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Prefazione

Le interfacce multimodali rappresentano al giorno d’ogyifattore chiave per I'abilitazione di
un uso inclusivo delle nuove tecnologie. In questo confesstno di basilare importanza modelli
realistici che descrivano il nostro ambiente, in partioelmnodelli che rappresentino accurata-
mente i fenomeni acustici e la comunicazione attraversmidatita uditiva. Fra questi, i modelli
per l'audio spaziale (0 3-D) sono capaci di offrire inforntam accurate sulla relazione tra la
sorgente sonora e I'ambiente circostante, rappresentamddormazione che non pguessere
sostituita da nessun’altra modalit Tuttavia, essendo i sistemi multimediali attualmentsafo
lizzati soprattutto suprocessingrafico e integrati semplicemente con ausliereoo surround
I'odierna rappresentazione spaziale del suono tende ateessmplicistica e ad aver poco poten-
ziale interattivo. Inoltre, le tecnologie di auralizzazeosi basano correntemente su dispositivi
di riproduzione invasivi e/o costosi (ad eBead-mounted displag altoparlanti), responsabili
di un’esperienza percettiva non integrata a causa di urovmai colmato tra il mondo reale e
quello virtuale.

Gli approcci di audio binaurale (ossia basati su riprodoeitramite cuffie) si collocano su
un livello diverso. La maggior parte delle tecnicheehderingbinaurale attualmente utilizzate
in ricerca fanno affidamento sull'uso delle cosiddétead-Related Transfer Function (HRTF)
ovvero particolari filtri che catturano le trasformazionbge da un’onda sonora nel proprio per-
corso dalla sorgente al timpano, generalmente dovute #Hieffeiflessione e diffrazione sul
torso, sulla testa, sulle spalle e sui padiglioni auricadetl’ascoltatore. Tale caratterizzazione
permette di posizionare virtualmente una @ gorgenti sonore nello spazio circostante sem-
plicemente filtrando i segnali desiderati attraverso uo paHRTF, creando quindi una coppia
di segnali da presentare ai canali sinistro e destro di um ghacuffie. In questo modo, campi
sonori tridimensionali con un alto senso di immersione possessere simulati e integrati in
strutture multimodali.

Purtroppo, importanti limitazioni si nascondono dietdbtiecniche. Innanzitutto, potrebbero
richiedere grosse risorse computazionali nel caso in aiggliano simulare pi sorgenti sonore
nello spazio. In secondo luogo, i filtri HRTF vengono solitarte presentati sotto forma di se-
gnali acustici registrati attraverso appositi manichaia significa che le differenze antropome-
triche fra diversi soggetti non vengono prese in considengz Al contrario, alla pari dell'impor-
tanza della posizione relativa tra I'ascoltatore e la smigygsonora, I'antropometria del soggetto



ha un ruolo chiave nella caratterizzazione della HRTF: seblde HRTF non individualizzate
rappresentino un mezzo diretto ed economico per offrireparaenza di percezione 3-D nella
riproduzione via cuffie, I'ascolto del segnale risultantérpbbe frequentemente tradursi in evi-
denti errori di localizzazione quali percezione distordl’dlevazione della sorgente, inversioni
fronte-retro, e mancanza di esternalizzazione, specrabme condizioni statiche. D’altro canto,
misurare individualmente le HRTF di un numero significativeoggetti comporterebbe un ele-
vato dispendio di risorse e di tempo.

La modellazione strutturale delle HRTF rappresenta inwetattraente soluzione a tutte le
sopracitate limitazioni. Nello specifico, isolando i cooditi alla HRTF di testa, padiglioni au-
ricolari, canali uditivi, spalle e torso dell’ascoltatarediverse componenti - ciascuna model-
lante un fenomeno acustico ben definito - la HRTF globaleé essere ricostruita attraverso
un’adeguata combinazione di tutti gli effetti considergtazie alla linearé della scomposizione.

Questa tesi presenta un modello strutturale utilizzakeleyma riproduzione immersiva del
suono, focalizzato in particolare sul contributo del padige auricolare (pinna) alla HRTF.
La pinna gioca un ruolo fondamentale nella percezione eleltazione della sorgente grazie
alle rilevanti modifiche spettrali che essa introduce neinsuche arriva al timpano. Tuttavia,
la relazione tra i fenomeni acustici dovuti alla stessa +atgtto risonanze e riflessioni - ed
antropometria non ha ancora trovato una convincente rapptazione nella letteratura. Una
promettente corrispondenza tra i punti di riflessione té@ulla superficie della pinna e le fre-
guenze di una terna dgiotchspettrali presenti nella HRTE invece discussa in questa tesi: tale
risultato, sicuramente nuovo nel suo genere, apre le pdrteanteressante forma di persona-
lizzazione del modello strutturale, il quale include paesnirelativi all’antropometria dell’'utente
oltre a parametri pi strettamente correlati alla posizione della sorgente.

L'approccio proposto ha implicazioni anche in termini digmissione dei contenuti, poih
opera elaborando un segnale monofonico esclusivamerite giate del ricevitore (ad es. su
un dispositivo terminale o mobile) per mezzo di filtri di baszrdine, permettendo cosna
riduzione dei costi computazionali. Grazie alla ridottanpdessid, il modello pw essere quindi
utilizzato per rendere scene con molteplici oggetti audievin una varieh di contesti quali
giochi per computer, cinemagdutainmente qualsiasi altro scenario in cui spazializzazione rea-
listica del suono e riproduzione personalizzata del su@rogequisiti importanti.

Tra questi, le specifiche aree di ricerca per le quali il sttddaodelloe stato pensato sono
guelle della riabilitazione virtualev{rtual rehabilitation) e della robotica riabilitativar€habili-
tation roboticg, potenzialmente due deilpinteressanti campi di applicazione per la ricerca nel
design di interazione sonoradhic interaction design Lo scopo finale della ricerca in queste
due areed quello di facilitare la reintegrazione di pazienti conoddini neurologici (causati ad
esempio da ictus) nella vita sociale e domestica aiutardabttenere le abild per compiere
autonomamente lactivities of daily living(ADLs, e.g. mangiare o camminare); nonostante
cio, una grossa mole di lavotuttora richiesta per fronteggiare esigenze relativerdwere,
software, design di sistemi di controllo, ¢aome per la definizione di approcci efficaci per il



trattamento. Le ADL incorporano infatti task motori conggeper i quali i sistemi riabilita-
tivi attuali mancano della raffinatezza richiesta nellistenza dei pazienti durante I'esecuzione
degli stessi task. In particolare,risaputo che un grosso numero di gradi di libateve essere
usato nella riabilitazione assistita da robot, e che il be@it multimodale spesso gioca un ruolo
centrale.

Nonostante I'esistenza di una vadedi sistemi per la riabilitazione che sfruttano ambienti
virtuali multimodali con feedback visivo e aptico, I'usormistente del feedback uditiéotuttora
raro. Un’analisi accurata della letteratura conferma ifabéesi, dimostrando come il potenziale
del feedback uditivo sia largamente sottostimato in talgesto. Cinque diversi esperimenti,
descritti in questa tesi, permettono lo studio del ruolomhevi tipi di feedback uditivo presen-
tati durante la camminata o durante movimenti di traccidgmgiocano nel miglioramento della
performancen soggetti sani, costituendo una base per un futuro paeagon pazienti neuro-
logicamente deficitari. In particolare, viene qui attesstattilita di un feedback sonoro relativo
al task e della spazializzazione del suono nel coordinaseitmovimenti dell’'utente durante
semplici task di inseguimento. | risultati suggerisconindqucome un feedback multimodale
costruttivo e ben progettato possa essere usato sistamatite per migliorare performance e
learningin task motori complessi, grazie all’elevato livello diexizione, coinvolgimento e pre-
senza offerto all'utente. Tali studi rappresentano unataawlla letteratura sulla riabilitazione
virtuale e/o assistita da robot, soprattutto per quantoarda I'utilizzo di tecniche di sonifi-
cazione per convogliare informazioni in uno scenario litbivo.
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Abstract

Multimodal interfaces represent a key factor for enablingreclusive use of new technologies
by everyone. To achieve this, realistic models that desavilr environment are of topical im-
portance, in particular models that accurately descrieatioustics of the environment and com-
munication through the auditory modality. Models for sphfor 3-D) audio can provide accu-
rate information about the relation between the sound soand the surrounding environment,
and this information cannot be substituted by any other nitgdaHowever, being multime-
dia systems currently focused mostly on graphics procgssia integrated with simple stereo
or surround sound, today’s spatial representation of atetids to be simplistic and with poor
interaction potential. Furthermore, current auralizatiechnologies rely on invasive and/or ex-
pensive reproduction devices (e.g. head-mounted dispglaydspeakers), which cause the user
to perceive a non-integrated experience due to an unbriggpdetween the real and virtual
worlds.

On a much different level lie binaural sound rendering apphes (i.e. based on headphone
reproduction). Most of the binaural rendering techniquesently exploited in research rely
on the use of the so-called Head-Related Transfer FunctleR3Ks), i.e. peculiar filters that
capture the transformations undergone by a sound wavegatitsirom the source to the eardrum
and typically due to reflection and diffraction effects og thrso, head, shoulders and pinnae of
the listener. Such characterization allows virtual positig of sound sources in the surrounding
space by filtering the desired signals through a pair of HRTHiss creating left and right ear
signals to be delivered by headphones. In this way, threeasional sound fields with a high
immersion sense can be simulated and integrated withirimmdial frameworks.

However, such techniques bear relevant limitations. Firsty may request considerably
large computational resources, especially in the caseenttez needs to simulate several sound
sources in the surrounding space. Second, and most impd#taRF filters are usually presented
under the form of acoustic signals recorded through dumragstethis means that anthropomet-
ric differences among different subjects are not taken agcount. Contrariwise, along with
the critical relative position between listener and soungrse, anthropometric features of the
human body have a key role in HRTF characterization: while-malividualized HRTFs repre-
sent a cheap and straightforward mean of providing 3-D p¢ia@ in headphone reproduction,
listening to non-individualized spatialized sounds mé&glly result in evident sound localization
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errors such as incorrect perception of source elevatiom{fback reversals, and lack of exter-
nalization, especially in static conditions. On the othemdh, individual HRTF measurements on
a significant number of subjects is often both time- and nessaxpensive.

Structural modeling of HRTFs ultimately represents araative solution to these shortcom-
ings. As a matter of fact, if one isolates the contributiohshe listener's head, pinnae, ear
canals, shoulders, and torso to the HRTF in different sulpom@nts - each accounting for some
well-defined physical phenomenon - then, thanks to lingdré can reconstruct the global HRTF
from a proper combination of all the considered effects.

This thesis presents one such model that can be employeadriwgrisive sound reproduction,
with a particular focus on the pinna contribution to the HRTRe pinna plays a primary part in
the perception of source elevation by introducing majorcspémodifications, yet the relation
between acoustic phenomena due to the pinna - mainly reses@md sound reflections - and
anthropometry has not been understood up to date. Instpaoiyasing correspondence between
reflection points on pinna surfaces and frequencies of estoecurring in the high-frequency
range of the HRTF spectrum is formally found here. Such avasleresult allows for an in-
teresting form of content adaptation and customizatiorhefdtructural model, as it includes
parameters related to the user’s anthropometry in addibidime spatial ones.

The proposed approach has also implications in terms ofetglisince it operates by pro-
cessing a monophonic signal exclusively at the receiver(@dy., on a terminal or mobile device)
by means of low-order filters, allowing for reduced compotal! costs. Thanks to its low com-
plexity, the model can be used to render scenes with mukigptiovisual objects in a number of
contexts such as computer games, cinema, edutainmentngratreer scenario where realistic
sound spatialization and personalized sound reproduigtiammajor requirement.

Remarkably, the specific areas for which the proposed modlebigyht for are those of vir-
tual rehabilitation and rehabilitation robotics, two oétimost potentially interesting application
fields for research in sonic interaction design today. Thal fjoal of research in these areas is
to facilitate re-integration of patients with neurolodidéorders into social and domestic life by
helping them regain the ability to autonomously performvéets of daily living (ADLs, e.g.,
eating, or walking); however, much work is still needed tdr@ds challenges related to hard-
ware, software, control system design, as well as effeetpoaches for delivering treatment.
As a matter of fact, ADLs embody complex motor tasks for whaalrent rehabilitation systems
lack the sophistication needed in order to assist patiamiagltheir performance. In particular,
itis recognized that a large number of degrees of freedorhtdadpe used in robot-assisted reha-
bilitation, and that multimodal feedback often plays a kaig iin both forementioned application
fields.

Although several rehabilitation systems which make usewfimodal virtual environments
with visual and haptic feedback already exist, the consistee of auditory feedback is less
investigated. A thorough analysis of literature reportedhis thesis confirms this impression,
showing that the potential of auditory feedback is largelgerestimated in such systems. Five
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different proposed experiments allow investigation ofrible that novel auditory feedbacks pre-
sented during gait training and tracking movements playriproving performance in healthy
participants, providing a basis for a future comparisorhwi¢urologically injured patients. In
particular, usefulness of task-related sound feedbacksandd spatialization in coordinating
the user’s movements during simple target following taskatiested. Results thus suggest that
constructive and well-designed multimodal feedback cdmitiely be used to improve perfor-
mance and learning in complex motor tasks, thanks to the lbigh of attention, engagement,
and presence provided to the user. Such studies represemtlynn the current literature on
virtual rehabilitation and rehabilitation robotics, esjadly concerning the use of sonification
techniques to convey information in a rehabilitation sceEna
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Chapter 1

Introduction

The ability of the human auditory system to estimate theialplatcation of sound sources in an
acoustic environment has high survival value as well asewvael role in several everyday tasks:
detecting potential dangers in the environment, seldgtigeusing attention on one stream of
information, and so on. Audition performs remarkably as tiaisk, complementing visual infor-
mation: as an example, it can provide localization infoiorabf targets that are out of sight.

Accordingly, in recent years spatial sound has becomeasangly important in several ap-
plication domains. Spatial rendering of sound is recoghipegreatly enhance the effectiveness
of auditory human-computer interfacés [14], particulanycases where the visual interface is
limited in extension and/or resolution, as in mobile desif]; it improves the sense of pres-
ence in augmented/virtual reality systems, and adds engagdo computer games.

The sound produced by an external source placed in the spawedathe listener is subject
to diverse transformations along its path towards therlests ears. Among these, we can count
isofrequential energy loss due to the traveled distaneeath los3 and frequency-dependent
energy loss due to air absorption and/or to the screenimgtsfiof possible objects the wave
encounters that cause reflections and diffraction of souma®s: Knowing just this information,
the diversity of sound waves arriving at the listener’'s edrsady comes out clear: the two paths
are different. Still, another factor that prominently cameto play is the listener itself. As a
matter of fact, sound waves are influenced by the active fdkedistener’s body in transforming
them too, emphasizing the difference between the inputsetéio auditory channels.

It is indeed thanks to such difference that the listener cdlea informations on the spatial
location of the sound source, in such a way that he/she canrdisate its angular direction and
distance with respect to his/her head within a certain d@m@ashold. Auditory cues related to
directional information include both binaural cues, suslingeraural level and time differences,
and monaural cues, such as the spectral coloration regditom filtering effects of the human
body, especially the external ear. All these features amensarized into the so-calleHead
Related Transfer Functions (HRTFE0], i.e. the frequency- and space-dependent acoustic
transfer functions between the sound source and the eardBinaural spatial sound can be

1
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Figure 1.1: Simplified3-D audio reproduction system based on headphones and HRTFs.

synthesized by convolving an anechoic sound signal witetineesponding left and right HRTFs.

Techniques for sound source spatialization follow differapproaches [83]. Stereo is the
simplest system involving spatial sound, but a correctigp@tage can only be rendered along
the central line separating the loudspeakers (the “swett)surround systems based on mul-
tichannel reproduction, such ad or 10.2 systems, or Ambisonics [60], also suffer from similar
“crosstalk” problems (i.e., the sound emitted by one loeder is always heard by both ears).
Crosstalk cancellation techniqgues commonly employed deetefe only in a very limited lis-
tening region.

Wave-Field Synthesis is a currently active line of reseaiidhis method, initially proposed
in [16], uses arrays of small and individually driven loudakers to reproduce a faithful replica
of a desired spatial sound field. As a result, the spatial @nagorrect in the whole half-space
at the receiver side of the array. Research in this direci@magressing rapidly, however wave-
field methods require expensive and cumbersome reprodukcicdware, which makes them
suitable only for specific application scenarios (e.g.itdiginema [55]).

The most important distinction among spatialization teghes concerns the sound repro-
duction method, i.e. the use of loudspeakers opposed tqphead-based systems. Since bin-
aural reproduction can be obtained either with loudspesaseeheadphones [54], binaural tech-
niques lie between the two groups and enable authenticaaydixperiences if the eardrums are
stimulated by sound signals bearing roughly the same meessuin real life conditions [19].
Nevertheless, the use of headphone-based reproductiot-wbith this thesis focuses on —in
conjunction with head tracking devices grants a degreetefagtivity, realism, and immersion
that is not easily achievable with loudspeaker-based bah@ystems, due to limitations in the
user workspace and to acoustic effects of the real listespage.

The rendering scheme of FIg.]L.1 assumes the availabil@ydaitabase of measured HRTFs.
Acoustic measurement of individual HRTFs for a single scibje an expensive and cumber-
some procedure, which has to be conducted in an anechoidenansing in-ear microphones,
specialized hardware, and so on. Therefore individual HRF@&hnot be used in most real-word
applications. Alternatively, generalized HRTFs are taflic measured on so-called “dummy
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Figure 1.2: Generalized 3-D audio reproduction system based on a stralciRTF model.

heads”, i.e. mannequins constructed from averaged ardhrefic measures, representing stan-
dardized heads with average pinnae and torso. Howevelirttiis to some extent the realism of
the rendering: in fact one dummy head might sound more Hdtuegparticular set of users than
another, depending on anthropometric measures and alsecbnitalities in the measurement
procedure.

A second problem is that HRTF measurements can only be madgratie set of locations,
and when a sound source at an intermediate location mushdenes, the HRTF must be inter-
polated. If interpolation is not applied (e.g., if a nearesighbour approach is used) audible arti-
facts like clicks and noise are generated in the sound spaatthen the source position changes.
Clearly this problem becomes even more severe in interaséttengs, where both the listener
and the sound sources are moving in the environment and tigenag must be dynamically
updated.

In such context innovative techniques for binaural sounteeng are being developed.
These are based on structural modeling of HRTES [20], armdly attractive and revolution-
ary approach based on the physical description of the mgsirtant effects involved in spatial
sound perception (such as acoustic delays and shadowing thead diffraction, reflections on
pinna contours and shoulders, resonances inside pinnaesaand the ear canals, etc.) and,
above all, a solution to the forementioned shortcomingse fMiain advantage of this approach
is that the rendering algorithms’ control parameters afmdbele as a function of the main an-
thropometric features; it is thus possible to adapt thegihesl spatial rendering algorithms to a
specific subject, just by knowing some of his/her anthropgomguantities such as head radius,
pinna shape, shoulder width, and so on. As Eig. 1.2 depiets, an approach also bears advan-
tages from the computational point of view because modelsabstructured in smaller blocks,
each one simulating a single physical effect. This leadsatiqular to a greater efficiency in the
case where one needs to simulate complex, multisource tacengironments. A review of the
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literature in the field of structural modeling of HRTFs, ajowith a roundup of basic concepts
and findings on sound source localization, is provided in @ralp

Following the structural modeling approach, this thesisprily investigates the contribution
of the head and of the external ear to the HRTF. The head wikdseimed to be spherical
and its contribution in the near field (i.e. the sound souree Within2 m from the center of
the head), summarized in the Near-Field Transfer FunctdifiTE), studied by means of an
analytical representation [42] and modeled through a loseofilter structure in Chaptér, the
results being objectively verified through spectral disdor measurements.

Concerning the external ear, its contribution to the HRTKvkm as Pinna-Related Trans-
fer Function (PRTF), will be extensively studied in the doling chapters. While the pinna is
known to play a primary role in the perception of source dieva the relation between PRTF
features — resonances associated to cavities and speattrhén resulting from reflections [12] —
and anthropometry is not fully understood. Recent relatedksv[85,/81/ 115] adopt a physical
modeling approach in which PRTFs are studied through coatipaially intensive simulation
techniques, such as finite-difference time-domain (FDTB)huds, or boundary elements meth-
ods (BEM). Alternatively, the relationship between PRTRiiees and pinna geometry can be
studied by directly analyzing real measured HRTFs, and Iating relevant extracted spectral
features to known anthropometric data [1137,]1149].

In this thesis | will follow this latter approach. In Chaptéra number of experimental
PRTFs will be estimated, both through direct measuremethttaough derivation from avail-
able HRTFs, and analyzed with the help of an algorithm thadsses the resonant and reflective
parts of the PRTF spectrum. In Chapterfocus will then be put on the relationship between
PRTF notches and pinna contours: ray-tracing analysiopaed on the notches’ central fre-
guencies extracted in the previous analysis step will bepaoed with a set of possible reflection
surfaces directly recognizeable from the correspondifgestis pinna picture. Results of such
an analysis will be discussed in terms of the reflection odiefit sign.

Based on these findings, a structural model for real-time HRrthesis which allows to
control separately the evolution of different acoustic rpimeena such as head diffraction, ear
resonances, and reflections will be proposed in Chaptarough the design of distinct filter
blocks. Parameters to be fed to the model will be deriveceeitom analysis or from anthro-
pometric features of the specific subject. Finally, objectvaluations of reconstructed HRTFs
in the chosen spatial range will be performed through spkedistortion measurements. The
results of this work are the first step towards the developroga fully parametric structural
HRTF model that can be customized according to individutirmpometric data, which in turn
can be automatically estimated through straightforwaralgenanalysis.

The application area of the presented work on spatial awdtbdt of technology-assisted
motor rehabilitation. The integration of auditory feedkatrehabilitation devices is a topic that
is rarely investigated in the literature of technologyistesl motor rehabilitation and that will be
discussed in the first two chapters of this thesis in ordeigblight how and why an effective
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model for spatial sound rendering is required.

In Chapter2 current trends, open issues and up-to-date uses of aud#edpack in such
context will be reviewed, along with a discussion on a nhundfescenarios in which the use of
auditory feedback can contribute to overcome some of tha marent limitations of rehabilita-
tion systems, in terms of user engagement, improved madonileg, acute phase rehabilitation,
standardization of the rehabilitation process, and dgvetnt of home rehabilitation devices.
Then, in ChapteB the results of a set of novel preliminary experiments in Whgontinuous
auditory feedback is used to augment motor training exesdisr upper limb and gait training
in healthy subjects will be presented. In particular, thedfiés that task-related spatial audio
feedback can offer the user will be highlighted.






Chapter 2

Auditory Feedback in Virtual
Rehabilitation and Rehabilitation Robotics

The final goal of the rehabilitation process is to facilitageintegration of patients into social
and domestic life, by helping them regain the ability to asmously perform activities of daily
living (ADLs, e.g., eating, or walking). However such adi®s embody complex motor tasks,
for which current rehabilitation systems lack the sopb&tion needed in order to assist patients
during their performance.

One of the domains being explored to enhance patient regdweing rehabilitation is to em-
ploy technological means for the rehabilitation treatmandinly robotic systemgéhabilitation
roboticg and virtual reality systemsyiftual rehabilitation) [66]. The main difference between
the two approaches is that robotic systems can assist tlenpat completing the motor task,
while a virtual reality system can provide the patient witlymented feedback only. From this
point of view, virtual reality systems are more likely to bmgoyed in the chronic phase (i.e.
after approximately three months from the trauma), whileotemediated rehabilitation can be
delivered in the acute and sub-acute phases (typicallythessthree months from the trauma)
to severely impaired subjects as well. However, in mostése robot or haptic interface is
not used in isolation and requires at least a computer aderdnd possibly also a virtual en-
vironment to deliver the rehabilitation therapy. This isywthe two approaches are currently
converging into one common direction, so that we can reféotb of them with the concept of
technology-assisted motor rehabilitation

Technology-assisted motor rehabilitation is today ondnefrhost potentially interesting ap-
plication areas for research in sonic interaction desig®)SThe strong social implications,
the novelty of such a rapidly advancing field, as well as iteenently interdisciplinary nature
(contents combine topics in robotics, virtual reality, tiegy as well as neuroscience and rehabil-
itation) are some of the aspects that consolidate its aigilig and captivating character. Such
prospects justify the considerable amount of attentioa# teceived in the last decade from re-
searchers in the fields of both medicine and engineeringpuingose of their joint effort being

7
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the development of innovative methods to treat motor digigsi occurring as a consequence
of several possible traumatic (physical or neurologicajiyries, e.g. stroke (discussed in Sec-
tion[2.1).

Still, much work is needed to address challenges relatedridware, software, control sys-
tem design, as well as effective approaches for delivereatinent/[[66]. In particular, although
it is understood - as Sectién 2.2 will point out - that multolabfeedback can be used to improve
the performance in complex motor tasks|[37], a thoroughyaimbf the literature in this field,
reported in Section 2.3, shows that the potential of augiieedback is largely underestimated.

The work presented in this Chapter was publishedlin [9] andbbas accepted for publication

in [11].

2.1 Post-stroke rehabilitation robotics

Hemiparesis/hemiplegia is the most common outcome of sitble third leading cause of death
after cardiovascular diseases and cancer and the greatest of severe disability and impair-
ment in the industrialized world. Every year in the U.S. anadpe there are 200 to 300 new
stroke cases per 100.000 people, the 30% of whom survivesgitare invalidity and marked
limitations in daily activities, mainly deriving from imr@d motor control and loss of dexterity
in the use of the arm_[95%, 89]. The main characteristics olesein hemiparetic patients are
weakness of specific muscles, abnormal muscle tone, abhpostural adjustments, lack of
mobility, incorrect timing of components within a patteahnormal movement synergies, loss
of interjoint coordination, and loss of sensation|[31].

The group most prone to cerebrovascular accidents or sfrdkese relative incidence dou-
bles every decade) is the over 55 years old cateqory [56].omdtg to the World Health Or-
ganization (WHO), by 2050 the proportion of people over 65ryedd will have increased by
more thari’0% in industrialized countries and by more thz01% worldwide: as a consequence,
stroke cases are going to increase further in the next ded¢&€E Motor training after stroke is
thus becoming a primary social goal, based on the increasiigignce that the motor system is
plastic following stroke and can be influenced by motor fragrj125].

The fundamental rehabilitation goal in hemiplegic sulgeastto promote recovery of lost
functions so as to allow independence and early reintegratio social and domestic life. Tradi-
tional treatments are based on the use of physiotherapyhwsieeavily reliant on the therapist’s
training and past experience. Robotic therapy proposdstitdee a novel and realistic approach
that can help therapists increase the intensity of treanehnile operating safely within the hu-
man workspace and with the prospective of reducing costsgitineir work. In other words,
robotic devices have the potential to help post-strokeraatiT repetitive training in a controlled
fashion. Mechanical devices for rehabilitation are, int faesigned to interact with the patient,
guiding his/her upper or lower limb through repetitive exses based on a stereotyped pattern,
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and providing force feedback for sensorimotor-type relitative training [101].

The most commonly explored paradigm is to use a robotic dewacgphysically assist the
patient in completing desired motions of the arms, handdegs as he/she plays computer
games presented on a screen. A variety of assistive comtadégies have been designed (see
review [99]), ranging from robots that rigidly move limbal fixed paths, to robots that assist
only if the patient’s performance fails to remain within sespatial or temporal bound, to soft
robots that form a model of the patient’s weakness.

The rationale for physically assisted movement is that avjgles novel sensory and soft
tissue stimulation, demonstrates how better to perform sement, and increases the motiva-
tion of the patient in therapy engagement|[99]. However, mintended and possibly negative
effect of providing assistance is that patients may redbee effort and participation during
training, both for arm[[187] and gait [V 6] rehabilitationuc reduction has been hypothesized
to explain the diminished benefits of robot-assisted gaihing compared to conventional gait
training, recently documented for chronic stroke patievtie were ambulatory at the start of the
robotic training [70]. In the extreme, if a patient is passas a robot moves his/her limbs, the
effectiveness of repetitive movement training is subsdiptreduced|[[783]. Yet, even a moderate
reduction in patient effort may diminish training effe@ness, in case that the magnitude of the
experienced efferent activity plays a role in provokingnaéplasticity mechanisms.

