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Preface

The communication channel,in communication acoustics,comprises of a
sound source, a channel (acoustic and/or electric) and finally the receiver:
the human auditory system, a complex and intricate system that forms
the way sound is heard. Consequently, when developing techniques in
communication acoustics, such as in speech, audio and aided hearing, it is
significant to understand the time—frequency—space resolution of
hearing.

This book gives an introduction to the fields which concern some kind of
communication channel having the human as listener in the end; the
fields together are named as “communication acoustics”.

This book conveys to engineering students and researchers alike the
relevant knowledge about the nature of acoustics, sound and hearing
that will empower them to develop new technologies in this area from
end to endgetting a thorough understanding of how sound and hearing
works. It converses the multidisciplinary area of acoustics, hearing,
psychoacoustics, signal processing, speech and sound quality and is
appropriatefor senior undergraduate and graduate courses related to
audio communication systems. It discusses the technologies and
applications for sound synthesis and reproduction, and for speech and
audio quality evaluation.






Table of Contents

Chapter 1: On the Acoustics of Emotion in Audio: What Speech,
Music, and Sound have in CommonN.......ccccceveveeneemrereissennes 1
7 2 T 1
INTRODUCTION iss55susssaswavimsssminsssnissirsisssessnvsvussasmmsnssassaossssssessomssnnsaasse suanassss sgasasnesng s 2
MATERIALS AND METHODS. s-ss00msusssmssansssonsvsinass rsnsesmesivansisssssssavssipasssissmimassisses 3
EMOLION MOGEL ittt sttt ere e s ar e e seanae s eaaae s s sana e s e s nnes 3
DAtADASES. .. .eccuiiii ettt et saae e saa e s e e e st b e e e baae e raraeeans 4
Spontaneous Emotion in Speech: the VAM COrpuUS......c.coveeiiienveiisneesiiesnsies e 6
Emotion in Music: Now that’s what i Call Music (NTWICM) Database............... 7
Emotion in Sound events: Emotional Sound Database............cccovvcnievinnrnniiiannn 7
Extraction of Acoustic DeSCriPYOrs. . swssessssssusssiniion ssusinssssssssssnssassssusisnsissasvesss 10
RESULTS sresxsprssnssssdiiasienmss s tuese s s esasserss sas s samsensvsss sxssanpersesssess vissssssend sy sss Iiauts 112
FEAtUre REIBVANCE ....oveeeieiieeeee ettt aee e e e e s e e e e sbanaeeaeenan 12
Automatic Classification EXPeriments .......ccuveeeeiiiiieeeiiieeieieiccecciccesisnnesvanes 19
5 B ] ] 23
ACKNOWLEDGMENTTS cixunisnisveamsanssansosssasssamssris ssisiarss S350 a0 i s sns insseaasuaveas ioisnsn 25
REFERENCES ....ounseuiiinssasssssaesssssssis asssssvavsasessssnsunsssusvonssisyssnenssssonsnnessssosssessnsorisnoans 26
CITATICN o e 5% f e fa anews snxs swmens ssussavianies sgs sesa o nans SOOISET S LT, ST TSI T 29
Chapter 2: Acoustics and Vibro-Acoustics Applied in Space
Industry....ccoeicennns AR————— oS N TR 31
INTRODUCTION . . icuvmssisioassissnims: st ssmaimsis rmamiviveossss s sl e oo s s A o v an e ase 31
EXTERNAL ON BOARD MICROPHONES INSTALLATION DEVICES ......ccvvvvmrivvmniniiiens 33
MathematiCal MOAELS ..uusuusssssimasasimavsmssmesmasaspesssmsamssisssassaissnsssnsmsnpsss sssssaisese 36

