceptual

e�ects in the �rst phase of the metho d, while, in the second phase, rating signals

on bip olar scales resulting from the �rst phase, the results of these listening tests

could giv e some guidelines of whic h e�ects can b e ac hiev ed b y c hanging certain

parameters in the repro duction.

7.3.1 Test setup

The �rst series of listening tests w ere p erformed in the WFS listening ro om

1

of

the F raunhofer Institute in Ilmenau. The loudsp eak er setup is sho wn in �gure

7.19 , and a photograph of the setup is sho wn in �gure 7.20 .

The 20 test sub jects w ere emplo y ees of F raunhofer and/or studen ts at the

T ec hnical Univ ersit y of Ilmenau. Of them, 16 had exp erience with listening to

WFS repro duction (and 2 a little), 8 w ere activ ely making m usic, 4 w ere female,

ages v aried b et w een 18 and 43 y ears.

Three di�eren t kinds of material w ere used: a male v oice, a slo w acoustic

guitar and a fusion drum kit. Eac h signal w as 10 seconds long; the test sub ject

could pla y the signals as often as they lik ed, and also stop the signal b efore the

10 seconds w ere o v er.

Instructions to the test sub jects w ere giv en in written form (see app endix

D ), with a further v erbal elab oration if needed b y the test sub ject. The listening

test soft w are w as created with Sup erCol lider [McC] and swonder3Dq , using the

graphic to olb o x SwingOSC [Rut , v. 0.50] for the user in terface. The �lters for

the loudsp eak ers w ere �rst created with swonder3Dq . Then on t w o rendering

mac hines (eac h driving 16 loudsp eak er c hannels), the swonder3Dq engine w as

running (using BruteFIR [T or05 ] for the con v olution). The signals w ere pla y ed

from a third computer running Sup erCol lider , whic h also sen t an OSC-message

to the renderers to c hange the p osition of the ob ject to the desired lo cation. A

sc hematic o v erview of this setup is sho wn in �gure 7.21 and a screenshot of the

test in terface for the �rst phase is sho wn in �gure 7.22 .

A t the momen t of the test, the amplitude factor as describ ed in section 6.5

w as not implemen ted y et, so the test signals w ere adjusted for loudness, b y

listening to and comparing eac h signal to the p oin t source signal.

1

Dimensions: width: 4.35 m, length: 7.75 m., heigh t: 3.4 m., rev erb eration time: 0.25 s.
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Figure 7.19 : Listening test setup in the listening ro om at the F raunhofer Insti-

tute utilising 32 sp eak ers. The dot indicates the listening p osition for the �rst

phase of the test; the circles indicate the listening p ositions for the second phase

of the test. The p en tagons indicate the virtual sound source p osition (1 m., 3

m., 6 m. and 10 m. b ehind the arra y)
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Figure 7.20 : Listening test setup in the WFS listening ro om of the F raunhofer

institute. Here the view from listening p osition 2 of the second phase of the

listening test is sho wn.

User in terface
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Con trol and audio pla y er

Sup erCol lider

Render unit

swonder3Dq engine

BruteFIR

Render unit

swonder3Dq engine

BruteFIR

audio audio
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OSC OSC

Figure 7.21 : Sc hematic o v erview of the soft w are and computer hardw are used

in the listening tests.
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Figure 7.22 : T est sub ject in terface for the �rst phase of the rep ertory grid

metho d. Note: as the test w as p erformed in German y , the lab els w ere translated

in to German for the test.

Though in this exp erimen t the shap es used are the same as in the previous

section, the sizes of the ob ject di�ered: the sphere had a diameter of 2m., the

tetrahedron of 3.2m., and the icosahedron of 3.4m.

7.3.2 Resul ts of the first p ar t

The results of the �rst phase w ere analysed b y reading the descriptions giv en,

and extracting the most common ones for all test sub jects.

The follo wing descriptiv e pairs

2

w ere extracted and used in the second phase

of the exp erimen t:

ˆ dull (dumpf ) - clear (klar),

ˆ dark (dunk el) - brigh t (hell),

ˆ thin (dünn) - full (v oll),

2

The terms w ere giv en b y the test sub jects in German; here a translation in to English b y

the author is giv en, as w ell as the actual German descriptions in brac k ets.
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ˆ no bass (k ein Bass) - a lot of bass (viel Bass),

ˆ no high tones/treble (k eine Höhen) - a lot of high tones/treble (viel Höhen),

ˆ quiet (leise) - loud (laut),

ˆ narro w (eng) - broad (breit),

ˆ left (links) - righ t (rec h ts),

ˆ near (nah) - far (w eit),

ˆ b elo w (un ten) - ab o v e (ob en),

ˆ dry (tro c k en) - spacious (räumlic h),

ˆ clear lo cation (klare Ortung) - di�use lo cation (di�us).

The �rst �v e descriptors listed here are related to the tone colour (tim bre),

the last six to spatial dimensions. It is in teresting to see that some of the

test sub jects distinguished di�erences in the v ertical direction as w ell as in the

horizon tal direction.

Another descriptor that w as often used w as naturalness. Other things some

participan ts noted w ere com b �lter e�ects for some signals and di�erences in

lo calisation for di�eren t instrumen ts within the sound sample.

The c hoice in di�eren t materials w as go o d, as they emphasised di�eren t

p erceptual c haracteristics.

7.3.3 Semantic differential (phase 2)

The descriptiv e pairs listed in the previous section w ere used in the second

phase of the listening test in order to analyse ho w the di�eren t parameters of

the ob ject de�nition a�ect the p erception of these ob jects. The pairs w ere the

same for eac h test sub ject.

F or this part the follo wing sets w ere used:

Shap e p oin t source, icosa (2 times re�ned), tetrahedron (2 times re�ned),

sphere.

Size icosa, icosa half, icosa quart, icosa (3 times re�ned), icosa half (2 times

re�ned).

Re�nemen t icosa, icosa (2 times re�ned), icosa (3 times re�ned), icosa (4 times

re�ned).

Eac h set w as presen ted at t w o distances, and with t w o stim uli (the v oice and

the guitar from the �rst part), and the test sub jects had to listen to all the sets

t wice: once from p osition 1 (righ t-fron t) and once from p osition 2 (left-bac k).

The order of the sets w as randomised, as w as the order of the signals within

the set. The test sub ject could switc h to another signal while it w as pla ying

using a crossfade, and could listen to the signals as often as they w an ted. The

test signals w ere 20 seconds long. The test in terface is sho wn in �gure 7.23 .

Instructions to the test sub jects w ere giv en in written form (see app endix

D ), with a further v erbal elab oration if needed b y the test sub ject. Apart from

the test in terface, the soft w are used w as the same as in the �rst part of the

exp erimen t.
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Figure 7.23 : T est sub ject in terface for the seman tic di�eren tial.

19 test sub jects participated (again emplo y ees of F raunhofer and/or studen ts

at the T ec hnical Univ ersit y of Ilmenau), of whom 13 did the listening test at

b oth p ositions, 3 only at p osition 1 and 3 only at p osition 2. All but one listened

to all sets; the one who did not, listened to one set t wice, and did not listen

to another set (due to a tec hnical error that o ccurred during the test). 15 of

the test sub jects also participated in the �rst part of the test, so they w ere

somewhat familiar with the signals. 14 had exp erience with listening to WFS

repro duction (and 3 a little), 7 w ere activ ely making m usic, 4 w ere female, ages

v aried b et w een 24 and 41 y ears.

7.3.4 Anal ysis of the resul ts

The data w as analysed with R [R D07 ], after it had b een con v erted with Octave

[Eat02] to a usable format. These sets w ere analysed separately: shap e, size

and re�nemen t w as regarded separately; the listening p osition, the distance and

the stim ulus t yp e w ere regarded as factors in the analysis.

7.3.4.1 Refinement

In table 7.1 a summary is giv en of whic h factors ha v e signi�can t in�uence on the

p erception of eac h feature, for the re�nemen t set, based on the ANO V A tables

whic h can b e found in app endix E .

Based on these dep endencies, the means for eac h feature are displa y ed in

�gures 7.24 and 7.25 .
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feature factors

eng - breit signal, p osition

links - rec h ts signal, p osition, dist:sig:p os, distance, dist:sig, p os:sig

nah - w eit dist:sig, dist:stim, p osition, signal

un ten - ob en p osition, signal

tro c k en - räumlic h signal, stim ulus, p osition

klare Ortung - di�us signal, distance

dumpf - klar signal, sig:stim, p os:sig, p osition, stim ulus

dünn - v oll signal

dunk el - hell signal, dist:stim

k ein - viel Bass signal, p osition

k ein - viel Höhen signal, distance

leise - laut signal, dist:sig, distance, p os:sig

T able 7.1 : Ov erview of the features, and whic h factors ha v e signi�can t in�u-

ence on them, in order of strength, for the re�nemen t set. In teraction factors

are separated b y �:�. Abbreviations used are: dist(ance), p os(ition), sig(nal),

stim(ulus).

F or the feature eng-br eit , w e can see that the listeners could distinguish

b et w een the non-re�ned ob ject, and the re�ned v ersions, but not b et w een dif-

feren t re�ned v ersions. A t the listening p osition more to the bac k, the ob jects

are p erceiv ed as sligh tly less narro w, whic h is to b e exp ected.

F or the feature links-r e chts , it can b e observ ed that there is a sligh t di�erence

in p erception, dep ending on the listening p osition. F or higher re�nemen t, the

p osition of the ob ject is observ ed to b e more cen tral. Also for a larger distance

(the second plot in �gure 7.24 b) of the source, there is almost no v ariation in

the p erception of the horizon tal placemen t of the source.

F or the feature nah-weit , there is a sligh t di�erence in p erception for the

unre�ned ob ject, dep ending on the listening p osition; at a close distance of the

ob ject, it is observ ed to b e further a w a y with higher re�nemen t, whereas at a

high (virtual) distance of the ob ject, the trend is almost rev ersed.

The feature unten-ob en do es not v ary signi�can tly b et w een the signals.

The feature tr o cken-r äumlich is distinguished b et w een non-re�ned and re-

�ned, and v aries dep ending on the stim ulus and the listening p osition.

With increasing re�nemen t the ob jects are p erceiv ed to b e more di�use. This

e�ect is sligh tly less when the ob ject is at a higher distance.

The loudness of the signals do es not v ary signi�can tly (except for the un-

re�ned ob ject) b et w een the distances. A t the listening p osition farthest a w a y

almost no di�erence is p erceiv ed, whereas at the close listening p osition the

more re�ned ob jects are p erceiv ed to b e louder. F or the ob jects at a virtually

close distance the loudness is more equal, whereas for a large virtual distance,

the ob ject seems to get a bit louder with increasing re�nemen t.

The unre�ned ob ject w as p erceiv ed to b e signi�can tly less �full� ( dünn-vol l ),
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correlation ortung klar v oll hell bass ho ehen

klare ortung di�us 1:000 � 0:576 0:347 � 0:492 0:526 � 0:421
dumpf klar � 0:576 1:000 � 0:503 0:852 � 0:780 0:700
duenn v oll 0:347 � 0:503 1:000 � 0:530 0:676 � 0:396
dunk el hell � 0:492 0:852 � 0:530 1:000 � 0:798 0:732
k ein bass viel bass 0:526 � 0:780 0:676 � 0:798 1:000 � 0:682
k ein ho ehen viel ho ehen � 0:421 0:700 � 0:396 0:732 � 0:682 1:000

T able 7.2 : Correlation b et w een di�eren t features (the full table can b e found

in app endix E) for the re�nemen t set.

than the re�ned v ersions, where there is an increase in fullness p erceiv ed with

higher re�nemen t, but no di�erence b et w een the last t w o re�nemen ts.

The brigh tness ( dumpf-klar ) decreases clearly with increasing re�nemen ts,

with sligh t v ariations dep ending on the listening p osition and on the stim u-

lus. Similar e�ects are seen for the feature dunkel-hel l , and the amoun t of

treble/highs. The amoun t of p erceiv ed bass increases with increasing re�ne-

men t.

F rom this discussion and the �gures, w e can see that there seems to b e a high

correlation b et w een the v arious tone colour features; this is con�rmed, when w e

calculate the correlation b et w een the factors, as sho wn in table 7.2 .

T o further in v estigate ho w man y features are actually relev an t, a principal

comp onen t analysis w as done [Bor05 ]. The results are sho wn in table 7.3. F rom

this w e see that according to the Kaiser-Guttmann criterion

3

3 comp onen ts

are relev an t; this is con�rmed b y lo oking at the Scree plot in �gure 7.32 a.

When lo oking at biplots for these comp onen ts, w e can get an idea of what the

comp onen ts represen t, b y lo oking at whic h comp onen ts are correlated to whic h

features. These biplots are sho wn in �gure 7.33 a. Here w e can see that the �rst

comp onen t consists mainly of the features bass, full, treble, brigh tness, clarit y ,

whereas the second comp onen t is related to source width and spaciousness, and

the third to lo calisation.

7.3.4.2 Shape

In table 7.4 a summary is giv en of whic h factors ha v e signi�can t in�uence on

the p erception of eac h feature, for the shap e set, based on the ANO V A tables

whic h can b e found in app endix E .

Based on these dep endencies, the means for eac h feature are displa y ed in

�gures 7.26 , 7.27 and 7.28 .

F or the feature eng-br eit , w e can clearly see that a p oin t source is p erceiv ed

more narro w than a complex ob ject. F or the di�eren t ob jects (other than the

p oin t source), there is a di�erence in p erception, based on the listening p osition

and the distance of the ob ject.

3

according to whic h the v ariance has to b e larger than 1.
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Importance of components:

Comp.1 Comp.2 Comp.3 Comp.4

Standard deviation 2.1188500 1.3130143 1.08349409 0.9413208

Proportion of Variance 0.3741271 0.1436672 0.09782995 0.0738404

Cumulative Proportion 0.3741271 0.5177943 0.61562430 0.6894647

Comp.5 Comp.6 Comp.7 Comp.8

Standard deviation 0.8914157 0.83893611 0.77252678 0.74397199

Proportion of Variance 0.0662185 0.05865115 0.04973314 0.04612453

Cumulative Proportion 0.7556832 0.81433435 0.86406748 0.91019201

Comp.9 Comp.10 Comp.11 Comp.12

Standard deviation 0.68831589 0.54429286 0.41462863 0.36843655

Proportion of Variance 0.03948156 0.02468789 0.01432641 0.01131212

Cumulative Proportion 0.94967357 0.97436147 0.98868788 1.00000000

T able 7.3 : Imp ortance of comp onen ts in the principal comp onen t analysis for

the re�nemen t set.

F or the feature nah-weit , w e can see that a p oin t source is p erceiv ed to b e

closer, when the ob jects are at a larger distance.

F or the left-righ t p osition, there is a clear distinction b et w een the di�eren t

ob jects at the fron t listening p osition, whereas with increasing distance of the

ob ject, some ob jects are p erceiv ed di�eren tly .

There is again almost no v ariation in the p erception in the v ertical direction

( ob en-unten ).

The p oin t source is p erceiv ed to b e more dry than the complex ob jects, with

sligh t di�erences for the di�eren t stim uli. A similar e�ect o ccurs for the klar e

Ortung-di�us feature, where there is also a sligh t dep endency on the distance

of the ob ject.

There is a signi�can t di�erence in p erceiv ed loudness b et w een the ob jects,

while also the stim ulus and distance pla y a role in the p erceiv ed loudness.