For these reasons, one of the main goals of research in #assato identify the mechanisms
that determine engagement of the patient during roboticraavement training after stroke, in
order to optimize the design of rehabilitation robotic syss. A reasonable working hyphothesis
is that patient engagement and effort are related to (andearodulated by) sensory information
delivered by the robotic system, and that more highly endqugients are able to experience
increased benefits from robot-assisted training [73].

In the past two decades there has been a rapid increase imnhigen of research groups
and companies that develop robotic devices for assistirtgmnehabilitation in people with dis-
abilities, but recent reviews on the first Randomized Corgdollrials (RCTs) of upper-limb
robot-assisted rehabilitation outlined that clinicaluks are still far from being fully satisfac-
tory [94,[108,131]. Indeed, even though motor recovery isallg greater in robot-assisted
groups than in control groups, only few studies on acute ahmdasute phase rehabilitation
showed some positive results at the functional level (ireADLs) [100Q], the summary effect
size of all the studies being very close to zero. These iesulygest that the therapy devices,
exercises and protocols developed so far still need to beowed and optimized, one further
issue being the development of home rehabilitation sysianesder to help patients continue
treatment after hospital discharge [142].

Still, the most fundamental problem that robotic movembatdpy must address in order to
progress is the lack of knowledge on how motor learning dumeuro-rehabilitation works [139].
Specifically, many experimental results suggest that; iftal damage to the motor cortex, reha-
bilitative training with active engagement of the partep can shape subsequent reorganization
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in the adjacent intact cortex, and that the undamaged mottecmay play an important role in
motor recovery([126]. There is also evidence that kinenmextior drives motor adaptation [175]
and, moreover, that humans adapt to robot-generated dgremironments in a way that ap-
pears to minimize a cost function in both error and effonnie{45].

Besides, it is still not sure how the central nervous systembtoes different kinds of simul-
taneous feedbacks such as proprioceptive and visual iataymor haptic feedback. It is known
that visual and proprioceptive feedback may be combinedndd@mentally different ways dur-
ing trajectory control and final position regulation of reaxg movements [153] and that when
estimating the position of the arm, the brain selects dfiecombinations of sensory input based
on the computation in which the resulting estimate will bedigL62]. Moreover, people tend to
make straight and smooth hand movements when reaching act ¢b0], these trajectory fea-
tures being resistant to perturbation, and propriocepthwell as visual feedback may guide the
adaptive updating of motor commands enforcing this regylaMorris et al. [120] found that
recall following visuohaptic training is significantly m@accurate than recall following visual
or haptic training alone, although haptic training is imderto visual training. This result sug-
gests that haptic training may be an effective tool for t@agkensorimotor skills that include a
force-sensitive component in conjunction with visual feack.

There is also evidence that the effect of auditory feedbadeaching tasks after chronic
stroke depends on the hemisphere which was damaged by tike §140], and that a proper
sound may help individuals in learning a motor task [173,, IE8], but the precise ways that
mental engagement, repetition, kinematic error and sgnstarmation in general translate into
a pattern of recovery is not well defined for rehabilitati@8%]. Audio is used in many rehabili-
tation systems with the purpose of motivating patients @rtberformance; however, in all these
systems the audio component plays mostly a marginal roleyga positive (negative) feedback
if the patient completes (does not complete) a task or resifg the realism of a virtual reality
environment.

2.2 Audio and rehabilitation

2.2.1 Motivations and open issues

Strong motivations for integrating interactive sound imotor rehabilitation systems can be
found by examining in some detail the most prominent cunresgarch challenges in the field of
rehabilitation robotics, as described by Hareiral. [66] in a recent study.

As already mentioned, the most important challenges aeteictlto recovery of ADLS, in
order to facilitate re-integration of patients into so@ald domestic life. The functional move-
ments associated to ADLs typically involve very complex anatsks and a large number of
degrees of freedom of the implied limbs (e.g., ankle, arnmdiia On one hand, this requires
the use of sophisticated sensors and actuators (in particalltiple degrees-of-freedom robots
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have to be used in the case of robot-assisted therapy). Quniteehand, representing such com-
plex motor tasks to the patient is a particularly challeggioal. The simple schematic exercises
implemented in current rehabilitation systems help regpeé ADLs only to a limited extent.

ADLs rely on an essentially continuous and multimodal iatéion with the world, which
involve visual, kinesthetic, haptic, and auditory cuesctScues integrate and complement each
other in providing information about the environment anelititeraction itself, both in complex
tasks (e.g., walking, riding a bicycle) and in relativelyngier ones (e.g., a reach and grasp
movement). To this regard, in order to effectively reprédba environment and/or the user’s
movements, auditory feedback has to be used in conjunctithnother modalities.

Engagement of the patient to the rehabilitation task islerdundamental aspect to consider.
It is common sense that a bored patient may not be as motiested engaged patient. In the
literature it is widely accepted that highly repetitive reavent training in which the participant
is actively engaged can result in a quicker motor recoved iarbetter re-organization [33].
Therefore an open research challenge is how to increasgemgat and motivation in motor
rehabilitation.

Several studies have shown that auditory feedback purpyodedigned to be related with
physical movement can result in attainment of optimal agbdsring physical activity, reduction
of the perceived physical effort, and improvement of moodrdutraining [84]. Moreover,
engagement is strictly related to the concept of presenee,the perception of realism and
immersion in a virtual environment, commonly used in vittteality research. In this respect,
it is known that faithful spatial sound rendering increatesrealism of a virtual environment,
even in a task-oriented contekt [69, 136]. Nonethelessygtralso be emphasized that auditory
feedback can also be detrimental to patient engagemenat iproperly designed. This is a
general issue in sound design: users will typically turniawdf in their PC interface if the
auditory feedback is monotonous or uninteresting/unmédive (e.g. sound objects unrelated to
what happens on the virtual scene).

The use of interactive sound in rehabilitation systemsss alotivated by technological chal-
lenges. The qualities of virtual reality and robotic systemmotor rehabilitation are counterbal-
anced by their disadvantages in terms of customizabilitytagh costs, and designing low-cost
devices and hardware-independent virtual environmemtidme rehabilitation systems is in-
deed one of the current challenges for technology-assisteabilitation.

In this context the auditory modality can be advantageows the visual and haptic ones,
in terms of hardware requirements and computational bstdéhgh quality sound rendering
is comparatively less computationally demanding than 3f2eirendering or haptic rendering,
and can be conveyed to the patients through headphoneagtha commercial home theater
system, with no need for dedicated, expensive, and cuminergguipment. In the context of
home rehabilitation, auditory feedback may even be usedsamsory substitute for the visual
and haptic modalities [10, 109].

Finally, auditory feedback may be in certain cases the omgatity accessible to the patient,
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Figure 2.1: PhysioSonic training scenario: forestal wildlife as a métapto absolute height of
the arm (figure reproduced fror [1[79]).

whereas other modalities (especially the visual one) areAnotable example is found in post-
stroke neurorehabilitation treatment: in this case, ieimdnstrated by many studiés 143,38, 39]
that it is essential to start the rehabilitation processaas @s possible, since training during
the acute and sub-acute phase has a greater impact in imgn@adovery of ADLs compared
to robotic therapy in the chronic phase. However, since thieaphase patient has extremely
limited motor and attentional capabilities, and in someesas limited state of consciousness,
this is not always possible. Auditory feedback may be sigfallg used in such situations, since
it can still be perceived without requiring patients to kéegr attention focused on a screen, and
can be processed with relatively little cognitive effort.

2.2.2 Auditory feedback for continuous interaction

A few scenarios, methods and technologies from recentm@sea sound modeling and on sonic
interaction design, which can be employed and applied inctrgext of motor rehabilitation
tasks, are now examined.

In order to realize a fully interactive auditory feedbadkitable synthesis models which al-
low continuous control of audio rendering in relation to rugestures need to be used. One
interesting scenario is provided by the PhysioSadnic [1¥8tesm, that presents a generic model
for movement sonification as auditory feedback, in whiclygamovement patterns produce
motivating sounds while negatively defined sounds are érgg by evasive movement patterns.
Sonification is applied to intuitive attributes of bodily wenents, and comes in the form of
metaphorical sounds (e.g., the sound of a spinning whessmcéated to velocity). Furthermore,



Chapter 2. Auditory Feedback in Virtual Rehabilitation and Rehabilitation Robotics 13

Figure 2.2: The Ballancer: balancing a virtual glass marble on an alumim track (figure
reproduced from[[135]).

sounds can be chosen by each subject and change over timeetlucing fatigue or annoyance.
In an example the authors implement a system for the treatafesmoulder injuries, providing
two different training scenarios for the abduction movetwelmere the arm elevation and veloc-
ity are sonified into environmental sounds (see Eig. 2.1)rapdoduction rate of a sound file,
respectively. In both cases, all evasive movements adé ooisreaking to the auditory feedback
proportionally to their displacement.

One second relevant example of continuous and interaatitecry feedback related to user
gesture is described ih [135]: the Ballancer is a simple taagnterface composed by a track
(approximately a 1-meter long) and an accelerometer thasores acceleration in the direction
of the track’s length thus allowing estimation of the trachit angle. The movement of a virtual
ball, which rolls on the track and stops or bounces back wheaaches the extremities, is
rendered in real-time both visually on a monitor (see[Ei) and sonically through a physically-
based sound synthesis model which uses the state of thenbaha tilt angle as input controls.
The task of the user of this interface is to balance and #ttthck in order to move the virtual
ball to a target position on the track, and to stop it there.e €kperimental tests presented
in [L35] demonstrate that the presence of continuous aydieedback (the rolling sound of
the virtual ball) shortens the completion time for this tagkh respect to the case where no
sound is provided. Therefore the auditory feedback effelsticonveys information about such a
complex gesture as tilting and balancing. Although the Bakg is not conceived as an interface
for motor rehabilitation, it highlights the potential ofrtinuous auditory feedback in supporting
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motor learning in complex tasks such as in ADLs.

Despite the abundance of literature on the use of Human-Camneraction (HCI) meth-
ods in the design and evaluation of input devices and intesf498], sound started to play a
significant role in HCI research only in recent years, and get$tudies([146] were devoted to
the application of HCI methods to the design and the evalnatidnew interfaces for musical
expression”. Oricet al. [128] started the investigation in this direction in 200dgdsing on the
evaluation of controllers for interactive systems. Thehatg mention a target acquisition task
that could be compared with the acquisition of a given pitkivall as a given loudness or timbre
[178], proposing interesting analogies with HCI studies.

These works inspired a thread of research in the field of sanddnusic computing, focused
on the analysis of simple HCI tasks (e.g. target acquisitiotfie auditory domain [130]. Here
the aim is not the comparison of different input devices bther the evaluation of the influence
of different kinds of feedback on the user’s performance.aAsxample, de &zen and Roc-
chessol[36] performed various tests to evaluate pointingly tasks with multimodal feedback:
their results suggest that when interaction involves amy afdkinesthetic feedback the perfor-
mance is distinctly better with respect to free gestureaiates, and that these improvements in
performance are especially significant with high speeda®ftdrget, i.e. when the target should
be more difficult to hit. Furthermore, redundant feedbackdeded when the task is difficult.
These results support the idea of applying predictive HCEkJaatong with multimodal feed-
back, in the field of technology-assisted motor rehabiditatwith the purpose of improving the
patient’s performance during rehabilitation tasks.

Recent research on novel musical interfaces provides a nuofilsgstems and approaches
that could be directly applied to rehabilitative applicas [138/112]. Work in mobile sen-
sor performance technology is particularly interestinghis respect. Small sensors (including
microphones, accelerometers, and so on) are already be@ugto detect various kind of move-
ments and gestures that can affect the produced auditadpdek, e.g. by changing the tempo
of a musical accompaniment, or by controlling some expvessifects added according to input
gesturel[2]7, 26], thus transforming rehabilitation into @renengaging activity.

The application of all these results to the design of auditeedback for motor rehabilitation
systems must take into account the specificities of peoptavied, which can often be affected
by various perceptual deficits. In particular, extensivpegimental work is needed in order to
assess the influence of auditory feedback on motor learmogepses, to understand the effect of
the combination of auditory feedback with other modalitmsgch as the visual and haptic ones,
and to define criteria and guidelines for the design of thedlfaek, depending on the required
motor task.
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2.3 Current uses of auditory feedback in rehabilitation sys-
tems

In recent years auditory feedback has been exploited imwarsystems, both in the fields of
rehabilitation robotics and virtual rehabilitation. THeplest possible use, which can be found
in many systems discussed in the literature, consists ifammg non-processed, pre-recorded
samples of vocal or environmental sounds in order to imptbeganvolvement of the patient in
the task. As an example, Cameirgial. [25] developed a neurorehabilitation system composed
by a vision-based motion capture device augmented with mgteichnologies: in this case au-
dio has a rewarding function, in particular a “positive sduis triggered whenever the patient
accomplishes the goal of a specific game. In a similar waydpand nonverbal sound is used
by Lourieroet al. [97] as a feedback modality, with the role of providing en@ming words
and sounds during task execution, and congratulatory asatatory words at the end of the ex-
ercise. Despite its simplicity, such use of sound has peséffects on patients’ emotions and
involvement.

A complementary approach to the use of auditory feedbackastively guide the execution
of a motor task, rather than simply triggering it as a respdaghe patient’s performance. As an
example, Masieret al. [L02] present a robotic device which includes simple augifeedback:

a sound signal is delivered to the patient and its intensityéreased at the start and the end
phase of the rehabilitation exercise, in order to signaptuent the occurrence of these phases.
According to the authors, this kind of feedback retains tbevgr of maintaining a high level
of attention in the patient. On the other hand, the feedbaskrio correlation with quality of
performance. Colombet al.[32] used a similar type of feedback to guide the user's m@amm
in wrist and elbow-shoulder manipulators.

A more interactive use of sound can be found in the GenVidpalication [35]. This aug-
mented reality musical game is designed as an aiding togdtents with learning disabilities.
Users of this system are instructed to imitate sound or s®quences in the GenVirtual envi-
ronment, and auditory feedback is provided to help usersanemg such sequences. A similar
approach can be found in [92], [91], and [61]. However, it ttalbe noted that no realistic inter-
action is provided between user and environment, even theoignds are more correlated to user
movements with respect to the former examples. Moreovelit@y feedback is still realized in
the form of triggered pre-recorded sounds.

In many systems, auditory feedback is intended as generatisoundscapes that can rein-
force the verisimilitude and realism of a virtual envirormhethus addressing aspects of sound
design that are closer to SID research topics and in paatidal aesthetic quality issues. To
date, a plethora of environments have been developed,n@grfigim relatively simple driving
scenarios (such as car, boat or airplane [79, 37]), to mamptax ADLs [122] 71]. The latter
work describes a system which allows patients to practic®wa everyday activities, such as
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Figure 2.3: Auditory feedback and engagement. experimental setup WwehPhew-WREX
robotic system (figure reproduced from [155]).

preparing a hot drink: here the role of auditory feedback iehder as realistically as possible

the sounds of the virtual objects involved in the activitglananipulated by the patient (e.g. the

kettle, the cup, and so on). However, a fully realistic samieraction is not achieved, because of
the unidirectional and noncontinuous nature of the refatietween user movements and sound
generation.

Despite the great variety of uses assigned to auditory tegqlithe studies discussed above do
not generally provide a quantitative assessment of thetefémess of sound, regarding patient’s
performance in the rehabilitation task. Schaufelbeegat.[152] are among the few authors who
have provided such an assessment, although using healtjegtsu In their work, the use of short
tonal sequences is experimentally evaluated in the confext obstacle scenario. In particular,
different distances from the obstacle and different olbstheights are sonically rendered using
different repetition rates and different pitches of a toseduence, respectively. Experimental
results provide quantitative indications that, when auglifeedback is added to the visual one,
subjects perform better both in terms of completion timeiartdrms of fewer obstacle hits.

Concerning upper limb movements in stroke patients, Maulatal. [104] used auditory
feedback which informed subjects of the deviation of thaindhfrom the ideal path in order to
verify if auditory feedback could increase motor learniagg found that such training improved
performance. IN[155] it was studied how a relatively mildual distractor affects performance
errors during a common robot-assisted exercise (targekitrg, see Fig. 2]13) with both healthy
subjects and patients with chronic stroke. It was fond thdidth cases performance was de-
graded by the distractor yet restored to near normal valbes\auditory feedback of the tracking
error was provided.
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Reference Device EC | Al | SO | SS| SP
Boianet al. [18] Rutgers Ankle X
Colomboet al. [32] Wrist Rehab. Device X
Colomboet al.[32] Shoulder and Elbow Devicg X
Connoret al.[34] AFF Joystick X
Johnsoret al. [79] Driver's SEAT X
Johnsoret al. [80] HapticMaster robot X
Kousidouet al.[90] Salford Rehab. Exoskeletan X
Krebs and Hogari [91] MIT-MANUS X
Loureiroet al. [97] GENTLE/s X
McLaughlinet al. [107] Phantom X
Nef et al.[122] ARMin X | X
Reinkensmeyeet al.[[139] Pneu-WREX X | X
Reinkensmeyeet al.[[139] T-WREX X | X
Rosatiet al.[143] NeReBot X
Shinget al.[160] Rutgers Master I X X
Wellneret al. [182] Lokomat X | X X

Table 2.1: List of the surveyed robotic/haptic devices that use somme & auditory feedback,
and related literature. Columns from 3 to 6 list the typolagyed auditory feedback that have
been used, according to the classification given in Se¢fi8dl2whereas column 7 indicates
whether sound spatialization is used.

It has to be noted that, despite the substantial amount eérels, there are very few cases in
which technology-assisted rehabilitation systems havdentize step from research prototypes to
a real-world application in a medical context. A relevarample is Vibroacoustic Sound Ther-
apy (VAST), initially conceived for children with profourehd multiple learning difficulties and
recently developed with frail and mentally infirm elderlygpée in the context of an interactive
multisensory environment (iIMUSE) [44].

2.3.1 Comparative analysis of auditory displays in rehabilitation systems

To conclude this section, a quantitative analysis of cumuees of auditory feedback in technol-
ogy-assisted rehabilitation systems is provided. A dedaieview of a large number of systems
has been carried out. Specifically, the systems taken imtouat for this analysis have been col-
lected based on the works referenced in two recent revieales{170/ 72], on a related journal
special issu€ [82], and on the 2006-2008 proceedings of élevant international conferences:
the ICORR (International Conference on Rehabilitation Robptasd the ICVR (the Interna-
tional Conference on Virtual Rehabilitation). A total of 3&G8yms, described in 47 papers, have
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Figure 2.4: Distribution of auditory feedback in the 36 reviewed rehgdilon systems.

been selected. These systems have been grouped into fferenifclusters, representing four
different macro-categories of auditory feedback:

e auditory icongAl), pre-recorded everyday sounds (including environtaesounds often
employed in virtual reality applications) mapped to congp@vents;

e earcongEC), short pieces of music that characterize individuahesje
¢ sonification(SO), the mapping of multidimensional datasets into an sttodomain;
e synthetic speec{sS).

These categories correspond to those identified by McGaotdrBrewster [106)].

The quantitative results can be viewed in Higl] 2.4, whereasee detailed report of the
surveyed systems that use any kind of audio is given in TallleSlich analysis pitilessly reveals
that most of the systems do not make any use of auditory fe&dba addition, speech and
sonification, despite being the two most attractive altivaa for SID, are used only in a small
number of cases. Sound spatialization is also very littedugas the last column of Talle P.1
clearly shows. On the other hand, the vast majority of théesys that employ sound use it in
the simplest possibly way, i.e. through pre-recorded sampiggered by a single event. As
a result it emerges clearly that, although several systediss \which make use of multimodal
virtual environments, the consistent use of auditory fee#hs very little investigated, and its
potential largely underestimated.
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2.4 Conclusions

Very little attention to auditory feedback is paid in the otib rehabilitation community. The
majority of the reviewed systems do not utilize any audifesdback, whereas the others exploit
only a limited set of possibilities, such as earcons or anglicons. Auditory feedback is mostly
implemented in a virtual reality context, to reproduce ist& environmental sounds with the
aim of increasing the user’s sense of presence. Only in esvychses it is utilized to support the
motor learning process, providing an augmented feedbaitletaser.

Although current technology-assisted rehabilitatiorteys exploit only a limited set of pos-
sibilities from SID research, several studies show thapery designed auditory feedback, able
to provide temporal and spatial information, can improvgagement and performance of pa-
tients in the execution of motor tasks, can improve the miemming process, and can possibly
substitute other feedback modalities (as with visuallyamgd users). Moreover, the relatively
limited computational requirements of audio rendering #redlow costs of related hardware
make it attractive to use auditory feedback in the contekioofie rehabilitation systems. In light
of this, there is strong evidence that research in techyedsgisted rehabilitation may only take
advantage from a wary use of the know-how in sonic interadiesign.






Chapter 3

Effects of Audio in Virtual Rehabilitation
Tasks: Experimental Results

This chapter presents experimental results from a set tf vath healthy subjects that use au-
ditory feedback to augment motor training exercises. Tha gbthe presented study is to in-
vestigate the role of sound in motor learning and motor @bras a potential novel sensory
information to be compared to both visual and propriocepthodalities. The final aim of this
work is to incorporate an optimized real-time auditory feack related to one or more variables
(e.g. position error or velocity) in augmented-feedbadiota or virtual rehabilitation systems,
in order to improve clinical outcomes of therapy. In this o, the term auditory feedback
denotes an audio signal automatically generated and plagekito the user in response to an
action or an internal state of the system. The design of aydiéedback requires a set of sensors
to capture the system state, a feedback function to map iseige@ls into acoustic parameters,
and a rendering engine to generate audio accordinhgly [151].

An incentive to the following research is given by the obaéion that audio, just like video,
is more direct and requires less attention than propriemes input modality[[156]. Thus,
auditory feedback is not only potentially relevant as a station in augmenting the patient’s
engagement and motivation but also as an additional orisutbat straightforward information
with respect to video in improving performance and learnie working hypothesis is then
that properly designed auditory feedback could be used to:

1. aid patient motivation in performing task-oriented miarercises;
2. represent temporal and spatial information that impsdlkie motor learning process;
3. substitute other feedback modalities in case of theiedrs.

Five different experiments are presented, one for ganitigiand four for upper limb train-
ing, with the aim of investigating the effect of novel diféet auditory feedbacks in improving the

21
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performance in non-disabled participants. Very prelimynmasults for one subject are presented
for the gait training exercise in SectibnB.1, where theatftd task-related and subject-related
auditory feedbacks with or without the support of visualdieack and force field constraint is
compared to the no-sound condition.

Concerning upper limb rehabilitation, the first experimeSedtior 3.2) investigates whether
continuous task-related auditory feedback can be moreaeitios than error-related feedback
in terms of performance during a common tracking task. Instheond (Sectioh_3.3), sensory
substitution[[10B] is applied to compare different typesoditory feedback with their equiva-
lent visual feedback, in order to find out whether mappingsdume information on a different
sensory channel (the visual channel) yields comparabéztsfto those gained in the first ex-
periment. In the third experiment (Section]3.4) a contirslpaltered visuomotor transforma-
tion [116] between the controller and the screen is appliebkdnematic information is mapped
in order to investigate whether the task-related auditeegback is more effective in the screen
or in the controller's reference system. Finally, the fauekperiment (Sectiopn_3.5) compares
performances of spatialized versus non-spatialized talsited auditory feedback.

The studies described in the following sections are theltre$a joint work with the De-
partment of Mechanical Innovation and Management, Unityecs Padova, together with the
University of Delaware (gait training experiment) and theiwersity of California Irvine (upper
limb training experiments). In these works my main task reesntthe development of the various
auditory feedback modalities and their integration witthia experimental setups.

The works presented in this Chapter were published inl [1423t{813.2) and have been sub-
mitted for publication in paper5[191] (Sectioni3.1) andgl@&ections 312- 3]14). The experiment
reported in Section 3.5 is still unpublished.

3.1 Auditory feedback for gait training

The aim of this experiment, which | refer to as experiment @hdre G stands for gait), is to
investigate whether the most commonly used combinatioeediback in rehabilitation robotics
(i.e., haptic and visual) can be either enhanced by addidgaay feedback or successfully sub-
stituted with a combination of kinetic guidance and auditi@edback, while helping a subject
performing and learning an altered gait motor pattern. Aakam of an altered motor pattern
was in fact found to be necessary to achieve a semblance dfidnal walking following the
neuromuscular impairments caused by strokel[129]. Augfieedback is presented in conjunc-
tion with or in substitution to visual feedback and/or fofedd constraint (FFC) provided by a
robotic exoskeleton that the participant is wearing.
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(a) A CAD model of the ALEX Il device. (b) Healthy subject during the experiment.

Figure 3.1: Experiment G1: experimental setup (figure (a) reproducechff186]).

3.1.1 Subjects

The experiment is currently involving a significant numbehealthy subjectsx 25), random-
ized into four groups based on the kind of feedback providathd gait training: group NF,
group FS, group TR, and group SR (such division will be latgrla@red). Conversely, early
results reported in this thesis refer to a pilot study on glsihealthy subject, aget8 and cau-
casian, performing all of the single training sessions efftur groups.

3.1.2 Experimental setup

Fig.[3.1(a) reports a model of the robotic exoskeleton eggalan this study, i.e. the ALEX Il
(Active Leg EXoskeleton) device developed at the UnivgrsitDelaware. Without entering into
detailed information about mechanics and control of theskal@ton that can be found in [186], it
is sufficient to report in this context that the device is dateral exoskeleton with two active DoF
(hip and knee flexion and extension) that can accommoddteretie left leg or the right leg of
the subject. Additionally, the ALEX Il provides 4 passive Pat the trunk (vertical rotation and
anterior/posterior, superior/inferior and side-to-sidetions). The leg is mounted on a movable
back support that has been designed to be used in conjunwiibra traditional treadmill for
robot-aided gait training.

The device can operate in zero-torque mode or with force &albled. The inertia of the
device is not actively compensated in the zero-torque m®gda) though gravitational loads are.
When the Cartesian-based force field is active, a target fdoipdoaded into the controller,
which represents the locus of points that the projectiomefsubject’s malleolus onto the sagit-
tal plane would pass through in an ideal gait cycle. The fdiedd behavior is modeled by a
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(a) Cartesian space trajectories. (b) Joint space trajectories.

Figure 3.2: Experiment G1: Cartesian space and joint space trajectofiége curves: baseline
trajectory. Green curves: template trajectory. Red curveean trajectory during a training
time slice.

non-linear virtual spring [186] that exerts a normal foroeards the prescribed footpath if the
deviation of the subject’s foot from the target footpatheeds an adjustable threshold. Con-
versely, no force is ideally exerted by the robot to the stttgdeq if his/her ankle is sufficiently
close to the prescribed footpath.

Fig.[3.1(b) pictures a more global view of the setup. The skom by the subject’s cho-
sen leg (that in post-stroke patients will be the impairedeolimb) is instrumented with three
pressure sensors mounted at the heel, ball, and toe of théhftoprovide information about
foot contact. These signals are used to pace the auditotpdek to subject’s gait as well as
for offline data processing. Each subject, after having fit the exoskeleton, has to walk at
regular speed on a treadmill. Subject motion in exoskelstoacorded by the device itself, that
continuously monitors the hip angle, knee angle, and arddéipn in the subject’s sagittal plane
relative to the hip. The ankle position plotted against tomees rise to a peculiar trajectory in
the sagittal plane, an example of which can be seen il Eifp)3.2

The goal of the subject during training is to follow as muclpassible one such trajectory
(the templatetrajectory), guided by FFC plus auditory feedback and/suai guidance (VG)
presented on a screen placed in front of the treadmill, teqgpthe current position of the ankle
on the Cartesian space template. The trajectory can alsosbalized by the operator in the
space of the two joints involved during gait training, higdmee: Fig[3R2(b) reports such an
example.

Recorded data are sent from the robot real-time controllex kmst PC, which runs the
human-machine interface (HMI). A MATLAB script running ohe same PC performs real-
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time processing on the limited set of data (hip angle, knegeaand ankle position) required for
computing the auditory feedback, and sends them to a lapadpe OSC (Open Sound Control)
protocol. A real-time graphical programming environmd®iye Datal[132], is running on the
laptop and is used for real-time audio synthesis. Soundsrasented to the subject by means of
stereo speakers located in front of the treadmill.