Methodology for the External Measured SPL COrrection........ccccvvveeeeeeiiscnnnnnns 40



| Table of Contents

VIBRO-ACOUSTIC MODELLING OF PAYLOAD FAIRINGS (PLF) wevveeiiiiviiiiiereneniinians 42
Model| DeSCIIPEION: suswssssimisssissmisssrsmssnmssussssniis sasss s saassasmmessssiniismasseossssss 43
Modelling MEthOTOIORY c.xcurwssasssomsssnssssmsmmsssisnmssismssmassnssssmses s ssrssiusatursiasss 44
Fem Structural MESNES .....icvciiiiceccceeees s s e e e siraae e s e e ers e s e e s rmnes e e s anes 49
Fem and Bem ACOUSEIC MESHhES ...cocnuuiiiiiiiiiieccee e 50
Model EXCIEATION couviiiiieiiiieiirii i s r e s snne e s s ise s snnee s 51
Sea Fairing Vibro-Acoustic Model............ooeviiieeiiiiiiieee e 51
ARAlYSIS RESUNES sicissssnsnmvivsssssmmmmsssmmsiivisnsasssmsssss snisssmsensiisissssissnssss sirvississsss 53
Model VAlIdation ..cxassiwsssssmsmvnrumsisuassimysisisvmssissismssssrismsssstntis 55

COMBUSTION INSTABILITIES OF LIQUID PROPELLED ROCKET ENGINES DUE TO

CHAMBER COMBUSTION ACOUSTICS ...ieiiiiereeivieeercvvissesieseeeeseesesessssnnnnisensseseenns 62
Experimental Acoustic Modal Analysis (Eama) ........ccccovvveieiiiiciiiiieciicirienieennnns 63
HelmhoItz RESONATON ..oeiiiiiieeeee et e e e e mmaen e 64
Finite EIemMent MOTe! ...covviiceeiiiciicciee e e et ebsanrn e a 67
Experimental Selupiawiinmivsismssimmimnmmmmissmisns et sessssmssmenesassssnidsssssssass 67
o L ] - 69
RESUIES 1 veeveetiereretsvure it st e s b e et e sar et s e e sas e sneessessrasessbasnssserneesaesanesssseeessssansesersnes 70

CONCLUSIONS wvuivasmissasssrinsssmssvinsnssssnys sosus siassnsis ss 3540 siases s seaissssssrsiasissisonis 72

REFERENGCES ... ovnuesivsmsosmssrsesresssanssssnuomsunsassssssassasrorsinassssnacisssentsisiass sosnssssassnusssvntuass 74

CITATION w0050 6mvisnsassn ssmmsussonsssosmasnasinsonsnwasss s3ssseyms s s essssasvivessss Vassmamianssasssoion diavivas 76

Chapter 3: Surface Acoustic Wave Based Magnetic Sensors......... 77

INTRODUCTION jissscisssssssssssnvssnssssms snnssss st samvimsssss isasssiessisessiieiasssasrisssnsisssss 77

SAW BASED PASSIVE SENSORS ...t e eeser e e eessamee e s ssnnraneeaanssnaaaessannnnn 79
BasiCS Of SAW DBVICES.....covuviiiririieneisitecsiieecnireesas e s sia e s era e s ssnae s s sana e saenessnaeas 80
Basic Design Concepts of Passive SAW SENSOIS .......cvvvuviieeiiiieeereeeiiee e eneeeennes 81

PASSIVE AND REMOTE SAW-BASED MAGNETIC SENSORS......coiiiieiiiiiiereiirinnainiinas 83
MagnetostrictiveSaw DEVICES ......ccccccvviiiiiineieieiiiiiiiireeesiese e semarecese e aeenecsenns 83
SAW-GIMI SENSOTS eieueiiiiieeiiieritiireettiieetatsrernntssesasssessnessssnssessaensnssssnsssessnsssssnsens 86

POTENTIAL APPLICATIONS ...ttt eseee e e e eeeeeesaaenes s eseneeesaeeeeenes 102

CONCLUSTOMN s 1500sscsnsniiistins conk ramssmsdussiainasasihanss »nsssisnt s 445588 SiT47S038 R0 SF ORI VAT FERRE RS 104

REFERENICES s:0: cnunsmasvessii sssvmeisssvans soessmans s isa0amasvs diss snasniss s o i sans sais sesa s s avaasnn sy 105

CITATION 5. s sussisssnssssisssessinsssvisnassnissssssenvasssessuiss sasenswssrivssassshsnss srssa iissassnssioansbansen 109

Chapter 4: Auditory Perceptual Objects as Generative Models:
Setting the Stage for Communication by
Yo TV [« O PTPRRR & & |

ABSTRACT .icicssssanesaseninnsnssssssassssoss saauss 5isn e s sy assss 5o s i8S sasda oo soaassass 111
COMMUNICATION CHANNELS ..ottt aneee s 112