F or the feature dumpf-klar , w e can see that there is a clear distinction b e-

t w een the p oin t source, the sphere, and the icosa/tetrahedron. A t a larger

distance, the distinguishmen t is more clear. A similar e�ect o ccurs for the fea-

tures dunkel-hel l , kein-viel Bass and kein-viel Höhen . F or the feature dünn-vol l ,

the e�ect is also similar, except for the tetrahedron at a large distance, whic h

is p erceiv ed to b e more full.

As with the re�nemen t set, w e notice that there is a strong correlation b e-

t w een the tone colour features, as sho wn in table 7.5 .

F rom the principal comp onen t analysis (see table 7.6 ), w e see that according

to the Kaiser-Guttmann criterion 3 comp onen ts are relev an t, whic h is con�rmed

b y the Scree-test (�gure 7.32 b). F rom the biplots (�gure 7.33 b) w e can see that

again the �rst comp onen t is connected to the tone colour, whereas the other

comp onen ts are more related to spatial features.
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feature factors

eng - breit signal, distance, p os:sig

links - rec h ts signal, dist:p os, p os:sig, dis:p os:sig, dist:sig, p osition

nah - w eit signal, dist:sig

un ten - ob en signal

tro c k en - räumlic h signal, stim ulus

klare Ortung - di�us signal, dist:sig, sig:stim

dumpf - klar signal, dist:sig, dist:stim

dünn - v oll signal, dist:sig

dunk el - hell signal, dist:sig, distance

k ein - viel Bass signal, dist:sig, distance, p os:stim

k ein - viel Höhen signal, dist:sig, distance, stim ulus

leise - laut signal, dist:sig, distance, dist:sig:stim

T able 7.4 : Ov erview of the features, and whic h factors ha v e signi�can t in�uence

on them, in order of strength, for the shap e set. In teraction factors are separated

b y �:�. Abbreviations used are: dist(ance), p os(ition), sig(nal), stim(ulus).

correlation ortung klar v oll hell bass ho ehen

klare ortung di�us 1:000 � 0:324 0:351 � 0:287 0:368 � 0:258
dumpf klar � 0:324 1:000 � 0:306 0:689 � 0:523 0:477
duenn v oll 0:351 � 0:306 1:000 � 0:442 0:729 � 0:361
dunk el hell � 0:287 0:689 � 0:442 1:000 � 0:615 0:588
k ein-viel bass 0:368 � 0:523 0:729 � 0:615 1:000 � 0:503
k ein-viel ho ehen � 0:258 0:477 � 0:361 0:588 � 0:503 1:000

T able 7.5 : Correlation b et w een di�eren t features (the full table can b e found

in app endix E) for the shap e set.

7.3.4.3 Size

In table 7.7 a summary is giv en of whic h factors ha v e signi�can t in�uence on the

p erception of eac h feature, for the size set, based on the ANO V A tables whic h

can b e found in app endix E.

Based on these dep endencies, the means for eac h feature are displa y ed in

�gures 7.29 , 7.30 and 7.31 .

The p erceiv ed width of the source is not clearly dep enden t on the size of the

ob ject. The full size, �nely re�ned ob ject is clearly p erceiv ed to b e wide, but

the non-re�ned full and half size ob jects are p erceiv ed to b e more narro w than

the quarter size and half size re�ned v ersions. The di�erences are more clearly

pronounced for the v oice stim ulus.

F or the horizon tal lo calisation w e can see there is a clear agreemen t for

the full size ob ject v ersus the smaller ob jects. The lo calisation is also clearly
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Importance of components:

Comp.1 Comp.2 Comp.3 Comp.4

Standard deviation 1.9445795 1.2619726 1.1175722 0.97056103

Proportion of Variance 0.3151158 0.1327146 0.1040806 0.07849906

Cumulative Proportion 0.3151158 0.4478303 0.5519110 0.63041004

Comp.5 Comp.6 Comp.7 Comp.8

Standard deviation 0.95516040 0.88828233 0.83597022 0.7902018

Proportion of Variance 0.07602762 0.06575379 0.05823718 0.0520349

Cumulative Proportion 0.70643765 0.77219144 0.83042863 0.8824635

Comp.9 Comp.10 Comp.11 Comp.12

Standard deviation 0.71862817 0.63858442 0.51878946 0.46591694

Proportion of Variance 0.04303554 0.03398251 0.02242854 0.01808988

Cumulative Proportion 0.92549907 0.95948157 0.98191012 1.00000000

T able 7.6 : Imp ortance of comp onen ts in the principal comp onen t analysis for

the shap e set.

dep enden t on the listening p osition, and also somewhat on the distance of the

ob ject.

The distance p erception ( nah-weit ) do es not seem to b e v ery signi�can t

b et w een the di�eren t sizes, though there is a signi�can t di�erence b et w een the

sizes, dep ending on the distance of the ob ject.

The v ertical lo calisation do es again not really signi�can tly v ary with the

signals, though there are sligh t di�erences dep ending on the factors distance

and stim ulus.

The trend of distinguishing b et w een the ob jects based on the feature tr o cken-

r äumlich , seems to b e more dep enden t on the discretisation distance, than on

the size itself. There is also a signi�can t di�erence b et w een the t yp e of stim ulus,

and to a lesser exten t the listening p osition.

The discretisation distance is the most dominan t in the p erception of the

feature klar e Ortung-di�us . There is a clear distinguishmen t b et w een the signals,

but it do es not increase linearly with increase of size (k eeping the discretisation

constan t).

The loudness is v arying dep ending on the distance. Whereas for a close

distance, the signals cannot b e distinguished in loudness, on a large distance

they can.

The feature dumpf-klar seems to b e mostly dep enden t on discretisation dis-

tance, and also v aries based on stim ulus and distance of the ob ject. Similar

trends are seen for the features dünn-vol l , dunkel-hel l , kein-viel Bass and kein-

viel Höhen .

So again w e see a strong correlation b et w een the tone colour features, whic h

is v eri�ed in the correlation table 7.8 .

F rom the principal comp onen t analysis (see table 7.9 ), w e see that according

to the Kaiser-Guttmann criterion 3 comp onen ts are relev an t, whic h is con�rmed

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



172 7.3. PER CEPTUAL EFFECTS

feature factors

eng - breit signal, stim ulus, sig:stim

links - rec h ts dist:p os:sig, p os:sig, signal, dist:p os, dist:sig,

p osition, distance, p os:sig:stim

nah - w eit dist:sig, sig:stim, signal

un ten - ob en stim ulus, distance, signal, p osition

tro c k en - räumlic h signal, stim ulus, p osition

klare Ortung - di�us signal, dist:sig, stim, p os:stim, sig:stim, distance

dumpf - klar signal, distance, dist:sig, stim ulus, sig:stim

dünn - v oll signal, dist:sig, distance, p osition, stim ulus

dunk el - hell signal, distance, dist:sig, dist:p os:sig

k ein - viel Bass signal, distance, dist:sig, sig:stim, stim ulus, dist:stim

k ein - viel Höhen signal, dist:sig, distance

leise - laut signal, dist:sig

T able 7.7 : Ov erview of the features, and whic h factors ha v e signi�can t in�uence

on them, in order of strength, for the size set. In teraction factors are separated

b y �:�. Abbreviations used are: dist(ance), p os(ition), sig(nal), stim(ulus).

correlation ortung klar v oll hell bass ho ehen

klare ortung di�us 1:000 � 0:529 0:405 � 0:446 0:484 � 0:333
dumpf klar � 0:529 1:000 � 0:512 0:748 � 0:681 0:573
duenn v oll 0:405 � 0:512 1:000 � 0:530 0:731 � 0:431
dunk el hell � 0:446 0:748 � 0:530 1:000 � 0:659 0:607
k ein-viel bass 0:484 � 0:681 0:731 � 0:659 1:000 � 0:550
k ein-viel ho ehen � 0:333 0:573 � 0:431 0:607 � 0:550 1:000

T able 7.8 : Correlation b et w een di�eren t features (the full table can b e found

in app endix E) for the size set.

b y the Scree-test (�gure 7.32 c). F rom the biplots (�gure 7.33 c) w e can see that

again the �rst comp onen t is connected to the tone colour, whereas the other

comp onen ts are more related to spatial features.

7.3.5 Summar y of resul ts

Summarising the results, w e can conclude that the di�erence in tone colour w as

the most clear p erceiv able feature when auralising complex ob jects. It c hanges

with increasing re�nemen t; this is in accordance with what w e exp ected from

the ph ysical e�ects discussed in section 7.1 .

The other p erceptual comp onen ts are of a spatial nature.

The feature unten-ob en w as not signi�can t in an y set, so do es not seem to

b e an imp ortan t feature; whic h is not surprising, as the repro duction only tak es
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Importance of components:

Comp.1 Comp.2 Comp.3 Comp.4

Standard deviation 2.0851601 1.2577217 1.08055942 0.96487530

Proportion of Variance 0.3623244 0.1318220 0.09730072 0.07758203

Cumulative Proportion 0.3623244 0.4941464 0.59144711 0.66902914

Comp.5 Comp.6 Comp.7 Comp.8

Standard deviation 0.92974503 0.82728904 0.77773513 0.72755054

Proportion of Variance 0.07203549 0.05703393 0.05040599 0.04411082

Cumulative Proportion 0.74106463 0.79809856 0.84850455 0.89261537

Comp.9 Comp.10 Comp.11 Comp.12

Standard deviation 0.64775185 0.6384331 0.50331123 0.45619526

Proportion of Variance 0.03496521 0.0339664 0.02111018 0.01734284

Cumulative Proportion 0.92758057 0.9615470 0.98265716 1.00000000

T able 7.9 : Imp ortance of comp onen ts in the principal comp onen t analysis for

the size set.

place in the horizon tal plane.

With increasing re�nemen t, the lo calisation w as more cen tralised (whic h is

in accordance with Blauert's discussion of p erception of correlated sources (see

also 1.3.3 )), though at the same time it w as considered as more di�use, and less

clearly lo calised.

The p erceiv ed loudness di�erences that w ere found are quite lik ely related

to the fact that although the loudness w as equalised b y listening to eac h signal,

there w ere some signals, whic h w ere still louder. Ho w ev er, since the execution of

the listening test, the calculation metho d has b een expanded with an amplitude

correction, whic h pro vides a b etter solution for the loudness equalisation.

It is suggested for future w ork to do another exp erimen t, where the signals

from the p oin ts on the surface are not iden tical, but rather dep enden t on eac h

other in a ph ysical meaningful w a y . The n um b er of features tested can b e

limited to one or t w o tone colour features, and the spatial features used here,

with the exception of ob en-unten . Another feature that could b e in teresting to

in v estigate is natur alness .

The use of recordings of v oice, guitar and drums, should also b e review ed.

As eac h of the recordings is made at a certain distance from the source itself,

natural damp ening of the higher frequencies will already ha v e tak en place, so

the �nal result with this repro duction metho d will b e exaggerated. It ma y b e

w orth while lo oking in to source signals whic h more accurately �t the source, i.e.

recordings from the surface of an instrumen t, or source signals created through

ph ysical mo delling.
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Figure 7.24 : Means and 95% con�dence in terv als for eac h spatial feature, split

up according to factors they are dep enden t on, for the re�nemen t set.
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Figure 7.25 : Means and 95% con�dence in terv als for eac h feature, split up

according to factors they are dep enden t on, for the re�nemen t set.
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Figure 7.26 : Means and 95% con�dence in terv als for eac h spatial feature, split

up according to factors they are dep enden t on, for the shap e set.
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Figure 7.27 : Means and 95% con�dence in terv als for the feature leise-laut , split

up according to factors it is dep enden t on, for the shap e set.
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Figure 7.28 : Means and 95% con�dence in terv als for eac h feature, split up

according to factors they are dep enden t on, for the shap e set.
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Figure 7.29 : Means and 95% con�dence in terv als for eac h spatial feature, split

up according to factors they are dep enden t on, for the size set.
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Figure 7.30 : Means and 95% con�dence in terv als for eac h feature, split up

according to factors they are dep enden t on, for the size set.
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Figure 7.31 : Means and 95% con�dence in terv als for eac h feature, split up

according to factors they are dep enden t on, for the size set.
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Figure 7.32 : Scree plots for the principal comp onen t analyses.
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Figure 7.33 : Biplots for the principal comp onen t analysis, for eac h set.
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Chapter 8

Conclusions

W a v e Field Syn thesis pro vides a solution to man y limitations found in other

spatialisation tec hniques where a con vincing repro duction is only ac hiev ed in a

'sw eet sp ot'. WFS excels at creating a clear lo calisation of virtual sound sources

for a large listening area, b y ph ysically (re)creating the w a v e �eld. In order to

do so, it do es need a considerable in v estmen t in hardw are: loudsp eak ers and

computation p o w er, and su�ers from spatial aliasing. With the adv en t of man-

ufacturers of loudsp eak er panels, mostly con taining 8 loudsp eak er c hannels, and

the increase in a v ailable computation p o w er, ev en on the consumer mark et, the

in v estmen t in a WFS system b ecomes a�ordable. While comp osers and sound

artists alik e are em bracing the tec hnology , considerable future dev elopmen ts

w ould ensure that this b ecomes a viable sound presen tation en vironmen t.

Since the �rst public WFS concert in 2003, there ha v e b een sev eral w orks

presen ted to audiences, and increasing n um b ers of comp osers are displa ying an

in terest in w orking in this �eld. With more institutes in v esting in WFS tec hnol-

ogy , this in turn pro vides more opp ortunities for comp osers and sound artists

to do so. Sim ultaneously , WFS researc h is also undergoing dev elopmen ts to

enhance the p ossibilities of the tec hnique b ey ond mere source mo v emen ts. This

includes metho ds for repro ducing 3D sound ob jects that ha v e b een presen ted in

this thesis.

As more comp osers b ecome in v olv ed in using WFS this will increase demands

on the p ossibilities that the soft w are o�ers. These demands will include con trol-

ling parameters of the spatialisation, plus h uman computer in terface mo dels to

do so, as w ell as demands for acoustical b eha viour of the system. While WFS

pro vides a means of recreating natural acoustic spaces, whic h has b een the fo cus

of man y dev elopmen ts so far, comp osers in terests lie b ey ond these represen ta-

tions. Their desires are also directed to w ards creating virtual and unnatural

acoustic spaces. It could b e surmised that the time has come to address not

only the question of �Ho w can w e use W a v e Field Syn thesis?�, but also �Ho w

can w e abuse W a v e Field Syn thesis?�.

While additional w ork can b e directed to w ards impro ving the soft w are as

presen ted in c hapter 3, future w ork should b e fo cussed on establishing a com-
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patible format b et w een WFS systems as w ell as b et w een di�eren t repro duction

metho ds. Of sp ecial in terest here is addressing the asp ect of scaling comp ositions

b et w een large and small systems, whic h is b oth a tec hnological and aesthetic

issue.

This thesis presen ts a metho d for repro ducing arbitrarily shap ed sound

sources, based on an additiv e p oin t source metho d where p oin t sources are

p ositioned on the surface of the (virtual) ob ject. This metho d includes calcula-

tion of di�raction of the sound, around the ob ject itself, based on the di�raction

mo del b y Sv ensson et al. [SF99 ]. Implemen tation of this metho d has b een dis-

cussed in detail, as w ell as the acoustical and p erceptual e�ects ac hiev ed with

it.

A listening exp erimen t sho ws that the p erceiv ed e�ect in�uences b oth tone

colouration (c haracterising the ob ject), as w ell as spatial e�ects with sev eral

dimensions suc h as source width and lo calisation. F urther listening exp erimen ts

are required to ev aluate the in�uence of v ariations in the spatial phase and

frequency relationships b et w een p oin ts on the ob ject surface.