Two different types of auditory feedback were designed:

¢ arhythmic feedbackriggering instrumental sounds during the subject’s walk;
¢ sonificationof the template trajectory based on formant synthesis cn:feﬂ)i

The rhythmic feedback can be both subject-related and tsgeyptlated. In the first case, athumb
piano key sample is triggered each time the subject liftsiggde from the treadmill (toe-off,
TO) and a metronome is played when the subject’s foot hitsdge treadmill (heel-strike, HS).
Notes played by the thumb piano cycle amandgifferent tones to make the auditory feedback
more pleasant. In the second case, events TO and HS are atetr&d the subject’s gait but to
the template points where the expected TO and HS occur: mhgtbues are triggered by the
PC at a frequency that corresponds to the stride period déthet trajectory, yielding a regular
rhythmic pattern. The use of a double-metronome allowsqaints to pace both footfalls to
the rhythmic cues.

Concerning template sonification, each point of the jointtepa mapped to a determined
vocalized sound produced by a formant synthesis patch. tiicpkar, the current hip angle
controls the formants (i.e., the couple of frequencies phatluce a vowel) of the sound, while
the current knee angle is mapped to its fundamental frequesnich increases with knee flexion.
By replicating the same sound at each gait cycle, the sulgj@dtie to easily reproduce the same
footpath. However, informations about the mismatch betwtde current and the prescribed
footpath are only provided by the force field.

3.1.3 Experimental protocol

In this experiment each participant in every group is askeddlk on the treadmill taking into
consideration the information given by the perceived feettb. As already mentioned, what
distinguishes the different groups is the kind of feedbackiged to them during training:

e group NF: FFC plus VG, no auditory feedback;
e group FS: sonification plus FFC;

e group TR: template-related rhythmic feedback plus FFC;

1Sonification can be defined as a mapping of multidimensioai@isits into an acoustic domain for the purposes
of interpreting, understanding, or communicating relagion the domain under study [151]. As such, it can be
thought of as the auditory equivalent of data visualization
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Figure 3.3: Experiment G1: experimental protocol timeline for a singjléject.

e group SR: subject-related rhythmic feedback plus FFC and VG.

The full protocol for each subject is schematized in Eig. &8ch subject walks f& minutes
on the treadmill at his/her comfortable walking speed (CW®givards, his/her left leg is fitted
to the device, and he/she walks for 10 minutes while the risbatntrolled in zero-torque mode.
During this warm-up session, the subject's CWS in the robogtsminined, and the adjustments
of the device can be slightly modified to improve his/her coraf The treadmill speed is then
maintained for the rest of the experiment. In this study,rtftmtic leg is attached to subject’s
non-dominant leg, i.e., the limb which is commonly recoguizo be mainly involved in motion
control. Indeed, several works on laterality and asymmietigble-bodied gait corroborate the
hypothesis that the non-dominant leg contributes to coméigks, support, and body weight
transfer, while the contralateral limb is mainly respofesior propulsion([147].

In the following 5-minutes walk (baseline session, BSL), liffg and knee joint angles are
recorded by motor encoders. By averaging data taken fronagt&0ls time-slice in this session,
and mapping the resulting averaged footpath to the taséespa., the Cartesian space), the
subject’s baseline footpath is derived. The target fobtmathen computed by applying isotropic
scaling to the set of points of the baseline footpath in tipgkiniee joint space, with.8 as the
scaling factor and the origin of the hip/knee axes as theeaktbomothetic center. This method
yields a stable yet challenging gait cycle, characterizeal €horter and shallower step. Similarly,
the target stride period is computed from the average lmesstride period by comparing the
relative positions of the heel-strike/toe-off points ire thaseline footpath to the corresponding
estimated positions in the target footpath. Notice thaindpéhe treadmill speed equal to the
baseline CWS, smaller steps in the prescribed trajectonyftriesa faster prescribed cadence
(i.e., a shorter target stride period).

During training, subjects walk in the robotic exoskelettnging to match the target foot-
path. Training consists of fout)-minutes long sessions, during which the force field (FFC) is
always active (thresholthmm, stiffness of non-linear spring0000N /m?). Conversely, when
provided, visual guidance and auditory feedbacks are tuameintermittently (i.e., during the
first and third quarter of each training session) to prevebjexts from over-relying on extrinsic
feedbacks.

Breaks are given to subjects between each pair of consedtrgineng sessions. Duration of
the breaks is up to the subjects, ranging from 2 to 5 minutasinhl verbal cues are provided
during early trainings, only if the subject finds it diffictitt adapt to the force field. Participants
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included in groups TR and SR are shown the current ankleiposihd the prescribed footpath
during the first40s of each training session. This approach is meant to praubgects with
minimal information about the goal movement. Thereforesthgroups do not receive kinetic
guidance and auditory feedback only, even though the amaunsual guidance is negligible
if compared to groups NF and FS. Similarly, during the fiié$ of each training session, peo-
ple in group SR are provided with the prescribed cadenceandstf the subject-triggered one.
Thus, subjects in group SR do actually receive minimal mi@tions about the cadence they are
expected to walk at.

Post-tests consist ¢f sessionsy minutes each, the first of which startaninute after the
conclusion of the last training session.5Aninute break is given between consecutive sessions,
thereby the second and the third post-tests $tadnd21 minutes after training, respectively.
During these sessions, the robot is controlled in zerod®mode and subjects are instructed to
walk as normally as possible. These last sessions are emhasdimeasures of learning.

3.1.4 Data analysis

Data from encoders and pressure sensors are collecied ldz and then filtered with a forward-
backwards-th order Butterworth filter {. = 30 Hz). Starting from these data, a set of variables
which describes the participant’s performance duringhing and post-test sessions (accuracy
and precision measures) is computed. Data collected oymdfie sessionyminutes for base-
line and post-testd,0 minutes for trainings) are first split int&)s time intervals. Then, metrics
are computed within each time interval and subsequentlyageel to yield a single value per
session.

Concerning accuracy, three different error metrics areidensd:

1. the normalized error area enclosed between the curegaettory and the template trajec-
tory in the joint space,
’A;IS - Af{ﬁgp‘

JSETI’ = T A7  aJ91
[Apal — Aimpl

(3.1)

whereA?? is the trajectory mean area in théh time inceA{nfp is the area enclosed by the

template trajectory, and{: is the area enclosed by the baseline trajectory, all cordpute
in the joint space reference system;

2. the normalized error area enclosed between the curggattory and the template trajec-

tory in the Cartesian space,
| ATS _ ATS|

tmp

TSenr = —7g——7q7
err ‘A%"SSI‘ _Atj':‘n% Y

(3.2)

whereAT®, Af", andA[§ are the metrics respectively equivalent4g®, A%, andAjS,
but computed in the Cartesian reference system; and
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(a) Calculation of] S (b) Calculation ofl’ Se.

Figure 3.4: Experiment G1: two error metrics. The white area enclosed batvike current
trajectory (red curve) and the target trajectory (greeneey gives a measure of accuracy. The
blue curve is again the baseline trajectory.

3. the normalized stride period error,

Terr = (3 .3)

whereT;, Timp, andTpg are the average stride period in theh time slice, and the stride
periods of the template and baseline, respectively. Sisigide periods are all calculated
as the time intercurring between two subsequent TO events.

Fig.[3.4 reports a graphic representation of the above osetiis an example, if the subject is
walking on the baseline trajectory bailbe,; and7'Se, Will be unitary, whereas if he/she follows
perfectly the template trajectory these will be equal tmzeBimilarly, a unitary value foff
indicates that the subject is walking to the pace of the baesélajectory.

Precision metrics/ Spree, T'Sprec aNdT e are defined just agSer, T'Serr, andTey, With the
only difference that the average trajectory/stride peabthe subject computed over the whole
bout replaces the baseline trajectory/stride period. &lcas be seen as repeatability measures:
a high value of such metrics indicates that gait in diffetene slices is highly variable around
its mean, i.e. that repeatability is low.

3.1.5 Results and discussion

| shall now present and discuss the results of a pilot experinmvolving one subject performing
the training sessions for the four groups. HKigl 3.5 illussahe mean and standard deviation
among different time slices of the six defined metrics forheaitthe four feedback types.

It can be clearly seen that mode TR (template-based rhythre} ghe best results in all of
the precision metrics and if,;. These are easily explained by the “metronome” paradigm in-
corporated in such kind of regularly triggered feedbackll, §ood results are also obtained in



Chapter 3. Effects of Audio in Virtual Rehabilitation Tasks: Experimental Results 29

051

] TSen- TSprec
09 Js,, 0.45} o I8,
0.8 o Ter 0.4 O Torac
0.7 0.35
=
= g 03
506 &
=" ol
& 8
° 05 5 0.25
2 g
5 . g 02
@ 04 I i oo
@
03 l \ J 0.15
0.2 {) | % l 01f T 1 L
o T J J J; [
01 0.05f J
0 1 1 L L 0 L 1 1 1
TR SR FS NF TR SR FS NF
(a) Accuracy metrics. (b) Precision metrics.

Figure 3.5: Experiment G1: results for one healthy subject.

the other two metricsASer andT'Sey) even though visual feedback is absent and no extrinsic
information about error is provided apart from FFC. Such ltesiggests that this kind of audi-
tory feedback allows the subject to concentrate more onrfmogption than on visual feedback,
hence to base his/her own gait corrections on proprioaeptiormation.

Mode SR (subject-based rhythm plus visual guidance) y\dg good results ifl’' Se,; prob-
ably thanks to visual information, whereds,,, is comparable to mode TR. However, variance
across time slices is greater, and this fact reflects itgglh ¢the high values in the precision
metrics: trajectories are not repeatabilg, is also higher both in mean and variance, probably
because of the prominent weight of the feedback componankgto which the subject con-
centrates more on minimizing error rather than performiegraect gait. Still,7%, is lower than
in mode NF (no auditory feedback), indicating that havingeater perception of his/her steps
helps the subject avert his/her attention away from emtated feedback provided by visual
guidance.

Similarly to mode TR, audio in mode FS (formant synthesishcabe regarded as an error-
related feedback. Errors inSe, andT'Se, are comparable to both previous modes, whiilgis
definitely worse. However, precision is almost as good asadem R, even without any rhythmic
information: this result may be explained by the observetiat thanks to trajectory sonification
the subject has knowledge of results, and aims at replgétie correct trajectory by minimizing
differences between what he/she had learned to be the teoeadization and what he/she hears
during gait, regardless of step cadence. Although not badest in the viewpoints of both
accuracy and precision, such sonification-based feedbadklity is the most innovative, having
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never been investigated in previous literature.

Along with correctness of movement, repeatability is a ameéntal goal for gait training: as
a matter of fact, it can mean that the subject has creatduthisivn motor pattern and follows it
with a high degree of precision. A proper task-based feddivey help the subject in performing
repetitive exercises, even in presence of a desired alteneplate, and could lead to improved
learning. Furthermore, task-related feedback can easilintegrated in everyday life, where
external information on error is unavailable. High premmsdoes not occur for modes SR and
NF, where the subject executes several different attemigier to follow a template visualized
on the screen; this result highlights how motor control ishese two modes more influenced
by feedback than feedforward. As a consequence, all of thetiorehabilitation systems that
make use of video as the principal feedback modality ardditdinduce the subject gaining
excellent performances (i.e. low errors) without reallgrieng motor control, that needs to be
mainly based on feedforward information in order to reacighdr level of effectiveness.

The reported observations are currently being verified atlhiversity of Delaware on a
significant number of subjects. Clearly, the comprehengsalts will have to be interpreted by
considering retention effects (i.e. performance in poaEting phases) too: a previous study![86]
has revealed that, even in mode NF, short-term gait modditstasting up t® hours could be
induced in healthy individuals. Thus, it has to be invesgdavhether the same effect can be
provided or even improved by the use of the auditory channedther words, the conclusion
advanced in[[86] thanultiple feedback modalities allow better adaptation toesvrgait pattern
needs to be extended to audio. Still, the preliminary resuiitthe presented pilot experiment
have indicated that the auditory system can already be seamseful information channel for
the subject during gait.

3.2 Auditory feedback for arm training: task-related feed-
back

We now move to experiments for upper limb training throughpde target tracking exercises
augmented with multimodal feedback. The aim of this firstezkpent, which is referred to as
experiment T1 (where T stands for tracking), was to find ouétiver a task-related auditory
feedback is able to provide informations that help the stbfeproving performance more than
position-error-related auditory feedback or visual fesazkoalone.

3.2.1 Subjects

A total of 20 healthy subjects participated to the experiment. They \agesl between 21 and
29 (mean age2.95 + 1.99), 55% male and45% female, caucasian and right-handed. All the
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Figure 3.6: Experiments T1 and T4: experimental setup.

participants had normal vision with no color blindness, andcearing problems based on their
self-report.

3.2.2 Experimental setup

As pictured in Fig[36, each participant was provided wiga&r of common headphones that
presented auditory feedback and a Wacom pen as his/heolientDuring the whole experi-
ment, each subject was sitting in front of a desk with a Full $tibeen in the middle of it, and a
Wacom pen tablet suitably calibrated in order to match tiheestsize right in front of him/her.
The screen was backed by a blank wall.

The main application was implemented in MATLAB. Two colotdd, 25-pixel-radius dots
were displayed on the screen: one representing the cartsghlosition (green dot) and one for
target position (red dot). Each participant was asked ttopara tracking exercise of the target’s
movement on a horizontal line while at the same time comtiglihe green dot as accurately as
possible. Obviously, control of the pen required movemétie right upper limb.

Two different types of target motion were envisaged:

¢ afixed-lengthprofile, where the length of each left-right-left movemewntle was set to
60% of screen size for all iterations within the same sessiorresponding to a range of
motion for the subject’'s hand of nea90 mm;

e arandom-lengtlprofile, where at each iteration the length of the segmentgiseandom-
ly varied from20% to 90% of the screen size. At the end of the session, the total aistan
traveled by the target was the same as in the first case.
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In both cases, the trajectory of the target had a minimulk{eofile, i.e. considering a fifth-
degree polynomial function

q(t) = ag +ar(t —t;) + ag(t —t;)* + as(t — t;)° + ag(t — t;)* + as(t — t;)°, (3.4)

wheret; is the start time of the trajectory, onto which the followiogntour conditions are im-
posed:

e endtimet; = "’fv;‘”

e initial positiong; = ¢(¢;) and final positiory; = ¢(ts);

e initial velocity ¢; = ¢(¢;) = 0 and final velocityj; = ¢(t;) = 0;

e initial accelerationj; = ¢(¢;) = 0 and final acceleratioi; = ¢(tf) = 0.

The coefficient values that uniquely determine the desnagddtory are then

ay = (;
a; = g
1.
az = 5%’
20(qr — q;) — (8qr + 12¢;)T + (3Gf — 2q; T2
0 = (97 — a:) — (84y 2T3) (3dy ) (3.5)
~30(q — qp) + (144 +164:)T + (3Gy — 2G;)T°
= 274
o 12(qr — ) = 6(dy + @)T — (Gr — G)T?
@ = 275 !

wherev is the mean velocity in each segment, kept constant durmgxtarcise, and’ = ¢, —¢,.
Just as in the gait training experiment, auditory feedbaak developed in Pure Data. Tar-

get’s and subject’s data (positions and velocities in theX d directions) were sent in real-time

to Pure Data through the OSC protocol. Two different typesuafitory feedback were designed:

e atask-relatedauditory feedback simulating the sound of a rolling ball;
e anerror-relatedauditory feedback performing formant synthesis of voice.

For task-related feedback, the velocity of the target wadiegh as a simple gain factor onto the
output of a pink noise generator filtered through a bandplssitith 200-Hz center frequency

and Q factor equal to 7. Concerning error-related feedbhelposition errors between indicator
and target in both axes were used to control the parameténe sime formant synthesis patch
used in the previous experiment. Specifically, the X-axisitpmn error was mapped onto the
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Headphones

T

Wacom Pen — .
Simulink 1/0 Model Joystick
Figure 3.7: Functioning scheme of the target tracking system. The Waammis used in exper-
iments T1 and T4; the joystick is used in experiments T2 and T3

amplitude and fundamental frequency of a synthetic voedlsound, while the Y-axis position
error controlled the formants of the sound.

Spatial sound information was added to both feedbacks wiseearplug ~ Pure Data ex-
ternal, which offers 3-D sound rendering based on non-paitszed head-related transfer func-
tions [30], by fitting the target X-axis position to the azitmangle parameter. The described
auditory feedbacks were provided in turn to the user thrchegdphones. A simple scheme of
the system’s architecture is reported in [Eig] 3.7, whereSthaulink model and the joystick were
not used in this experiment.

3.2.3 Experimental protocol

All the participants were asked to complete six differesk&a For each task, the subject had to
draw a trajectory onto the tablet with the pen in order todiwlthe target on the screen. The six
tasks were:

e task A: fixed-length trajectory, no auditory feedback;
e task Br: random-length trajectory, no auditory feedback;
e task C: fixed-length trajectory, task-related auditory feseak;

e task Dr: random-length trajectory, task-related audifegdback;
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e task E: fixed-length trajectory, error-related auditorgdback;
e task Fr: random-length trajectory, error-related augtifeedback.

Each task lasted 80 seconds and consisted of 13 repetitidhs teft-right-left movement
cycle. The mean velocity of the target was set to 400 pixelspeond. During each task, target
and subject’s indicator position and velocity were samplaifrequency 0300 Hz. Each subject
executed all tasks in a randomly-generated sequence,aaftest warm-up task without target
where the participant could get acquainted with the talidering the three seconds preceding
each task, a countdown was simulated through a sequencesefttinal beeps.

3.2.4 Data analysis

For each participant, the integral of relative velocitg (i.the difference between subject’s and
target’s velocities), the weighted position error along kiorizontal direction (X-axis), and the
mean distance between subject indicator and target wersurezh Each measure was calculated
for every left-right and right-left segment, then it was i@ged over the whole task for each
subject.

Theintegral of relative velocityor the k — th segment is defined as

1 let1 ~

where|v,.| = |Us — 7| is the norm of the relative velocity vectaty, is the length of segmerit
whereag; andt,,, are the beginning and end times of the segméhy, was calculated using
the rectangle method:

5" s (1) = 0 (0% + (s () — iy (W) - o

h=1 Ly,
whereN is the number of samples in the segment. g parameter measures the extra distance
traveled by the subject while following the target, accauntfor the movements made by the
subject to correct tracking errors. A null value of this netndicates that the velocity profile of
the target has been exactly reproduced by the subject, baagh the average position error (in
terms of a constant offset measured by the second metricpmagt null.

The position error along the X-axis was weighed with the sifjiarget velocity and normal-
ized to target radiug. Theaverage weighed position errdor segment is defined as:

ey = L 30 a0 = ) i 10 () )
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Figure 3.8: Experiment T1: statistical analysis on integral of relativelocity.

This formula takes into account the direction of motion a target, thus showing whether the
subject leads (positive error) or lags (negative error)ténget during the exercise. Lead error
is defined as the tracking error when the subject indicatticipates the target (i.e. leads the
target motion), while lag error is the tracking error whee subject indicator follows the target.
Formally, positive terms in the summation in Eq.{3.8) citmite to lead error¢®2% calculation,
while negative terms contribute to lag erref{) calculation. A null value in this metric indicates
that the subject had an average null delay with respectgetanotion, even though the distance
traveled around the target (which is measured by the firstichebay be not null.

Finally, the average distance normalized to the dot radiened as

=2 (R)* 4 (ys (h) — s (B))?

- (3.9)

N zs (h
dm<k>=%zw (1)

h=1

for segment;, was also calculated. This measure roughly indicates tt@racy of movement.

A comparison between paired data was performed (D’Agosimb Pearson omnibus nor-
mality test), resulting in a Gaussian distribution for ®skC-E-Fr (integral of relative velocity),
A-Br-C-Dr-E-Fr (weighed position error and lead error), A-Gi&g error), and A-Dr-E (mean
distance). Consequently, either parametric or non-parangétilcoxon) paired t-tests were per-
formed in order to compare the measures among differerng.task
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Figure 3.9: Experiment T1: statistical analysis on weighed positiomerr

3.2.5 Results and discussion

The main result of the statistical analysis on the integfaietative velocity was that, as one
may expect, the fixed-length task is always significantlydretxecuted than the corresponding
random-length task, regardless the audio modality emplggee Fig['318): the subjects made
significantly greater corrections in the random-lengtlksasith respect to the corresponding
fixed-length task for every audio modality. On the other harwstatistically significant differ-
ence was found, in terms of extra distance traveled aroumthtiget, when the audio modality
was changed while keeping the same trajectory type, indg#hat the audio modality did not
affect the number of corrections made by the subject whaleking the target.

Conversely, statistical analysis on average weighed poséiror revealed that, in terms of
tracking delay, there is no significant difference betweesdiiand random length tasks within the
same auditory feedback modality (see Figl] 3.9), indicatirag the trajectory type did not affect
the average tracking delay. However, task C presented disagrly smaller negative error with
respect to tasks A and E, while task Dr did the same with régpe8r and Fr. In other words,
task-related auditory feedback (C and Dr) helped the stgpecsignificantly reduce average
tracking delay with respect to error-related auditory fesak (E and Fr) and to no audio (A and
Br), both in the easier (fixed length) and in the more complardom length) tasks.

By decomposing the previous measure into lead and lag etraigas found how subjects
averagely tend to lag during the task, especially for theoamlength tasks (see Fg. 3110). This
result can be easily justified by the unpredictability ofs¢asks and the subject’s physiological
response delay to multisensory feedback. In this conte jinportant to underline that in the
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Figure 3.10: Experiment T1: statistical analysis on lag error.

statistical analysis lag error in tasks C and Dr is statdiiifdower compared to the corresponding
tasks A and Br, whereas this does not happen for lead errde-réteted auditory feedback thus
involves actions that aim at reducing lag error.

Conversely, error-related feedback seems to act more asaeatdtto performing tracking
errors rather than an augmentation of the visual informadiailable to the user. This hypothesis
may explain the deterioration of the performance with respethe task-related case in all of
the analyzed statistics except the lead error: indeedkihgsof feedback seems effective only
in indicating the target’s deceleration phase by warnirgguber not to overshoot the end point
of the segment.

The effects of both error-related and task-related feddbagerformance and motor learn-
ing are often discussed in the literature, sometimes witttrasting results. As an example,
according to Timmermanet al. [177] rehabilitation technology should provide both knedde
of results as well as knowledge of performance. A combimadioerror-based augmented feed-
back and feedback on correct characteristics of the peddrmovement is thus advisable to
enhance both motor learning and motivation. The resultxpéement T1 suggest instead that
even task-related feedback alone can be beneficial to ysefermance.
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3.3 Auditory feedback for arm training: sensory substitution
of audio

The purpose of the following experiment, which is referrech$ experiment T2, was to prove
whether equal information to auditory feedback onto a diffé sensory channel gives the same
positive effects in users’ performance. The experimerglsof this experiment was very sim-
ilar to that of the previous one, the only substantial défese being the controller.

3.3.1 Subjects

A total of 22 healthy subjects participated to the experiment (mear2age 1.66, 81.8% male
and18.2% female). They were caucasian and right-handed, excepthtsobject who was left-
handed. Again, all the participants had normal vision withcolor blindness, and no hearing
problems.

3.3.2 Experimental setup

As shown in Fig[3.1]1, the subjects sat on a chair with an bd@DoF semiactive joystick
(see[[28]) fixed on the right side of it. The experimental patias also composed by a PC host
and a pair of common headphones that presented auditorpdeled The 2-DoF joystick was
used in passive mode (i.e. free motion). Accordind td [28nipulation of the joystick along
the first DoF, which involves movement along the X-axis, wassured through a Baumer BHK
incremental encoder witB000imp./rev., while the second DoF, which was disconnected from
the passive actuator in order to reduce friction and inevies measured usinglaks? single-
turn conductive plastic potentiometer with1&l” power supply. A Sensoray 626 1/0 module
was managed in an external computer through a real-timevaat(Simulink R2010b) running
at100H z. A Graphical User Interface (GUI) in MATLAB allowed to sendP packets in real-
time to an audio synthesis patch through the OSC protoc@.sEheme of the setup can be again
related to Figl_3]7, the joystick replacing the tablet.

As in the previous experiment, two color-filled, 25-pixetinas dots were represented on
the screen, one for controller position (green dot) and ongafget position (red dot), and each
participant was asked to perform a tracking exercise ofdtget's movement as a horizontal left-
to-right movement. In this experiment, all tasks sharégeal-lengthrajectory with a minimum-
jerk velocity profile as in Eqs[(3.4) (3.8), corresponding to a range of motion for the subject’s
hand of150 mm.

auditory feedback was again developed in Pure Data. Iniaddd the previous two types of
auditory feedback, adapted to and improved for this expanima third type of feedback related
to velocity error was designed. Ultimately, the three auglifeedback modalities were:

o atask-relatedauditory feedback simulating the sound of a rolling ball,
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Figure 3.11: Experiments T2 and T3: experimental setup.

e aposition-error-relatedauditory feedback performing formant synthesis of voice;
e avelocity-error-relatedauditory feedback simulating DJ scratching.

Task-related auditory feedback was improved through tleeofis bandpass filter with Q factor
equal to 9 and 500-Hz center frequency, slightly variablthwhe velocity input in the latter
version. For position-error-related auditory feedbatle position error between the indicator
and the target in X-axis was used alone to control the paemef the formant synthesis patch.
Specifically, the X-axis position error was mapped onto thgpléude, the fundamental fre-
guency and the couple of formants in order to generate a sebrah changes in frequency for
small errors and vowel for medium/large errors, resulting more straightforward feedback.

Velocity-error-related auditory feedback was designed asbic polynomial profile of the
X-axis velocity error applied onto the output of a pink nagemerator filtered through a bandpass
filter, set up as in the task-related audio signal. In addljteodead zone and a sign control were
added to activate feedback only in presence of mediumrgelarrors and when the controller
was moving away from the target. All of the auditory feedlsaglere again binaurally spatialized
through theearplug ~ Pure Data external.

For this experiment visual alterations equivalent to thecdbed auditory feedbacks were
also designed in MATLAB. Basically, a progressive alteratbthe screen’s background color,
fading from black to light blue proportionally to the curtenapped quantity, i.e. X-axis position
error, X-axis target velocity, or X-axis velocity error, svantroduced.

3.3.3 Experimental protocol

Each participant was asked to complete seven differens td3i each task, the participant had
to grasp the joystick handle performing a horizontal movetwéth the aim of following the
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target on the screen. The seven tasks were:
e task A: no audio/color feedbacks;

e task B: position-error-related color feedback;

task C: velocity-error-related color feedback;

task D: task-related color feedback;

task E: position-error-related auditory feedback;

task F: velocity-error-related auditory feedback;
e task G: task-related auditory feedback.

Each task lasted about 90 seconds and consisted of 15 i@pebf the left-right-left move-
ment cycle. The mean velocity of the target was set to 500lpper second. Each subject
executed all tasks in a randomly-generated sequence,aafitest warm-up task without target,
where the participant could get acquainted with the devingring the three seconds preceding
the beginning of each task, a countdown was simulated tlhraugequence of three tonal beeps.

3.3.4 Data analysis

For this experiment the weighed position eregy the lead and lag position error§2d ande'a9,
the integral of relative velocityr,e, and the mean distandg, were calculated as in the previous
experiment, see Eq$. (B-6)(3.9). Four participants, who misinterpreted the executibone or
more color feedback tasks, were excluded from the analysis.

A comparison between paired data (D’Agostino and Pearsamlars normality test) was
performed, resulting in a Gaussian distribution for taskB-&-D-F-G (integral of relative ve-
locity, weighed position error and lead error), A-B-D-F-Ggam distance) and A-D-F-G (lag
error). Thus, either parametric or non-parametric (Witnoxpaired t-tests were performed in
order to compare performance parameters among differgkg.ta

3.3.5 Results and discussion

The comparison of the integral of relative velocity betw¢asks A and B in Figl_3.12 shows
that the addition of the error-related color feedback iases the extra total distance traveled by
the subject. Moreover, each color feedback modality (B, C@nohduces significantly greater
trajectory corrections with respect to the correspondingsstuted audio modality (E, F and G).
Concerning audio tasks, results confirm those found in exyar T1 (no significance on this
metric if compared to the first task), including the new soumablality (velocity-error related
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Figure 3.12: Experiment T2: statistical analysis on integral of relaivelocity.

audio): the auditory feedbacks do not significantly alter éixtra total distance traveled by the
subject while tracking the target.