Communication Acoustics An Introduction to Speech, Audio and Psychoacoustics

THE BUILDING BRICKS: REGULARITY, DEVIANCE, PREDICTIVE INFORMATION

PROGCESSING .....cuviiieteee ettt et e et s et e e e e sesnae s s me e e s s e e e s s bnas b baesabbas 115
AN OVERVIEW OF DETECTING NEW INFORMATION IN THE AUDITORY MODALITY
............................................................................................................................. 118
Forming Auditory Sensory Memory Representations ..........cccccvvvisinniinecnnins 120
Predictive MOdEel.....cuimnassmssisaimsssamss s isssessimsesssmsssisss sassssss sossss steamuninsnss 121
Comparing Model Predictions with the Sensory Representation of the Current
SO ssunssiwusesisssss soninsssss s s ves 15545948 TS RERS S o ey SV SHEH S0 a4 o HE RSSO RS EFER w P A SRR ESR G 122
EVAIUBTION 11tieiiririciiieisiariessnne s sneesseeessbas e sbaneesbesseeensaessnanassemsaessosbasessssanssssne 123
INITIAL BUILD-UP OF AN AUDITORY MODEL......uueuiieiieeeeeieieneriiieeneieeee s eeeeeeannes 124
L] o1 (S A E=T UL T €[ 124
AUDITORY REGULARITY REPRESENTATIONS, AUDITORY STREAMS, AUDITORY
PERCEPTUALDBIECTS sisssasess ssusasssssivsriasisssiosanisissmsssabokinsisiaisassisesssissss askasssssioniass 135
HOW AERS WORKS WHEN THE MODEL HAS BEEN SET UP ..ccccveeeeiiiaeeiiiieeenee 140
Simultaneous Stream Segregation..........cccciiviiiiniiinn 140
Témpoeral Heuristie ANAIVSIS s smspsmmessseesmisssssssevssssssnssms inesss 142
Competition and Establishing the Perceived Sound Organization ................. 143
Finalizing Feature INTeBration ....ccviveeeiivirerire s crne s nnne e sneneesies 145
DevianCe DeteCION ....couu et e e e s e e nenra e eeanr e e 147
Maintenance of the Model .......ccoovueriiiieeiiiiccii e e 148
COMPARISON WITH EXISTING MODELS OF PREDICTIVE PROCESSING IN
PERCEPTION i ivssvsssessossnssinsivss shossssnsonis siessessssssss Aassiases nassiass sviossssavaso sbsss viamss e 151
AERS ISSUES RELATED TO COMMUNICATION BY SOUND. .....cccceemriiiiirnniiieieeeeens 153
LIMITATIONS OF AERS AND FUTURE DIRECTIONS .....ccocviiiiveeniieerssineeninsieseiannens 155
ACKNOWLEDGMENTS ..ottt veeeea s s e e e e e s e e s e e e e ea s 157
REFERENCES ...ieiiiiiiiiiceeeisseeseessviaanii s se e s e s s s eae s e s s aaass s s nne s saeae e s saaanss b b banbbnssnens 158
CITATION e e et ettt s e e e aaa s e e eeaaa eaesas s aaaeesssnnneesssannsseeannssnnanans 177

Chapter 5: Ray Trace Modeling of Underwater Sound
Propagation..sswaumummsomnssmmminsssssanmssssssssosssssoss 149

INTRODUCTION ..ottt et cene e st e e e se s e e s emmne e e sesesbaemeee e e e aaans 179
THEORY OF RAY ACOUSTICS :csiossssemssssucosssmarmnssossivassnsasssnsssonssnsosesssssis snnssssisisns 180
ARECIPE FOR TRACING!OF RAYS i corcrvssasravunssovisisnssiassnssvvannsnnsnnnesroassvsssvsnssssssanings 186
EIGENRAY DETERMINATION......ooiiiiiiiiiiieee et 188
ACOUSTIC ABSORPTION IN SEA WATER ....coiviiiimuiiiisiiiiininiciseesiiesssiienssinenes 190
BOUNDARY CONDITIONS AT THE SURFACE AND BOTTOM INTERFACES............. 191
SYNTHESIZING THE FREQUENCY DOMAIN TRANSFER FUNCTION AND THE TIME