The di�raction mo del that w as c hosen do es ha v e a w eakness in that it is a

geometrical mo del, and for the w a v e mo del on whic h WFS is based, this p oses

a problem as some of the repro duction sp eak ers ma y b e in a shado w zone for

certain p oin ts on the surface of the ob ject in question; this means that at the

repro duction arra y a second kind of di�raction o ccurs, as from the repro duction

arra y sound from the sp eak ers neigh b ouring the shado w ed zone will en ter this

shado w zone. A solution could b e a mo del whic h calculates the di�raction

for a represen tativ e (receiv er) area in the listening zone and do es a bac kw ards

transformation to the loudsp eak er arra y to calculate the repro duction signals.

Though the metho d has b een presen ted for WFS repro duction, comp onen ts

of this metho d could b e used for other purp oses, suc h as binaural repro duction.

F or the binaural repro duction, the problem with the di�raction mo del will not

b e a problem, as the signals can b e calculated directly for the lo cation of the

listeners' ears.

The metho d will b e useful for man y di�eren t applications, v arying from artis-

tic applications, to creating virtual en vironmen ts, b oth in industrial applications

(e.g. for auralisation of arc hitecture b efore buildings are actually built) and

training/education applications (e.g. military training, sound engineer training,

visually impaired), as w ell as researc h applications.

In order to mak e full use of the metho d, it will ha v e to b e connected with

ph ysical mo delling of the source ob ject surface vibration.

In the dev elopmen t of the metho d presen ted the emphasis has b een on at-

tempting to create a metho d that pro duces an accurate repro duction, partially

at the cost of computational complexit y . It should b e sub ject of future researc h

in ho w far suc h accuracy is needed to ac hiev e an e�ectiv e, plausible repro duction,

whic h is computationally simpler, and therefor capable of realtime application

(without ha ving to render in adv ance an y p ossible source constellation that ma y

o ccur).
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Outlook

W a v e �eld syn thesis as audio repro duction metho d op ens up a whole new range

of p ossibilities, whic h w ere previously imp ossible. This can ha v e a serious e�ect

on ho w w e think ab out what is a go o d audio repro duction: o v er 100 y ears of

w orking with mono and stereophonic tec hniques ha v e accustomed us to hearing

originally acoustic m usic mainly through electro-acoustic repro duction metho ds,

whic h in v olv e recording the acoustical m usic, follo w ed b y v arious manipulations

of the recording (including editing and c hanging the spatial relationships to

sound �go o d� on stereophonic repro duction) b y sound engineers, who follo w

their o wn aesthetics. Th us for man y listeners the acoustic (real) ev en t is no

longer the reference to whic h they compare a recording, but rather they compare

the acoustic ev en t (in whic h m usicians ma y mak e mistak es, or other n uances,

whic h are usually lost in the editing pro cess), when they visit a p erformance

(in whic h they ma y not b e seated in the ideal sp ot), to a p olished recording.

F uture sound engineers, who pro duce recorded m usic for WFS, ma y c ho ose

di�eren t aesthetics: they ma y w an t to return to come closer to the acoustic

ev en t, or they ma y w an t to ha v e more subtle means for p olishing the recording,

b y ha ving a larger con trol o v er all kinds of di�eren t parameters.

Another in teresting p oin t is that the clarit y of lo calisation with WFS, sets

higher demands on the accuracy of w orking with it: as sounds are more easily

lo calised, and th us segregated, �ner n uances in the sound will b e heard. In other

w ords, it is harder �to get a w a y with� inaccuracies.

As spatial qualities will gain more imp ortance in the creation pro cess of

con ten t, this ma y ev en tually also train the listeners more in spatial hearing.

A merge of WFS tec hnology with arc hitecture will b e necessary for the tec h-

nology to b ecome widespread, and come to the consumer's homes. This is not

only in teresting for repro ducing en tertainmen t con ten t, but it also �ts in to con-

cepts of sonic arc hitecture, where a building is made suitable for living in, not

only b y the means of ergonomic structural design, c hoice of colours, ligh tning,

etc., but also in an acoustical sense, whic h is then no longer limited to elimi-

nating noise problems that are structurally transmitted, or impro v emen t of the

acoustics of a space, but also giv e options for enhancing the space with sound,

whic h mak es a p erson feel comfortable within the space.

WFS is an excellen t tec hnology for augmen ted realit y , where virtual realit y

in teracts with �real� realit y . Whereas for visual virtual realit y the problem is

that the ob jects mo delled ha v e no substance, i.e. w e cannot touc h the virtual

ob ject, for acoustically mo delled ob jects, w e do not need a substance, as sounds

do not normally ha v e substance in nature; in other w ords, in order to in teract

with an auditory virtual realit y the repro duced sound is enough: there is no need

for further mo delling through haptic devices. This mak es it easier to merge an

acoustic virtual realit y with the real w orld and so create an augmen ted realit y .

WFS, esp ecially when merged with arc hitecture in suc h a w a y that its hardw are

is not recognisable, pro vides excellen t metho ds to create suc h an augmen ted

realit y , as it can easily create a windo w in to a virtual w orld, and ev en op en this

windo w, as virtual sounds can b e p ositioned in fron t of the loudsp eak ers.

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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Appendix A

XML file f orma ts

<?xml version="1.0"?>

<!DOCTYPE globalarray PUBLIC "" "globalarray.dtd ">

<globalarray>

<speakers distance="0.1" reference="15.0" />

<focus 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 arra y con�guration.
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<?xml version="1.0" encoding="UTF-8 "? >

<!DOCTYPE array PUBLIC "" "array.dtd">

<array>

<segment numspeak="8" winwidth="0"

startx="-0.4025 00" starty="0.02000 0" startz="2.115423 "

endx="0.302500" endy="0.020000" endz="2.115377"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="0.40618 8" starty="0.020000 " startz="2.11537 0"

endx="1.111188" endy="0.020000" endz="2.115324"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="1.21487 5" starty="0.020000 " startz="2.11531 8"

endx="1.919875" endy="0.020000" endz="2.115272"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="2.02356 2" starty="0.020000 " startz="2.11526 5"

endx="2.728562" endy="0.020000" endz="2.115219"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="2.83225 0" starty="0.020000 " startz="2.11521 2"

endx="3.537250" endy="0.020000" endz="2.115167"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="3.64093 7" starty="0.020000 " startz="2.11516 0"

endx="4.345937" endy="0.020000" endz="2.115114"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

<segment numspeak="8" winwidth="0"

startx="4.44962 4" starty="0.020000 " startz="2.11510 7"

endx="5.154624" endy="0.020000" endz="2.115061"

normx="-0.00000 0" normy="1.000000" normz="0.000000" />

</array>

Figure A.2 : Example of an arra y con�guration �le, con taining sev eral linear

segmen ts.
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<?xml version="1.0"?>

<!DOCTYPE swonderconfig PUBLIC "" "swonderconfig.d td ">

<swonderconfig>

<cwaddr host="127.0.0.1" port="58100"/>

<defaults projectpath="/hom e/ wf sus er /sw on de r/p ro je cts " maxsources="64" />

</swonderconfig>

Figure A.3 : Example of a sW ONDER default con�guration �le, con taining the

IP address and p ort of cwonder , a default pro ject path and maxim um n um b er

of sources.

<?xml version="1.0"?>

<!DOCTYPE swonder SYSTEM "swonder.dtd">

<swonder name="example_p ro jec t" folder="" samplerate="441 00 "

arrayfile="" gridfile="">

<scene id="0" name="demo">

<source id="0" type="1" name="Source #1" mute="0"

posx="-1.66187" posy="-4.41185" posz="1" angle="-0"/>

<source id="1" type="0" name="Source #2" mute="0"

posx="-11.1" posy="-2.65" posz="1" angle="37"/>

<source id="2" type="1" name="Source #3" mute="0"

posx="10.95" posy="4.75" posz="1" angle="-0"/>

</scene>

<scene id="1" name="demo2">

<source id="0" type="1" name="Source #1" mute="0"

posx="-14.8619" posy="7.93815" posz="1" angle="-0"/>

<source id="1" type="0" name="Source #2" mute="0"

posx="-14.05" posy="12" posz="1" angle="37"/>

<source id="2" type="1" name="Source #3" mute="0"

posx="15.1" posy="16.95" posz="1" angle="-0"/>

</scene>

<scene id="2" name="demo3">

<source id="0" type="1" name="Source #1" mute="0"

posx="-1.66187" posy="-4.41185" posz="1" angle="-0"/>

<source id="1" type="0" name="Source #2" mute="0"

posx="-11.1" posy="-2.65" posz="1" angle="37"/>

<source id="2" type="1" name="Source #3" mute="0"

posx="10.95" posy="4.75" posz="1" angle="-0"/>

</scene>

</swonder>

Figure A.4 : Example of a sW ONDER pro ject �le, con taining three scenes.
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<?xml version="1.0"?>

<!DOCTYPE scorefile SYSTEM "score.dtd">

<scorefile date="2007-09-0 8 15:49:19">

<orchestra>

<src id="0" type="1" posx="0.153824" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="1" type="1" posx="0.153847" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="2" type="1" posx="0.15387" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="3" type="1" posx="0.153893" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="4" type="1" posx="0.153916" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="5" type="1" posx="0.153939" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="6" type="1" posx="0.153962" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="7" type="1" posx="0.153985" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="8" type="1" posx="0.154008" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="9" type="1" posx="0.154031" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

<src id="10" type="1" posx="0.154054" posy="0.0034" posz="0.0045"

rotx="0" roty="0" rotz="0" angle="0"/>

</orchestra>

<score>

<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"/>

</score>

</scorefile>

Figure A.5 : Example of a score �le.
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Appendix B

Pr ogram notes

B.1 Concer t Pr ogram Club Transmediale 2003

T uesda y , F ebruary , 4th, 2003

This concert is supp orted b y the Electro-A coustic Studio of the TU Berlin.

F urthermore, this concert w ould not ha v e b een p ossible without the program

BruteFIR of Anders T orger.

Present a tion about W a ve Field Synthesis

Marije Baalman

W a v e Field Syn thesis giv es the p ossibilit y to construct a w a v e�eld as desired,

whic h means that one can arbitrarily place a virtual sound source in space and

with W a v e Field Syn thesis, one can calculate appropriate loudsp eak er signals to

create a w a v e �eld as it w ould b e when a real sound source w ould ha v e b een at

the sp eci�ed lo cation. A t the momen t the necessary calculation capacit y mak e

it p ossible to let suc h a system run in realtime and enable the virtual sound

sources to mo v e through space. The system has as an adv an tage ab o v e other

systems that the e�ect is not based on psyc ho-acoustic theories and has a large

listening area; this mak es the tec hnique ideal for concert en vironmen ts.

The principles of the system will b e presen ted, as w ell as the soft w are written

to enable comp osers to mak e use of the system.

More information can b e found at: http:// www. kgw. tu- berlin. de/ ~baalman/

Bunte Flügel

F rie der Butzmann - (1974/2003) - 6:19

1974. Rejected b y the girl friend. What else could I do than making more

electronic m usic?! I constructed and soldered, together with a friend, the ma-

c hine "Duo Multivibratorsimiltan Hic k Hac k". With this, I recorded man y long

tones, �ying high and falling ev en deep er, and distributed them o v er four c han-

nels. The tones had to �y! (Ja, die Lieb e hat bun te Flügel. Solc h einen V ogel

fängt man sc h w er" / Carmen, Bizet). But they w ouldn't �y . Ma yb e they �y
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no w with WFS.

hermetische_gara ge

Boris He genb art - (2003) - 5:57

is a trac k from the new [#/T A U]-release

[somethingmovingi ns ide pl as tic bo x]

[smip] will b e released in spring 2003 on Quec ksilb er/Staubgold

Restored to Life

Ilka Theurich - (2003) - 10:20

'Since 1999, I am exp erimen ting with sound and more and more SOUNDart-

PERF ORMANCES come to liv e. A t the momen t the cen tral fo cus of m y artistic

w ork is at a p erformativ e soundgeneration and the acousmatic in terpretation,

i.e. the gesture of the sound that is created in a momen t, its presence within the

ro om and its propagation from there. "Restored to Life" is a comp osition for

w a v e �eld syn thesis, where I for the �rst time try to dev elop these ideas within

an auralisation.'

Ballr oom

Markus Schneider + visualisation b y Pietr o Sanguineti - (2003) - 6:00

6 min utes audio video for a spatial sound system.

audio: markus sc hneider

audio source: sound�les from a w ebpage that explain the p ositioning of sound

in space. all �les are sim ulating v arious p ositions of sound in space. the original

�les where partially treated and then arranged on 8 trac ks within liv e audio

soft w are. the original source no w will app ear di�eren tly and in new spatial

p osition through the spatial sound system .

video: pietro sanguineti.

4 videos on 4 screens sho w:

video 1 = 1 ball.

video 2 = 2 balls.

video 3 = 3 balls.

video 4 = 4 balls.

this b ecause of 2 reasons:

- eac h ball is represen ting the image of an image (here as w ell an 3d image).

there are 4 screens.

- the piece is called ballro om.

Pollocks Sprechwunsch

Marije Baalman - (2003) - 6:02

Jac kson P ollo c ks impro visational drip pain ting tec hnique w as the mo del for de-

termining the mo v emen ts of the sounds through space. The w ord �Sprec h wun-
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sc h� (wish to sp eak), found in the Berlin trams, w as the source of inspiration

for the sounds. In this piece ballo ons try to sp eak...

Hands and Fingers

R ob ert Lipp ok - (2003) - 6:04

Pingpong Ballet

Mar c Lingk - (2003) - 15:00

I w an ted an impulsiv e, discon tin uous and discretely mo ving sound, that should

not b e from a p ercussion instrumen t nor an arti�cial electronic sound. This

sound had to b e v ery fast and ric h in o v ertones, so that one can w ork with

its sound color and spaciousness. I then had the c hoice b et w een pinp ong balls

and brok en b eer b ottles. The last ones don't �y as fast, and not at all without

distortion. So I w as left with pingp ong balls. That also had an adv an tage, as

the setup of the game itself suggests a c horeographie. Left and righ t t w o pla y ers

with bats, a table in the middle, and a ball, a v ery fast ball, that also from time

to time drops on the �o or. Mo dulation algorithms will b e pla y ed, that could

mak e a real sp ortsman crazy . The system of Marije Baalman is v ery suitable to

displa y this mo v emen t in space. I see a grand future in this system.

Marc Lingk, 31.1.3

B.2 Electr ofringe 2003

Beurskra ch

Marije Baalman + visualisation b y Julius Stahl - (2003) - 3:30

Exploring the p ossibilities of an ob ject in space, that emanates sligh tly di�eren t

from di�eren t p oin ts. Pla ying with distance p ersp ectiv e as in a dra wing. Im-

plo ding and explo ding and coming together and �nally falling apart. Marije

Baalman

Building on photographic material of the sources of sound, eac h "v oice" is

giv en a visual platform whose represen tation is determined from the prop ert y

of the resp ectiv e sound. Therein is a bac kground platform, in terpreting the

acoustic en vironmen t in a di�eren t w a y . The represen tation v aries, with ev ery

p erformance. Julius Stahl

B.3 Linux A udio Conference 2004

Scra tch

Marije Baalman

This is a sound installation utilising W a v e Field Syn thesis, created for the Lin ux

Audio Conference 2004, in Karlsruhe, German y . Scratc h is a sonic creature, that

mak es scratc h y sounds and mo v es around in space. The creature ev olv es itself

and reacts to some exten t on the audience.
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B.4 Dona ueschingen 2006

Hallenfelder

Kirsten R e ese

Klang- Videoinstallation (2006), 50 Min uten

Die Klang-Video-Installation, en tstanden 2006 im Auftrag der Donauesc hinger

Musiktage, wurde für ein W ellenfeldsyn thesesystem mit 20 Lautsprec hern en-

t wic k elt. Der A tmosphäre der leeren T urn- und Mehrzw ec khallen Donauesc hin-

gens w erden auditiv e und visuelle Momen taufnahmen der vielfältigen V eranstal-

tungen, die in diesen Räumen das Jahr üb er statt�nden, gegen üb ergestellt.