A similar trend for color tasks is also found in the statiati@nalysis on the weighed position
error data, shown in Fig. 3.113. Indeed, background-col@ration degrades tracking perfor-
mance in terms of lag from the target, resulting in an inadageighed error for each task both
with respect to task A and to audio tasks. As a consequenceidprg the same information
on task or error through vision does not bring upgrades ifop@ance, suggesting that visual
information cannot be augmented through the same chantie iexperienced motion tracking
tasks. Replacing auditory feedback with a background codmistormation on the screen leads
to results that are even worse than having the original /feealback alone. This finding indi-
cates that, in these tests, the visual channel is alreadyasadl by the target following task, so
that the background color variation turns out to be a diftvacather than a useful additional
information for the user. Instead, two separated inforamathannels (visual and auditory), if
properly coordinated, work in a parallel fashion and cartrionte to performance enhancement,
as already pointed out.

In addition, the absolute better performance of task-edlauditory feedback, as found in
the experiment T1, is confirmed. This last result shows hak-talated auditory feedback is
effective independently of the controller used in the ekpents: as a matter of fact, the use of
two very different input devices (pen tablet in T1 and jogistin T2) yielded totally analogous
results.
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Figure 3.13: Experiment T2: statistical analysis on weighed positioroerr

3.4 Auditory feedback for arm training: visuomotor transfor-
mations in task-related feedback

The aim of this third experiment, which is referred to as expent T3, was to find out in which
reference system (video or controller) for target trackasgan input to a task-related auditory
feedback better helps the subject improving performantteicontext of a continuously variable
visuomotor transformation. The experimental setup waosindentical to that of experiment
T2.

3.4.1 Subjects

A total of 47 healthy subjects participated to the experin{emean age24.04 + 2.77, 78.7%
male and21.3% female). They were caucasian and right-handed, excepwimsubjects who
were left-handed. This time too, all the participants hadmad vision and no hearing problems.
Subjects were randomized into four groups based on the Kifieedback provided during the
experiment: 11 subjects belonged to group NF, 12 to group BRo Jroup TR-V, and 12 to
group TR-J. Such division will be made clearer in the follogvin

3.4.2 Experimental setup

In this experiment the same hardware and software equipaiexperiment T2 was exploited,
i.e. the joystick fixed on the right side of the subject, thelfeSt running the Simulink model as
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Figure 3.14: X position versus time of target (green line) and subjeat€line) in one repre-
sentative trial of the visuomotor transformation task gienment T3. Subject position has been
converted into pixels for the purpose of this chart. Dashietevlines indicate the beginning of
each trajectory segment. Despite the variable amplitud&fet motion, the subject tends to
make a fixed amplitude motion, due to the presence of thenastioo transformation.

well as the MATLAB GUI representing the two dots (target andrent position) on the screen,
and headphones as pictured in Fig. 8.11. Each participastasked to perform a tracking
exercise exactly as required in experiment T2.

The target movement displayed on the screen had a minimknwegéocity profile, in which
the length of each segment:

e in the first phasevjarm-up task was kept constant as in experiment T2;

¢ in the second phaseisuomotor transformation tagkpseudo-randomly varied frog0%
to 90% of screen size; in addition, in this phase the scale betwseritleo and the joy-
stick was changed at each iteration, in such a way that thereztjmotion of the joystick
remained fixed along all segments (as in the warm-up taskipgote the alteration of the
introduced video-joystick scale, the random-length motidthe target visualized in this
phase corresponded to the same fixed-length target motitreafubject’'s hand used in
the warm-up.

Fig.[3.12 depicts the X position versus time of the targetégrline) and of the subject (blue
line) in one representative run of the visuomotor transtdraom task. It is clearly shown in the
figure that, despite the variable amplitude of target mottbe subject tends to make a fixed
amplitude motion, due to the presence of the visuomotosteaimation. We can summarize by
saying that, in this modality, the target motion of the arrd bdixed length, while the motion of
the target displayed on the screen had a randomly-variabtgh.

Three different auditory feedbacks were used:
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e anerror-relatedauditory feedback performing formant synthesis of voinghis modality,
the mapped quantity was the position error on the X-axis,sorea on the screen;

e avideo-task-relatecduditory feedback, simulating the sound of a rolling ballnbgpping
the target velocity in screen scale;

e ajoystick-task-relate@uditory feedback, simulating the sound of a rolling balhtgpping
the target velocity in joystick scale.

By using the last two modalities, it is tested whether the affyaof task-related audio in reducing
the average tracking error, as observed in experiments @ T2ywas induced by an augmented
description of the visualized task or by audio renderingheftarget motion of the arm.

3.4.3 Experimental protocol

For each task, the participant had to grasp the joysticklegretforming a horizontal movement
with the aim of following the target on the screen. In this exment each participant in every
group was asked to complete the same single task. No infammat the visuomotor trans-
formation were provided to the subjects. As mentioned leefahat distinguished the various
groups was the kind of auditory feedback provided to thenmdithe exercise:

group NF: no auditory feedback;

group ER: error-related auditory feedback (in the videoresfee system);

group TR-V: video-task-related auditory feedback;

group TR-J: joystick-task-related auditory feedback.

The warm-up task was made of 20 repetitions of the fixed-terfged scale target trajectory.
After a 5 minutes rest, a sequence of three tonal beeps sijtted beginning of the visuomotor
transformation task. This task consisted in 15 repetitiointhe left-right-left movement cycle
with random-length, visually altered trajectory. The meafocity of the target on the screen
was set to 500 pixels per second.

3.4.4 Data analysis

The weighed position error,, the lead and lag position erroe§2? and €9, the integral of
relative velocity R, and the average distandg were calculated as described in the previous
experiments using the visual scale.

A comparison between unpaired groups (D’Agostino and Peaosnnibus normality test)
was performed, revealing a Gaussian distribution for &lékamined cases except for the lead
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Figure 3.15: Experiment T3: statistical analysis on integral of rel&tivelocity.

error of group ER. Thus, either parametric or non-paraméi@ann-Whitney) unpaired t-tests
were performed in order to compare the participants’ perorce measures among different
groups (i.e., among different feedback modalities).

3.4.5 Results and discussion

The histogram of the integral of relative velocity, shownFigy. [3.15, reports no statistically
significant difference in task execution between differgrdups, i.e. the extra total distance
traveled by the subject’s hand during the task is not infledrxy the auditory feedback provided,
and is comparable to that of group NF (no auditory feedback).

The results of the average normalized distance (Figl 3i@) snstead a significant differ-
ence between group ER and TR-V and TR-J respectively, reguiftia better average accuracy
of the movement when task-related auditory feedback (botthe joystick and in the video
reference system) is provided rather than error-relatelit@y feedback. However, group NF
presents an average distance statistically equivalehetgroups with auditory feedback, even if
group TR-V actually lightly improves accuracy compared tougr NF.

Regarding the average weighed position error reported in[FIgl, one can observe that
in presence of the visuomotor transformation, the errtated auditory feedback yields sig-
nificantly greater average tracking delays with respectltotaer modalities. In other words,
providing position-error related information through sedudespite being substantially equiva-
lent to the absence of auditory feedback in experiments TlTé&) may be detrimental during
learning of a novel visuomotor transformation.
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On the other hand, providing task-related information tigto sound during learning of a
novel visuomotor transformation can be beneficial if theitmug information is consistent with
that provided by visual feedback, yielding reduced aveisgeking delay with respect to no
auditory feedback. This trend is due to a consistent differgluence on lag error (histogram
and significances are similar to those reported in[Eig.] 3a$®pposed to a comparable level of
lead error (figure not included), which is however not suéintiin counteracting the lag. On the
contrary, providing auditory information related to exfgetarm movement is not likely to bring
benefits in presence of a novel visuomotor transformatidh mispect to no auditory feedback.

To sum up, it comes out from this experiment that task-rdléedback is effective in the
context of a visuomotor transformation explicitly desigrne confuse the user, although in minor
measure with respect to the proportional case. The videtedk feedback, being consistent
with what the user actually sees, is more effective in reayi¢cracking delay with respect to
the joystick-scale audio, which provides information oa #ffective target motion of the arm.
This result is particularly interesting, as more correébimation on desired arm motion were
provided in the joystick-related modality, which in turrelded worse results. On the contrary,
performance was improved by enhancing task informatiorvileee inconsistent with the desired
arm motion. This finding suggests that the subject tendspgeanformation on task rather than
on motor command from extrinsic feedback. Secondly, viddated audio provides additional
information in accordance with the sensory channel ontaclviiie user’s attention is already
focused, following a visual dominance principle.

In other words, the user manages to compensate the mismetiekdn the two movement
ranges by relying mostly on the visual feedback, yet the@grsugmentation given by visual-
scale auditory feedback contributes to increase perfotmaiith respect to the condition where
the auditory channel is not used. Conversely, creating aicbb&tween the audio and video
modalities leads the user to maintain attention focusedl it visual input [13], obtainig results
comparable to those gained in absence of the audio signavevéw, joystick-related feedback
leads to a slightly better performance than the video-oahddion. This result is in agreement
with [141], where it is stated that misleading or noisy feaclincreases coordination variability
although saturating toward the level without feedback astmo

An improved performance achieved from video-related awgifeedback during a contin-
uous visuomotor perturbation may indicate a more effeatimetinuous learning of the scale
variation. Thus, a properly designed task-related awditeedback continuously provided to
the user may lead to enhanced learning in rehabilitationceses. This last hypothesis requires
further investigation that could be addressed in futureassh.
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3.5 Auditory feedback for arm training: effect of sound spa-
tialization

The aim of this last experiment, which is referred to as expent T4, was to find out whether
the information given to the user by spatialized task-esglatuditory feedback helps the subject
improving his/her performance more than non-spatializas&-related auditory feedback.

3.5.1 Subjects

A total of 16 healthy subjects participated to the experiment. They wgesl between 19 and
42 (mean ag€6.31 + 6.46), 50% male and50% female, caucasian and right-handed. All the
participants had again normal vision with no color blind)esd no hearing problems.

3.5.2 Experimental setup and protocol

The setup for this experiment was much analogous to thatpdrexent T1, i.e. the participants
used the Wacom pen tablet and wore headphones, and can tlagmiberelated to Fid. 3.6.
Both fixed-length and random-length profiles for the movenadrihe target were envisaged.
The sole relevant difference with respect to experimentigd in the choice of the auditory
feedbacks. In particular, a singlask-relatedfeedback simulating the sound of a rolling ball
was realized in Pure Data. The only differences with respethe task-related feedback used
in experiment T1 were in the bandpass filter’s parametessnya800-Hz center frequency and
Q factor equal to 10: such a choice yielded a much lighter arib the rolling sound. The
task-related feedback was then either spatialized thrélglusual binaural rendering patch or
not, resulting in two different auditory feedbacks to be pamned against each other as well as to
the no-sound condition.

All the participants were asked to complete the followingdiiferent tasks, presented in a
random order:

e task A: fixed-length trajectory, no auditory feedback;

task Br: random-length trajectory, no auditory feedback;

e task C: fixed-length trajectory, non-spatialized audit@gdback;

e task Dr: random-length trajectory, non-spatialized aurgtifeedback;
e task E: fixed-length trajectory, spatialized auditory fesck;

e task Fr: random-length trajectory, spatialized auditesdback.

Just as in experiment T1, each task lasted 80 seconds andtednsf 13 repetitions of the
left-right-left movement cycle.
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Figure 3.18: Experiment T4: statistical analysis on integral of rel&ivelocity.

3.5.3 Data analysis

Identically to all of the three previous experiments, theghed position erroe,, the lead and
lag position errorg!®a@ ande!?9, the integral of relative velocity?,e, and the mean distaneg,
were calculated.

A comparison between paired data (D’Agostino and Pearsamlrs normality test) was
performed, resulting in a Gaussian distribution for tasksCHDr-E-Fr (integral of relative ve-
locity), A-Br-Dr-E-Fr (weighed position error and lead em;0A-Dr-E-Fr (mean distance) and
A-Br-Dr-E (lag error). Consequently, either parametric on+sparametric (Wilcoxon) paired
t-tests were performed in order to compare performancenpeteas among different tasks.

3.5.4 Results and discussion

Similarly to previous findings, the only relevant result bétstatistical analysis on the integral
of relative velocity, reported in Fig. 3.8, was that the dixength task is always significantly
better executed than the corresponding random-lengthiteddpendently of the audio modality.
The same result was also found by analyzing the mean distaeasure.

Conversely, no significant difference between fixed and rani@mgth tasks within the same
auditory feedback modality was evidenced by the statiséioalysis on the average weighed
position error, see Fi§. 3.119. In this case, it was the andfimedback modality that made the
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Figure 3.19: Experiment T4: statistical analysis on weighed positiomerr

difference. Both the fixed-length audio tasks C and E predemtemaller negative error with
respect to task A, and the same applied to random-lengtto aasks Dr and Fr with respect to
task Br. However, only the spatialized audio tasks reporigaifgcant difference with respect
to the no-audio tasks, while non-spatialized ones did mobther words, only spatialized task-
related auditory feedback (tasks E and Fr) helped the sishjecsignificantly reduce average
tracking delay with respect to having no auditory feedbdakh in the fixed length and in the
random length tasks. Non-spatialized auditory feedbackietween the other two modalities in
such terms, even though not reporting significant diffeeenith respect to spatialized auditory
feedback.

The careful observer will note that Fig. 3119 exhibits seradlifferences in average tracking
error values between tasks A-E and Br-Fr if compared to thdteefor experiment T1 reported
back in Fig[3.D for the equivalent feedback couples A-C an®BrThis may be partly due to
the slightly different settings of the rolling sound. Howewthe statistically significant upgrade
given by the spatialized task-related auditory feedbagkaserved.

While analysis of lag error did not add much with respect to ghevious measure, lead
error (reported in Fig._3.20) was found to be statisticallfedent both between fixed-length
and equivalent random-length tasks and among fixed-leagits themselves. In particular, lead
error in task A was significantly lower than in tasks C and EisTresult is harder to interpret
than the previous ones; still, it could be advanced thatehd kerror component was greater in
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Figure 3.20: Experiment T4: statistical analysis on lead error.

random-length tasks because of the sudden, unpredictetddetiation phase for short segments,
whereas in fixed-length tasks lead error was lower but tetwledtrease in presence of consistent
auditory feedback because subjects felt more confidentaauting the task, tending sometimes
to lead the target's movement. Complementarily to experifiénit was thus found how task-
related auditory feedback involves actions that aim a&asing lead error.

To sum up, whereas differences between spatialized andpatialized task-related auditory
feedback were not seen to be particularly marked, spatfizedback led to a statistically better
performance than with no audio that could not be attesteddarspatialized feedback. The use
of generalized HRTFs could of course have limited the reab$the spatialization in some sub-
jects, psychoacoustically resulting in a trivially pannedsion of the non-spatialized feedback.
It has indeed to be mentioned that half of the subjegtsut of 16) informally reported no sig-
nificant difference between the two audio modalities, ard4ramong them explicitly felt that
the rolling auditory feedback was confusing, preferring gondition with no audio. However,
the other half felt that spatialization added useful infation to the task, by helping in particular
during the most sudden acceleration and deceleration plzask by letting the subject better
concentrate on the task. Along with improvements in the rpboaic signal, a required step
towards a better rendering of the used feedback is thus thleitation of customized HRTFs.
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3.6 Conclusions

The results of experiments T1 to T4 confirm that auditory aegtation of visual feedback is
overall beneficial to the user’s performance in upper limlvemoent tasks, even in presence of
a novel visuomotor transformation. In other words, the toldiof a secondary sensory chan-
nel that faithfully represents the information alreadyvided by the visual channel helps the
user having a stronger perception of the task, allowing rigeroved sensory-motor coordina-
tion. Such result lies in accordance with [141], which stateat coordination variability with
more than one sensory modality is smaller than with one nitydaly. This suggests that the
performer can easily manage to integrate visual and ayditfwrmation online during task ex-
ecution by tending to optimize the signal statistics.

The rolling ball paradigm for the proposed task-relatedibeek is obviously included in
this class of continuous auditory cues, being a straigivdiod and intuitive mean of providing
velocity profiles through the auditory channel, and indesmdarkably enhances performance.
This may also be likely due to the fact that provision of fesclbthrough the auditory system
allows better parallel processing, even in cases wherenfoemation seems redundant. As a
matter of fact, rather than acting as a confounding influgaaditory feedback enhances visuo-
motor control because it provides similar information [JL55

Task-related auditory feedback proved to be effective duceng the average tracking error,
even though it did not affect the number of trajectory carcers made by the subject while at-
tempting to follow the target (integral of relative velggit Such result is consistent with the
observation that this audio modality can be considered agdfdrward input for the subject’s
motor control. Conversely, providing error-related infaton through sound in presence of
visual feedback (through both formant synthesis reflegbiogjtion error and scratching effects
reflecting velocity error, as of experiment T2) did not affeacking performance. This result
may be explained by considering that error-related audisgmts redundant information with
respect to the visual modality, rather than providing annaeigtation of the visual information
available to the user. In addition, one may argue that thgestimay expect to receive or elabo-
rate error related information from video rather than fréma &uditory sensory channel, and this
may lead the subject to disregard the information receikisaligh sound.

The effect of spatialization was also found to be overalldfieral to the user, although the
information provided by generalized HRTFs could not be umansly appreciated. In light of
this, the next chapters of this thesis will focus on how toriowe the currently exploited spatial
sound rendering through a customized HRTF model not inaghany cumbersome measure-
ment. The use of customized HRTFs will be expected to ulthggiositively augment the gap
between performances in the no-audio and spatialized aodiditions.

The influence of auditory feedback was studied on healthyestgfirst to characterize the
normative response of the human motor system to auditorgyblesk, yet these experiments
should be adapted to a post-stroke scenario in order ta titeegbsolute effectiveness of auditory
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feedback in rehabilitation contexts. However, these tesldfinitely provide a basis for a future
comparison with post-stroke patients.

An important implication of these findings is that more and-enattention should be paid to
incorporating effective forms of auditory feedback durmgot-assisted movement training. To
date, although there are attempts to use sound in a moressicpted way, auditory feedback is
underutilized in most robotic therapy systems, playingla as background music or signifying
only task completion in most cases (as already discusseeditio®[Z2.8). Understanding the real
potential of audio in rehabilitation contexts requiredffer investigation that will be addressed
in future research, that should thus examine how auditagldack can best be crafted to im-
prove engagement, performance and learning in rehalalitaixercises, the ultimate goal being
enhancement and acceleration of motor adaptation and memtovery.






Chapter 4

Binaural Perception and Rendering:
Previous Work

At the beginning of the last century, Lord Rayleigh’s stuaiaghe scattering of sound waves by
obstacles gave birth to the extensive and still partiallgunderstood field of 3-D sound. Within
the context of his notable Duplex Theory of Localization 9],6a commonly known formula
that approximates the behaviour of sound waves diffraciogind the listener’s head provided
indeed a first glance of the today-called head-related fearisnction (HRTF). Alas, despite
the importance and applicative potential of such a cenyetii@ory, most of the efforts towards
efficient modeling of HRTFs were spent in the last few decauidyg

Formally, the HRTF at one ear is defined as the frequencyrikgre ratio between the sound
pressure level (SPLY (0, ¢,w) at the eardrum and the free-field SPL at the center of the head
d;(w) as if the listener were absent:

H(0.6.0) = T 252

(4.2)
where(6, ¢) indicates the angular position of the source relative tditener, andv is angular
frequency. The HRTF can alternatively be seen as the Laptansform of the free-field com-
pensated impulse response relative to the path of the soawe fnom the source to the eardrum,
the head-related impulse response (HRIR). This means th&tRi& contains all of the infor-
mation relative to sound transformations caused by the humoay, in particular by the head,
external ears, torso and shoulders. Clearly, a left and aHBAF exist, one per ear: apart from
perfect symmetries, these two HRTFs are different. Suchacherization allows virtual posi-
tioning of sound sources in the surrounding space: comsigteith its relative position to the
listener’s head, the emitted signal can be filtered throbgtcorresponding pair of HRTFs creat-
ing left and right ear signals to be delivered by headphd8@k |n this way, three-dimensional
sound fields with a high immersion sense can be simulatedrdeglrated into a great variety of
contexts.

55
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Unfortunately, recording individual HRTFs of a specifiddiser requires specific facilities,
expensive equipment, and delicate audio treatment preseEsr these reasons non-individual-
ized (or generalized) HRTFs, e.g. measureddammy head$mannequins constructed from
average anthropometric measures), are used in most appiEaA series of experiments were
conducted by Wenzedt al. [183] in order to evaluate the effectiveness of non-indiaiized
HRTFs for virtual acoustic displaying. A very similar peres horizontal angular accuracy
in both real conditions and with 3-D sound rendering was iabthby employing generalized
HRTFs; however the experiments showed that the use of dexsetéunctions increases the rate
of front-back reversals (i.e. a sound in the front is peregiin the back, owice versa. Also,
Begaultet al. [15] compared the effect of generalized and individualigdRITFs applied onto
a speech sound in static and dynamic conditions. Theirteeshbwed that source localization
with generalized HRTFs in static conditions is marginalgtetiorated with respect to the indi-
vidualized case in the horizontal dimension, while headonas crucial to reduce angular errors
in the vertical dimension and to avoid reversals.

To sum up, while non-individualized HRTFs represent a cheagh straightforward mean
of providing 3D perception in headphone reproductionghstg to non-individualized spatial-
ized sounds is likely to result in evident sound localizatesrors such as incorrect perception
of source elevation, front-back reversals, and lack ofrestéezation [117] that cannot be fully
counterbalanced by additional spectral cues, especrabiyatic conditions [176]. In particular,
elevation cues cannot be characterized through genetajzectral features. Hence, alongside
critical dependence on the relative position betweendetend sound source, anthropometric
features of the human body have a key role in HRTF charaetesiz

Throughout the last decades, low-order rational functiamd series expansions were pro-
posed as tools for HRTF modeling. Albeit the straightfodvaature and intrinsic simplicity
of both techniques, real-time HRTF rendering requiresdastputations which cannot undergo
the complexity of filter coefficients and weights, respeaiiyv Oppositely, structural model-
ing [20] ultimately represents an attractive solution test shortcomings. If one isolates the
contributions of the user’s head, pinnae and torso to theFHRT™ifferent subcomponents, each
accounting for some well-defined physical phenomenon, thenks to linearity he/she can re-
construct the global HRTF on-the-fly from a proper combwratf all the considered effects.
Relating each subcomponent’s temporal and/or spectralrésain the form of digital filter pa-
rameters to the corresponding anthropometric quantit@ddwthen yield a HRTF model which
is both economical and individualizeable. As a further autizge, the intuitive nature of physical
parameters enforces the chance to relate the model to samffieopometrical measurements.

In this Chapter some of the most relevant findings and issui®ioontexts of spatial sound
localization (Sectiof 411) and HRTF modeling (Sectibng$ [4.3,[4.4) are outlined. In the fol-
lowing | will refer to an unique spatial coordinate systehe interaural polar system reported
in Fig.[4.1(a). It is one of the two spherical coordinate egst found in literature, the other one
being thevertical polarsystem reported in Fig. 4.1(b). In the interaural polar dowate system
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Figure 4.1: The two spherical coordinate systems considered in litegatu

the origin coincides with the interaural midpoint, the aligon anglep goes from—180° to 180°
with negative values below the horizontal plane and pasii@lues above, while the azimuth
angled ranges from—90° at the left ear t®0° at the right ear. The third dimension, distance
r, is the Euclidean distance between the observation podhttanorigin. Also with respect to
Fig.[41, in the following | will refer to planey as thehorizontalplane, planez as themedian
(or sagittal) plane, and planez as thefrontal plane.

4.1 Spatial source localization

Spatial cues for sound localization can be categorizedrdoupto the involved polar coordinate.
As a matter of fact, each coordinate is thought to have oneare mominant cues in a certain
frequency range associated to a specific body part, in péatic

e azimuth and distance cues at all frequencies are assotietieel head;
e elevation cues at high frequencies are associated to thaggin

e elevation cues at low frequencies are associated to toselaulders.

Based on known concepts and results, the most relevant cussdad localization are now
discussed.

4.1.1 Azimuth cues

Back in 1907, Lord Rayleigh studied the means through whichtarier is able to discriminate
at a first level the horizontal direction of an incoming sowaVe. Following his famous Duplex
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interaural time difference (ITD) interaural intensity difference (IID)

Figure 4.2: Interaural time difference and interaural level differenc

Theory of Localization[[169], azimuth cues can be reducesitobasic quantities thanks to the
active role of the head in the differentiation of incomingisd waves, i.e.

¢ Interaural Time Differenc€ITD), defined as the temporal delay between sound waves at
the two ears;

o Interaural Level Differenc€ILD), defined as the ratio between the instantaneous ampli-
tudes of the same two sounds, also knowingesraural Intensity Differenc@ID).

Fig.[4.2 schematically sketches both concepts. ITD is knimioe frequency-independent below
500 Hz and above kHz, with a theoretical ratio of low-frequency ITD versughifrequency
ITD of 3/2, and slightly variable at middle range frequencies [93]. @osely, frequency-
dependent shadowing and diffraction effects introducethbyhuman head cause ILD to greatly
depend on frequency. These two points will be further disedsn the next section.

Consider a low-frequency sinusoidal signal (say upg.tokHz approximately). Since its
wavelength is greater than the head dimensions, ITD is estitecca phase lag o < 27 between
the signals arriving at the eafs [17]. For this reason ITDesnsas a robust cue for horizontal
perception in the low-frequency range. Conversely, ILD isthought to be a robust cue because
low frequency components trespass the head without caggingicant attenuation on the op-
posite side with respect to the source. Specularly, a higépency sinusoidal signal (abové
kHz) yields an ITD that is greater than a period. Being the hueer phase-sensitive only, ITD
turns out to be useless in the high-frequency range, apart éietection of sound onsets. Nev-
ertheless, the considerable shielding effect of the hunead lon high-frequency waves makes
ILD the most relevant cue in such spectral range.

Still, the information provided by ITD and ILD can be ambigiso If one assumes a spherical
geometry of the human head as in Hig.]4.1, a sound sourcestbaatfront of the listener at
azimuth@ and a second one located at the rear, at azinhgth- ¢, provide in theory identical
ITD and ILD values. In practice, ITD and ILD will not be ideaé#l at these two azimuth angles
because
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1. the human head is clearly not spherical;
2. all subjects exhibit slight asymmetries with respech®rmedian plane;

3. ear canals are not located in the horizontal plane as iilEidgut lie below and behind the
x axis [2].

Nonetheless their values will be very similar, @noht-back confusiois in fact often observed
experimentally([28, 21]: listeners operate reversals imath judgements, erroneously locating
sources at the rear instead of at the front(iee versaless frequently). It can be argued that
this asymmetry may originate from a sort of ancestral satviwvechanism, according to which
if something can be heard but not seen then it must be at theHeaever, this kind of reversal
is highly listener-dependent.

4.1.2 Elevation cues

Directional hearing in the median vertical plane has longrbknown to bear little resolution
compared with the horizontal plane [185]. For the sake obmécthe threshold for detecting
changes in the direction of a sound source (known as “lcatédizz blur”) along the median plane
was found to be never less than reaching a much larger threshold (17°) for unfamiliar
speech sounds, as opposed to a localization blur of appabdeiyi® — 2° in the horizontal plane
for a vast class of sounds [17]. Such a poor resolution isvat&d by two basic observations:

¢ the need of high-frequency content (abdwves kHz) for accurate vertical localization [180,
68,[8];

e the theoretically nonexistent interaural differencesMeein the signals arriving at the left
and right ear in the sagittal plane.

Indeed, if a source is located outside the horizontal pl&Fi@; and ILD-based localization
becomes problematic. As Fig. 4.3 sketches, sound sourcatebbin the far field at all possible
points of a conic surface pointing towards the ear of a spakhiead produce the same ITD and
ILD values. These surfaces, that generalize the foremaedi@oncept of front-back confusion
for elevation angles, are known esnfusion coneand represent a potential hump for accurate
perception of sound direction.