RESPONSES ...ttt e s smne e s e nnneas 194
SPECIAL CONSIDERATIONS ...ttt isine s csissvises s ianie s sssisbiis s s 198



\ Table of Contents

Caustics and TUrNING POINES ....cccviiiieicceecceec e 199
The Principle of Reciprocity and Its Validity in Ray Modeling.......c..coceeuvenne. 200
The Validity of Using Plane Wave Reflection Coefficients..........cccecovervrinenn. 201
Bench Marking Ray MOdeling ......cooceivieieniiienieceeie e 203
CASE: STUDIES sswssimmsiusnsssmesinsins o anssms saisiss i s i6aiss sosnssninnsss frosan ammuessanessnnnns 204
Seasonal Variations of Communication Links .......cccc.cecvviiviieiiiiiiieiiiiceec e, 204
Seismic NOise Propagation.......c..cceeiiiieeiiiieiiiiiisoissssene e ssineeesiieesssseeesoresessns 208
SUMMARY Lottt e et e e et e ee e e e e e e s e bbbt nnae s ssaneneereeaeens 211
REFERENCES ....cotiiitieiiiert e ceeers st e st e ee st sae s sne s e e e e st e e sabe e snbaeenteeenneesnasenans 212
CITATION ettt ettt ee e e et e e et e e e e e s e ee et st e eeeeesaeeeeseaeaeeseesenessannnres 213
Chapter 6: Acoustics in Optical Fiber........cccceervviermnrreciisscnnieniesnnees 215
INTRODWGTTON wssisiscimssssssmusnsss st assisse ssssmismsssammssiaisans s (aivess tnse sansnssss snos 215
P Yolo YOy (e B @ o [l U] F=1 o] (=T 1= 216
TUNINE of AttENURION DEPtNuusimssms s srmmmsssomsmasssommg sy 940 220
Tuning of 3-Db BandWidth ......ccccuveeciiiiciiiiccne e e 223
Double-Pass Configuration .........coceeiiieeiiiiieecie e 226
GAIN FLATTENING FILTER . .eettiiteririeitteiiessiaesressseessesanesssssneessressssessnnessssesnnees 227
CONELUSION :5:sismmsmmsuammssssmiinmamsiisnss i a e 6558 s rinssasnitnssmaiaammsmssssssannarnsmrss 233
REFERENICES s suimiasiussincsssumcrssasses s va o i s crmais s sossiiiians sraniasesiiaminson v sun sasimins 234
CITATION oisnssmsmmssnssmnsvssswoimsei s ass s oms s sS850 S T S s satsare a3 236
Chapter 7: Cascading Multi-Hop Reservation and Transmission in
Underwater Acoustic Sensor Networks..........cccceeeenaes 237
ABSTRACT s umsasississsmsnsssmsssssoss s s amsmss oisse s s s m e s ss e s SEaars FRRs Srv v aa g 237
INTRODUCTICN csowssnsans comasansrssuverwomsnnmsnuesssossasssomsens s ssuss s oo ss o siassys e ssains 238
PROBLEM STATEIMENTS ...ttt iieeet ettt s e e s e et e e e e s e e bear s s eeenasaaeneeees 242
SPACE-TIME UNCEITAINTY . .uvrirriieiiiiieeeiiiiereriieeereeeeees s snererrrreeeeeeeaeesseasensssenanses 242
Hidden-Node Problem in UWSNS ......ccciiiiiiiiiininiiciieee i 243
PROPOSED CMRT PROTOCOL sseusmsssssssssimmssssssssnsssnsnsresissvaimessssivssiapuissonmesss s 244
Systen DESCHIPYION oo vmmsmumusssusensamsrsism e s ssimuarsess s osssssasdatiss 244
Definition Of STAtES ..iviiviieicieece e e 245
Length of the Silence State .....ccooeeiiiiiri e 246
Channel OCCUPANCY PriOrity . .occreriereeerereesiseeisieeseinresesseerssresessnressssnnessssenesss 247
Data Transmission Using the Packet-Train Method ..........ccccccviviiiiiiiniiiienen, 250
Handshaking Triggering and Back-Off Algorithm.......ccccccvvieiiiiiieeniiiinniecccns 252
SIMULATIONS AND RESULTS ..ttt iecvensvis s s s s easnassasasies 253
SIMUIGLION MOEL.....coiiiieiiiiciee ettt se e e esbeeeaaes 253
SIMUIATION RESUILS ..eeeiiiiiiiiiieeiiti e e 254