�Hallenfelder� handelt v on neun Hallen und Sälen, in denen w ährend der Donauesc hinger

Musiktage regelmäÿig Musikv eranstaltungen statt�nden. Einerseits w erden Klang

und A tmosphäre der Hallen selbst in den Mittelpunkt gestellt. Andererseits

geh t es um das P otenzial dieser Räume - als �Mehrzw ec khallen� zeic hnen sie

sic h dadurc h aus, dass sie mit un tersc hiedlic hen Inhalten gefüllt w erden k önnen.

In die Stille der leeren Räume brec hen auditiv e und visuelle Momen taufnah-

men v on V eranstaltungen ein, die dort das Jahr üb er statt�nden, w enn nic h t

Musiktage sind. Durc h mediale Aufzeic hn ung und Bearb eitung w erden reale

Klänge abstrahiert und �m usik alisiert�. Gleic hes gesc hieh t mit den Eindrüc k en

der V eranstaltungen selbst: w as erklingt, ist b eispielhaft, ab er auc h b eliebig, ist

singulär, ab er auc h immer wieder gleic h. Die Ereignisse sind - wie die Musiktage

selbst - einmalig und wiederholen sic h immer wieder, je nac h P ersp ektiv e und Be-

deutung, die ihnen auf einer p ersönlic hen, kulturellen und künstlerisc hen Eb ene

zugewiesen w erden. �Hallenfelder� wird üb er eine Lautsprec herzeile mit 20 Laut-

sprec hern in W ellenfeldsyn these wiedergegeb en. Da es nic h t um die Abbildung

v on Realität, sondern eher um ihre Zuspitzung geh t, w erden die Möglic hk eiten

der W ellenfeldsyn these nic h t n ur für eine V erdeutlic h ung der räumlic hen Klang-

p ersp ektiv en gen utzt, sondern auc h um mit �unnatürlic h� w ec hselnden Hörp er-

sp ektiv en, momen thaften Irritationen und Illusionen zu spielen.

B.5 Linux A udio Conference 2007

WFSLoop

W a v e Field Syn thesis (WFS) is an in teresting metho d for spatialisation of elec-

tronic m usic. Its main adv an tage is that it has no sw eet sp ot, but instead a

large listening area, making the tec hnology attractiv e for concert situations.

The concept of W a v e Field Syn thesis (WFS) is based on a principle that w as

though t of in the 17th cen tury b y the Dutc h ph ysicist Huygens (1690) ab out

the propagation of w a v es. He stated that when y ou ha v e a w a v efron t, y ou can

syn thesize the next w a v efron t b y imagining on the w a v efron t an in�nite n um b er

of small sources, whose w a v es will together form the next w a v efron t.

Based on this principle, Berkhout (1988) in tro duced the w a v e �eld syn thesis

principle in acoustics.

By using a discrete, linear arra y of loudsp eak ers, one can syn thesize correct

w a v efron ts in the horizon tal plane. An in teresting feature is that it is also
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p ossible to syn thesize a sound source in fron t of the sp eak ers, something whic h

is not p ossible with other tec hniques.

There are some limitations to the tec hnique.

Spatial aliasing has a result that a w a v e �eld is not correctly syn thesized

an ymore and artefacts o ccur. This results in a bad lo calisable sound source.

This limitation is a ph ysical limitation, whic h can not really b e o v ercome. Ho w-

ev er it dep ends on the sound material whether or not this aliasing is a problem

from a listener's p oin t of view. In general, if the sound con tains a broad sp ec-

trum with enough frequencies b elo w the aliasing frequency , the source is still

w ell lo calisable.

F urthermore, a lot of loudsp eak ers are needed as w ell as computation p o w er

to calculate the sp eak er signals for all these sp eak ers.

F or the W a v e Field Syn thesis system in lecture hall H0104, four comp ositions

ha v e b een prepared, whic h will pla y in a lo op in the times men tioned b elo w.

The lo op starts ev ery hour.

Reale Existenz! (2007)

A ndr é Bartetzki

This piece is based on short fragmen ts of a lecture b y the Austrian ph ysicist

Sc hrö dinger. Erwin Sc hrö dinger, one of the in v en tors of quan tum ph ysics, got

v ery p opular due to his though t exp erimen t with a cat in a closed b o x in whic h

he tried to illustrate the sup erp osition of quan tum states. Coupled to the state

of a deca ying atom (via a Geiger coun ter and a �ask of acid) the cat is after a

while b oth dead and still aliv e according to the sup erp osition of the t w o p ossible

states of that unstable atom. Only a collapse of the w a v e function of this system

- caused b y an observ er or b y the in�uence of the macroscopic en vironmen t -

could the cat release of its indecisiv e state.

Streams (2007)

Victor L azzarini

Streams is a m ulti-dimensional w o o dwind quartet, set in 3-D ph ysical space

and in the sev eral dimensions of frequency-space. The piece is roughly com-

p osed of three o v erlapping sections, starting with a slo w con tin uous-sound part

where eac h of the four instrumen ts get split in t w o and glide around the space

ev en tually condensing bac k together. The middle section starts with c hord-

forming lines that are spun around the space, con tin uing in to brief statemen ts

of melo dic motiv es that ev en tually lead to in terlo c king ostinatos. These acceller-

ate to an imp ossible temp o and then slo w do wn to the original sp eed. The third

section is dominated b y an ev er-ascending canon (b y tone), pla y ed b y sligh tly

un-sync hronised parts. A �nal co da is based on the ideas/texture of the �rst

section. The piece w as comp osed mostly using soft w are sp ecially dev elop ed b y

the comp oser for sp ectral and time-domain pro cessing. This w a v e�eld-syn thesis

v ersion is dedicated to the TU-Berlin WFS team: Marije, Simon, T orb en, Thilo,

Daniel and Eddie.
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Rituale

Hans T utschku - (2004) - 15:00

The 15 min ute piece �Rituale� (2004) pro cesses h uman v oices and instrumen tal

sounds from v arious cultures to a sound ritual. It is a con tin uation of the w ork on

�Ro jo� and �ob ject-obstacle�, whic h w ere b oth also concerned with the theme of

rituals. The comp osition uses extensiv ely the p ossibilit y to place sound sources

b et w een the sp eak ers and the listeners - and so inside the listening ro om. In

this w a y the sounds come v ery close to the listeners.

�Rituale� w as originally (in 2004) created for the IOSONO W a v e Field Syn-

thesis system in the Ilmenauer Lindenkino, and w as adapted for the lecture hall

of the TU Berlin in 2007.

East (fr om A tlas )

Christian Calon - (2007) - 17:00

Based on an idea of cartograph y , the A tlas pro ject, in its �nal form will b e a sp a-

tial instal lation . Musically , it is an hommage to man's creativ e en terprise whic h

consists in to probing the unkno wn with the help of sound making instrumen ts

and then to turn ephemeral impressions in to imp erishable creations.

This part of A tlas, East , w as realized �rst as a concert v ersion. The comp o-

sition and the spatialization follo w ed the concept of sound�eld, whic h a WFS

excels at repro ducing. All sounds w ere generated as correlated m ultitrac k ob-

jects to b e placed and spatialized as small constellations in this larger sound

�eld, in order to create a m ulti-directional space for the listener.

The m usic is based on the sounds of traditional m usic instrumen ts from the

F ar Eastern regions of the Earth.

The realization of East w as made p ossible with a commission from the In-

v en tionen F estiv al/D AAD, Berlin, and the Canada Council. I am v ery grateful

to these institutions whom I w armly thank for triggering and supp orting this

stage of the large A tlas pro ject.

In its �nal spatial installation form, A tlas will stage sev eral parallel maps:

ˆ in sound, it is a tribute to the creativ e en terprises of man in probing the

unkno wn with the help of his m usical instrumen ts

ˆ as a silen t and virtual mon umen t, the pro jected b o dysc ap e images will

presen t as another cartograph y , a surround top ograph y of skins and faces

of mankind in its ric hness and div ersit y

ˆ at the same time pro jected texts app earing on or around the b o dyscap es,

will dra w and list an underlying w orld map of Infamies , acts of hate,

violence and p o w er, p erp etrated b y man on his fello w man.

B.6 Lange Na cht der Wissenschaften 2007

Xr onos

Ludger Brümmer - 18.10 min.sek

Elektroakustisc he K omp osition und Video-T ryptic hon
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T anz: Nick Ha�ner, Katja Büchtermann

Video, Computer Animationen, Musik: Ludger Brümmer

Zeit, Ewigk eit, v erändern, en t wic k eln, v ergessen, Sein; es gibt viele Sic h t w eisen

auf die Zeit, seien es statisc he, dynamisc he o der philosophisc he. Zeit ist die

Grundlage für alles prozesshaft und läÿt sic h n ur mit sic h selbst, üb er den W eg

der Gesc h windigk eit v erändern. Die Musik, als akustisc he Äuÿerung der Zeit

b en utzt allesam t mit ph ysik alisc hen Mo dellen erzeugte Klänge. Diese sind zu

mehr o der w eniger prozeÿhaften Organismen zusammengefasst und bilden eine

groÿe formale Phrase, die sic h v on einem w eniger dic h ten Prozeÿ in einen repi-

titiv en Sog hinein steigert. Anders als die Musik, b en utzt die visuelle Eb ene

neb en den Computeranimationen auc h dynamisc he Phänomene der Natur, wie

W asser und W olk en, ab er auc h Individuen, Tänzer. Alle diese Ob jekte b ew e-

gen sic h. Jedes auf seine eigenen Art, die sic h jedo c h auc h un tereinander in

Bezieh ung setzen lassen, ob sie n un Gestalten o der Gesten ausbilden o der ob

ihre Bew egungen in einer Fläc he un tergehen. Der Film soll w eder die Musik

erklären, no c h soll er sie k ommen tieren. Er soll genauso wie der Klang und der

Rh ythm us eine Ausdruc ksw eise der Zeit darstellen.

Der Zuspielung üb er die WFS-Analge stehen 3 Videos gegen üb er. Die Videos

selbst en thalten zw ei o der einen sic h b ew egenden K örp er, die Animationen en-

thalten 5 einzelne Elemen te. Die dreifac he Aufteilung wird mal zum Gesam tbild,

mal zur Einzelgestalt. Jeglic he K om bination ist denkbar und es ist wic h tig die

Dinge auseinanderzuhalten, nic h t zusammenzuführen. In manc hen Momen ten

jedo c h addieren sic h alle Elemen te zusammen. Xronos en tstand anlässlic h eines

K omp ositionsauftrages des französisc hen Kultusministeriums und wurde mit der

Soft w are Genesis v on A CR OE Grenoble en t wic k elt. Es wurde am Sonic Arts

Reserc h Cen ter in Belfast und ZKM in Karlsruhe pro duziert.

Oral 29

Michael A mmann

�Oral 29 b esc hreibt meine F orsc h ung und mein F ortsc hreiten innerhalb meiner

p ersönlic hen, akustisc hen Impression und einer "abstrakten Musik alität". Die

einzelnen K omp ositionen sind als nie fertige Skizzen und prozesshaft-in tendiert

zu v erstehen. Säm tlic he Klänge sind phonetisc h generiert, spric h meine Stimme

dien t als einzige Klangquelle (siehe oralPhonetik). Mittels meinem Surround

T o ols Q_TIP bin ic h in der Lage Klänge räumlic h zu v erorten. Ohne soft-

w aregestütze Bearb eitungsund-Automatisierungsprozesse und ohne digitales Fil-

tering ist die Arb eit in dieser F orm nic h t möglic h.�

Zellen - Linien

Hans T utschku - (2007)

(ca. 13 Min uten), Urau�ührung

für Kla vier und liv e-Elektronik, mit Seb astian Berwe ck

Die elektroakustisc hen Bearb eitungen der Kla vierklänge in Ec h tzeit w erden
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alle durc h die Spielw eise des Pianisten gesteuert. Während des Spiels w erden

die m usik alisc hen Gesten des Instrumen talisten analysiert und in Abhängigk eit

derer v orb estimm te Reaktionen im elektroakustisc hen P art ausgelöst. Dies bi-

etet dem Spieler eine sehr direkte K omm unik ation mit seinem �Begleiter�. Die

Energie des Spielers erfährt eine direkte En tsprec h ung in den Klangb earb eitun-

gen und derer V erräumlic h ung. Die Wiedergab e der Elektronik mit dem System

der W ellenfeldsyn these erlaubt eine genaue Abbildung v on Klangb ew egungen,

die im Dialog zum Kla vierpart stehen.