Nonetheless, it is undisputed that vertical localizatibility is brought by the presence of
the pinnael[53]. Even though localization in any plane imeslpinna cavities of both eafs [119],
determination of the perceived vertical angle of a soundcsoin the median plane is essentially a
monaural process [67]. The external ear plays an importdabiy introducing peaks and notches
in the high-frequency spectrum of the HRTF, whose centguieacy, amplitude, and bandwidth
greatly depend on the elevation angle of the sound sourd,[fidba remarkably minor extent
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Far-Field Near-Field

Figure 4.3: Cone of confusion and torus of confusion (figure reproduceah f22]).

on azimuth[[96], and are almost independent on distancedegtwource and listener beyond a
few centimeters from the edr [24]. Following two historitiaéories of localization, the pinna
can be seen both as a filter in the frequency domain [17] andbg-ded-add reflection system
in the time domain([12] as long as typical pinna reflectioragslfor elevation angles, clearly
detectable by the human hearing apparatus|[189], were sgaoduce spectral notches in the
high-frequency range.

Additionally to reflections, pinna resonances and difiacinside the concha were also seen
to contribute to HRTF spectral shaping. Shaw [158] idertix resonant modes of the pinna
(see Fig[4h) excited at different directions which chegmtoduce the most prominent HRTF
spectral peaks: an omnidirectional resonancé akHz (mode1l), two vertical resonances at
7.1 and9.6 kHz (modes2 and3), and three horizontal resonances ar, 14.4, and16.7 kHz
(modest, 5, andG)EI These results find accordance in a more recent study by Kadtahd81]
on BEM-based numerical simulation of baffled pinna respanses

Concerning diffraction effects, Lopez-Poveda and Medd@ [Rotivated the slight depen-
dence of spectral notches on azimuth through a diffractrongss that scatters the sound within
the concha cavity, allowing reflections on the posteriod wiihe concha to occur for any direc-
tion of the sound. Presence of diffraction around the tragaa has also been recently hypothe-
sized by Mokhtaret al. [114,[115].

Nevertheless, the relative importance of major peaks amchas in elevation perception
has been disputed over the past yéals.recent study([75] showed how a parametric HRTF

1The reported center frequencies were averaged amondjfferent pinnae. Vertical modes are excited by
sources above the head; horizontal modes by sources indingyof the horizontal plane.

2In this context, it is important to point out that both peaksl aotches in the high-frequency range are percep-
tually detectable as long as their amplitude and bandwidlsafficiently marked [118], which is the case for most



Chapter 4. Binaural Perception and Rendering: Previous Work 61

Mode 2
7.1kHz
68°

10.2d8

Figure 4.4: The six pinna resonance modes identified by Shaw (figuredapeal from[[158]).

recomposed using only the first, omnidirectional peak inHRI'F spectrum (corresponding to
Shaw’s modée) coupled with the first two notches yields almost the samalipation accuracy
as the corresponding measured HRTF. Additional evidensaipport of the lowest-frequency
notches’ relevance is given in [118], which states that ineshold for perceiving a shift in the
central frequency of a spectral notch is consistent withdbalization blur on the median plane.
Also, in [68] the authors judge increasing frontal elevatapparently cued by the increasing
central frequency of a notch, and determine two differemtkp®otch patterns for representing
the above and behind directions.

In general, hence, both pinna peaks and notches seem taylaypartant function in vertical
localization of a sound source, but it is difficult withouttersive psychoacoustic evaluations to
ascertain how importantly these features work as spates.clt is also generally considered
that a sound source has to contain substantial energy inighefiequency range for accurate
judgement of elevation, because wavelengths longer thagitie of the pinna are not affected.
One could roughly state that the pinnae have a relatively Bffect below3 kHz.

While the role of the pinna in vertical localization has begtepsively studied, the role of
torso and shoulders is less well understood. Their effeetsdatively weak if compared to those
due to the head and pinnae, and experiments to establiskrbegpual importance of the relative
cues have produced mixed results in genéeral [P0, 8, 2]. Abeaeen from Fid. 415(a), shoulders

measured HRTFs.
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(a) Shoulder reflections. (b) Torso shadowing.

Figure 4.5: Effects of torso and shoulders.

disturb incident sound waves from all directions other thalow at frequencies lower than those
affected by the pinna by providing a major additional reflattwhose delay is proportional to
the distance from the ear to the shoulder when the soundes@mularectly above the listener [87],
that sums up with the direct sound. Such reflection trarsiate a series of comb-filter notches
in the frequency domain[6]. Complementarily, the torsoddtrces a shadowing effect for sound
rays coming from below (see Flg. #.5(b)). Torso and shosldex also commonly seen to perturb
low-frequency ITD, even if it is questionable whether thegyrhelp in resolving localization
ambiguities on a cone of confusidn [87].

However, as Algazét al. remarked in[[2], when a signal is low-passed befokiHz elevation
judgementis very poor in the sagittal plane if compared twadband source, but proportionally
improves as the source is progressively moved away from #uan plane, where performance
is more accurate in the back than in the front. This resulyeats the existence of low-frequency
cues for elevation that, although being overall weak, ayeicant away from the median plane.

4.1.3 Distance cues

Distance estimation of a sound source ($eel[190] for a cdmepsive review on the topic) is
even more troublesome than elevation perception. At a évet| when no other cue is available,
sound intensity is the first variable that is taken into actothe weaker the intensity, the far-
ther the source should be percepted. Under anechoic comslittound intensity reduction with
increasing distance can be predicted through the inversgradaw: intensity of an omnidirec-
tional sound source will decay of approximatélylB for each doubling distance [14]. Still, a
distant blast and a whisper at few centimeters from the eadqmoduce the same sound pres-
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sure level at the eardrum. Having a certain familiarity vitie involved sound is thus a second
fundamental requirement [52].

However, the apparent distance of a sound source is systafthaunderestimated in an
anechoic environment [110]. On the other hand, if the emwirent is reverberant, additional
information can be given by the proportion of reflected t@direnergy, the so-callél/D ratio,
which functions as a stronger cue for distance than intgnaitsensation of changing distance
occurs if the overall intensity is constant but the R/D radialiered([14]. Furthermore, distance-
dependent spectral effects also have a role in everydayosments: higher frequencies are
increasingly attenuated with distance due to air absar@ftects.

Literature on source direction perception generally lissfoundations on a fundamental
assumption, i.e. the sound source is sufficiently far fromlistener. In particular, previously
discussed azimuth and elevation cues are distance-indepewhen the source is in the so-
calledfar field (approximately more thah5 m from the center of the head) where sound waves
reaching the listener can be assumed to be plane. On thehathdr when the source is in the
near fieldsome of the previously discussed cues and HRTF featurelsiealtiear dependence on
distance. By gradually approaching the sound source todtenkr’s head in the near field, it was
observed that low-frequency gain is emphasized; ITD digghtreases; and ILD dramatically
increases across the whole spectrum for lateral source@¥21]. The following conclusions
were drawn:

e elevation-dependent features are not correlated to distdapendent features;
e ITD is roughly independent of distance even when the sosrciose;

¢ low-frequency ILDs are the dominant auditory distance ¢adke near field.

It should be then clear that ILD-related information neenl®é¢ considered in the near field,
where dependence on distance cannot be approximated byke siverse square law.

For small distances the concept of cone of confusion becomaggplicable. Assuming an
acoustically transparent head, i.e. that its effects orsthend are frequency-independent, one
can analyze near-field iso-ITD and iso-ILD curves on thezwrial plane. Fid._416 shows such
contours spaced evefy us for ITD and everyl dB for ILD. By superposing a given iso-ITD
region with the corresponding iso-ILD region and rotatingit intersection around the interaural
axis we obtain a toroidal solid where ITD and ILD have appnuaiely the same value, known
astorus of confusiorfsee Figl 483)[161]. As expected, as the source moves averglly from
the listener tori degenerate into cones of confusion. Theedaappens when the source is in the
vicinity of the median plane.

Removing the previous assumption on the acoustical traespgof the head, strong depen-
dence of ILD on frequency would lead to think of the torus ohftsion as a purely abstract
concept in presence of a broadband source. Howeveér, as4t@iés, the head can be assumed
to be acoustically transparent bel@dw0 Hz at least, while for medium and high frequencies
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Figure 4.6: 1so-ITD (left) and iso-ILD (right) contours as a function gpatial location for an
acoustically transparent head (figure reproduced from )61

part of the information conveyed in the ILD covaries with theermation conveyed in the ITD.
Hence, if the source is broadband, combining spatial in&tion in the ILDs in different fre-
guency bands will restrict the source location to the samestof confusion, since mid- and
high-frequency ILDs contain spatial information similarthe information conveyed by ITD.
Finally, it has to be remarked that switching from a statia tdynamic environment where
the source moves with respect to the listener andéa versaboth source direction and distance
perception become much eased. The tendency to point towterdsund source in order to mini-
mize interaural differences, even without visual aid, isiowonly seen and openly disambiguates
any front/back confusion [184]. Active motion helps espélgiin azimuth estimation and to a
lesser extent in elevation estimation [176]. Furthermtranks to themotion parallaxeffect,
slight translations of the listener’'s head on the horiziopkane can help discriminating source
distance: if the source is near, its angular direction widisfically change after the translation
(reflecting itself onto interaural differences), while #odistant source this will not happen.

4.2 HRTF modeling techniques

As should be already clear, the HRTF is a function of fouralalgs: three spatial coordinates and
frequency. As Fig._4]7 depicts, it is a quite complicatedcfion, and it may significantly vary
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Figure 4.7: Example HRTF magnitude plots.

from person to person. Actually, the most effective systéan8-D sound synthesis have large
tables of FIR filter coefficients derived from HRIR measuretaatored for individual subjects.

The desirability of replacing such tables by functional rapgpmations is thus well recognized;

in light of this, different approaches to HRTF modeling h&een pursued in the literature.

Being unable to factor the HRTF into an azimuth-dependerttgratt an elevation-dependent
part, researchers have applied various filter design, my&tentification, and neural network
techniques in attempts to fit multiparameter models to expartal data (see e.d. [43]). Unfor-
tunately, many of the resulting filter coefficients are thelwss rather complicated functions of
both azimuth and elevation, and models that have enoughaegts to be effective in capturing
individualized directional cues do not provide significaatmputational advantages.

However, one can argue on a physical basis that a relativeall sumber of physical pa-
rameters could suffice in completely determining the HRTs Buggests that the intrinsic di-
mensionality of HRTFs might be small, and that their comipyegrimarily reflects the fact that
we are not viewing them correctly. In the search for simpdgresentations, several researchers
have applied series expansions such as principal companalytsis (PCA) to the log magnitude
of the HRTF [88], or to the complex HRTF itself [29], or agamthe HRIR [74]; or such as
surface spherical harmonics (SSH) to the magnitude andapped phase of the HRTF, and to
the HRIR [47]. These analyses produce each a directionadlggendent set of basis functions
and a directionally-dependent set of weights for combirthregbasis functions. In all of these
cases, it has been found that a relatively small number o$ basctions are sufficient to rep-
resent the HRTF/HRIR. Thus these techniques have proved tovhriable tool for studying
the characteristics of the data. Furthermore, it may beilples® relate them to anthropometric
measurements and to scale them to account for individu@rdifces. Unfortunately, series ex-
pansions still require significant computation for reatdisynthesis when head or source motion
is involved because weights are relatively complex fumgiof azimuth and elevation that must
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be tabulated, and because resynthesized HRTFs must bedrveurier transformed to obtain
the corresponding HRIRs needed to process the signals.

As one possible alternative to rendering approaches basedrectly measured HRTFs or
on forementioned models, the use of structural models septs an attractive solution to syn-
thesize individual HRTFs or build an enhanced generalizBIFHmodel. In structural models
the contributions of the listener’'s head, pinnae, shosl@erd torso to the HRTF are isolated
and arranged in different subcomponents each accountingpfoe well-defined physical phe-
nomenon. The linearity of these contributions allows retarction of the global HRTF from
a proper combination of all the considered effeCis [5]. remnore, room effects can also be
incorporated into the rendering scheme: in particulatyeaflections from the environment can
be convolved with the pinna model, depending on their incgndirection. The choice of the
room model is flexible to the specific application and not ahhgcted at reproducing a realistic
room behaviour, but also at introducing sound externatingl5]. However, the room model
is not strictly correlated to the HRTF model and will not beated in this thesis. A synthetic
block scheme of a generic binaural audio system based ondistil model was depicted back
in Fig.[1.2. Similarly, FigL4.B reports a well-known comigl@nd detailed structural model [20],
some of whose blocks will be discussed in a while.

Above all, structural modeling open the doors for an intemggorm of content adaptation to
users’ anthropometry. In fact, parameters of the renddalimgks sketched in Fig. 1.2 and Fig. 4.8
can be estimated from real data, fitted, and finally relateshtbropometric measurements. Still,
given the great variety of head and pinna shapes amongshtine world population, fixing a
subset of anthropometric parameters that fully charaseai specific listener is a challenging
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Figure 4.9: A set of 27 anthropometric parameters for the head, torsd,@nna (figures repro-
duced from|[[7]).

task. Following the studies by Genuit back in the early egghon features of the human body
that contribute to HRTF characterization, Alg&tial. [[7] propose®7 different parametersi{
for head and torso antD for the pinna, see Fid. 4.9) that can be used for HRTF fittinggus
regression methods or other techniques. In this way, a gesteuctural HRTF model can be
adapted to a specific listener, allowing further increastefquality of audio experience thanks
to an enhanced realism of the sound scene.

4.3 Head and torso models

The following two Sections build up a short review of knowratlgtorso, and pinna models that
can be found in the literature along with some results andcents.

4.3.1 The spherical head model

As already mentioned in the previous Section, presenceeohdéfad implies diffraction of the
sound wave around it, and a screening effect on high-fre;yuemmponents. The simplest model
of the head that can be found in the literature is that of al sphere[[169]. Within the assump-
tion of an infinitely distant source from the center of the thethe response related to a fixed
observation point on the sphere’s surface can be descrip@delns of the following transfer
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Figure 4.10: Magnitude response of a sphere for an infinitely distant seur

function, based on Lord Rayleigh’s diffraction form@la;

1 i (=)™ 1 (2m + 1) Py, (cos Oinc)

H(:ua ‘9inc) = 3 [ (H) ) (42)

m=0

whereb;, is the incidence angle, i.e. the angle between rays comugitte center of the sphere
to the source and the observation point, and the normalized frequency, defined as

w= .3)
C

wherec is the speed of souﬂdanda Is the sphere radius, possibly the only subject-dependent
parameter of the model.
Fig.[4.10(a) shows the magnitude of the transfer functiom a8 scale against normalized

frequency for 19 different values 6f,.. By analyzing such plot the following considerations can
be drawn:

¢ independently of the incidence angle, the magnitude respisrunitary up tee = 1, which
for a standar®.75 cm-radius spherical head [65] corresponds to abpbitHz;

¢ in case of normal incidencd;{. = 0°) a high-frequency gain df dB, equal to a double
SPL with respect to a free-field response, is observed;

SHere P,, and h,,, represent, respectively, theegendre polynomiabf degreem and themth-orderspherical
Hankel function h’,, is the derivative of.,,, with respect to its argument.

4Speed of sound varies according to the medium and atmospdwrditions in which the wave travels; in dry
air at20°C itis equal to 343.2 m/s.
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e gain tends to decrease with increasing incidence anglereg@monse fob,. = 100° is
almost flat, and as the source is further moved towards th’eaiaterﬂ side of the head
the SPL is more and more attenuated while wider and wideHatons due to wave prop-
agation around the sphere along different directions d@rednced in the high-frequency
spectrum;

e however, the minimum response does not correspod=ta80°: if the source is antipo-
dal to the observation point, waves that travel in differdmections around the sphere
constructively combine at the observation point produtimgso-calledright spot

A first-order approximation of the transfer function prodddy Eq. [(4.R) was proposed by
Brown and Dudal[20]. It is a single-pole, single-zero minimphase analog filter of the form

1+ ars
H(s,0nc) = Tirs’ 0 < abinc) <2 (4.4)
where
2
r=2, (4.5)
c
and
. Gmin - Cmin . Hinc
a(binc) =1+ 5 + (1 5 ) cos (Qminﬂ> (4.6)

is a coefficient that controls the asymptotic high-frequyegain: if « = 2, a6-dB boost at high
frequencies is introduced, while if < 1 high frequencies are cut down. Brown and Duda
claimed that parameters,, = 0.1 andf,i, = 150° provide a good overall match to the ideal
solution shown in Figl_4.10(a) and an attenuated bright.spbe magnitude curves resulting
from this parameter choice are reported in Eig. ¥.10(b).

Typically, in spherical models the two observations po{nés the ear canals) are assumed to
be diametrically opposed, such that a direct corresporebatween incidence angleﬁ,ﬁl and
19,(,:2 for the right and left ears, respectively) and the azimutfl@fexists in the horizontal plane.
As an alternative model, the spherical-head-with-ofesmis model described in/[2] was obtained
by displacing the ears backwards and downwards by a cerffset,ointroducing a nonlinear
mapping between?ﬁ)c, Hi(nTc)) andd in the horizontal plane and elevation dependency on a cone
of confusion. Such model was found to provide a good appration to elevation-dependent
patterns both in the frequency and time domains, partilyutaplicating a peculiar X-shaped
pattern along elevation (due to the superposition of twiedkht propagation paths around the

head) commonly seen in measured contralateral HRIRSs.
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distant
sound source

Figure 4.11: ITD computation for a spherical head model on the horizoptahe.

4.3.2 ITD and anthropometry

The filter structure in Eq[(4l4) introduces a group delay

a
Ty = %(1 —a) 4.7
at low frequencies which is not sufficient in accounting fog torrect ITD alone. However, ITD
information can be hived off from all the remaining inforneat contained in the HRTF through
different possible approximations. The most popular amsbtigem is based on the simplified
spherical geometry reported in Fig. 4. 111[17]:
inf
Tp = Asinf+6) 4.8)

C

for a far-field sound source placed in the horizontal plaaidng the right ear canal as reference.
Indeed, to a first degree of approximation, in the interapodér coordinate system the ITD

is frequency-independent and depends on azifiwlone [2]. Eq.[(4.B) can be split into two

delay c:omponentsr,l(Tl)D for the left ear and-l({,% for the right ear, by applying Woodworth and

Schlosberg’s frequency-independent formlula [188],

—2 cos b; if 0 <[l <Z
> = { o S (4.9)

4 ‘einc’ - E) if = < |‘9inc‘ <7 ’
c ( 2 2

5The source is positioned on tiesilateral side of the sphere if the ray-traced sound wave normally snieset
surface on a point belonging to the hemisphere that has liésipohe observation pointontralateralif the wave
meets the sphere on a point belonging to the opposite hearisph
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thatis, ITD= 71y — 7).

Comparison of predicted ITD against measured ITD reveals @l goatch in the high-
frequency range. However, ignoring the already mentioft#d increase of ITD at low fre-
guencies with regard to high frequencies could be detriede¢atcorrect ITD estimation which
highly relies on the lowest frequency range informationill,Shis is not a big deal as long as
ﬂ(Tl,)D andrl(% are modeled each as a frequency-independent delay lineoapted with the group
delayr, induced by the head filter: as a matter of fact, the sum of tleedalays at,. = 0°
provides exactly the required% additional low-frequency delay [20].

Note that Eq.[(414) is a function of the head radiudhis is a critical parameter: for instance,
a sphere having the same volume of the head approximatestitziour much better than a
sphere with diameter equal to the interaural distance [88hce, in order to fit the spherical head
filter model to a specific listener, parametrizatioruadn the subject’'s anthropometry should be
performed. In[[8] Eq.[(4I8) is compared to a number of real MBasurements for a specific
subject, and the best head radius for that subject is defiméueavalue that corresponds to the
minimum mean least squares distance between the two essifiaitdifferent azimuth angles on
the horizontal plane. Then, a linear model for estimatirgtibad radius given the three most
relevant anthropometric parameters for the head, i.e.hwiitight, and depth (parameters
x9, andzs in Fig.[4.9(a), respectively),

Qopt = W1T1 + Wako + W3x3 + b, (4.10)

is fitted to ITD-optimized radii ofi5 different subjects through linear regression, yieldingropl
weights
wy =0.26, w,=0.01, w3=009, b=32cm (4.11)

This result highlights how head height is a relatively weakameter in ITD definition with
respect to head width and depth.

To sum up, the spherical model of the head provides an extajgproximation to the mag-
nitude of a measured HRTF. Although facial features countelto HRTF coloring in a different
way across subjects, a recent study [113] highlighted hewetts roughly no difference between
FDTD-simulated magnitude responses on an unmodified KEMa&Ihand on a head shape
morphed towards a sphere in the median plane. However, ltegispl model is far less accurate
in predicting ITD, being the latter actually not constardward a cone of confusion, but variable
by as much as 18% of the maximum interaural delay [40]. Inrotfegds, ITD is a function of
elevation as well as azimuth. Elevation dependence cantégrated in Eq[(4]8) by introducing
a further term which takes into account the decrease in ITD@source moves away from the

horizontal plane:

a(sinf + 0)

ITD = oS ¢. (4.12)

Indeed, a simple cosine dependence of the elevation angléowad to be accurate enough for
simulation purpose$ [150].
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Following an alternative approach, Duéa al. [40] managed to improve ITD estimation
accuracy by considering an ellipsoidal head model that capoumt for the ITD variation and
be adapted to individual listeners. Despite the good rethdtanalytical solution for the ITD is
far complicated, and no explicit model for the ellipsoidated transfer function was proposed.
Conversely, models for the head as a prolate spheroid wedeedtin [124,77] as the sole
alternative analytical model to a sphere. Although addiathimg new in the ITD’s point of
view, comparison of spheroidal HRTFs against spherical FiRievealed a different behaviour
in head-induced low-frequency ripples in the magnitudeoase at the contralateral ear, which
is closer to responses of a KEMAR head for the spheroidal [@a@3e Still, this model has been
very little studied, and consistent advantages over therggl model have not been made clear.

4.3.3 Inclusion of distance dependence

When the assumption of an infinitely distant source does niot kdependence on distance can
no longer be ignored. Having defined the normalized distémttee source as the ratio between
the absolute distance from the center of the sphere and tiegespadius

p=1 (4.13)
a

the pressure on the spherical surface caused by a sinupoidakource at an arbitrary distance
greater than the sphere radius can be evaluated by mearesfofldwing function [134]:

o0

H(p, 1, Oinc) = —gei“p Z(Zm + 1)Pm(0036mc)]277<—&p)), (4.14)

m=0
for eachp > 1.

Different considerations on HRTF behaviour for changingtahces can be drawn by ana-
lyzing Fig.[4.12, which reports the magnitude of the new sfanfunction foré;,c = 0° and
Oinc = 150°, where the mean frequency response has maximum and miniaurgspectively,
and six different normalized distances:

e as the source approaches the spherée(ds tol) the response on the ipsilateral side
increases, while the response on the contralateral sideaiss almost exponentially on a
dB scale;

e as frequency rises, the difference between magnitude mespdfor different distances
slightly decreases on the ipsilateral side and slightlygases on the contralateral side;

e combination of the previous two points motivates the drarahtLD boost at small dis-
tances across the whole frequency range;

e however, if absolute gain is overlooked, the responses$anae incidence angle maintain
a common behaviour along the frequency axis.
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Figure 4.12: Effect of distance on the magnitude response of a spherézal (figure reproduced

from [42]).

No low-order filter model has actually been proposed to apprate Eq. [(4.14). Further-
more, the infinite sum does not allow construction of a finigwathm to evaluate the function,
while computation of spherical Hankel functions and Legenzblynomials requires high com-
putational costs. The solution to all of these shortcomisgsrovided in [42] by means of a
recursive algorithm where the latter functions are devatdageratively, allowing a relatively fast
evaluation. The resulting equation becomes

S e
H(pa ey 9inc> = iﬁw Z(2m + 1)Pm(0059inc) m—HQ (i)(_upgg 1(i)’ (4.15)
m=0 i O m—1\iy

where complex polynomialg,, and(@,, are recursively computed through the following equa-
tions:

Qm(z) = —(2m = 1)2Qm-1(2) + Qm-2(2), (4.16)
P,(x) = Qmm— 1$Pm,1(x) — mT—l n—2(), (4.17)

having fixed initial conditions
Qo(z) =2 Qi(z)=z-2% PRx)=1, P)=r (4.18)

Iteration onm stops when the fractional change falls below a user-suppfiseshold for two
successive terms, evading the infinite sum in Eq. (4.15).cbde of the recursive algorithm can
be found in[[42].

As already mentioned, while the magnitude of the ILD incesagramatically at the closest
distances, ITD generally increases by no more th#bt—12% [24]. A similar geometry to that
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Figure 4.13: The snowman head-and-torso model (figures reproduced frpm [6

of Fig.[4.11 that takes into account near-field effects ioregul in [42], yielding a closed form
for ITD at whatever distance on the horizontal plane. Stilvas conjectured that such small
changes in the ITD probably do not provide significant infation about distance.

4.3.4 Inclusion of the torso

Similary to the head, in previous works the torso has beeroappated by a sphere too. Coaxial
superposition of the two spheres of radiuandb, respectively, separated by a distarkcthat
accounts for the neck, gives birth to the knosmowman moddb] represented in Fig. 4.13(a).
The far-field behaviour of the snowman model has been studi¢ke frontal plane both by
direct measurements on two rigid spheres and by computtitrongh multipole reexpansion, a
method that extends the classical solution for a singlerggheEq. [4.2) to scattering by multiple
spheres4]. Taking Fi§. 4.1.3(b) as reference, such studiesled that:

¢ the snowman model exhibits two bright spots, one assoctatéte head and one due to
the torso;

e in the reflection zone the response is dominated by the cdtebifiatterns produced by
torso reflections;

e in the head shadow zone no relevant torso effects are seen;

e in the contralateral torso shadow zone the combined refutead shadow and torso
shadow produces complicated notch patterns and signifiginifrequency loss;
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Figure 4.14: The snowman head-and-torso filter model (figure reproduaad {6]). (a) Major
components; (b) the torso reflection sub-model; (c) theatst'adow sub-model.

¢ in the ipsilateral torso shadow zone responses are moreofiée.

What's more relevant in this context, a structural head4ansls model has been derived from
the snowman model [6]. Its structure, reported in Eig. ¥digtinguishes the two cases where
the torso acts as a reflector or as a shadower, switching eettlie two filter sub-structures (b)
and (c) as soon as the source leaves or enters the torso skadewrespectively. The torso
reflection sub-model includes:

e adirect component that arrives from the direction of these(incidence anglép), gets
diffracted by a spherical head filter, and time delayed; and

e a reflected component that arrives at the head from a diffeliezction (incidence angle
0r) after being reflected from the torso with reflection coedintip, additionally delayed
by AT, because of the longer reflection path.

At the end of the filter chain, a scale factor allows contypwhen switching between the two
sub-models.

Conversely, the torso shadow sub-model has an unique path¢hades two spherical filters,
one for the head and one for the torso, and the usual time,dalagppropriately tuned to the
relative incoming sound direction. All of the sphericaldi /;; and Hr in the model are of
the form described in Eql_(4.4), with filtéf, parameterized on radidsinstead ofa, whereas
the time delays\7Ty are of the form described in Ed. (#.9). Reflection coefficieist assumed
constant for simplicity, and\TF is analytically derived by ray-tracing arguments.
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The frequency response of the snowman filter model has adfisimilar behaviour to the
analytical solution, i.e. strong ripples on the ipsilateside and significant shadowing on the
contralateral side. The only significant difference liegha torso bright spot, which is absent in
the filter model. However, since a human torso is not sphiegoah a behaviour is actually not
expected in measured HRTFs; furthemore, torso effectsrptiow elevations greatly depend on
the subject’s posture.

Additionally to the spherical model, an ellipsoidal modet the torso was also studied in
combination with the usual spherical head. This was dormeeliy ray-tracing analysis|[2] or
through the BEMI[4]. Such model is able to account for difféterso reflection patterns and fur-
ther breaks up the symmetry that leads to the torso bright Eiening tests confirmed that this
HAT approximation and the corresponding measured HRTF gigwar results, showing larger
correlations away from the median plane. Also, the elligabiorso can be easily customized for
a specific subject by defining control points for its threesadtieectly on the subject’s torsol[4],
whereas a spherical torso is hardly personalizable.