Comparison of CMRT with Other MAC Protocols.......cccvoveeeeiiiciiiniieneninnineen. 256



Communication Acoustics An Introduction to Speech, Audio and Psychoacoustics

ANalysis Of HOP-DEIAY .....ooeeiiiecii ettt e 258
Effects of Inter-Nodal Distance........cccovvieeiieeciiiecieeecee e 259
CONCLUSIONS ...ttt et cetae e eaae e vaeeeessaeeee st eee s asaeerssseeesssseennsseeaennseaenns 261
AUTHOR CONTRIBUTIONS. ...ceceieiieeeeeeeeeeceecieeee s easeaesesaseeeeeeeeee s snnnssssnnsssnsnnnssssans 261
REFERENGCES issscisssissosissussinnsussisimusstionsrsissam ssassiah i nemavmnssissasiivEvusssss svensoadosssnnsss 262
CITATHON ;505 mssuanussssiness e sssasae s o 0 A sEre oo iR R RS UG SR aT AT RN ST o e A S 263
265






Chanter {

On the Acoustics of Emotion in Audio:
What Speech, Music, and Sound have
in Common

Felix Weninger?, Florian Eyben?, Bjérn W. Schuller?,Marcello Mortillaro®

and Klaus R. Scherer?

!Machine Intelligence and Signal Processing Group, Mensch-Maschine-
Kommunikation, Technische Universitat Miinchen, Munich, Germany
ZCentre Interfacultaire en Sciences Affectives, Université de Genéve,
Geneva, Switzerland

ABSTRACT

Without doubt, there is emotional information in almost any kind of
sound received by humans every day: be it the affective state of a person
transmitted by means of speech; the emotion intended by a composer
while writing a musical piece, or conveyed by a musician while
performing it; or the affective state connected to an acoustic event
occurring in the environment, in the soundtrack of a movie, or in a radio
play. In the field of affective computing, there is currently some loosely
connected research concerning either of these phenomena, but a holistic
computational model of affect in sound is still lacking. In turn, for
tomorrow’s pervasive technical systems, including affective companions
and robots, it is expected to be highly beneficial to understand the
affective dimensions of “the sound that something makes,” in order to
evaluate the system’s auditory environment and its own audio output.
This article aims at a first step toward a holistic computational model:
starting from standard acoustic feature extraction schemes in the
domains of speech, music, and sound analysis, we interpret the worth of



2 | INTRODUCTION

individual features across these three domains, considering four audio
databases with observer annotations in the arousal and valence
dimensions. In the results, we find that by selection of appropriate
descriptors, cross-domain arousal, and valence regression is feasible
achieving significant correlations with the observer annotations of up to
0.78 for arousal (training on sound and testing on enacted speech) and
0.60 for valence (training on enacted speech and testing on music). The
high degree of cross-domain consistency in encoding the two main
dimensions of affect may be attributable to the co-evolution of speech
and music from multimodal affect bursts, including the integration of
nature sounds for expressive effects.

INTRODUCTION

Without doubt, emotional expressivity in sound is one of the most
important methods of human communication. Not only human speech,
but also music and ambient sound events carry emotional information.
This information is transmitted by modulation of the acoustics and
decoded by the receiver — a human conversation partner, the audience of
a concert, or a robot or automated dialog system. By that, the concept of
emotion that we consider in this article is the one of consciously
conveyed emotion (in contrast, for example, to the “true” emotion of a
human related to biosignals such as heart rate). In speech, for example, a
certain affective state can be transmitted through a change in vocal
parameters, e.g., by adjusting fundamental frequency and loudness
(Scherer et al., 2003). In music, we consider the emotion intended by the
composer of a piece — and by that, the performing artist(s) as actor(s)
realizing an emotional concept such as “happiness” or “sadness.” This can
manifest through acoustic parameters such as tempo, dynamics
(forte/piano), and instrumentation (Schuller et al., 2010). In contrast to
earlier research on affect recognition from singing (e.g., Daido et al,
2011), we focus on polyphonic music — by that adding the
instrumentation as a major contribution to expressivity. As a connection
between music and speech emotion, for example, the effect of musical
training on human emotion recognition has been highlighted in related
work (Nilsonne and Sundberg, 1985; Thompson et al., 2004). Lastly, also
the concept of affect in sound adopted in this article is motivated by the
usage of (ambient) sounds as a method of communication — to elicit an
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intended emotional response in the audience of a movie, radio play, or in
the users of a technical system with auditory output.