Immersive Motion Stud y

Shintar o Imai - (2007)

This electroacoustic piece w as comp osed for the W a v e Field Syn thesis System at

TU Berlin, and w as realized at Kunitac hi College of Music in T oky o and Elec-

tronic Music Studio TU Berlin. The concept of this piece is to exp erimen t on

relations b et w een spatial mo v emen t/p osition/ direction of electroacoustics and

transition of its tim bre/texture. Suc h, "motion of sound" as it w ere, represen t

immersiv e p ersp ectiv es in m usical dynamics. The sound materials w ere pro-

cessed and organized via a realtime algorithmic sound-generating system based

on v arious gran ular sampling and phase v o co ding tec hnique. Some of sound

sources w ere p erformed b y �utist Sabine V ogel. The comp ositional algorithm

and sound syn thesis programs w ere all written in Max/MSP . F or editing and

mastering, Pro T o ols w as used as w ell.
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Algorithms

Algorithm C.1 Num b ering planes in the mesh

function WFSMesh::number planes

for all triangles do

if triangle has no plane n um b er then

create new plane

for all triangles do

if in the same plane then

assign plane n um b er

end if

end for

end if

end for

end function
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Algorithm C.2 Finding planes and outer edges in the mesh

function WFSMesh::find planes and outeredges ( np oin ts )

if not created planes and outeredges then

n um b er planes

for all triangles T do

get the asso ciated plane and add the triangle T to it

�nd all the neigh b ouring triangles

�nd all the neigh b ouring triangles on the same plane

if more neigh b ours than on the same plane then

. this means the triangle is near an outeredge

. �nd the edges that are part of the outeredge

for all edges E of T do

for all triangles T2 the edge is part of do

if not on same plane as T then

store reference to this E
end if

end for

end for

for all found edges of T do

for all outeredges do

if edge part of outeredge then

not a new edge

k eep reference to this outeredge

end if

end for

if new edge then

create new outeredge . see text

create midp oin ts for outeredge

end if

add outeredge to plane

end for

end if

end for

else if np oin ts != created np oin ts then

Rede�ne the midp oin ts on all outeredges

if di�raction calculated then

Reset the edgesources

end if

end if

end function
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Algorithm C.3 3D WFS p oin t source calculation

function WFSOpera tor::calcpointfil t ( WFSMesh, Arra y)

for all v ertices do

if �lter != zero then

create WFSP oin t

for all Arra ySp eak ers do

calc p oin t dela y att( sp eak er, v ertex, mesh )

end for

end if

end for

end function

function WFSOpera tor::calc point dela y a tt (Arra ySp eak er, V ertex,

WFSMesh)

calculate stationary p oin t

calculate distance to stationary p oin t

calculate distance b et w een reference line and stationary p oin t

if p oin t visible from sp eak er then

if p oin t b ehind sp eak er then

calculate dela y

calculate atten uation

p oin t v alid

else . not implemen ted y et

calculate dela y

calculate atten uation

p oin t v alid

end if

else

dela y and atten uation zero

p oin t not v alid

end if

end function
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Algorithm C.4 Sp eak er resp onse calculation p er ob ject

function Object::calcula teAndSa veWFS ( Arra y , �lename)

if calculate di�raction then

mesh->�nd planes and outer edges

end if

mesh->estimate �lter length

mesh->set windo wsize

mesh->set samplerate

if p oin t source then

create mesh with 1 p oin t

end if

mesh->scale

mesh->create �lter impulse resp onses

if calculate di�raction then

mesh->create di�raction edges . see section 6.6 .

mesh->prepare di�raction irs

end if

for all Lo cation do

mesh->transform to lo cation

if calculate di�raction then

mesh->create di�raction edgelines . this ensures the co ordinates

of the edgelines are correct for this lo cation

end if

if source t yp e == monop ole then

wfsop erator->calculate p oin t source �lters( arra y , mesh )

end if

if source t yp e == dip ole then

wfsop erator->calculate dip ole source �lters( arra y , mesh )

end if

if calculate di�raction then

wfsop erator->calculate di�raction p oin t �lters( arra y , mesh )

end if

wfsop erator->init con v olution( mesh )

wfsopera tor->calcula teAndSa veFil ters . see alg. C.5

mesh->transform bac k

end for

mesh->undo scaling

end function
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Algorithm C.5 Sp eak er resp onse calculation p er lo cation

function WFSOpera tor::calcula teAndSa veWFS ( �lename, WFS-

Mesh, Ob jectCo ordinates )

for all Arra ySp eak ers do

initialise sp eak er�lter

for all WFSP oin ts do

if atten uation not zero then

prepare FilterNo de �lter for con v olution

if �lter == unit y then

put dela y and atten uation in sp eak er �lter

else

create a WFS �lter based on dela y and atten uation

con v olv e with the FilterNo de �lter

put result in sp eak er �lter

end if

end if

end for

if calculate di�raction then . see section 6.6 .

for all Di�ractionEdges do

if v alid then

calculate impulse resp onse

if impulse resp onse non zero then

put result in sp eak er �lter

end if

end if

end for

end if

write Co efSet information

m ultiply sp eak er �lter with amplitude factor . see text

sa v e sp eak er �lter to �le

end for

end function
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Algorithm C.6 The algorithm to determine the di�raction edges

function WFSMesh::crea te diffra ction edges ( order, min. distance,

tolerance, zrange )

if created di�raction order < order then

. create the �rst order di�raction edges

if created di�raction order == 0 then

for all Planes P do

for all OuterEdges O in P do

coun ter di�raction edges for this edge n = 0
for all V ertices in P do

if Filter ! = zero then

if V ertex not on O then

if n == 0 then

create new di�raction edge with v ertex as

source

else

add v ertex as a source to di�raction edge

end if

end if

end if

end for

end for

end for

end if

. create the higher order di�raction edges

for max( created di�raction , 2 ) up to order do

for all OuterEdges O do

coun ter di�raction edges for this edge n = 0
for all Planes P , O is part of do

for all OuterEdges O2 of P do

if O! = O2 then

get list of di�raction edges in O2 that are of a lo w er

order than the one w e are curren tly creating

for all di�raction edges D in this list do

if n == 0 then

create new di�raction edge Dn
with D as lo w er edge

else

add Dn as a higher edge to D
end if

end for

end if

end for

end for

end for

end for

end if

created di�raction = order

end function
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Algorithm C.7 The algorithm to calculate the in termediary impulse resp onses

of the di�raction edges

function WFSMesh::prep are diffra ction irs

for order = 1 to highest order - 1 do

for all di�raction edges of order do

calculate the impulse resp onse

end for

end for

end function

function Diffra ctionEdge::calcula te irs

if order == 1 then . �rst order

for all higher edges H do

for all di�raction sources D on H do

create an IR v ector for the result and initialise at zero

set D as the receiv er for this edge

for all di�racted sources S do

set S as source for this edge

calculate the edge source resp onse . see algorithm C.8

add result to IR
end for

if IR is zero then

delete IR
else

store IR in D
end if

end for

end for

else if order > 1 then . higher orders

for all higher edges H do

for all di�raction sources D on H do

create an IR v ector for the result and initialise at zero

set D as the receiv er for this edge

for all lo w er edges L of this edge do

for all di�raction sources S of L do

set S as source for this edge

calculate the edge source resp onse . see algorithm C.8

add result to IR
end for

end for

if IR is zero then

delete IR
else

store IR in D
end if

end for

end for

end if

end function
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Algorithm C.8 Algorithm for calculating the resp onse for a di�raction edge,

with set source and receiv er

function Diffra ctionEdge::calcula te edgesour ce response

initialise result IR R

�nd sample aligned sources

�nd within whic h edge sources the sample aligned are

for all sample aligned di�raction sources S on this edge do

calculate the con tribution � hi for S
add con tribution at sample time to IR R (�rst order only)

end for

for all di�raction sources D on this edge do

calculate the con tribution � hi for D
end for

for all di�raction sources D on this edge do

calculate resp onse IR D for D with (�rst order only) slop e correction

if order > 1 then

con v olv e with IR from previous order

end if

add IR D to IR R

end for

end function

function Diffra ctionSour ce::calcula te ir

Calculate distance of edge segmen t end p oin ts to receiv er lc1; lc2

Calculate the corner samples

if no sample aligned segmen ts within this segmen t then

calculate start and end dela y

do n umerical in tegration (calculate con tribution quad)

else if not only sample aligned segmen ts within this segmen t then

for all eac h end that do es not b elong to sample aligned segmen t do

calculate the length in samples

calculate a midp oin t zmid

do n umerical in tegration (calculate con tribution quad)

calculate a midsample (needed for slop e correction)

end for

end if

end function

function SampleAlignedSour ce::calcula te ir

if not an ap ex segmen t then

do n umerical in tegration (calculate con tribution quad)

else if ap ex segmen t then

calculate ap ex con tribution for part within zrange . within zrange

calculate midp oin t for zrange - znear to . z range to nearest endp oin t

do n umerical in tegration (calculate con tribution quad)

calculate midp oin t for zrange - zfar . z range to furthest endp oin t

do n umerical in tegration (calculate con tribution quad)

add all three con tributions

end if

end function
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Listening test

instr uctions

Hör test zur Wieder gabe v on willkürlich gef ormten

Sound-Quellen mit Hilfe der Wellenfeldsyn-

these - Teil 1

Vielen Dank für die T eilnahme an diesem Hörtest!

Hinter gr und

In herk ömmlic hen W ellenfeldsyn these An w endungen ist n ur die Wiedergab e v on

Punktquellen o der Eb enen W ellen möglic h. Neue F orsc h ungen un tersuc hen ob

und wie willkürlic h geform te Sc hall-quellen widergegeb en w erden k önnen.

Das Ziel dieses Hörtestes ist es, herauszu�nden w elc he E�ekte b ei der Re-

pro duktion einer willkürlic h geform ten Sc hallquelle hörbar sind.

Ev aluier ung

Dir w erden in insgesam t 27 Durc hgängen jew eils 3 v ersc hiedene Signale v orge-

spielt. Jedes dieser Signale ist maximal 10 Sekunden lang. Du k annst dir in

jedem Durc hgang die Signale so oft anhören wie du mö c h test.

A uf gabe:

In jedem Durc hgang sollst du die drei v orgespielten Signale v ergleic hen. Gib an,

w elc hes Signal sic h im Höreindruc k am meisten gegen üb er den b eiden anderen

Signalen un tersc heidet. Besc hreib e bitte diesen Un tersc hied. Bitte v ersuc he die

Un tersc hiede so detailiert und genau wie möglic h zu b esc hreib en.

Erkläre zusätzlic h, w as die anderen b eiden Signale gemeinsam hab en im Hörein-

druc k. Gib hier bitte auc h eine möglic hst genaue Besc hreibung.

Die Beurteilung der w ahrgenommenen Un tersc hiede und Gemeinsamk eiten soll
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auf akustisc h w ahrnehm bare Eigensc haften der Signale basieren und nicht auf

deiner p ersönlic hen Präferenz (w as du magst o der nic h t magst).

Hör test zur Wieder gabe v on willkürlich gef ormten

Sound-Quellen mit Hilfe der Wellenfeldsyn-

these - Teil 2

Vielen Dank für die T eilnahme an diesem Hörtest!

Hinter gr und

In herk ömmlic hen W ellenfeldsyn these An w endungen ist n ur die Wiedergab e v on

Punktquellen o der Eb enen W ellen möglic h. Neue F orsc h ungen un tersuc hen ob

und wie willkürlic h geform te Sc hallquellen widergegeb en w erden k önnen.

Das Ziel dieses Hörtestes ist es, herauszu�nden w elc he E�ekte b ei der Re-

pro duktion einer willkürlic h geform ten Sc hallquelle hörbar sind.
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Ev alua tion phase

Dir w erden in insgesam t 12 Durc hgängen jew eils 4 o der 5 v ersc hiedene Signale

v orgespielt. Jedes dieser Signale ist maximal 20 Sekunden lang. Du k annst dir

in jedem Durc hgang die Signale so oft anhören wie du mö c h test.

A uf gabe:

In jedem Durc hgang sollst du die wiedergegeb enen Signale nac h b estimm ten

Merkmalen b ew erten. Diese Merkmale wurden im v orhergehenden Exp erimen t

ermittelt. Zu b eac h ten ist, dass Die Beurteilung der w ahrgenommenen Un ter-

sc hiede und Gemeinsamk eiten auf akustisc h w ahrnehm baren Eigensc haften der

Signale basieren soll und nic h t auf deiner p ersönlic hen Präferenz (w as du magst

o der nic h t)

Skala:

Jedes Merkmal ist durc h eine bip olaren Sk ala gek ennzeic hnet. Diese Sk ala ist

in 5 Stufen un terteilt und hat zw ei en tgegenesetzte Ausprägungen als Maxima.

Ein Beispiel für die Ein teilung der Sk ala k annst du nac hfolgend erk ennen.

1 2 3 4 5

sehr groÿ groÿ mittel klein sehr klein

In diesem Hörtest sollst du jedem Signal für jedes Merkmal einen W ert v on

der 5-stu�gen Sk ala zuordnen. Dab ei ist in jeder Zeile das jew eilige Merkmal

mit seinen zw ei bip olaren Ausprägungen aufgetragen. In jeder Spalte m uÿt

du den Bew ertungsw ert der Sk ala für das en tsprec hende Signal ein tragen. Im

nac hfolgenden Sc hema ist b eispielhaft die Bew ertung v on vier Signalen und zw ei

Merkmalen dargestellt.

Signal 1 Signal 2 Signal 3 Signal 4

sehr groÿ 4 4 3 3 sehr klein

realistisc h 3 1 4 2 unrealistisc h

Hör testoberflä che:

Die Ben utzerob er�äc he sieh t so aus:

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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W enn du ein Signal abspielst, w erden die Spalten der andere Signale ausge-

blendet und k annst du das Signal w elc hes spielt b ew erten auf den Sk alen. Du

k annst die Zahlen 1 bis 5 ein tragen, o der mit den Pfeilen-T asten (ob en, un ten)

die W erte ändern. Mit <tab> gehst du zum näc hsten Merkmal.

Die ersten 6 Merkmale hab en Bezug auf Räumlic hk eit, das 7. Merkmal auf

Lautheit, und die letzten 5 auf Klangfarb e.
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Appendix E

Det ailed resul ts of the

listening tests

T able E.1 : Detailed ANO V A results for the Re�nemen t set

Re�nemen t Sum Sq Df F v alue Pr( > F )

Re�nemen t: eng - breit

fdistance 2:786 1:000 2:349 0:126
fp osition 6:842 1:000 5:770 0:017
signal 42:789 3:000 12:027 0:000
stim ulus 0:091 1:000 0:077 0:782
fdistance:fp osition 0:488 1:000 0:412 0:521
fdistance:signal 6:810 3:000 1:914 0:126
fp osition:signal 0:332 3:000 0:093 0:964
fdistance:stim ulus 0:372 1:000 0:314 0:575
fp osition:stim ulus 0:568 1:000 0:479 0:489
signal:stim ulus 1:308 3:000 0:368 0:776
fdistance:fp osition:signal 0:528 3:000 0:148 0:931
fdistance:fp osition:stim ulus 0:034 1:000 0:029 0:865
fdistance:signal:stim ulus 6:107 3:000 1:717 0:163
fp osition:signal:stim ulus 1:815 3:000 0:510 0:675
fdistance:fp osition:signal:stim ulus 1:909 3:000 0:537 0:657
Residuals 569:219 480:000

Re�nemen t: links - rec h ts

fdistance 5:544 1:000 8:649 0:003
fp osition 8:787 1:000 13:711 0:000
signal 15:227 3:000 7:919 0:000

con tin ued on next page
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con tin ued from previous page

Re�nemen t Sum Sq Df F v alue Pr( > F )

stim ulus 1:371 1:000 2:139 0:144
fdistance:fp osition 0:837 1:000 1:306 0:254
fdistance:signal 7:337 3:000 3:816 0:010
fp osition:signal 5:297 3:000 2:755 0:042
fdistance:stim ulus 0:055 1:000 0:085 0:771
fp osition:stim ulus 0:537 1:000 0:838 0:360
signal:stim ulus 0:544 3:000 0:283 0:838
fdistance:fp osition:signal 33:836 3:000 17:597 0:000
fdistance:fp osition:stim ulus 3:018 1:000 4:708 0:031
fdistance:signal:stim ulus 0:847 3:000 0:441 0:724
fp osition:signal:stim ulus 1:152 3:000 0:599 0:616
fdistance:fp osition:signal:stim ulus 0:885 3:000 0:460 0:710
Residuals 307:646 480:000

Re�nemen t: nah - w eit

fdistance 0:504 1:000 0:660 0:417
fp osition 5:979 1:000 7:824 0:005
signal 7:734 3:000 3:374 0:018
stim ulus 0:577 1:000 0:755 0:385
fdistance:fp osition 2:537 1:000 3:320 0:069
fdistance:signal 32:402 3:000 14:134 0:000
fp osition:signal 2:841 3:000 1:239 0:295
fdistance:stim ulus 6:551 1:000 8:573 0:004
fp osition:stim ulus 0:068 1:000 0:089 0:765
signal:stim ulus 3:020 3:000 1:318 0:268
fdistance:fp osition:signal 1:947 3:000 0:849 0:467
fdistance:fp osition:stim ulus 0:008 1:000 0:011 0:917
fdistance:signal:stim ulus 0:884 3:000 0:386 0:763
fp osition:signal:stim ulus 0:914 3:000 0:399 0:754
fdistance:fp osition:signal:stim ulus 0:363 3:000 0:158 0:924
Residuals 366:795 480:000