In conclusion, the addition of either a spherical or an sthigal torso to the spherical head
brings the overall behaviour of the model closer to that afad HRTF.

4.4 Pinna models

Different physical and structural models of the pinna haeerbproposed in the past. The
former class aims at recreating the physics lying behindptiogluction of the forementioned
spectral patterns either by approximating the pinna as gyceenfiguration or as a reflecting
surface. Examples of the first approach are the simple gemngeylindrical or rectangular)
concha/pinna models by Teranishi and Shaw [174], whichnesively led to Shaw’s notable
flange-and-cavity model in Fig.4115(a) [157], and the rétgmee-step” model by Takemott

al. [172], simulated through the Finite-Difference Time Dom@DTD) method, which qualita-
tively recreates typical peak/notch patterns along theiamgalane. The second approach is best
exemplified by the rigorous diffraction/reflection modelllppez-Poveda and Medd|s [96] based
on diffraction theory applied to both a half-cylinder shdpee Fig[ 4.1/5(b)) and a realistic con-
cha shape. Despite the objectively good approximatiortptingsical models can provide, their
main drawback is the difficulty in introducing effective toisiization to the physical structure.

4.4.1 Time-domain structural pinna models

The history of pinna structural models, a new one of whichvglpresented in this thesis, begins
with Batteau’s reflection theory [12]. According to such thedigh-frequency components

which arrive at the listener’s ear are typically reflectedhoy concha wall and rim, provided that
their wavelength is small compared to the pinna dimensidhse to interference between the
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(a) Shaw’s flange-and-cavity pinna model. (b) Lopez-Poveda’s concha model.

Figure 4.15: Two notable physical models of the pinna and concha (figurpsodeiced
from [158,[96]).

direct and reflected waves, sharp notches can be observied indoming sound’s spectrum at
high frequencies with a periodicity df/7;, wherer; is the time delay of the-th reflection.
Following Batteau’s observations, Watkins [181] designeeiy simple double-delay-and-
add time-domain model of the pinna (see Fig. #.16(a)) whereotnsidered reflection paths are
characterized by fixed reflection coefficiepts and py/, a fixed time delay-, = 15us and an
elevation-dependent time delay calculated from empirical data. The fit with experimentabda
was found to be reasonably good; still, beside considervayalimited amount of reflections,

e no method for extracting parametric time delays and gaitofaavas proposed;
o fixed reflection coefficients overestimate the effective hanof notches in the spectrum;

e simple delay-and-add approximations were proven to beeipaalte to predict both the
absolute position of the spectral minima and the relati@tjpm between then [96];

e the model lacks the description of pinna resonant modese $mna cavities act as res-
onators the frequency content of both the direct and thecteflesound waves is signifi-
cantly altered.

Nonetheless, the pioneering novelty of such model is unitish

Watkins’s model has accordingly been improved by Fadteal,, whose model[49], reported
in Fig.[4.16(b), consists in a reflection structure represghy four parallel paths, each modeled
by a time delay; and a magnitude factgr, cascaded to a low-order resonator block. The model
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Figure 4.16: Time-domain structural models of the pinna (figure (b) rejuced from[[49]).

parameters are fitted by decomposing each specific meas@®i&lirto four scaled and delayed
damped sinusoidal (DDS) components using a procedure lms#te second-order Steiglitz-
McBride (STMCB) algorithm, and associating the delay and sgdiactor of each component
to the corresponding parameters of its associated patreimthdel. A more recent version of
the model([48] exploits an adaptation of the Hankel Totaldt&quares (HTLS) decomposition
method instead of the STMCB algorithm to extract a heuristimber of DDSs from measured
HRIRs. Multiple regression analysis was used in order to limkformer model parameters to
eight measured anthropometric featutes [62]. Unfortupades well as providing no cloudless
evidence of the physics behind the scattering phenomenormclgar relation between model
parameters and human anthropometry was explicitly fouhe)considered measures can only
be acquired through the use of a 3-D laser scanner. Regaadlessh particular concerns, this
work surely endorses the pinna model as a “resonance-glag~carchitecture.

4.4.2 Frequency-domain structural pinna models

Despite the intuitive nature of multipath HRIR structurespptemporal resolution of the human
auditory system has led to a progressive abandon of theselsndd9]. A different approach
for reflection modeling, acting both in the time and frequedomains, was pursued by Raykar
et al.[137]. Robust digital signal processing techniques are tsee to extract the frequencies
of the spectral notches due to the pinna alone: first the atration function of the HRIR’s
windowed LP residual is computed; then, frequencies of geetsal notches are found as the
local minima of the group-delay function of the windowedaadrrelation. This procedure is
reported in Figl 4.77.

Spectral peaks are extracted in parallel by means of a lipestiction analysis, yielding
results which match quite well the pinna resonant modestegby Shaw, further justifying the
“resonance-plus-delay” approach. What's more, the autadvanced a ray-tracing argument
(borrowed from[[68]) to show that the estimated spectratimes$, each assumed to be caused
by its own reflection path, are related to the shape of thet@aad crus helias, at least on the



Chapter 4. Binaural Perception and Rendering: Previous Work 79

(a) 0

0.5 T T 50
N/Wv ————e
—0.5
h\‘
® o M - (@
— 0.2 , \ _
m
= 0.2 2
2@ ofpiia 5w
< _o2 E:
02F < 2
~ )
@ ol 0

2 3
Time {ms) 25

(=]
e

5 iO 15 . 20
Frequency (kHz)

Figure 4.17: Signal processing steps for extracting the pinna spectoitim frequencies. (a)
original HRIR signal; (b) 12th order LP residual; (c) windowe® residual; (d) autocorrelation
function of the windowed LP residual; (e) windowed autocorietatunction; (), (g), (h), (i),
and (j) log magnitude spectrum corresponding to signalajn (), (c), (d), and (e) respectively;
(k) group-delay function of the windowed autocorrelationdiion. The local minima in the
group-delay function, zero thresholded, are shown (figupeaguced from[[137]).

frontal side of the median plane. However, there is no clearto-one correspondence between
pinna contours and notch frequencies in the available plots

Finally, the approach followed by Satarzadslal.[149] approximates the pinna behaviour at
elevations close to zero degrees through a structural ncodgbosed of two low-order bandpass
filters and one comb filter, which respectively approximbgetivo strongest resonances (Shaw’s
resonance modes 1 and 4) and one main reflection. The twodsecdar bandpass filters and
the comb filter are interconnected as in [Fig. #.18, the l&itang the form

Hcomb =1+ Pr eXp(_Std)v (419)

wherep,. is a frequency-dependent reflection coefficient which gfiyattenuates low-frequency
notches, coming over one of Watkins’s model forementiomaddtions, and is the time delay
of the considered reflection. Hetgis strictly correlated to the frequency of the comb filter's
first tooth, f;, estimated from the spacing of consecutive notches in tlesuared spectrum. The
model was proved to have sufficient adaptability to fit botih &nd poor real notch patterns.
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What's more relevant, encouraging correspondences witirggametry were found in this
work: depending on whether the reflection coefficient is fpasior negative, the distances in-
ferred from ray tracing put the point of reflection eitherred back of the concha or at the edge of
the rim. In addition, a cylindrical approximation to the cbia is exploited in this work for fitting
the model parameters to anthropometric quantities. Spaltyfi depth and width of the cylinder
uniquely define the first resonance, while the second resernarthought to be correlated to the
main reflection’s time delay, depending on whether the camchihe rim is the significant reflec-
tor. Though the anthropometric significance of resonancanpaters is not robust, Satarzadeh
claimed that if the pinna has an approximately cylindrided@ed concha and a structure with a
dominant reflection area (concha or rim), such an anthroprgrbased filter provides a good fit
to experimental measurements.

Still, the most severe limitation of Satarzadeh’s modeh& ho directions of the sound wave
other than the frontal one are considered. Moreover, theepiee of an unique reflection (and
thus a single delay-and-add approximation) limits the gaitg of the representation. Nonethe-
less it represents, in my humble opinion, the only valuabid@pometry-based pinna model
available up to date.



Chapter 5

Spherical Transfer Functions and Distance
Modeling

Let's consider a dynamic scenario where the listener istisemove his/her head with respect
to the virtual source to be rendered, ande versa It is clear that real-time computation of
HRTFs is needed in order to track these movements with enceagttivity, possibly avoiding
any discontinuity in the resulting rendered sound. Furtitee, the possibility of having to
simulate a complex acoustic environment that includesraéivelependent sound sources, and/or
reflections coming from the environment, has to be takenantmunt.

Relatively simple HRTF-like filter structures for sourceshe far field have been proposed to
date (e.g., Brown and Duda’s first-order filter, see Eql (4 BhEse turn out to be impracticable in
the near field, having no parametrization on source distavioeeover, point-to-point real-time
evaluation of Eq.[(4.14) using the algorithm found[inl[42¢ s8nputationally still too expensive.
As a consequence, a proper approximation to distance liegdar the spherical head model has
to be introduced in order to grant a faster computation.

In this Chapter such an approximation is used to represenliecton of sample analyti-
cal responses. The earless head of the listener is contigptadated and treated as a rigid
sphere; therefore its transfer function will be referredsspherical transfer functionor STF,
throughout the chapter. Furthermore, focus is put on ssuomated in the near field, for which
real-time computation of HRTFs turns out to be troublesoim&ectiori 5.11 | make use of a well
known powerful analytic tool, namely Principal Componentafysis (PCA), in order to look
for common trends and possible systematic variability ieteo§ STFs. Then, in Sectidn 5.2 the
indications given by PCA open the door to a deeper analysistdrte rendering, which yields
the novel low-order model presented in Section .2.3.

The work presented in Sectidbn 5.1 of this Chapter was puldigng163]. The remaining
sections refer to a still unpublished work.

81
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5.1 Spherical transfer functions and PCA

Principal Component Analysis is a widely used procedure whiaekes use of linear combina-
tions to reduce the dimensionality of an input data set. Esnngoal is to provide an efficient
representation of a set of correlated measures — in thignost a set of vectors. PCA has al-
ready been used in previous works concerning HRTF modeB8¢d8], with the initial data set
consisting in magnitude responses collected from a set asared HRTFs. However, instead
of applying the technique to experimental data, in this wibrkill be exploited to investigate
possible trends in a collection of STF magnitudes samplea fEq. [4.14) on a discrete set of
frequencies. It will be shown that, thanks to the little eteition between source distance and
frequency arising from the PCA analysis, distance deperedenS8TFs can be decoupled from
far-field diffraction effects during the rendering process

5.1.1 Principal Component Analysis

Without delving into deep technicalities (which can be fdum [41]), in this context suffice it
to say that given a set of real-valued vectorg,, ... ., X, each of dimension, and defining its
covariance matriS as

1 n
S=-= E X XL, (5.1)
n
k=1

it can be seen that the bgstlimensional representation (with< ¢§) of the data set is obtained
by taking as basis vectors thpeeigenvectors o8 that correspond to thg largest eigenvalu@s.
Each vectok, is then projected onto the space defined by the basis vectdoi@vs:

a, = C'xy, (5.2)

whereC is a matrix, the columns of which are the basis vectors.

We call principal component the set of weights.; }, k = 1,. .., n, associated to basis vector
1. Obviously the number of principal components is equal erthmber of basis vectors; these
are conventionally labeled in such a way that the first corepgC", is the one that captures
the direction along which the original data retains the mmaxn variability, while the following
components”Cs, ..., PC, reflect increasingly smaller variations. An example of PCAligol
to a3-D data set can be seen in Hig.]5.1.

Now, given the set op-dimensional vectors,, £ = 1,...,n, an estimate of each original
data vector can be reconstructed by the inverse equation:

%, = Cay. (5.3)

1An alternative formulation of PCA requires the mean of alttees in the data set to be subtracted from each
one of them before constructing the covariance matrix. Hewes the data set that will be taken into consideration
is already well-centered, inclusion of the mean turns oletoinnecessary.
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Figure 5.1: Principal Component Analysis applied to &D data set (figure reproduced

from [154].

Clearly, by increasing the dimensigrof the representation the approximation improves. Thus,
when dealing with PCA, the main design goal is to extrapolagesaluep for which the trade-off
between accuracy and data dimensionality is maximized.

5.1.2 PCA analysis of STFs

In this case, the initial collection is chosen to be a set epfesentative” STFs for sound sorces
located at different distances and incidence angles wipee to the observation point. Being
Eqg. (4.14) dependent on two spatial parameters only, thatde angle is not considered and
attention is restricted to points lying on the horizontan®. Therefore for sake of simplicity
Oinc is assumed to be the incidence angle at the right ear carthlgwd = 0°, 6i,c = 90°, and
finc = 180° corresponding to a sound source facing the right ear, irt fsbthe head, and facing
the left ear, respectively.

The set of STFs is sampled by fixing the head radius to the atdn@lues = 8.75 cm and
varying the following parameters:

e 19 linearly spaced);,. values, fron0° to 180°, at10°-angle increments;

e 7 exponentially spaced distance valuess 1.25, 1.5, 2, 4, 8, 16, 32 (the last one approxi-
mating the far field response), wherés the normalized distance defined in Hq. (4.13));

e 100 linearly spaced frequency points frari0 Hz to 10 kHz, at100-Hz increments.

A setof19 x 7 = 133 STFs is obtained, of which only the dB magnitude responséiseparted

in Fig.[5.2 — are considered next. Indeed, the transfer fomeif an ideal sphere appears to be
minimum phase for all ranges and incidence andles [42]. titiad, when considering inter-
aural differences for binaural hearing, approximated ITBdels (e.g. Woodworth’s formula,
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Figure 5.2: The133 STF vectors considered for PCA.

Eq. (4.9)) can be used to simulate phase lag between righleétnear canal as a simple delay
line. ITD effects can therefore be cascaded to the STF sgistpeocess.

At this point PCA is applied to the set of = 133 real-valued vectorsy,...X,, each of
dimensiond = 100. The first six basis vector8V; ... BV of the analysis are sketched in
Fig.[5.3, whereu is the normalized frequency defined in EQ. (4.3). After thstfane which
accounts for the general slope of the majority of STFs (withoaitive weight for ipsilateral
sources and a negative weight for contralateral ones — gel@ Bj), each successive basis vector
introduces more and more ripples in the frequency respataging from the most prominent
in BV,. The keen observer will note thatl;’s slope heavily resembles that of STFs fhe =
170°, BV3 has a very similar frequency behaviour to STFsfg¢ = 160°, and so on. This
means that the greatest variance in STFs appears for fixethdés along the angular range at
contralateral source positions.

By investigating the trend of principal componei§’; to PCy with the varying of distance
and incidence angle we obtain a deeper insight of the asaltsiexpected from the observations
reported in Sectiof 4.3.3, weights’ moduli are amplified legréasing distance; furthermore,
Fig.[5.4 shows that each component emphasizes its cormisydasis vector only for a limited
range of incidence angles, regardless of distance. Thiolaservation further confirms that
after the first basis vector which retains the average bebawif the STF, those from the second
onwards provide each a particularized description of thpled high-frequency behaviour of
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Figure 5.4: The first six principal components from PCA applied to the Sdlfection.

contralateral STFs, which varies according to the incideagle. Also, note that principal
components?Cs, to PCy present increasingly smaller weights; this point motigdates greater
importance of componei®C;_, relative toPC;.
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Figure 5.5: ILD jnd and PCA reconstruction optimality (figure (a) repramhd from [111]).

5.1.3 STF reconstruction optimality

An interesting point is the number of principal componep&émetep) that can grant a hypo-

thetically flawless reconstruction of the spherical tran$ifinction by means of Ed. (5.3). To this
end, a proper psychoacoustic principle is needed in ordixetretically quantify the maximum

tolerable error, so as to extract the minimprhat meets its constraints.

Mills [L11] presents a psychoacoustical result which candssl in this context. In particular
the ILD jnd (just noticeable distance) curve as a functiofrefuency in Figl 5]5(a) represents
a safe upper bound on the approximation error, owing to nsité@ty of the human hearing
apparatus to small changes in ILD. After having checked thatabsolute error between all
ILDs derived from a complementary pair of original HRTFsn&adistance parameter and sum
of incidence angles equal to 180 degrees, assuming diaalstropposite ear canals) and those
reconstructed after PCA approximation turns out to lie uriderjnd function, it can be stated
that there is no significant information loss in the PCA appr@tion. Note that the jnd function
has not been defined for very low frequencies; neverthelesslominant localization feature in
this frequency range being ITD, ILD information appears ¢orélevant just for detecting very
close distances.

As can be seen from Fig.5.5(b) the minimum valuer which the total error introduced by
the PCA approximation remains below the jnd curve is 7. As a consequence, it can be said
that the intrinsic dimensionality of the STF representatsosmall, thus a good approximation of
a spherical head model can, on a theoretical basis at leagtabhed without expensive modeling
nor an excessive waste of computational resources.
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5.2 Near-Field Transfer Functions

For modeling purposes, one could think of the basis vectasgng from the PCA analysis as
the magnitude responses of six filters to be designed, eaighacewith a coefficient (i.e. the
corresponding principal component) dependent on distandencidence angle. However, such
an analysis cannot be directly used for designing a filterehotithe spherical head because,
since the dB magnitude responses of the STFs were consjdeegghtsa;, in Eq. (5.3) refer
to a logarithmic scale instead of a linear scale. PCA was tpphet to both linear magnitude
responses and complex responses of STFs, yet the samesionslas in the previous case were
drawn for the following reasons:

e if linear magnitude responses are considered, PCA extradis bectors with negative
values that cannot be seen as filters;

e if complex responses are considered, the new representatieds a greater number of
basis vectors to yield a good reconstruction and weights@rglex themselves.

It is therefore necessary to follow an alternative approaeling however in mind that the
PCA analysis has clearly indicated that angular dependdi&Ers is much greater than distance
dependence in the transfer function frequency behavioecoDpling distance information from
frequency is thus the primary goal towards the design of agland effective model for the
head.

In order to study the impact of distance, a given STF can bmalized to the correspond-
ing far field spherical response yielding a new transfer tiong which | refer to as Near-Field
Transfer Function (NFTF):

H<p7 M, 0inc)

H (00, 1, O (5.4)

HNF(Pa M, 9inc> =
Fig.[5.6 reports thé33 NFTFs corresponding to the STFs used for the previous sestRCA
analysis. In all of the seven plots, each referring to a tbffie normalized distance, the response
for incidence anglé;,. = 0° is the uppermost in level; as the angle grows upito = 180°,
magnitude decreases.

From these plots it becomes clear that the rippled behawbuaontralateral STFs is not
correlated to source distance at all. NFTFs are very redufations that slightly decay with
frequency, in an approximately monotonic fashion. Furtiae, the magnitude boost for small
distances is evident in ipsilateral NFTFs while it is lesgrpinent in contralateral NFTFs. Note
also that forp = 1.25 the response completely crosses th&B threshold at an angle that is
far smaller than for the remaining distances, fig. ~ 65°: this behaviour is explained by the
intuition that, as source distance decreases, the angulge for which a direct ray can reach an
observation point on the sphere becomes narrower and ratrrow
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Figure 5.6: Analytical NFTFs as functions of distance and incidence engl

5.2.1 DC gain of NFTFs

Now, let’s look more closely at how the DC gai#y varies in NFTFs as the source moves away
along a given angular direction. For each of tifeincidence angles}i,c = 0° — 180° at 10-
degree steps, Eq.(4]14) is sampled at RC0) for a great number of different, exponentially
increasing distances, specifically

p=115""%, k=1,...,250, (5.5)
and its absolute value calculated, yielding DC gain

GO(Qinm P) = HNF(p; 0, 9inc)~ (56)

Fig.[5.7 plots DC gains as functions of distance and incidemgle.

Note that, if attention is focused on a single incidence enggin looks like an exponential
function of distance, either for small incidence anglesdmgain decreases with distance) and
for contralateral positions of the source (where gain iases with distance). The only angles for
which an exponential trend is not perfectly seen are thadaded in the rangg0° < . < 60°,
for which DC gain first slightly increases and then suddeelgrdases as distance grows. Never-
theless, in order to model distance dependence of NFTFs atd¢an think of approximating it
as a sum of two exponentials for all the different incidence angles. The need of two functions
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Figure 5.7: NFTF gain at DC.

is justified by both the asymptotic behaviour of the gain fiowg that tends ta for p — oo, and
by the higher number of DoF that two exponentials functicns grant. The exponential fit, that
will thus have the form

Ggpp(emc, p) = ag,, exp(ba,.p) + co,. €xp(do,.p), Oinc =0°,10°...,180°, (5.7)

is found with the help of the MATLAB Curve Fitting Toolboxftool ).

Coefficientsay, ., bs,., co,., aNddy,  for each of thel9 incidence angles are reported in Ta-
ble[5.1, as well as the RMS (root mean square) error measuneéetreal and approximated
DC gains for each incidence angle at & evaluated distances. The latter values confirm the
overall excellent fitness of the exponential functions eesgly fromé;,. = 70° onwards where
RMS(Gy, Gi™) < 0.01. The first two anglesfi,. = 0° andfi,c = 10°, are less well approxi-
mated because DC gain seems to have an over-exponentiederdependence on distance for
small angles instead.

By investigating the trend of the four coefficients in Tabldl,5one could notice that an
exponential function could also be fitted to at least threthei in order to fully parameterize
GPPon incidence angle additionally to distance. However, iiseahtinuity appearing between
Oinc = 50° and#;,. = 70°, due to the passage from a sum of exponentials theoretteaitiing to
+o00 asp — 1to a sum of exponentials tending-tao, suggests that a simple linear interpolation
between adjacent functions such as the one that followslcauffice to effectively model DC
gain for intermediate incidence angles:

[ 0; 0 6. : 0
aPP( . — (| ANC] _Znc ) app (2Nl Vine | Vinc app (| Vinc| 4 ' .
Go  (Oinc, p) (’710-‘ 10) Gy (\‘IOJ 07;0) + (10 \‘IOJ) Gy (’710-‘ 07/0> (5.8)

The effective fitness of such an approximation on a dB scallebeiobjectively evaluated at
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Oinc Aine b9inc Chinc d9inc RMS(G(% Ggpp>
0° 598.5 —3.583 | 1.748 | —0.0237 0.2692
10° 61 —2.087 1.513 | —0.01542 0.1342
20° 9.544 —1.115 | 1.318 | —0.00876 0.0504
30° 2.971 —0.6695 | 1.203 | —0.00504 0.0233
40° 1.173 —0.4082 | 1.121 —0.0025 0.0211
50° 0.4993 —0.216 | 1.044 | —0.0003 0.0261
60° 0.6159 | —0.0329 | 0.5805 | 0.01028 0.0337
70° —5.083 | —2.587 | 1.083 | —0.0024 0.0099
80° —1.587 | —1.403 | 1.022 | —0.0005 0.0017
90° —1.073 | —0.9476 | 0.9798 | 0.00074 0.0052
100° || —0.9161 | —0.7297 | 0.9483 | 0.00157 0.0073
110° || —0.8496 | —0.6075 | 0.9233 | 0.00218 0.0083
120° || —0.815 | —0.5312 | 0.9031 | 0.00265 0.0087
130° || —0.7944 | —0.4808 | 0.8868 | 0.00301 0.0089
140° || —0.7811 | —0.4464 | 0.8738 | 0.0033 0.0089
150° || =0.7722 | —0.423 | 0.864 0.0035 0.0089
160° || —0.7664 | —0.4077 | 0.857 | 0.00365 0.0089
170° || —0.7631 | —0.3991 | 0.8529 | 0.00373 0.0088
180° || —0.7567 | —0.3924 | 0.8525 | 0.00372 0.0086

Table 5.1: Coefficients for EqL(5]17) and approximation fitness.

the end of the analysis process, in Section 5.2.3, even émteénce angles different from those
considered up to now.

5.2.2 Frequency dependence in NFTFs

The behaviour of NFTFs at DC having been checked, it remaibg studied how much NFTFs
depend on frequency and how such dependence can be cheaj#lecholn order to do this the
DC gainG can act as a further normalization factor, thus the foll@aperation is performed
for a set of NFTFs computed at the already considef@ddistances and in the frequency range
up to30 kHz, sampled at00-Hz steps (assuming again head radius 8.75 cm):

HNF(pa M, Qinc)
GO(Qinm p)

Fig.[5.8 shows the frequency behaviour of normalized NFTdfsttfe two extreme incidence
anglesfi,. = 0° andf;,. = 180°, and a downsampled number of distandesdchs in Eq. (5.5)),
the smallest always corresponding to the lowest NFTF in nhade.

ﬁNF(p?l’L?einC) - (59)
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Figure 5.8: Frequency behaviour of normalized NFTFs for two differentdance angles. In
both cases, magnitude increases with distance.

In both plots, magnitude monotonically increases withatise at all frequencies although
tending to the)-dB threshold at most. This means that DC is always the frecupoint of the
NFTF where the gain is maximum. However, note the differégittirequency trend for the two
considered angles: ét. = 0° the magnitude plot looks like that of a high-frequency simglv
filter, whereas afli,. = 180° a lowpass behaviour is observed. For intermediate incelangles,
the response for a specific distancgradually morphs from that of a shelving filter to that of a
lowpass filter as the angle increases, the faster rate bbsgywed for small distances.

In light of such result, one could think of approximating thagnitude plot of the normalized
NFTF through a shelving or lowpass filter, depending on iecak angle and distance. Unfortu-
nately, two lawful observations complicate such desigrcgss:

¢ the switch from a shelving to a lowpass filter at a given ino@kangle needs to be smooth
in order to avoid listening artifacts;

e afirst-order lowpass filter excessively cuts high frequesevith respect to the maximum
10-dB decay observed in the normalized NFTF plots.

These shortcomings can be solved, although at the costabjme loss, by always approximat-
ing a normalized NFTF through a first-order high-frequerogigng filter. The implementation
chosen for the filter is that found in [192],

H(] Z_l + a.
H. =14+—=1—-— A
we) =14 (1o F ), 5.10)

where

fs
Vo tan (71';—) +1

_ Votan (f) -1 (5.11)

Qe
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Vo = 105, (5.12)
and f, is sampling frequency.
Now it has to be highlighted how the two key parameters of tiehsng filter, cutoff fre-
guencyf. and asymptotic high-frequency gaih,, can be extracted from the normalized NFTFs
in order to yield a satisfactory approximation. First, tegraptotic gain is calculated as

Goo(Oinc, p) = 201og;, [dB], (5.13)

. 2
Hyp (p, 300002 emc)
C

that is, the (negative) dB gain of the NFTF3atkHz. The choice of such a high frequency point
is needed to best model the slope of near contralateral NKT &g range of interest for the
HRTF, i.e. up tol5 kHz.

Second, taking as reference the previously computed asyimpgin, the cutoff frequency
is calculated as

A 2ma
Hyp (P, Tf’ 9inc>

that is, the frequency point where the normalized NFTF prissa negative dB gain of approxi-
mately two thirds of the asymptotic gain. This point is hetically preferred, after a number of
trials with different values, to the point where the gai@as in order to minimize differences in
magnitude between a shelving filter and a lowpass filter fotratateral NFTFs.

The quality of the shelving filter approximation is attestieugh a measure widely used in
recent literature [123, 188, 48]: spectral distortion

ol ) = i (201og10 —§Gw<emc,p>)\ Ml (5.19)

1« |H<fi>|)2
SD = | — 20log,, — dBj, 5.15
NZ< 0 qiy) P 519

where H is the original response (heféyr), H is the reconstructed response (héfg), and
N is the number of available frequencies in the consideredaathat in this case is limited
betweenl 00 Hz and15 kHz. Mean spectral distortion between original normalixdel Fs and
designed shelving filters, averaged among the respons#eefall smallest distances (where the
approximation is most challenging) was found to never edded@B at each of tha9 incidence
angles.