In the field of affective computing, there is currently some loosely
connected research concerning either of these phenomena (Schuller et
al., 2011a; Drossos et al., 2012; Yang and Chen, 2012). Despite a number
of perception studies suggesting overlap in the relevant acoustic
parameters (e.g.llie and Thompson, 2006), a holistic computational
model of affect in general sound is still lacking. In turn, for tomorrow’s
technical systems, including affective companions and robots, it is
expected to be highly beneficial to understand the affective dimensions
of “the sound that something makes,” in order to evaluate the system’s
auditory environment and its own audio output.

In order to move toward such a unified framework for affect analysis, we
consider feature relevance analysis and automatic regression with respect
to continuous observer ratings of the main dimensions of affect, arousal,
and valence, across speech, music, and ambient sound events. Thereby,
on the feature side, we restrict ourselves to non-symbolic acoustic
descriptors, thus eliminating more domain-specific higher-level concepts
such as linguistics, chords, or key. In particular, we use a well proven set
of “low-level” acoustic descriptors for paralinguistic analysis of speech (cf.
Section 2.3). Then, we address the importance of acoustic descriptors for
the automatic recognition of continuous arousal and valence in a “cross-
domain” setting. We show that there exist large commonalities but also
strong differences in the worth of individual descriptors for emotion
prediction in the various domains. Finally, we carry out experiments with
automatic regression on a selected set of “generic acoustic emotion
descriptors.”

MATERIALS AND METHODS

Emotion Model

Let us first clarify the model of emotion employed in this article. There is
a debate in the field on which type of model to adopt for emotion
differentiation: discrete (categorical) or dimensional (e.g., Mortillaro et
al., 2012). We believe that these approaches are highly complementary. It
has been copiously shown that discrete emotions in higher dimensional
space can be mapped parsimoniously into lower dimensional space. Most

3
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frequently, the two dimensions valence and arousal are chosen, although
it can be shown that affective space is best structured by four dimensions
— adding power and novelty to valence and arousal (Fontaine et al.,
2007). Whether to choose a categorical or dimensional approach is thus
dependent on the respective research context and the specific goals.
Here, we chose a valence x arousal dimensional approach because of the
range of affective phenomena underlying our stimuli. In addition for
some of our stimulus sets only dimensional annotations were available.

Databases

Let us now start the technical discussion in this article by a brief
introduction of the data sets used in the present study on arousal and
valence in speech, music, and sound. The collection of emotional audio
data for the purpose of automatic analysis has often been driven by
computer engineering. This is particularly true for speech data -
considering applications, for example, in human-computer interaction.
This has led to large databases of spontaneous emotion expression, for
example, emotion in child-robot interaction (Steidl, 2009) or
communication with virtual humans (McKeown et al., 2012), which are
however limited to specific domains. In contrast, there are data sets from
controlled experiments, featuring, for example, emotions expressed
(“enacted”) by professional actors, with restricted linguistic content (e.g.,
phonetically balanced pseudo sentences) with the goal to allow for
domain-independent analysis of the variation of vocal parameters
(Burkhardt et al., 2005; Banziger et al., 2012). In the case of polyphonic
music, data sets are mostly collected with (commercial) software
applications in mind — for example, categorization of music databases on
end-user devices (“music mood recognition”; Yang and Chen, 2012).
Finally, emotion analysis of general sounds has been attempted only
recently (Sundaram and Schleicher, 2010; Drossos et al., 2012; Schuller et
al., 2012). In this light, we selected the following databases for our
analysis: the Geneva Multimodal Emotion Portrayals (GEMEP) set as an
example for enacted emotional speech; the Vera am Mittag (VAM)
database as an example for spontaneous emotional speech “sampled”
from a “real-life” context; the “Now That’s What | Call Music” (NTWICM)
database for mood recognition in popular music; and the recently
introduced emotional sounds database.