Re�nemen t: un ten - ob en

fdistance 0:145 1:000 0:305 0:581
fp osition 3:065 1:000 6:420 0:012
signal 5:195 3:000 3:627 0:013
stim ulus 0:500 1:000 1:047 0:307
fdistance:fp osition 0:171 1:000 0:358 0:550
fdistance:signal 0:018 3:000 0:012 0:998
fp osition:signal 0:114 3:000 0:079 0:971
fdistance:stim ulus 0:418 1:000 0:876 0:350
fp osition:stim ulus 0:926 1:000 1:940 0:164

con tin ued on next page
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con tin ued from previous page

Re�nemen t Sum Sq Df F v alue Pr( > F )

signal:stim ulus 0:233 3:000 0:162 0:922
fdistance:fp osition:signal 2:109 3:000 1:472 0:221
fdistance:fp osition:stim ulus 0:042 1:000 0:088 0:767
fdistance:signal:stim ulus 0:272 3:000 0:190 0:903
fp osition:signal:stim ulus 0:963 3:000 0:673 0:569
fdistance:fp osition:signal:stim ulus 0:403 3:000 0:281 0:839
Residuals 229:171 480:000

Re�nemen t: tro c k en - räumlic h

fdistance 0:003 1:000 0:003 0:959
fp osition 13:305 1:000 10:554 0:001
signal 37:521 3:000 9:921 0:000
stim ulus 16:931 1:000 13:430 0:000
fdistance:fp osition 0:105 1:000 0:084 0:773
fdistance:signal 6:369 3:000 1:684 0:170
fp osition:signal 2:270 3:000 0:600 0:615
fdistance:stim ulus 1:459 1:000 1:158 0:283
fp osition:stim ulus 0:261 1:000 0:207 0:649
signal:stim ulus 0:851 3:000 0:225 0:879
fdistance:fp osition:signal 0:955 3:000 0:252 0:860
fdistance:fp osition:stim ulus 0:087 1:000 0:069 0:793
fdistance:signal:stim ulus 1:149 3:000 0:304 0:823
fp osition:signal:stim ulus 1:174 3:000 0:311 0:818
fdistance:fp osition:signal:stim ulus 2:450 3:000 0:648 0:585
Residuals 605:141 480:000

Re�nemen t: klare Ortung - di�us

fdistance 5:274 1:000 4:771 0:029
fp osition 1:419 1:000 1:284 0:258
signal 233:133 3:000 70:301 0:000
stim ulus 0:833 1:000 0:754 0:386
fdistance:fp osition 0:195 1:000 0:177 0:674
fdistance:signal 7:640 3:000 2:304 0:076
fp osition:signal 0:270 3:000 0:081 0:970
fdistance:stim ulus 0:382 1:000 0:346 0:557
fp osition:stim ulus 0:163 1:000 0:147 0:702
signal:stim ulus 2:983 3:000 0:900 0:441
fdistance:fp osition:signal 1:675 3:000 0:505 0:679
fdistance:fp osition:stim ulus 1:534 1:000 1:387 0:239
fdistance:signal:stim ulus 2:335 3:000 0:704 0:550
fp osition:signal:stim ulus 3:606 3:000 1:087 0:354
fdistance:fp osition:signal:stim ulus 0:687 3:000 0:207 0:891

con tin ued on next page
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con tin ued from previous page

Re�nemen t Sum Sq Df F v alue Pr( > F )

Residuals 530:593 480:000
Re�nemen t: dumpf - klar

fdistance 1:290 1:000 2:387 0:123
fp osition 2:011 1:000 3:720 0:054
signal 691:648 3:000 426:580 0:000
stimulus 1:972 1:000 3:648 0:057
fdistance:fp osition 0:296 1:000 0:548 0:460
fdistance:signal 0:222 3:000 0:137 0:938
fp osition:signal 4:222 3:000 2:604 0:051
fdistance:stim ulus 0:806 1:000 1:491 0:223
fp osition:stim ulus 0:640 1:000 1:184 0:277
signal:stim ulus 4:258 3:000 2:626 0:050
fdistance:fp osition:signal 0:473 3:000 0:292 0:831
fdistance:fp osition:stim ulus 0:078 1:000 0:144 0:704
fdistance:signal:stim ulus 0:854 3:000 0:527 0:664
fp osition:signal:stim ulus 2:163 3:000 1:334 0:263
fdistance:fp osition:signal:stim ulus 0:624 3:000 0:385 0:764
Residuals 259:421 480:000

Re�nemen t: dünn - v oll

fdistance 0:001 1:000 0:001 0:978
fp osition 1:271 1:000 1:301 0:255
signal 257:484 3:000 87:895 0:000
stim ulus 0:005 1:000 0:005 0:942
fdistance:fp osition 1:003 1:000 1:028 0:311
fdistance:signal 0:912 3:000 0:311 0:817
fp osition:signal 2:666 3:000 0:910 0:436
fdistance:stim ulus 1:836 1:000 1:881 0:171
fp osition:stim ulus 0:153 1:000 0:156 0:693
signal:stim ulus 0:591 3:000 0:202 0:895
fdistance:fp osition:signal 0:221 3:000 0:076 0:973
fdistance:fp osition:stim ulus 0:314 1:000 0:322 0:571
fdistance:signal:stim ulus 0:385 3:000 0:132 0:941
fp osition:signal:stim ulus 2:793 3:000 0:954 0:415
fdistance:fp osition:signal:stim ulus 0:552 3:000 0:188 0:904
Residuals 468:715 480:000

Re�nemen t: dunk el - hell

fdistance 0:440 1:000 0:977 0:323
fp osition 0:312 1:000 0:694 0:405
signal 589:021 3:000 436:044 0:000
stim ulus 0:014 1:000 0:031 0:861

con tin ued on next page
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con tin ued from previous page

Re�nemen t Sum Sq Df F v alue Pr( > F )

fdistance:fp osition 0:095 1:000 0:211 0:646
fdistance:signal 0:423 3:000 0:313 0:816
fp osition:signal 1:204 3:000 0:891 0:446
fdistance:stim ulus 2:673 1:000 5:937 0:015
fp osition:stim ulus 0:318 1:000 0:706 0:401
signal:stim ulus 0:267 3:000 0:198 0:898
fdistance:fp osition:signal 1:293 3:000 0:957 0:413
fdistance:fp osition:stim ulus 0:002 1:000 0:004 0:947
fdistance:signal:stim ulus 0:622 3:000 0:461 0:710
fp osition:signal:stim ulus 1:112 3:000 0:823 0:481
fdistance:fp osition:signal:stim ulus 0:536 3:000 0:397 0:755
Residuals 216:133 480:000

Re�nemen t: k ein Bass - viel Bass

fdistance 1:074 1:000 2:403 0:122
fp osition 2:435 1:000 5:450 0:020
signal 569:771 3:000 425:005 0:000
stim ulus 0:141 1:000 0:315 0:575
fdistance:fp osition 0:175 1:000 0:391 0:532
fdistance:signal 1:553 3:000 1:158 0:325
fp osition:signal 2:869 3:000 2:140 0:094
fdistance:stim ulus 0:013 1:000 0:028 0:867
fp osition:stim ulus 0:354 1:000 0:793 0:374
signal:stim ulus 1:150 3:000 0:858 0:463
fdistance:fp osition:signal 0:277 3:000 0:207 0:892
fdistance:fp osition:stim ulus 1:077 1:000 2:409 0:121
fdistance:signal:stim ulus 0:296 3:000 0:221 0:882
fp osition:signal:stim ulus 0:481 3:000 0:359 0:783
fdistance:fp osition:signal:stim ulus 1:129 3:000 0:842 0:471
Residuals 214:500 480:000

Re�nemen t: k ein Höhen - viel Höhen

fdistance 2:327 1:000 4:737 0:030
fp osition 0:399 1:000 0:812 0:368
signal 328:053 3:000 222:582 0:000
stim ulus 0:925 1:000 1:882 0:171
fdistance:fp osition 0:414 1:000 0:842 0:359
fdistance:signal 0:637 3:000 0:432 0:730
fp osition:signal 0:789 3:000 0:535 0:658
fdistance:stim ulus 0:218 1:000 0:443 0:506
fp osition:stim ulus 0:069 1:000 0:140 0:709
signal:stim ulus 0:082 3:000 0:056 0:983

con tin ued on next page

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



234

con tin ued from previous page

Re�nemen t Sum Sq Df F v alue Pr( > F )

fdistance:fp osition:signal 0:533 3:000 0:362 0:781
fdistance:fp osition:stim ulus 0:673 1:000 1:371 0:242
fdistance:signal:stim ulus 1:732 3:000 1:175 0:319
fp osition:signal:stim ulus 0:380 3:000 0:258 0:856
fdistance:fp osition:signal:stim ulus 0:868 3:000 0:589 0:622
Residuals 235:816 480:000

Re�nemen t: leise - laut

fdistance 1:709 1:000 4:031 0:045
fp osition 0:044 1:000 0:104 0:747
signal 19:898 3:000 15:649 0:000
stim ulus 1:387 1:000 3:273 0:071
fdistance:fp osition 0:263 1:000 0:622 0:431
fdistance:signal 5:449 3:000 4:286 0:005
fp osition:signal 3:239 3:000 2:548 0:055
fdistance:stim ulus 0:606 1:000 1:429 0:232
fp osition:stim ulus 1:431 1:000 3:377 0:067
signal:stim ulus 0:723 3:000 0:569 0:636
fdistance:fp osition:signal 2:175 3:000 1:710 0:164
fdistance:fp osition:stim ulus 0:114 1:000 0:268 0:605
fdistance:signal:stim ulus 0:033 3:000 0:026 0:994
fp osition:signal:stim ulus 0:332 3:000 0:261 0:854
fdistance:fp osition:signal:stim ulus 0:453 3:000 0:356 0:785
Residuals 203:450 480:000
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Comp onen t 1 2 3 4 5 6 7 8 9 10 11 12

eng - breit � 0:203 � 0:366 � 0:217 � 0:439 0:255 � 0:367 0:496 � 0:063 � 0:363 � 0:052 � 0:012 � 0:046

links - rec h ts � 0:142 � 0:345 0:409 � 0:351 � 0:565 � 0:199 � 0:248 0:372 � 0:007 0:088 0:054 0:007

nah - w eit � 0:087 � 0:454 0:439 0:269 0:306 � 0:201 � 0:315 � 0:535 � 0:004 � 0:008 0:015 0:042

un ten - ob en 0:029 � 0:449 � 0:175 0:695 � 0:329 0:052 0:326 0:183 � 0:173 0:038 � 0:047 0:004

tro c k en - räumlic h � 0:144 � 0:440 � 0:146 � 0:264 0:090 0:819 � 0:097 � 0:055 0:037 0:034 0:032 � 0:005

klare 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 0:114

leise - laut � 0:200 � 0:058 � 0:654 0:064 � 0:015 � 0:231 � 0:647 0:043 � 0:197 0:045 0:098 0:030

dumpf - klar 0:418 � 0:107 � 0:127 � 0:150 � 0:061 � 0:062 0:011 � 0:139 0:048 0:474 � 0:305 0:654

dünn - v oll � 0:321 0:100 � 0:175 � 0:051 � 0:490 � 0:043 0:215 � 0:588 0:308 0:160 0:315 0:006

dunk el - hell 0:414 � 0:165 � 0:130 � 0:084 � 0:006 � 0:101 � 0:048 � 0:082 0:203 0:399 � 0:141 � 0:733

k ein - viel Bass � 0:427 0:118 0:004 0:016 � 0:142 0:033 � 0:034 � 0:126 � 0:010 � 0:040 � 0:866 � 0:115

k ein - viel Höhen 0:359 � 0:231 � 0:204 � 0:122 � 0:176 � 0:109 � 0:041 � 0:118 0:356 � 0:743 � 0:146 0:059

standard deviation 4:490 1:724 1:174 0:886 0:795 0:704 0:597 0:553 0:474 0:296 0:172 0:136

correlation breit l-r w eit ob en räumlic h ortung laut klar v oll hell bass Höhen

eng-breit 1:000 0:230 0:189 0:071 0:321 0:390 0:257 � 0:230 0:234 � 0:230 0:269 � 0:147

links-rec h ts 0:230 1:000 0:279 0:079 0:215 0:172 � 0:025 � 0:202 0:157 � 0:188 0:229 � 0:098

nah-w eit 0:189 0:279 1:000 0:213 0:203 0:209 � 0:059 � 0:146 � 0:035 � 0:079 0:082 � 0:077

un ten-ob en 0:071 0:079 0:213 1:000 0:168 0:061 0:082 0:077 � 0:033 0:126 � 0:112 0:178

tro c k en-rämlic h 0:321 0:215 0:203 0:168 1:000 0:254 0:170 � 0:165 0:128 � 0:146 0:191 � 0:065

klare 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 � 0:421

leise-laut 0:257 � 0:025 � 0:059 0:082 0:170 0:322 1:000 � 0:273 0:304 � 0:246 0:361 � 0:162

dumpf-klar � 0:230 � 0:202 � 0:146 0:077 � 0:165 � 0:576 � 0:273 1:000 � 0:503 0:852 � 0:780 0:700

dünn-v oll 0:234 0:157 � 0:035 � 0:033 0:128 0:347 0:304 � 0:503 1:000 � 0:530 0:676 � 0:396

dunk el-hell � 0:230 � 0:188 � 0:079 0:126 � 0:146 � 0:492 � 0:246 0:852 � 0:530 1:000 � 0:798 0:732

k ein-viel Bass 0:269 0:229 0:082 � 0:112 0:191 0:526 0:361 � 0:780 0:676 � 0:798 1:000 � 0:682

k ein-viel Höhen � 0:147 � 0:098 � 0:077 0:178 � 0:065 � 0:421 � 0:162 0:700 � 0:396 0:732 � 0:682 1:000

T able E.2 : Results of the principal comp onen ts analysis and the correlation table, for the re�nemen t set
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T able E.3 : Detailed ANO V A results for the Shap e set

Shap e Sum Sq Df F v alue Pr( > F )

Shap e eng-breit

f distance 4:883 1:000 4:494 0:035
f p osition 0:633 1:000 0:582 0:446
signal 153:672 3:000 47:148 0:000
stim ulus 0:945 1:000 0:870 0:351
f distance:f p osition 0:000 1:000 0:000 1:000
f distance:signal 6:820 3:000 2:093 0:100
f p osition:signal 8:164 3:000 2:505 0:058
f distance:stim ulus 2:531 1:000 2:330 0:128
f p osition:stim ulus 0:781 1:000 0:719 0:397
signal:stim ulus 3:695 3:000 1:134 0:335
f distance:f p osition:signal 1:234 3:000 0:379 0:768
f distance:f p osition:stim ulus 0:008 1:000 0:007 0:932
f distance:signal:stim ulus 0:672 3:000 0:206 0:892
f p osition:signal:stim ulus 2:328 3:000 0:714 0:544
f distance:f p osition:signal:stim ulus 1:352 3:000 0:415 0:743
Residuals 521:500 480:000

Shap e links-rec h ts

f distance 0:158 1:000 0:244 0:622
f p osition 3:283 1:000 5:062 0:025
signal 44:256 3:000 22:745 0:000
stim ulus 0:049 1:000 0:075 0:784
f distance:f p osition 19:924 1:000 30:720 0:000
f distance:signal 10:209 3:000 5:247 0:001
f p osition:signal 39:459 3:000 20:280 0:000
f distance:stim ulus 1:643 1:000 2:533 0:112
f p osition:stim ulus 0:705 1:000 1:087 0:298
signal:stim ulus 2:193 3:000 1:127 0:338
f distance:f p osition:signal 71:193 3:000 36:590 0:000
f distance:f p osition:stim ulus 0:018 1:000 0:027 0:869
f distance:signal:stim ulus 1:037 3:000 0:533 0:660
f p osition:signal:stim ulus 2:037 3:000 1:047 0:371
f distance:f p osition:signal:stim ulus 0:850 3:000 0:437 0:727
Residuals 311:313 480:000