The variation of parameters,, and f,. along distance and incidence angle was also studied.
In this context too, it was surprisingly noticed how bothgraeters bear an exponential growth
(in the case of cutoff frequency) or decrease (in the casegbftnequency gain) as the source
approaches. Thus, similarly to what was done for DC gaingnaaf two exponential functions
was fitted as follows to the evolution 6f,, and f. along distance at given incidence angles:

Gggp(einm p) - keinc eXp(leincp) + meinc eXp(neincp)7 einc = 007 1007 ] 1800’ (516)
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einc k‘ginc lginc me,.. NG RMS(GOO, Gggp) [d B]
0° —-11.26 | —1.118 | —1.436 | —0.1061 0.0612
10° || —8.544 | —0.9573 | —1.25 | —0.09473 0.0476
20° || =7.586 | —0.9905 | —1.239 | —0.09872 0.0594
30° || =38.62 | —2.339 | —1.839 | —0.1573 0.0912
40° || =112.7 | —2.858 | —1.789 | —0.1693 0.0844
50° || =95.55 | —2.386 | —1.807 | —0.1753 0.082
60° —70.2 | —1.895 | —2.258 | —0.1826 0.0909
70° || =53.15 | —1.51 | —=3.001 | —0.1664 0.1133
80° || —42.73 | —1.238 | =3.768 | —0.1376 0.146
90° || —36.84 | —1.08 | —4.468 | —0.1162 0.1789
100° || —33.85 | —1.018 | —4.958 | —0.1043 0.2024
110° || —=32.84 | —1.023 | —5.105 | —0.09919 0.2116
120° || =33.06 | —1.062 | —4.953 | —0.09865 0.2085
130° || =33.85 | —1.111 | —4.676 | —0.1012 0.1998
140° || —34.81 | —1.157 | —4.415 | —0.1053 0.1902
150° || =35.7 | —1.195 | —4.213 | —0.1099 0.182
160° || —36.43 | —1.224 | —4.081 | —0.114 0.1758
170° || =36.89 | —1.243 | —4.006 | —0.1168 0.1721
180° || —34.43 | —-1.19 | —3.811 | —0.1131 0.1608

Table 5.2: Coefficients for Eq[{5.16) and approximation fitness.

fcapp(eincﬁ p) - peinc exp(qeincp) + reinc exp(seincp)7 einc = OO? 100’ R 1800‘ (517)

Table[5.2 and Table 5.3 summarize fithess scores and furpdimmeters’ values for each of the
two quantities.

The functional approximation @, is overall excellent, never exceeding a mean RMS error
of 0.25 dB in the considered angular directions. Similarly, theragnation provided byf2P
yields a mean RMS error that is below half the actual frequeasglution of100 Hz for more
than70% of the incidence angles, the most problematic being therrediate ones where the
frequency behaviour of the normalized NFTF is halfway betwéhose of a shelving and a
lowpass filter. As a matter of fact, for these angular dimwithe normalized NFTF cutoff
frequency for small distances suddenly explodes from divels low value « 1 kHz) to a high
value & 10 kHz), yielding a very acute slope in the distance-dependeane that a sum of two
exponentials cannot approximate without losing precigiaihe following points.

Contrarily to the approximation af, in these two cases no consistent trend is seen across
incidence angles for any of the exponential functions’ fioeints. An interpolation of adjacent
polynomials analogous to that in Ef. (5.8) is thus definitetyuired to correctly model parame-
tersG2P and f2PP for intermediate angular values.



94 Techniques for Customized Binaural Audio Rendering with Applications tisaViRehabilitation

einc painc Binc reinc Soinc RMS(fC? f?pp) [HZ]
0° 483.8 | —0.7549 | 494.3 0.00046 21.02
10° 410.1 | —0.6986 | 492.7 0.00059 20.15
20° 443.5 | —0.7844 | 493.6 0.00053 21.22
30° || 2.339¢7 | —8.839 535.1 —0.0032 35.31
40° || 4.923¢7 | —8.23 553.3 | —0.00476 46.31
50° || 1.087e5 | —4.284 612.1 | —0.00828 52.38
60° || 8.433e* | —1.804 656.7 | —0.00339 115.5
70° 2.46e* | —0.6892 | 1452 | —0.01873 180.6
80° || 1.084e* | —0.3194 | 5639 —0.00938 126.4
90° 3677 —0.2464 | 1.067¢* | —0.00284 57.53
100° 846.6 | —0.1363 | 1.272¢* | —0.00053 46.57
110° || 1.333¢* | 0.00024 | 3.718¢€° —5.851 36.26
120° 6913 —2.113 1.32¢* | 2.044e77 18.53
130° 1629 —0.6621 | 1.322¢* | —0.00033 38.34
140° 815.8 | —0.3119 | 1.377¢* | —0.00018 34.79
150° || 1.478¢* | —0.0007 | 46.94 0.05192 21.95
160° || 1.558¢* | 0.00027 | —1291 | —0.6957 32.13
170° || 1.622¢* | 0.00038 | —1787 | —0.5135 34.00
180° || 1.641e* | 0.0005 —2109 | —0.5297 35.18

Table 5.3: Coefficients for EqL(5.17) and approximation fitness.

5.2.3 A model for distance rendering

The analysis performed in the previous section allows gittéorward construction of a filter
model for the rendering of distance, that can be easily rated with an infinite-distance spher-
ical model of the head following one of the implementationsilable in the literature. In fact,
if the latter is modeled through a filtéf g, . .that takes the incidence andlg: as input (as for
instance in Brown and Duda’s model, see Eq.l(4.4)), the inddion given by the NFTF can
be provided by a cascade of a multiplicative géinand a shelving filtet/s, as made clearer
by the following equations, that are neither more nor leas @n approximated combination of

Eqg. (5.4) and Eq[(519):
Hpead(p; 11, Oinc) = Haist (0, 11, Oinc) H;’g’here(oo, 14 Oinc) (5.18)

Hdist (p7 H, einc) = Ggpp<9inm P)Hsh(,u> ngp<6inC7 p)7 fcapp(einm p)) (519)

The general filter structure is sketched in Higl]5.9. Herehiad radius: can be freely
chosen previous to the rendering process in order to ctyrecte parameters and ., allow-
ing to stretch or extend the frequency and distance axeseo$T/NFTF with respect to the
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Figure 5.9: A model for a spherical head including distance dependence.

case of standar8.75-cm radius. The head radius parameter thus represents eafirstay of
customizing a HRTF model on the subject’'s anthropometry.eBam distance and incidence
angle information, the “Exponential Fit” computation bkdinearly interpolates function§}"™,
G3P and 2P using Eq.[(5J7), Eq[(5.16), and Ef.(5.17) respectivelgrafards G5 (Oine, p) is
used as multiplicative factor where&8°"(6inc, p) and f2°(6i.c, p) are feeded as parameters to
the shelving filter.

A legitimate question is the overall goodness of mo#Hg),;, that is, whether all the intro-
duced approximations objectively unsettle the magnitedpaonse of original NFTFs as com-
puted through Eq[(4.14) and Ef.(5.4). NFTFs resulting ftbenabove model and correspond-
ing to the normalized distances and incidence angles of tlag/tical NFTFs in Fig[5J]6 are
reported in Figl.5.70. From direct comparison of the two f&gLit can be seen how the general
shape of NFTFs is well reproduced, even though evident®imthe DC gain of a couple of
responses fop = 32 are clearly recognizeable. In addition, some of the resgofar the great-
est distances do not exhibit a smooth transition betweesemuive incidence angles as in the
analytical responses aroufig. = 60°.

In order to have a quantitative indication of the model’'susacy and to better explain the
above dissimilarities, the usual spectral distortion measvas calculated either for spatial loca-
tions that were used during the analysis process and neialdpastions, thanks to the functional
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Figure 5.10: Reconstructed NFTFs as functions of distance and incidengka

representation of distance and interpolation over inaideangles of the key parameters. Specif-
ically, the magnitude off.; for a 8.75-cm spherical head was computed through Eg. {5.19)
for the usual250 distances, this time di-degree angular step8 = 0°,5°,10°,...,180°),

and compared to the magnitude response of the correspoadgigal NFTFs up tol5 kHz.
Distance-dependent spectral distortion plots forheonsidered incidence angles are all shown
in Fig.[5.11.

Notice that the overall fithess of the approximation is ekecelfor contralateral sources,
being the SD lower thaihdB in almost all of the considered source locations excegti®very
nearest ones arourt, = 90°. Concerning ipsilateral positions, the biggest discresnior
very close distances appear in the middle range, i.e. fkra= 45° to 6, = 65°. These are well
explained by the already mentioned passage from a shelwiadawpass frequency behaviour,
that doesn't find a smooth correspondence in the expondatiefions.

Then, as distance increases uppto= 10, SD tends to decrease except for a small peak
centered aroungd = 3 — 4 for contralateral sources, and a series of peak8§;fox 40° that are
in most cases weak except for those at the smallest anguérons, 6, = 0° and i, = 5°.

By taking a look to Tablé 511 one can realize that the latteabiglur is due to the non-perfect
fit provided by the first two exponential functiodg"™. These are responsible for the sudden
SD rise at the farthest distances £ 20) observed for the smallest incidence angles that was
also seen in the last plot of Fig._5]10, being asymptoticadly tending to0 dB with distance
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yet falling under this threshold. However, the problem carebsily be overcome by forcing
the exponential functior:5™ to always tend td) dB (possibly at the cost of worsening the
approximations at close distances) or, even better, bpdetihe contribution of the whole filter
structureH ;,; smoothly dissolve as the source enters the far field, whicleimitely the case
for p > 20.

Finally, note how there is no evident relative SD increagevben reconstructed NFTFs for
angles that were considered in the analysis process andasthkes. To be more precise, SD for
angledi,c remains approximately halfway the two nearest analyzeteadf). = 0inc — 5° and
il . = binc + 5° for almost all the considered distances. As a consequeneey linterpolations
of the key coefficients are already effective as they are,neetding to be improved through
higher-order interpolations and/or a denser samplinggaiba angular axis.

5.3 Conclusions

An extremely low-order model for distance rendering, thduigr real-time applications, was
proposed in this Chapter. The main purpose of the model isd¢apli simulate the impact that
source distance has on the sound waves arriving at the etivs ivear field, a region where the
relation between sound pressure and distance is both Higlgjyency-dependent and nonlinear.
The reference for the model was based on an analytical géiserof a spherical head response,
appropriately filtered out so as to include distance-depetpatterns only. With respect to such
reference, the model was objectively seen to provide a veogdit in almost the whole near
field, despite its simplicity.

It could be questioned whether analytical near-field tranfsfnctions really reflect distance-
dependent patterns in measured HRTFs, and if a weak custbomZonto the head radius only)
may be enough to account for differences among subjectsarticplar, when a source is very
close to the human head the finer details of the subject's@mmetry, such as the shape of the
head or the presence of the nose, could prominently comelayo Unfortunately, most HRTF
measurements are performed in the far field or in its viciaitgne single given distance: collect-
ing HRTFs for more than one distance would intolerably nplittate the required measurement
time. Numerical simulations (such as the BEM) are thus ne&aladdress such a question.

Further work in this direction should take into consideratalternative filter structures to the
single, first-order shelving filter, such as a higher-orderang filter or a lowpass filter realiza-
tion allowing slope control for contralateral positionsarder to better approximate normalized
NFTFs. Also, if one remains within the assumption that IT2sloot change with distance, the
design of an all-pass section counterbalancing the etfettthe shelving/lowpass filter's phase
response has on ITD needs to be carried out.

Last but not least, the choice of the far-field head filter todw@pled with the distance render-
ing model will turn out to be pivotal for a good STF approximat Brown and Duda’s first-order



Chapter 5. Spherical Transfer Functions and Distance Modeling 99

filter, although replicating with some degree of approxiorathe mean magnitude characteris-
tics of the far-field STF, does not simulate the rippled banavseen for contralateral sources.
Experimental evaluations on the psychoacoustical impogaf these ripples or an alternative
head model are thus needed.






Chapter 6

Pinna-Related Transfer Functions:
Estimation Methods and Analysis

Pinna-Related Transfer Functions (PRTFs) reflect the matiifics undergone by an acoustic
signal as it interacts with the listener’s outer ear. Theselme seen as the pinna contribution
to the HRTF. Although perceptually dominated by head motiars, pinna effects on inci-
dent sound waves are of great importance in sound spatializaSeveral experiments have
shown that, contrarily to azimuth effects which are doneddty diffraction around the listener’s
head and may be reduced to simple and intuitive binauraltdigsn elevation cues are basically
monaural and heavily depend on the listener’s pinna shageg lthe result of a superposition
of scattering waves influenced by a number of resonant maodgdei pinna cavities. Within
this framework, it is crucial to find a suitable model for repenting PRTFs; linking the model
parameters to simple anthropometric measurements on éns pginae represents the ultimate
challenge in this direction. Once this model is availabésoading it to a Head-and-Torso (HAT)
model [6] would yield a complete structural HRTF represtata

This chapter, along with the following two, considers thelggem of modeling PRTFs for
3-D sound rendering. Following a structurabdus operanditwo approaches for PRTF deriva-
tion, either by direct measurement (Section| 6.1) or by HRIBcessing (Sectionh 6.2.1), and
an approach for the decomposition of PRTFs into ear res@saaed frequency notches (Sec-
tion[6.2.2) that will allow separate control of the evolutiof each physical phenomenon in the
final PRTF model, are presented. Results of PRTF decomposiiibbe finally discussed and
further elaborated in Sectin 6.3.

The work presented in this Chapter was published in pape®] [Bection[6.11) and [57]
(Section§ 612 613).

101
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(a) The isolation device, configuratidn

(c) Close-up of the pinna hole. (d) Pinna isolation.

Figure 6.1: Isolation of the pinna through an ad hoc device.

6.1 PRTF measurement

In this first Section | will describe a database of PRTFs ctéld from measurements performed
at the Department of Signal Processing and Acoustics, Axtigersity, Finland, primarily fo-
cusing on the choices and tools through which the final resgmere collected (i.e., experi-
mental setup, measurement procedure, and polishing epesaipplied to obtain the final PRTFs
from the measured responses). The database, accompardethilgd photographs of the sub-
jects’ pinnae and the measurement setup, consists of mptiiae PRIRs measured at 61 dif-
ferent elevation angles from 25 subjects and is publiclymloadable as a .zip archive from my
website ahttp://www.dei.unipd.it/ ~ spagnols/PRTF_db.zip

6.1.1 Measurement procedure and apparatus

In an ideal situation, the PRTF is the response of the pinnanted on an infinite plane[5].
For the actual measurements, an ad hoc pinna isolationedthat approximates the ideal case,


http://www.dei.unipd.it/~spagnols/PRTF_db.zip

Chapter 6. Pinna-Related Transfer Functions: Estimation Methods and Analysis 103

(&) The measurement setup. On bottom right, the (b) Subject position during the measurements.
boom-controlled loudspeaker used for sweep reproduc-
tion.

Figure 6.2: Measurement setup and subject position.

pictured in Fig[6.11(a), was built and used. The test sujémtso and shoulders were isolated by
al-m x 1-m, 15-mm thick wooden board having2d-cm-diameter circular hole in the middle of
it that approximately fits the size of the human head. A palycaate sheet with grinded edges
and a6-cm-diameter circular hole in the middle was fixed with a doflat head screws to the
board in order to completely cover the hole for the head wlitgng the subjects’ right pinna
come out of the other side of it (see Hig.]16.1(c)-(d)). Fumiare, a thick layer of foam with a
head-profile-shaped cut in the middle was glued to the upderds the board with the purpose
of adding comfort to the subjects. A piece of such layer ctndldaken off accordingly with the
specific subject’s build (Fidg. 6.1(b)).

The isolation device was brought right in the middle of ancluoéc chamber and placed over
an acoustically transparent, one meter high cylindricataflie fence having 1.75mm thread
width in order to avoid reflections from prospective tablgsleA controlled boom mounted on
the room’s ceiling had the purpose of moving the sound sof@¢&enelec 8030A loudspeaker)
along a circumference centered in the pinna hole and layirth®plane parallel to the isolation
device. The loudspeaker was positioned upside down, satikawoofer was at the level of
the forementioned plane while the tweeter was under itwatig high-frequency components to
directly join the pinna hole without reflecting on the bordéithe isolation device. Fid. 6.2(a)
reports a global view of this experimental setup.

Furthermore, the distance between the loudspeaker andhtie lpole was approximately6
m, so that the incident wave can be assumed plane for fregpsaaimove 3 kHz (the loudspeaker’s
crossover frequency). This assumption may not be guardbiews kHz, yet the relative little
importance of pinna features below this threshold makegttublem negligible. Since the boom
was not acoustically transparent and other loudspeakes fixed to the chamber’s walls, the
environment should be labeled as low-echoic rather thaoheme In spite of this, all the data
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(@) Knowles FG-23329 microphone stuffed inside a (b) Placement inside the ear canal.
hollow earplug.

Figure 6.3: The microphone used for HRTF acquisition.

will be adequately windowed so as to discard late reflectomesirring on the room’s equipment.

25 subjects (18 men and 7 women), mostly students and sté&flod University, partici-
pated to the measurements, which were performed usingdlkda-ear-canal technique [63]: a
Knowles FG-23329 microphone carefully stuffed in the méddf a hollow earplug was placed
right at the entrance of the right ear canal of each subjettrim as pictured in Fidg. 6.3. Then,
the subject was asked to stand in front of one side of the gamehtually with the help of a
pedestal to let his waist reach the level of the isolationa®ybend0 degrees forwards and lay
his head on the right side in order to let his pinna pass the (seke Fid. 612(b)). The requiréd®
head-neck rotation could be reached thanks to the thick lafyfopam which allowed the right
shoulder to sink at a lower level than the left. This way, tlep spanned by the loudspeaker’s
rotation approximately corresponded to the subject’s areglane. The pinna position was then
adjusted both by instructing the subject on how to move h&lhend by manual intervention
through a big hole in the fence. Finally, vertical orierdatwas adjusted by manually rotating
the subject’s head to let his ear axis point at a precise maxne of the chamber’s walls. Sub-
jects were told to remain as still as possible, yet their momets were not monitored during the
actual measurement session.

The responses were measured via the logarithmic sweepgswéep) method [121]. The
used sine sweep had kHz sampling frequency, s duration, and exponentially spanned the fre-
guency range from0 Hz to 22 kHz. By controlling the boom rotation and sweep reproduction
from a Max/MSP patch running on a workstation just outsidedhechoic chamber, sweep re-
sponses fo61 different elevation angles were recorded&kHz sampling frequency in approx-
imately six minutes’ time per subject. The selected elevasingles, considering the interaural
polar coordinate system, spanned the range fpom —60° to ¢ = 240° (i.e. ¢ = —120°) at
5-degree steps. The boom constantly rotated during the mezasuts, hence high frequencies
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(a) Subjecb2. (b) Subjecis. (c) Subjectis. (d) Subjectls.

Figure 6.4: Right pinnae of four participating subjects.

were measured from a slightly different elevation angletloav frequencies. However, since the
angular speed was almost constantly less that one degrseqmard, its impact on measurements
looks negligible.

In addition, free-field responses were taken by placing tleeaphone-stuffed earplug inside
a small foam cut, positioning it in the middle of the pinnaéalf the isolation device, and
repeating the measurement procedure in the same way afastrsubjects.

Pictures of the subjects’ right pinnae were also taken leedorafter the measurements (see
Fig.[6.4). The distance and orientation of the camera wipeet to the pinna was kept as con-
stant among subjects as possible through the help of a triglsd, each subject’s pinna height
(variableds in Fig.[4.9) was measured and tracked down for resizing me&go This informa-
tion, along with each subject’s sex and evidenced anomatlifse experiment with respect to
the optimal situation, can be found in Tablel6.1. As for anesaSubject6’s pinna did not
completely pass the hole, Subje& had a piercing on the helix which could not be taken off,
and Subjeci8 had the earplug slightly displaced at the end of the measmtm

6.1.2 Data post-processing

According to the logsweep method, inverse filtering was gremed on the measured sweeps
(including free-field sweeps) in order to obtain the coroespng impulse responses. Specifi-
cally, the inverse response of the excitation signal wasdomputed and then low-passed and
high-passed with fifth-order digital Butterworth filters toropensate for the original zero sound
pressure level belo@0 Hz and above@2 kHz in the sweep signal. Since the pinna has no effect
below3 kHz and sounds abovi&-20 kHz are hardly perceptible by humans, the high-pass and
low-pass Butterworth filters’ cutoff frequency was kept lepthat is1.2 and21.6 kHz respec-
tively. Hence, each impulse response was calculated byobong such band-passed inverse
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subject| sex| pinna height| anomalies
01 F 5.6 cm no
02 M 6.5 cm no
03 M 6.5 cm no
04 M 6.5 cm no
05 F 5.9cm no
06 M 6.9 cm yes
07 M 6.2.cm no
08 M 6.3 cm no
09 F 6.0 cm no
10 M 6.1 cm no
11 M 6.7 cm no
12 M 6.3 cm no
13 F 6.2cm yes
14 M 6.3 cm no
15 M 5.8cm no
16 M 6.5 cm no
17 F 5.9cm no
18 M 6.7cm yes
19 M 7.2cm no
20 M 5.6 cm no
21 F 5.8 cm no
22 M 6.4 cm no
23 M 6.3 cm no
24 M 6.0 cm no
25 F 5.6 cm no

Table 6.1: PRTF database: subjects’ information.
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Figure 6.5: PRIR for elevationy = 0°, subject4.

filter with the measured sweep.

Subsequently, a 300-sample Hann window was applied to @aphlse response with the
aim of cutting off late reflections possibly occurring on shbject’s legs, the pedestal, or the
room equipment. The window was centered in the first posjiizakp exceeding a heuristic
amplitude threshold in the impulse response, so that thdawed impulse lasted approximately
3 ms fromp.

Finally, free-field compensation of the subjects’ impulssponses had to be performed. To
this end, for each elevatiop, a 10"-order minimum-phase |IR filter which approximates the
magnitude of the inverse free-field response at sourcete@avawas designed through the least-
squares fit procedure provided by the Yule-Walker method RMA spectral estimatior [51].
As expected, all of the free-field responses had similar dmbst flat - except for a ripple
around2.5 kHz probably due to the loudspeaker’s crossover frequemsgignitude plots, with
no tangible diffraction occurring on the wooden board. Tresult certifies the transparency of
the measurement setup. Straightforward filtering of thgesils impulse response at elevation
¢ through the so built IR filter gave the free-field compendat@nal pinna-related impulse
response (PRIR) that is currently stored in the online da&glzasexample of which can be seen
in Fig.[6.5.

Fig.[6.6 shows the magnitude plots of an original recordegeprand the corresponding post-
processed PRTF. It can be clearly seen how the general negohance structure of the typical
PRTF is preserved, excluding the very upper and lower frequeanges which are, however,
not of interest in this context.
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Figure 6.6: Original sweep magnitude response (solid line) and postgssed PRTF magnitude

(thick dashed line).

6.1.3 Early results

Through direct inspection of the PRTF magnitude plots oRalsubjects, a couple of obser-
vations can be made. First, when the source is ahead of th&afplane (in this case when
—60° < ¢ < 90°), the PRTF behaviour is quite complex and greatly variemfsubject to
subject. However, commonly known features evidenced ivipus works on PRTFs [159, 81],
such as the-kHz omnidirectional resonance mode and the notch whos@émrcy ¢ — 10 kHz)
increases with elevation, appear in the vast majority ofestib, as can be seen in Fig.16.7). In
some cases (e.g. Subject 18), however, the reflection gteuts unclear, the magnitude plot

presenting valleys which happen to be excessively shallow.
Secondly, while all PRTFs greatly differ among subjects nvttee source is ahead of the

frontal plane, their behaviour is similar for all other edéons. Specifically, allowing some
degree of approximation:
e for 90° < ¢ < 125° the majority of PRTFs show a descending magnitude plot wikh o
major resonance arouridkHz and no evident notches;
e from abouty = 130° one frequency notch appears at aroufickkHz, eventually followed
by others at higher frequencies when the source is aboubss ¢he horizontal plane at
¢ = 180° (this notch was found in[81] too);

e PRTFs for the last elevation angles, especially 240°, show a more complex magnitude
structure with3 or more notches belows kHz (also reported if [81]).

These features can all be detected in Eig. 6.7. The absemsdeint notches when the source is
above the listener may easily be attributed to the presditbe belix which “masks” the concha,
evading direct reflections on it. Conversely, the presencmofplicated patterns at = 240°
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Figure 6.7: PRTF magnitude plots of four subjects at all available etevres.

comparable to those for sources ahead of the frontal playeoméoth attributed to reflections
on different pinna contours such as the upper part of the @k tragus or the crus helias, or to
possible unwindowed reflections on the subject’s legs.

Finally, even after post-processing some PRTFs still priessénoisy” spectrum. This artifact
may likely be associated to slight movements of the subgatisg the sweep reproduction or
to a rattling noise coming from the metallic fence which weparted by a few subjects right
after their measurement session. However, besides bailajad cases only, the main features
of PRTFs remain preserved. The early results and assursptiaced above will be further
investigated later in this thesis, especially for what @nes PRTF behaviour in the elevation
range up tot5° where pinna modifications happen in greater number.
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6.2 PRTF extraction and separation

The procedure for PRTF measurement described in the pe@ection requires, just as typical
HRTF measurements, specific (expensive) equipment, herecbardly replicable. In absence
of such facilities, the most straightforward way of obtamiPRTFs it to extract them through
signal processing techniques from existing HRTF databad&s Section describes such an ap-
proach, where the initial data was chosen to be a set of mehsiRIRs taken from the CIPIC
database |7], a public-domain database of high spatialutt®o HRIR measured at 1250 direc-
tions for 45 different subjects. Once a PRTF is derived, dhokfor separating the contribution
of reflections to that due to resonances is described inldetai

6.2.1 Data collection and pre-processing

Extraction of PRTF features first requires an analysis Skaking as reference system the inter-
aural polar coordinate system previously sketched in[Eii{a4, the focus is placed on median-
plane (azimuth anglé = 0°) HRIRs, with the elevation angleé varying from¢ = —45° to

¢ = 90° at5.625-degree step2) HRIRS per subject).

The first problem that needs to be addressed is how to exti@&RTF from the correspond-
ing HRIR: basically, the head, torso and shoulders contobstneed to be discarded from the
response. Knowing that pinna reflection delays usually edmgtweeni 00 and 300us in the
median plane[12], the HRIR is shortened by applyinrms Hann window starting from the
HRIR onset[[137]. In this way spectral effects due to reflextioaused by shoulders and torso
are removed from the response, while those due to the pienareserved.

Concerning head diffraction compensation, if the pinnakesad is treated as a sphere, then
the ear canal lies arountl = +90° — 100°E| Assuming CIPIC HRTF measurements, taken
at 1-meter distance, to be comparable to far-field measuremigrdan be directly seen from
Fig.[4.10(a) that the corresponding responses of sphadiliffedction for a source in the frontal
side of the median plane are approximately flat. Furtheresgd of such “flatness” is found
in [113], where the authors show that the mean spectralrdistaetween measured responses on
a complete KEMAR head and FDTD-simulated responses onritsgmlone i2.3 dB only.

As a consequence, no further preprocessing step is applted tvindowed and zero-padded
HRIR, whose FFT, calculated orba2-sample window size, yields the estimated PRTF.[Eid. 6.8
reports an example of extracted PRTF, where spectral note resonances can be easily de-
tected.

Both in the PRTF database described in Sedfioh 6.1 and in steppocessed CIPIC HRTF
responses, median-plane data was considered. Therefought to be mentioned that since the
data was collected for a single azimuth value only there iguarantee that integrating a future

1Since human ears typically lie slightly behind and below thaxis [2], the source-ear angular distance is
certainly greater thaf0° for sources betweep = 0° and¢ = 45° at least.
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Figure 6.8: PRTF extracted from a CIPIC database HRIR.

pinna model based on these responses in a complete stiuntdal would give an appropriate
representation of the HRTF. In other words, the PRTF foratlen ¢ and azimuthy = 0° may
have a totally different look than the PRTF for elevatipand e.g. azimuth = 60°. However,
relative azimuthal variations up to at leasf = 30° at fixed elevation cause very slight spectral
changes in the PRTFE_[114,/96, 137]. This observation wasatggh by an informal personal
inspection of different PRTF sets too. Hence, under themagsan that the source moves in
the vicinity of the median plane, pinna effects can be thowglsolely depending on source
elevation.