Shap e nah-w eit

f distanc e 2:258 1:000 3:272 0:071
f p osition 0:633 1:000 0:917 0:339

con tin ued on next page
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con tin ued from previous page

Shap e Sum Sq Df F v alue Pr( > F )

signal 40:766 3:000 19:691 0:000
stim ulus 0:008 1:000 0:011 0:915
f distance:f p osition 0:031 1:000 0:045 0:832
f distance:signal 48:445 3:000 23:400 0:000
f p osition:signal 4:070 3:000 1:966 0:118
f distance:stim ulus 0:281 1:000 0:408 0:524
f p osition:stim ulus 0:500 1:000 0:725 0:395
signal:stim ulus 1:070 3:000 0:517 0:671
f distance:f p osition:signal 3:109 3:000 1:502 0:213
f distance:f p osition:stim ulus 0:633 1:000 0:917 0:339
f distance:signal:stim ulus 2:172 3:000 1:049 0:371
f p osition:signal:stim ulus 2:078 3:000 1:004 0:391
f distance:f p osition:signal:stim ulus 0:695 3:000 0:336 0:799
Residuals 331:250 480:000

Shap e un ten-ob en

f distance 0:002 1:000 0:005 0:945
f p osition 0:002 1:000 0:005 0:945
signal 7:131 3:000 5:732 0:001
stim ulus 0:002 1:000 0:005 0:945
f distance:f p osition 0:330 1:000 0:796 0:373
f distance:signal 0:584 3:000 0:469 0:704
f p osition:signal 0:428 3:000 0:344 0:794
f distance:stim ulus 0:049 1:000 0:118 0:732
f p osition:stim ulus 0:439 1:000 1:060 0:304
signal:stim ulus 0:709 3:000 0:570 0:635
f distance:f p osition:signal 0:756 3:000 0:608 0:610
f distance:f p osition:stim ulus 0:330 1:000 0:796 0:373
f distance:signal:stim ulus 0:756 3:000 0:608 0:610
f p osition:signal:stim ulus 0:021 3:000 0:017 0:997
f distance:f p osition:signal:stim ulus 0:350 3:000 0:281 0:839
Residuals 199:063 480:000

Shap e tro c k en-räumlic h

f distance 0:500 1:000 0:386 0:535
f p osition 2:531 1:000 1:956 0:163
signal 98:297 3:000 25:316 0:000
stim ulus 7:031 1:000 5:433 0:020
f distance:f p osition 0:031 1:000 0:024 0:877
f distance:signal 1:609 3:000 0:414 0:743
f p osition:signal 3:859 3:000 0:994 0:395
f distance:stim ulus 0:281 1:000 0:217 0:641
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f p osition:stim ulus 0:125 1:000 0:097 0:756
signal:stim ulus 0:953 3:000 0:245 0:865
f distance:f p osition:signal 5:859 3:000 1:509 0:211
f distance:f p osition:stim ulus 0:125 1:000 0:097 0:756
f distance:signal:stim ulus 2:953 3:000 0:761 0:517
f p osition:signal:stim ulus 4:328 3:000 1:115 0:343
f distance:f p osition:signal:stim ulus 2:141 3:000 0:551 0:647
Residuals 621:250 480:000

Shap e klare Ortung-di�us

f distance 1:221 1:000 1:281 0:258
f p osition 1:424 1:000 1:494 0:222
signal 178:287 3:000 62:377 0:000
stim ulus 0:049 1:000 0:051 0:821
f distance:f p osition 0:049 1:000 0:051 0:821
f distance:signal 18:428 3:000 6:447 0:000
f p osition:signal 3:412 3:000 1:194 0:312
f distance:stim ulus 1:033 1:000 1:084 0:298
f p osition:stim ulus 0:096 1:000 0:100 0:751
signal:stim ulus 9:693 3:000 3:391 0:018
f distance:f p osition:signal 3:100 3:000 1:084 0:355
f distance:f p osition:stim ulus 1:033 1:000 1:084 0:298
f distance:signal:stim ulus 0:396 3:000 0:139 0:937
f p osition:signal:stimulus 7:021 3:000 2:457 0:062
f distance:f p osition:signal:stim ulus 2:771 3:000 0:970 0:407
Residuals 457:312 480:000

Shap e dumpf-klar

f distance 1:643 1:000 2:249 0:134
f p osition 0:002 1:000 0:003 0:959
signal 326:396 3:000 148:970 0:000
stim ulus 1:221 1:000 1:671 0:197
f distance:f p osition 1:033 1:000 1:415 0:235
f distance:signal 37:053 3:000 16:911 0:000
f p osition:signal 1:850 3:000 0:844 0:470
f distanc e:stimulus 2:674 1:000 3:661 0:056
f p osition:stim ulus 1:033 1:000 1:415 0:235
signal:stim ulus 2:975 3:000 1:358 0:255
f distance:f p osition:signal 0:193 3:000 0:088 0:966
f distance:f p osition:stim ulus 0:236 1:000 0:324 0:570
f distance:signal:stim ulus 2:959 3:000 1:351 0:257
f p osition:signal:stim ulus 0:381 3:000 0:174 0:914
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Shap e Sum Sq Df F v alue Pr( > F )

f distance:f p osition:signal:stim ulus 1:428 3:000 0:652 0:582
Residuals 350:562 480:000

Shap e dünn-v oll

f distanc e 2:127 1:000 2:742 0:098
f p osition 1:643 1:000 2:118 0:146
signal 224:084 3:000 96:299 0:000
stim ulus 0:236 1:000 0:305 0:581
f distance:f p osition 1:221 1:000 1:574 0:210
f distance:signal 38:631 3:000 16:601 0:000
f p osition:signal 3:428 3:000 1:473 0:221
f distance:stim ulus 0:096 1:000 0:123 0:726
f p osition:stim ulus 0:002 1:000 0:003 0:960
signal:stim ulus 1:428 3:000 0:614 0:606
f distance:f p osition:signal 0:131 3:000 0:056 0:982
f distance:f p osition:stim ulus 0:236 1:000 0:305 0:581
f distance:signal:stim ulus 1:787 3:000 0:768 0:512
f p osition:signal:stim ulus 0:881 3:000 0:379 0:769
f distance:f p osition:signal:stim ulus 1:678 3:000 0:721 0:540
Residuals 372:313 480:000

Shap e dunk el-hell

f distance 13:133 1:000 21:850 0:000
f p osition 0:008 1:000 0:013 0:909
signal 265:164 3:000 147:058 0:000
stim ulus 0:383 1:000 0:637 0:425
f distance:f p osition 0:945 1:000 1:573 0:210
f distance:signal 18:695 3:000 10:368 0:000
f p osition:signal 1:352 3:000 0:750 0:523
f distance:stim ulus 0:195 1:000 0:325 0:569
f p osition:stimulus 1:758 1:000 2:925 0:088
signal:stim ulus 0:164 3:000 0:091 0:965
f distance:f p osition:signal 0:820 3:000 0:455 0:714
f distance:f p osition:stim ulus 0:195 1:000 0:325 0:569
f distance:signal:stim ulus 0:695 3:000 0:386 0:763
f p osition:signal:stim ulus 0:914 3:000 0:507 0:678
f distance:f p osition:signal:stim ulus 1:195 3:000 0:663 0:575
Residuals 288:500 480:000

Shap e k ein-viel Bass

f distance 21:125 1:000 38:067 0:000
f p osition 0:781 1:000 1:408 0:236
signal 357:008 3:000 214:439 0:000
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stim ulus 2:820 1:000 5:082 0:025
f distanc e:f p osition 1:758 1:000 3:168 0:076
f distance:signal 26:453 3:000 15:889 0:000
f p osition:signal 2:766 3:000 1:661 0:175
f distance:stim ulus 0:281 1:000 0:507 0:477
f p osition:stim ulus 3:125 1:000 5:631 0:018
signal:stimulus 3:977 3:000 2:389 0:068
f distance:f p osition:signal 1:227 3:000 0:737 0:530
f distance:f p osition:stim ulus 0:633 1:000 1:140 0:286
f distanc e:signal:stimulus 3:766 3:000 2:262 0:080
f p osition:signal:stim ulus 1:516 3:000 0:910 0:436
f distance:f p osition:signal:stim ulus 1:570 3:000 0:943 0:420
Residuals 266:375 480:000

Shap e k ein-viel Höhen

f distance 3:781 1:000 7:435 0:007
f p osition 0:633 1:000 1:244 0:265
signal 127:656 3:000 83:666 0:000
stim ulus 2:531 1:000 4:977 0:026
f distance:f p osition 0:070 1:000 0:138 0:710
f distance:signal 17:125 3:000 11:224 0:000
f p osition:signal 2:336 3:000 1:531 0:206
f distance:stim ulus 0:281 1:000 0:553 0:457
f p osition:stim ulus 0:008 1:000 0:015 0:901
signal:stim ulus 1:312 3:000 0:860 0:462
f distance:f p osition:signal 0:461 3:000 0:302 0:824
f distance:f p osition:stim ulus 0:945 1:000 1:859 0:173
f distance:signal:stim ulus 0:312 3:000 0:205 0:893
f p osition:signal:stim ulus 1:211 3:000 0:794 0:498
f distance:f p osition:signal:stim ulus 0:711 3:000 0:466 0:706
Residuals 244:125 480:000

Shap e leise-laut

f distance 3:781 1:000 8:843 0:003
f p osition 1:125 1:000 2:631 0:105
signal 15:336 3:000 11:955 0:000
stim ulus 0:281 1:000 0:658 0:418
f distance:f p osition 0:383 1:000 0:895 0:345
f distance:signal 33:281 3:000 25:944 0:000
f p osition:signal 2:688 3:000 2:095 0:100
f distance:stim ulus 0:945 1:000 2:211 0:138
f p osition:stim ulus 0:195 1:000 0:457 0:499
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signal:stimulus 2:781 3:000 2:168 0:091
f distance:f p osition:signal 0:711 3:000 0:554 0:646
f distance:f p osition:stim ulus 1:125 1:000 2:631 0:105
f distance:signal:stim ulus 3:648 3:000 2:844 0:037
f p osition:signal:stim ulus 0:773 3:000 0:603 0:613
f distance:f p osition:signal:stim ulus 0:438 3:000 0:341 0:796
Residuals 205:250 480:000

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources



Comp onen t 1 2 3 4 5 6 7 8 9 10 11 12

eng - breit � 0:282 � 0:379 � 0:298 � 0:273 0:114 � 0:034 � 0:258 � 0:106 0:302 0:654 � 0:036 � 0:021

links - rec h ts � 0:080 � 0:318 0:079 0:810 0:368 � 0:171 � 0:222 � 0:085 � 0:048 0:000 � 0:077 0:012

nah - w eit � 0:135 � 0:494 0:370 0:011 � 0:093 0:085 0:409 0:520 0:363 � 0:065 0:066 0:085

ob en - un ten 0:017 � 0:336 � 0:295 0:251 � 0:814 0:155 � 0:125 � 0:084 � 0:138 � 0:068 0:001 � 0:065

tro c k en - räumlic h � 0:253 � 0:292 � 0:219 � 0:193 0:047 � 0:594 0:438 � 0:308 � 0:199 � 0:287 � 0:044 � 0:036

klare 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 � 0:028

leise - laut � 0:083 0:258 � 0:689 0:162 0:073 � 0:153 � 0:006 0:507 0:301 � 0:211 � 0:008 0:061

dumpf - klar 0:363 � 0:204 � 0:229 0:012 0:229 0:296 0:142 � 0:348 0:333 � 0:217 0:538 � 0:214

dünn - v oll � 0:370 0:051 � 0:193 0:103 0:125 0:529 0:320 � 0:195 � 0:175 0:024 � 0:019 0:587

dunk el - hell 0:404 � 0:242 � 0:140 � 0:128 0:160 0:226 0:047 � 0:048 0:088 � 0:173 � 0:789 � 0:020

k ein - viel Bass � 0:427 0:150 � 0:027 0:117 0:064 0:315 0:243 0:021 � 0:074 0:045 � 0:160 � 0:765

k ein - viel Höhen 0:341 � 0:219 � 0:217 � 0:036 0:195 0:050 0:182 0:398 � 0:643 0:317 0:187 � 0:083

standard deviation 3:781 1:593 1:249 0:942 0:912 0:789 0:699 0:624 0:516 0:408 0:269 0:217

Correlation breit rec h ts w eit ob en räuml. di�us laut klar v oll hell Bass Höhen

eng-breit 1:000 0:121 0:219 0:129 0:432 0:495 0:118 � 0:178 0:340 � 0:220 0:303 � 0:200

links-rec h ts 0:121 1:000 0:191 0:060 0:106 0:107 � 0:037 � 0:006 0:084 � 0:079 0:084 � 0:021

nah-w eit 0:219 0:191 1:000 0:113 0:206 0:246 � 0:268 � 0:129 0:089 � 0:075 0:148 � 0:062

un ten-ob en 0:129 0:060 0:113 1:000 0:068 � 0:003 0:034 0:078 0:001 0:083 � 0:088 0:074

tro c k en-räumlic h 0:432 0:106 0:206 0:068 1:000 0:270 0:088 � 0:224 0:267 � 0:267 0:260 � 0:167

klare 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 � 0:258

leise-laut 0:118 � 0:037 � 0:268 0:034 0:088 � 0:026 1:000 � 0:063 0:180 � 0:127 0:184 � 0:011

dumpf-klar � 0:178 � 0:006 � 0:129 0:078 � 0:224 � 0:324 � 0:063 1:000 � 0:306 0:689 � 0:523 0:477

dünn-v oll 0:340 0:084 0:089 0:001 0:267 0:351 0:180 � 0:306 1:000 � 0:442 0:729 � 0:361

dunk el-hell � 0:220 � 0:079 � 0:075 0:083 � 0:267 � 0:287 � 0:127 0:689 � 0:442 1:000 � 0:615 0:588

k ein-viel Bass 0:303 0:084 0:148 � 0:088 0:260 0:368 0:184 � 0:523 0:729 � 0:615 1:000 � 0:503

k ein-viel Höhen � 0:200 � 0:021 � 0:062 0:074 � 0:167 � 0:258 � 0:011 0:477 � 0:361 0:588 � 0:503 1:000

T able E.4 : Results of the principal comp onen ts analysis and the correlation table, for the shap e set
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T able E.5 : Detailed ANO V A results for the Size set

Size Sum Sq Df F v alue Pr( > F )

Size eng-breit

f distance 0:264 1:000 0:239 0:625
f p osition 0:977 1:000 0:883 0:348
signal 111:962 4:000 25:295 0:000
stim ulus 8:789 1:000 7:943 0:005
f distance:f p osition 0:077 1:000 0:069 0:793
f distanc e:signal 9:588 4:000 2:166 0:071
f p osition:signal 3:875 4:000 0:875 0:478
f distance:stim ulus 1:502 1:000 1:357 0:245
f p osition:stim ulus 0:264 1:000 0:239 0:625
signal:stim ulus 14:312 4:000 3:234 0:012
f distance:f p osition:signal 1:712 4:000 0:387 0:818
f distance:f p osition:stim ulus 1:702 1:000 1:538 0:215
f distance:signal:stim ulus 0:475 4:000 0:107 0:980
f p osition:signal:stim ulus 3:087 4:000 0:698 0:594
f distance:f p osition:signal:stim ulus 2:962 4:000 0:669 0:613
Residuals 663:937 600:000

Size links-rec h ts

f distance 3:906 1:000 6:162 0:013
f p osition 4:900 1:000 7:729 0:006
signal 23:834 4:000 9:399 0:000
stim ulus 0:100 1:000 0:158 0:691
f distance:f p osition 16:900 1:000 26:658 0:000
f distance:signal 12:703 4:000 5:009 0:001
f p osition:signal 66:553 4:000 26:245 0:000
f distance:stim ulus 0:225 1:000 0:355 0:552
f p osition:stim ulus 0:306 1:000 0:483 0:487
signal:stim ulus 0:728 4:000 0:287 0:886
f distance:f p osition:signal 142:647 4:000 56:252 0:000
f distance:f p osition:stim ulus 0:006 1:000 0:010 0:921
f distance:signal:stim ulus 0:384 4:000 0:152 0:962
f p osition:signal:stim ulus 6:459 4:000 2:547 0:038
f distance:f p osition:signal:stim ulus 1:416 4:000 0:558 0:693
Residuals 380:375 600:000

Size nah-w eit

f distance 0:352 1:000 0:512 0:474
f p osition 0:689 1:000 1:004 0:317
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signal 6:719 4:000 2:448 0:045
stim ulus 0:127 1:000 0:184 0:668
f distance:f p osition 0:452 1:000 0:658 0:418
f distance:signal 34:000 4:000 12:388 0:000
f p osition:signal 1:069 4:000 0:389 0:816
f distance:stim ulus 0:564 1:000 0:822 0:365
f p osition:stim ulus 0:189 1:000 0:276 0:600
signal:stim ulus 10:381 4:000 3:782 0:005
f distance:f p osition:signal 1:650 4:000 0:601 0:662
f distance:f p osition:stim ulus 0:039 1:000 0:057 0:811
f distance:signal:stim ulus 2:975 4:000 1:084 0:364
f p osition:signal:stim ulus 0:319 4:000 0:116 0:977
f distance:f p osition:signal:stim ulus 1:938 4:000 0:706 0:588
Residuals 411:687 600:000

Size un ten-ob en

f distance 2:889 1:000 5:830 0:016
f p osition 2:139 1:000 4:317 0:038
signal 5:734 4:000 2:893 0:022
stim ulus 2:889 1:000 5:830 0:016
f distance:f p osition 0:264 1:000 0:533 0:466
f distanc e:signal 4:134 4:000 2:086 0:081
f p osition:signal 0:759 4:000 0:383 0:821
f distance:stim ulus 0:014 1:000 0:028 0:866
f p osition:stim ulus 0:352 1:000 0:709 0:400
signal:stim ulus 1:134 4:000 0:572 0:683
f distance:f p osition:signal 1:572 4:000 0:793 0:530
f distance:f p osition:stim ulus 0:564 1:000 1:138 0:286
f distance:signal:stim ulus 1:759 4:000 0:888 0:471
f p osition:signal:stim ulus 0:734 4:000 0:371 0:830
f distance:f p osition:signal:stim ulus 0:022 4:000 0:011 1:000
Residuals 297:312 600:000

Size tro c k en-räumlic h

f distance 0:264 1:000 0:194 0:660
f p osition 7:014 1:000 5:140 0:024
signal 59:713 4:000 10:941 0:000
stim ulus 25:202 1:000 18:470 0:000
f distance:f p osition 1:502 1:000 1:100 0:295
f distance:signal 9:431 4:000 1:728 0:142
f p osition:signal 1:869 4:000 0:342 0:849
f distance:stim ulus 0:039 1:000 0:029 0:866
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f p osition:stim ulus 0:977 1:000 0:716 0:398
signal:stim ulus 2:806 4:000 0:514 0:725
f distance:f p osition:signal 2:288 4:000 0:419 0:795
f distance:f p osition:stim ulus 0:039 1:000 0:029 0:866
f distance:signal:stim ulus 5:938 4:000 1:088 0:362
f p osition:signal:stim ulus 1:875 4:000 0:344 0:849
f distance:f p osition:signal:stim ulus 2:656 4:000 0:487 0:746
Residuals 818:688 600:000

Size klare Ortung-di�us

f distance 4:556 1:000 4:159 0:042
f p osition 1:406 1:000 1:284 0:258
signal 165:416 4:000 37:752 0:000
stim ulus 7:656 1:000 6:989 0:008
f distance:f p osition 0:225 1:000 0:205 0:651
f distance:signal 39:897 4:000 9:105 0:000
f p osition:signal 1:859 4:000 0:424 0:791
f distance:stim ulus 0:900 1:000 0:822 0:365
f p osition:stim ulus 7:225 1:000 6:596 0:010
signal:stim ulus 13:422 4:000 3:063 0:016
f distance:f p osition:signal 5:541 4:000 1:265 0:283
f distance:f p osition:stim ulus 0:506 1:000 0:462 0:497
f distance:signal:stim ulus 1:241 4:000 0:283 0:889
f p osition:signal:stim ulus 4:666 4:000 1:065 0:373
f distance:f p osition:signal:stim ulus 2:134 4:000 0:487 0:745
Residuals 657:250 600:000

Size dumpf-klar

f distance 30:189 1:000 44:389 0:000
f p osition 1:702 1:000 2:502 0:114
signal 454:741 4:000 167:158 0:000
stim ulus 7:439 1:000 10:938 0:001
f distance:f p osition 1:139 1:000 1:675 0:196
f distance:signal 58:553 4:000 21:524 0:000
f p osition:signal 5:728 4:000 2:106 0:079
f distance:stim ulus 0:264 1:000 0:388 0:533
f p osition:stim ulus 0:002 1:000 0:002 0:962
signal:stim ulus 11:022 4:000 4:052 0:003
f distance:f p osition:signal 2:478 4:000 0:911 0:457
f distance:f p osition:stim ulus 0:564 1:000 0:829 0:363
f distance:signal:stim ulus 1:322 4:000 0:486 0:746
f p osition:signal:stim ulus 1:334 4:000 0:491 0:743
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f distance:f p osition:signal:stim ulus 1:147 4:000 0:422 0:793
Residuals 408:062 600:000

Size dünn-v oll

f distance 8:100 1:000 10:199 0:001
f p osition 5:256 1:000 6:619 0:010
signal 337:884 4:000 106:364 0:000
stim ulus 4:900 1:000 6:170 0:013
f distance:f p osition 0:025 1:000 0:031 0:859
f distance:signal 19:447 4:000 6:122 0:000
f p osition:signal 2:572 4:000 0:810 0:519
f distance:stim ulus 0:156 1:000 0:197 0:658
f p osition:stim ulus 0:000 1:000 0:000 1:000
signal:stim ulus 4:022 4:000 1:266 0:282
f distance:f p osition:signal 1:459 4:000 0:459 0:766
f distance:f p osition:stim ulus 1:406 1:000 1:771 0:184
f distance:signal:stim ulus 2:859 4:000 0:900 0:463
f p osition:signal:stim ulus 1:047 4:000 0:330 0:858
f distance:f p osition:signal:stim ulus 3:359 4:000 1:058 0:377
Residuals 476:500 600:000

Size dunk el-hell

f distance 26:814 1:000 41:512 0:000
f p osition 1:502 1:000 2:325 0:128
signal 362:119 4:000 140:152 0:000
stim ulus 1:314 1:000 2:034 0:154
f distance:f p osition 0:077 1:000 0:119 0:731
f distance:signal 49:913 4:000 19:318 0:000
f p osition:signal 0:725 4:000 0:281 0:891
f distance:stim ulus 0:014 1:000 0:022 0:883
f p osition:stim ulus 0:689 1:000 1:067 0:302
signal:stim ulus 1:256 4:000 0:486 0:746
f distance:f p osition:signal 6:369 4:000 2:465 0:044
f distance:f p osition:stim ulus 0:127 1:000 0:196 0:658
f distance:signal:stim ulus 0:775 4:000 0:300 0:878
f p osition:signal:stim ulus 2:100 4:000 0:813 0:517
f distance:f p osition:signal:stim ulus 1:319 4:000 0:510 0:728
Residuals 387:562 600:000

Size k ein-viel Bass

f distance 24:025 1:000 37:785 0:000
f p osition 0:625 1:000 0:983 0:322
signal 516:681 4:000 203:151 0:000
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stim ulus 6:006 1:000 9:446 0:002
f distance:f p osition 0:306 1:000 0:482 0:488
f distance:signal 43:694 4:000 17:180 0:000
f p osition:signal 2:375 4:000 0:934 0:444
f distance:stim ulus 3:025 1:000 4:758 0:030
f p osition:stim ulus 1:225 1:000 1:927 0:166
signal:stim ulus 11:463 4:000 4:507 0:001
f distance:f p osition:signal 0:788 4:000 0:310 0:872
f distance:f p osition:stim ulus 0:156 1:000 0:246 0:620
f distance:signal:stim ulus 1:975 4:000 0:777 0:541
f p osition:signal:stim ulus 1:994 4:000 0:784 0:536
f distance:f p osition:signal:stim ulus 0:906 4:000 0:356 0:840
Residuals 381:500 600:000

Size k ein-viel Höhen

f distance 5:256 1:000 9:108 0:003
f p osition 0:756 1:000 1:310 0:253
signal 185:366 4:000 80:303 0:000
stim ulus 0:006 1:000 0:011 0:917
f distance:f p osition 0:006 1:000 0:011 0:917
f distance:signal 31:166 4:000 13:501 0:000
f p osition:signal 0:228 4:000 0:099 0:983
f distance:stim ulus 0:506 1:000 0:877 0:349
f p osition:stim ulus 1:406 1:000 2:437 0:119
signal:stim ulus 3:322 4:000 1:439 0:220
f distance:f p osition:signal 1:916 4:000 0:830 0:506
f distance:f p osition:stim ulus 0:756 1:000 1:310 0:253
f distance:signal:stim ulus 0:259 4:000 0:112 0:978
f p osition:signal:stim ulus 0:859 4:000 0:372 0:828
f distance:f p osition:signal:stim ulus 2:384 4:000 1:033 0:389
Residuals 346:250 600:000

Size leise-laut

f distance 0:077 1:000 0:171 0:680
f p osition 1:314 1:000 2:932 0:087
signal 46:413 4:000 25:887 0:000
stimulus 1:502 1:000 3:350 0:068
f distance:f p osition 0:564 1:000 1:258 0:262
f distance:signal 25:119 4:000 14:010 0:000
f p osition:signal 1:100 4:000 0:614 0:653
f distance:stim ulus 0:564 1:000 1:258 0:262
f p osition:stim ulus 0:189 1:000 0:422 0:516

con tin ued on next page

... with a fo cus on the rep ro duction of a rbitra rily shap ed sound sources
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con tin ued from previous page

Size Sum Sq Df F v alue Pr( > F )

signal:stim ulus 2:819 4:000 1:572 0:180
f distance:f p osition:signal 0:631 4:000 0:352 0:843
f distance:f p osition:stim ulus 0:352 1:000 0:784 0:376
f distance:signal:stim ulus 1:100 4:000 0:614 0:653
f p osition:signal:stim ulus 1:319 4:000 0:736 0:568
f distance:f p osition:signal:stim ulus 0:625 4:000 0:349 0:845
Residuals 268:938 600:000

Ma rije Baalman - On w ave �eld synthesis and electro-acoustic music, ...



Comp onen ts 1 2 3 4 5 6 7 8 9 10 11 12

eng - breit � 0:266 0:394 0:235 � 0:185 0:261 � 0:013 0:412 � 0:223 0:514 � 0:353 � 0:091 � 0:026

links - rec h ts � 0:109 0:282 � 0:277 0:766 0:413 � 0:143 0:125 � 0:023 � 0:194 � 0:002 0:002 0:020

nah - w eit � 0:014 0:419 � 0:627 � 0:051 � 0:228 0:391 � 0:268 0:187 0:335 � 0:029 � 0:031 � 0:051

ob en - un ten 0:021 0:500 0:168 0:110 � 0:685 � 0:412 0:191 0:026 � 0:123 0:124 0:026 0:032

tro c k en - räumlic h � 0:211 0:387 0:089 � 0:363 0:380 � 0:379 � 0:552 0:094 � 0:159 0:187 0:057 � 0:031

klare 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 � 0:007

leise - laut � 0:227 0:076 0:575 0:305 � 0:028 0:383 � 0:158 0:568 0:098 0:045 0:024 � 0:105

dumpf - klar 0:403 0:099 0:135 0:116 0:083 0:051 � 0:053 � 0:291 0:268 0:327 0:468 � 0:550

dünn - v oll � 0:364 � 0:079 0:121 0:222 � 0:187 0:119 � 0:372 � 0:531 0:179 0:062 0:283 0:461

dunk el - hell 0:386 0:175 0:188 0:057 0:115 0:167 � 0:068 � 0:191 0:116 0:436 � 0:646 0:280

k ein - viel Bass � 0:405 � 0:133 � 0:015 0:100 � 0:188 � 0:009 � 0:178 � 0:313 � 0:091 � 0:015 � 0:495 � 0:624

k ein - viel Höhen 0:323 0:298 0:191 � 0:021 � 0:014 0:335 � 0:202 � 0:255 � 0:477 � 0:568 0:024 � 0:034

standard deviation 4:348 1:582 1:168 0:931 0:864 0:684 0:605 0:529 0:420 0:408 0:253 0:208

Correlation breit rec h ts w eit ob en räuml. di�us laut klar v oll hell Bass Höhen

eng-breit 1:000 0:180 0:047 0:163 0:449 0:481 0:313 � 0:344 0:313 � 0:290 0:311 � 0:179

links-rec h ts 0:180 1:000 0:190 0:057 0:128 0:113 0:098 � 0:107 0:143 � 0:111 0:137 � 0:107

nah-w eit 0:047 0:190 1:000 0:179 0:119 0:155 � 0:167 � 0:050 � 0:036 � 0:021 � 0:027 0:079

un ten-ob en 0:163 0:057 0:179 1:000 0:104 � 0:002 0:078 0:082 � 0:024 0:105 � 0:050 0:184

tro c k en-räumlic h 0:449 0:128 0:119 0:104 1:000 0:314 0:181 � 0:299 0:221 � 0:224 0:240 � 0:133

klare 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 � 0:333

leise-laut 0:313 0:098 � 0:167 0:078 0:181 0:271 1:000 � 0:300 0:405 � 0:225 0:333 � 0:159

dumpf-klar � 0:344 � 0:107 � 0:050 0:082 � 0:299 � 0:529 � 0:300 1:000 � 0:512 0:748 � 0:681 0:573

dünn-v oll 0:313 0:143 � 0:036 � 0:024 0:221 0:405 0:405 � 0:512 1:000 � 0:530 0:731 � 0:431

dunk el-hell � 0:290 � 0:111 � 0:021 0:105 � 0:224 � 0:446 � 0:225 0:748 � 0:530 1:000 � 0:659 0:607

k ein-viel Bass 0:311 0:137 � 0:027 � 0:050 0:240 0:484 0:333 � 0:681 0:731 � 0:659 1:000 � 0:550

k ein-viel Höhen � 0:179 � 0:107 0:079 0:184 � 0:133 � 0:333 � 0:159 0:573 � 0:431 0:607 � 0:550 1:000

T able E.6 : Results of the principal comp onen ts analysis and the correlation table, for the size set
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