6.2.2 The separation algorithm

The following issue concerns feature extraction from theaimled PRTF, with the constraint that
reflections and resonances must be treated as two sepahatieonpena. To this end, the PRTF
can be split into a “resonant” and a “reflective” componentnibgans of an ad-hoc designed
algorithm which | will refer to asseparation algorithmand describe in detail. The idea that
drives the algorithm is the iterative compensation of th& PRhagnitude spectrum through a
sequence of synthetic multi-notch filters until no localai@s above a given amplitude threshold
are left. Each multi-notch filter is fitted to the shape of tiRI'P spectrum at the current iteration
with its spectral envelope removed and subtracted to itngithe spectrum for the next iteration.
Eventually, when convergence is reached (say at iter@tjdhe final spectrunﬂﬁi)s contains the
resonant component, while the reflective component is goyedirect combination of all the
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calculatedr multi-notch filters.
Fig.[6.9 reports the complete flow chart of the separatioorélyn. The algorithm’s initial
conditions heavily influence the final result; indeed, thwaeameters have to be chosen:

e N..,s, the number of cepstral coefficients used for estimating®R&F spectral envelope
at each iteration;

e D,.., the minimum dB depth threshold for notches to be considered

e ¢, the reduction factor for every notch filter bandwidth, wagairpose will be discussed
below.

Before entering the core of the algorithm, I} match the PRTF and séifi}l to 1. These
two frequency responses will be updated at each iteratasulting inf., andHr(?ﬂ at the be-

ginning of thei-th iteration. If N\, is the number of “valid” notches algebraically identified
at the end of it, the algorithm will terminate at iterationf Nfc)h — 0, while H'Z, and Hﬁﬁ)ﬂ
will respectively contain the resonant and reflective congmts of the PRTF. As one may ex-
pect, both the number of iterations and the quality of theodgmsition strongly rely on a good
choice of the above parameters. For instance, chodsjpg too close to zero may lead to an
unacceptable number of iterations; conversely, a highevafuD,,;,, could result in a number
of uncompensated notches in the resonant part of the PRTRelfollowing, the step-by-step
analysis procedure o\, is presented, assuming tHﬁffC;l) > 0. For the sake of simplicity, in
the following the apex:) indicating iteration number is dropped from all notation.

First, in order to properly extract the local minima due tar@ notches in the PRTF, the
resonant component of the spectrum must be compensatediddhis end, the real cepstrum
of H,., is calculated; then, by liftering the cepstrum with the fikst,; cepstral coefficients and
performing the FFT, an estimafe.., of the spectral envelope @f,., is obtained.

The parametelN,.,s must be chosen adequately, since it is crucial in determithia degree
of detail of the spectral envelope. A§.,, increases, the notches’ contribution is reduced both
in magnitude and in passband while the resonance plot becomee and more detailed. The
optimal number of coefficients that capture the resonantcsire of the PRTF while leaving
all the notches out of the spectral envelope was experirieritaind to be N..,s = 4. This
number also matches the maximum number of modes identifi&hbaw [158] which appear at
one specific spatial location: for elevations close to zerades 1, 4, 5, and 6 are excited. Once
C,es IS computed, it is subtracted from the dB magnitudéfof, yielding the residud, ..

At this point E,..; should present an almost flat spectrum with a certain numhotohes.
ParameterV,,,, is first set to the number of local minima if}.., deeper thaD,,,;,,, extracted by
a simple notch picking algorithm. The aim here is to comp&nsach notch with a second-order
notch filter, defined by three parameters: central frequgacyd-dB bandwidthfz, and notch
depthD.



Chapter 6.

Pinna-Related Transfer Functions: Estimation Methods and Analysis

113

BEGIN

PRTF

Initialization

H(l) H(l)

ress" "refl

Spectral envelope
calculation, C/c

Eres=H(i)/Cres

res
Dmin >
—| Min. Extraction

N=N

nch

forj=1:N D

A

fc

Param. search

Nnch = Nnch -1

Multi-Notch filter
assembly

H

nch

(i

refl (N (N
E— H,es,Hreﬂ update

1

until N,cp> 0

H(!) H(i)

res? " "refl

END

Figure 6.9: Flow chart of the separation algorithm.
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Consider thej-th local minimum. The central frequency of the correspagdiotchfc is
immediately determined, while notch depth is found’as= |E,.s(fc)|. Computation off is
less straightforward. Indeedy is calculated as the standar@lB bandwidth, i.efz = f. — fi,
wheref, and f, are respectively the left and right +3 dB level points relato f- in E,..,, except
for the following situations:

1. if D < 3 dB, the3-dB bandwidth is not defined. Thefa and f; are placed at an interme-
diate dB level, halfway betwedhand—D in a linear scale;

2. if the local maximum ofFE,., immediately preceding (followingf- does not lie above
the 0-dB line while the local maximum immediately followirjgreceding) doesfp is
calculated as twice the half-bandwidth betwgerand f.. (f);

3. if both local maxima do not lie above the 0-dB lire.., is vertically shifted until the 0-dB
level meets the closest of the two. Thep,is calculated as before except if the new notch
depth is smaller thaw,,,;,, in the shifted residue plot, in which case the parameterckear
procedure for the current notch is aborted &9, is decreased by one.

Note that case 1 may occur simultaneously with respect te 2as 3: in this situation, both
corresponding effects are considered when calculgting

The so found parametefs, D, and fz need to uniquely define a filter structure. To this end,
a second-order notch filter implementation of the form [192]

I+ (IR I k) (k- (T R) B2

o) 6.1
nch(z) 1+ l(l _ k‘)Z_l — k22 ) ( )
is used, where ;
tan(m<2) — V{
g oy ° (6.2)
tan(w%) + Vo
-~ fc
[ = —cos(2r=—), (6.3)
[
Vy = 10, (6.4)
Ho=Vo -1, (6.5)

and f, is the sampling frequency. Using such an implementatiawalito directly fit the param-
eters to the filter structure. Clearly, not every combinatibthe three parameters is accurately
approximated by the second-order filter: if the notch to bmmensated is particularly deep and
sharp, the filter will produce a shallower and broader ndtelwjng a center frequency which is
slightly less tharyc.

Although moderate frequency shift and attenuation is natirdental to the estimation al-
gorithm (an underestimated notch will be fully compensdtedugh the following iterations),
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Figure 6.10: An example of the separation algorithm’s evolution. The PR&gnitude in the

top left panel is decomposed into resonances (top right [pamel frequency notches (bottom

right panel). The bottom left panel shows the evolution ofRRE F spectral envelope from the
first iteration to convergence.

an excessive notch bandwidth could lead to undesired @ifa the final resonance spectrum.
Here is where parametércomes into play: iffz is divided by¢ > 1, the new bandwidth speci-
fication will produce a filter whose notch amplitude will bether reduced, allowing to reach a
smaller bandwidth. Typically, in order to achieve a satisfay trade-off between the size of the
reduction factor and the number of iteratiofiss set to 2.

Consequently, the parameters to be fed to the filter &veD, f5/¢), yielding coefficients
vectorsb"”) anda!) for H,S]C)h The parameter search and notch filter construction proesdue
repeated for allv,,.,, notches. In order to build the complete multi-notch filiéy,.;,,

N bo + blz_l + bQZ_2 Nnen

Hyo(2) = =TT zv 6.6
n(2) ag+ arz7t + apz? H nen(2); (6.6)

it is now sufficient to convolve all the coefficient vectorswgauted during iterationx
b = [by, by, bo] = b % @ s ... s pPne) (6.7)

a = [ag, ay,as] = aM x a® x - x @Nner), (6.8)

Finally, before considering the next iteration, the glomailti-notch filter 7)) = H'), - H,,
must be updated and the PRTF compensated by appijiid’ = H.%, / Hyen.
Fig.[6.10 illustrates the algorithm’s evolution for a pautar PRTF. The specific choice of

the initial parameters wal¥..,s = 4, D,,;,, = 0.1 dB, and¢ = 2. The top left panel illustrates
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Subject010’s PRTF for an elevation of45 degrees. The bottom left panel reports the spectral
envelope evolution, where we can see how interfering splectitches negatively influence the
initial estimate. The panels on the right represent thermaso(,.) and reflective f{,. ;) parts
of the PRTF at the end of the algorithm.

Consider the range where acoustic effects of the pinna areard, i.e. the range fromto
16 kHz approximately([68]. Fid. 6.10 shows that inside suclyeatine algorithm has produced a
realistic decomposition: the gain of the reflective compuimgeunitary outside the notch regions,
while the peaks appearing in the resonant component revgab@ correspondence to Shaw’s
modes (this point is further discussed in the next Secti@tside the relevant range for the
pinna, there is a sharp gain decrease in the resonant paftidner imperfections that appear
for different subjects and elevations. Nevertheless, ithisot a problem as long as the pinna
contribution to the HRTF is considered alone. The behavienlified in Fig[6.1D is observed
for different elevations and subjects too.

6.3 PRTF analysis: results

PRTF features identified through the decomposition cawigdiy the separation algorithm are
now discussed. The most general result that will be higkdidls that while the resonant com-
ponent is in broad terms similar among different subjetis réflective component comes along
critically subject-dependent. In order to facilitate caripon with previous works, most of the
following plots report results for the same CIPIC subjectd tppear in[137] and [149], specif-
ically Subjects 010, 027, 048, 134, and 165 (KEMAR head witlal pinnae).

6.3.1 The resonant component

The variation in the contribution of pinna resonances toRRIF throughout the considered
elevation range can be studied by examiningdHe plots in Fig[6.1ll. Two major hot-colored
areas can be easily identified in these plots. The first onged around kHz, appears to
be very similar amongst subjects since it spans all elevati®ne may immediately notice that
this area includes Shaw’s omnidirectional mode. The resogia bandwidth appears to increase
with elevation; however, knowledge of pinna modes impliegt & second resonance is likely
to interfere within this frequency range at higher elevagicspecifically Shaw’s vertical mode
(centered around kHz with a magnitude ot0 dB).

On the other hand, the second hot-colored area differs lmo#hape and shade amongst
subjects. Still it is most prominent at low elevations bedaw&2 and 18 kHz, a frequency range
which is in general agreement with Shaw’s horizontal magdés and6, and smoothly dissolves
as the elevation angle increases up above the horizonta .pldote that this higher resonance
area and Shaw'’s vertical modeseem to be excited in mutually exclusive elevation rangbss T
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Subject 027 - Left PRTF — Resonances
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(b) Subjecin27.

Subject 165 - Left PRTF — Resonances

(a) Subjecd10.

Subject 048 - Left PRTF — Resonances
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(c) Subject48. (d) Subject165.

Figure 6.11: Resonant component of four subjects’ left pinnaefd5° < ¢ < 90°.

effect, which appears for all the analyzed subjects andoisaally evident for Subjedtts, gives
the impression of a smooth transition from one resonandeetother, and allows to look forward

to a double-resonance model for the pinna.

Finally, note that the magnitude response arouh&Hz occasionally takes low negative dB
values at high elevations, especially in Subjéict's plot: such an incongruity may be explained
by phenomena other than reflections or resonances, e.tadiiiéin around the pinna. One may
advance the same observation for very low and very high &ecy zones; nevertheless, these
effects are due to the pre-processing step and lie whatavlrdutside the frequency range that

interests the pinna.
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Subject 010 - Right PRTF - Notches Subject 027 - Right PRTF - Notches
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(a) Subjecb10. (b) Subjectn27.

Subject 134 - Right PRTF - Notches Subject 165 - Right PRTF - Notches
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Elevation (deg) Elevation (deg)

(c) Subjectl 34. (d) Subjectl65.

Figure 6.12: Reflective component of four subjects’ right pinnaefdb° < ¢ < 90°.

6.3.2 The reflective component

As already mentioned, reflection patterns strongly depenelevation and pinna shape. Never-
theless, a number of common trends can be acknowledgeddweréntgeneral it can be stated

that, while PRTFs generally exhibit poor notch structurdgemthe source is above the head,
as soon as elevation decreases the number and depth ofrfoyquetches grows to an extent

that varies between subjects. These remarks can be immigdiatrified in Fig.[6.1P, where
the spectral notches’ contribution for four different paenare reported. In particular, Subjects
134 and 165 exhibit at low elevations a clear reflection structure witree prominent notches.

Still, robust techniques are required in order to track ffectve notch patterns along elevation,
discarding the weak ones together with those which appeasamnally, and to have a consistent
labeling along subsequent elevation angles.
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As an adequate solution to this problem, a widely used aisaiysl in the field of sinusoidal
modeling, the McAulay-Quatieri partial tracking algortH105] — originally used to group si-
nusoidal partials along consecutive temporal windows g to their spectral locationr can
be inherited and fitted to this context. As a matter of faat,wéry algorithm can be exploited to
track the most marked notch patterns along elevation, asdsrtemporal evolution is concep-
tually replaced by elevation dependency and spectral mettdke the role of partials: for this
reason, let me refer to it as “notch tracking” algorithm. N\ieéspect to its original formulation,
suffice it to add that the notch detection (originally “peatettion”) step trivially locates all of
the local minima in the reflective component’s spectrum, tad the matching interval for the
notch tracking procedure is setfo= 3 kHz.

Since it is preferable to restrict the attention to the fimty range where reflections due to
the pinna alone are most likely seen, and ignore notchedwelneoverall feeble hence not likely
to be associated with a major reflection, two post-procgsstieps are performed on the obtained
tracks:

e keep only those tracks which remain inside the rathge16 kHz, where pinna cues are
most likely to be detected,;

¢ delete the tracks that do not present a notch deepersti&n

The dotted tracks superimposed on the plots in[Eig.]6.12semt the outputs of the notch
tracking algorithm. Results are definitely akin to the findiry Raykar (Fig. 11(a) in.[137])
obtained through the use of the labyrinthine DSP-basedittigndepicted back in Fig. 4.17. In
particular, three main tracks are seen for all four subjediereas the shorter tracks in the plots
of Subject010 and Subject27 very probably represent the continuation of the missingktiat
those specific elevations. Realistically, gaps betweetkdratay be caused by the algorithm’s
unlikelihood of locating proper minima due to uncontroli&abvents such as the superposition of
two different notches or the presence of shallow valleyhedonsidered region of the magni-
tude plot. Nonetheless, the three aforementioned maikgriadicate that congruous reflection
patterns appear in different PRTFs.

As a further step, notch patterns firdifferent CIPIC subjects were analyzed in the elevation
range—45° < ¢ < 45° where one notch at least appears at a specific elevation. afwity
of them exhibits three notch tracks at a given elevationy ewb subjects (Subject$19 and
020) lack of one track, the lowest and the highest in frequencpeetively. Average notch
frequencies for the three tracks at each available elavatie reported in Tab[e 6.2: frequencies
in the first two tracks(; and7;) monotonically grow with elevation, while frequencies et
third track ({3) remain almost constant up to= —11.25°, then grow untilp = 28.125°, and
decrease at higher elevations on average. These trendseeréo be consistent across subjects.
Not reported in the table is the number of subjects that @xaibotch for each track/elevation
coordinate: for the sake of brevity, suffice it to mentiontthhtracks begin at-45° except for
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¢ 1 1, 13
—45° 6.10 kHz | 8.90 kHz | 12.17 kHz
—39.375° || 6.10 kHz | 8.91 kHz | 12.14 kHz
—33.75° || 6.14 kHz | 8.96 kHz | 12.12 kHz
—28.125° || 6.31 kHz | 8.96 kHz | 12.10 kHz
—22.5° 6.34 kHz | 8.97kHz | 12.18 kHz
—16.875° || 6.56 kHz | 9.10 kHz | 12.21 kHz
—11.25° || 6.75kHz | 9.12kHz | 12.17 kHz
—5.625° || 6.89 kHz | 9.26 kHz | 12.37 kHz
0° 7.19kHz | 9.42kHz | 12.39 kHz
5.625° 7.34kHz | 9.60 kHz | 12.49 kHz
11.25° 7.71kHz | 9.71 kHz | 12.67 kHz
16.875° || 8.12kHz | 9.81 kHz | 12.72 kHz
22.5° 8.21 kHz | 9.89 kHz | 13.00 kHz
28.125° || 8.24 kHz | 10.09 kHz | 13.38 kHz
33.75° 8.44 kHz | 10.27 kHz | 13.16 kHz
39.375° || 8.76 kHz | 10.69 kHz | 12.92 kHz
45° 9.21 kHz | 10.84 kHz | 12.64 kHz

Table 6.2: Notch frequencies averaged acr@sssubjects per elevation and track.

three cases only, thdl terminates earlier thah, on average, and the same applie§iavith
respect td/s.

6.4 Conclusions

Analysis of the PRTF resonant component in different CIPIGjestts revealed common trends
with respect to elevation: in particular, two prominent kgeat quasi-steady central frequencies
can be distinctly identified in the considered frequencygeanSimilarly, analysis of the PRTF
reflective component with notch tracking along elevatioglas highlighted the presence, in the
vast majority of subjects, of three main (and apparentlftinoapus) notch tracks betweérand
15 kHz approximately, whose evolution will be directly reldte the location of reflection points
over pinna surfaces. These two results suggest that Sd¢dr'zdilter model (see again Fig. 4118)
can be generalized through consideration of multiple refleqaths, and extended to a wider
frontal space. This can be done by construction of threermifit notch filters, each tuned to a
specific anthropometric measure, as a replacement to thesioomb filter. Figl 6.113 describes
such an extension, that will be widely analyzed in Chdpter 8.

Nevertheless, since robust common trends cannot be i@ehéfia first glance in the evolu-
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Figure 6.13: General model for PRTF reconstruction.

tion of spectral notches, and following the common idea ttoathes are of major relevance for
elevation detection in the frontal regidn [75, 118, 1189, @&fention in the next chapter will be
focused onto the reflective component.






Chapter 7

Pinna-Related Transfer Functions:
Relation to Anthropometry

There is no doubt that the greatest dissimilarities amoffgrdint people’'s HRTFs for a same
spatial location are due to the massive subject-to-sulpjacta shape diversity, which reflects
itself onto different resonance and reflection patternbécorresponding PRTF. This chapter is
dedicated to investigation of the anthropometric mappyinggl behind the frequency location of
notches in the PRTF spectrum. After an informal ray-tra@nglysis on four subjects similar to
the one described in [137] and sketched in Se¢tioh 7.1, adlcamalysis of the optimal mapping
between contours extracted from a pinna picture and PRTfaé&m@cy notches on twenty CIPIC
database subjects is described in Se¢fioh 7.2. Resultsemerped and discussed in Section$ 7.3
andZ.4, respectively.

Similarly to [137], each notch is associated to its own reitecpath. Note that since notch
tracks in PRTFs are pairwise in non-harmonic relationdtuth on average (see again Tdbld 6.2)
and for every single analyzed subject, a single reflectiadh pannot be assigned to any pair of
tracks. Hence the assumption that each notch in the corsifi@quency range is the result of a
distinct reflection path is well-grounded.

Also, similarly to previous works on reflection modeling F13L49], central frequency is
considered as the most relevant notch feature. Inspedctidifferent PRTF plots reveals that the
notch moves continuously along the frequency axis depgnalinthe elevation anglé [159, 168]
to an extent that can definitely be detected by the humanaydiystem|[[118]. Conversely,
changes in notch bandwidth and amplitude along elevatierseen to be far less systematic
(this point will be further discussed in the next chaptenyd ¢heir perceptual relevance is little
understood in previous literature.

The work presented in this Chapter was published in pape#d,[IB5], and [166] (Sec-
tion[7.1) and has been submitted for publicatior in [167c(®as 7.2{ 7.4).

123
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Figure 7.1: Reflection ray-tracing on the pinna.

7.1 Reflections and ray tracing

Ray-tracing reflection models [68] are based on a very simptkiatuitive observation: the
elevation-dependent temporal delay») between the direct and the reflected wave projects the
point of reflection at distance

ct
d(g) = <49 (1)
from the ear canal (whereis again the speed of sound), as can be seen from the raw model
reported in Fig_7]1. Knowing the simple law described by &dl), and assuming the reflection
coefficient to be positive (which is the typical case), thestductive interference (i.e., a notch)

will appear at all those frequencies where the reflectioh&se shift equals:

~2n+1  ce(2n+1)

— = = e 7.2
Hence the first notch falls at frequency
fold) = — . (7.3)

~ 4d,(9)

The positive reflection assumption was also adopted by Rdil&] when tracing reflection
points over pinna images based on the extracted notch finectpse

Nevertheless, Satarzadéh [148] drew attention to thetiatedimos80% out of a test bed of
20 CIPIC subjects exhibit a clear negative reflection in their R&I With the help of a simple
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(a) Subjecd10. (b) Subjectn27. (c) Subjectl 34. (d) Subjectl65.

Figure 7.2: Ray-traced reflection points on four CIPIC subjects’ rightipae.

physical model of the pinna he argued that, since the impedaithe pinna is greater than that of
air, there may be a boundary created by an impedance disadptivhich could produce its own
reflection and ultimately reverse the phase of the wave. e c&negative reflection destructive
interference would not appear at half-wavelength delayswane, but at full-wavelength delays.
Egs. [7Z.2) and(713) would then become

fn(¢)—n+1—c("+1> n=01,... (7.4)

ta(9)  2de(9)

and
C

fol¢) = 24.(9)" (7.5)

Following Satarzadeh’s hypothesis, this last assumpsamoiv exploited in a simple ray-
tracing procedure over pinna pictures of four CIPIC subjeStshject010, 027, 134, and 165,
whose PRTFs were analyzed in [137] too. Right pinna imagedirateuniformly rescaled in
order to match parameteds (pinna height) andis (pinna width) in Fig[4.8. Each notch fre-
guencyfy is then extracted as described in the previous chapter awutiaged to a single re-
flection point. Finally, the distance of each reflection peuith respect to the entrance of the
ear canal is calculated by reversing Hq.|7.5) and, consigléne 2-D polar coordinate system
illustrated in Fig['Z.lL having the right ear canal entraneergin, each notch is mapped to the
point(d(¢), ™+ ¢). Clearly, the negative reflection coefficient assumptiorseaulistances to be
doubled with respect to those calculated in [137].

Results are reported in Fig. ¥.2. For all the subjects, thelsained mapping shows a high
degree of correspondence between computed reflectionspamt pinna geometry. One can
immediately notice that the track nearest to the ear camglolesely follows the concha wall of
each subject for all elevations, except for a couple of cases
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Figure 7.3: The20 pinna pictures used in the contour matching procedure.

e at low elevations, displacement of points may be causedéijttle extra distance needed
by the wave to pass over the crus helias;

e Subject010’s track disappears at around = 60° probably because of the insufficient
space between tragus and antitragus that causes the ircoraue to reflect outside the
concha.

The intermediate track falls upon the area between conctaian with variable length
among subjects:

¢ in the case of subjectsl 0 and165 the track is faint and probably due to the antihelix;

e conversely, subject®7 and134 present a longer and deeper track, that is visually associ-
ated to a reflection on the rim’s edge.

Finally, the furthest track follows the shape of the rim ataps in the vicinity of the point where
the rim terminates, hence it is likely to be associated tdlag&on in the inner wall of it, except
for Subject010 whose reflection occurs at the rim’s edge.

Such an attempt towards the explanation of the pinna refleptiocess resulting in the most
important spectral notches in the PRTF provided visuallyaming results. However, in order
to fully justify these preliminary findings, a rigorous aysik using a vast test bed of subjects is
required. This problem is addressed in the following sectio

7.2 The contour matching procedure

Attention is now restricted to the elevation rangeés° < ¢ < 45°. The upper elevation limit
is chosen because of the high degree of uncertainty in @evatdgement for sources from
¢ > 45° [17,[119] and the general lack of deep spectral notches inFBRT this region[[81,



Chapter 7. Pinna-Related Transfer Functions: Relation to Anthropometry 127

Triangular fossa Scaphoid fossa

Crus helias

Tragus

Ear canal

Concha

Antitragus Lobule

Figure 7.4: Pinna anatomy and the five chosen contours for the matchiocegiure.C;: helix
border; Cy: helix wall; C5: concha border,C,: antihelix and concha wall(s: crus helias.

[137], which may besides be two faces of the same coin. Again #se previous informal
analysis, each extracted notch frequency is treated ag theits respective reflection. Based
on these choices, the correspondence between pinna anatahtjeoretical reflection points
under different reflection sign conditions on a wide morplgatal variety of CIPIC subjects’
pinnae, a glimpse of which is retained by Hig.]7.3, is now @tigated. Since this work involves
the anthropometry of subjects in the form of a picture ofrthefit or right pinna, attention is
restricted to the20 of them for which the corresponding photograph is availdib]e subjects
003, 008, 009, 010, 011, 012, 015, 017, 019, 020, 021 (KEMAR with large pinna)27, 028, 033,
040, 044, 048, 050, 134, and165 (KEMAR with small pinna).

7.2.1 Pinna contour extraction

The basic assumption that drives the analysis procedumai®tch notch track is associated to
a distinct reflection surface on the subject’s pinna. Siheeatvailable data for each subject is a
side-view of his/her head showing the left or right pinnaraotion of the “candidate” reflection
surfaces must be reduced to a two-dimensional basis. | ¢baseestigate as possible reflection
surfaces a set of three contours directly recognizeabie fhe pinna photograph, together with
two hidden surfaces approximating the real inner back wélise concha and helix. Specifically,
as Fig[7.% depicts, the following contours are considered:
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1. helix border (1), visible on picture;

2. helix inner wall (), following the jutting light surface at the helix approxately halfway
between the rim border and the rim outer wall;

3. concha outer borde€), visible on picture;

4. antihelix and concha inner walC’f), following the jutting light surface just behind the
concha outer border up to the shaded area below the anstragu

5. crus helias inferior surfac€’f), visible on picture.

Since automatic contour extraction is hard to obtain bexafiboth the low resolution of the
pictures and the presence of hidden contours, the extrgatacedure was performed by manual
tracing through a pen tablet. Photographs were accuratsigzad to match & : 1 scale based
on the quantitative pinna height parameigéy i6 Fig.[4.9) available from the HRTF database’s
anthropometric datd [7], or based on the measuring taperpittin the photograph close to
the pinna in those cases whekgwas not defined. Right pinna photographs were horizontally
mirrored so that all pinnae headed left, and contours weae/mlrand stored as sequences of
pixels in the post-processed image. Of all the contodigsyas the hardest to recognize due to
the forementioned low resolution; it is therefore necgssarmpoint out that in some cases the
lower part of this contour was almost blindly traced.

7.2.2 Contour matching algorithm

Before describing the contour matching procedure, someiudefinitions are formally stated.

e thefocusy = (v, v, ) is the reference point where the direct and reflected waves, me
usually set at the entrance of the ear canal where the miongpis assumed to have been
placed during HRTF measurements;

e the rotatiory is a tolerance on elevation that counterbalances possigldar mismatches
between the actual orientation of the subject’s ear andittierp’s x-axis;

e areflection sign configuratios = [sy, s, s3] (with s; = {0, 1}), abbreviated asonfigu-
ration, is the combination of reflection coefficient signs attrdzito the three notch tracks
{T,T5,T5}. Heres; takes0 value if a negative sign is attributed 16 and1 otherwise;

e thedistanced(p, C;) between a poinp and a contourC; is defined as the Euclidean dis-
tance betweep and the nearest point ¢f; lying in the 5-degree elevation range centered
in p with the focus as reference point.
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The main goal of this analysis is to discover which of the 8figamations is the most likely to
hold according to an error measure between extracted csdoa ray-traced notch tracks.
First, in order to perform ray tracing for each configuratior- [sq, s, s3] the focus needs
to be known. Unfortunately, no documentation on the exactrophone position is provided
with the CIPIC database; hence, in order to avoid blind foousdi an optimization procedure
is run pixelwise over a rectangular search areaf the pinna picture covering the whole ear
canal entrance. Also, a rotation tolerances I = [—5°, 5°] at 1-degree steps is considered.
More in detail, for each tracK) the corresponding notch frequencig¢), j = {1,2,3}, are
firstly translated into Euclidean distances (in pixelsptigh a sign-dependent combination of

Egs. [Z.8) and (715),

C

d(¢) = . 7.6
TRy 79

and subsequently projected onto the point
P (@) = (Y + () cos(@ + p), vy + d(¢) sin( + p)) (7.7)

on the pinna image. The optimal focus and rotation of the gandition, (¥3”, p3*), are then

defined as those sastisfying the following minimizationijem:

3
(2, 3 min a1, O 9
whered,, ,(T;, C;) is the distance between tradk and contourC;, which is defined as the
average of distance&p;, ,(¢), C;) across all the track points. Obviously, for those subjeis t
lack a notch track the mean is computed onto two tracks only.
Having fixed the eight optimal foci and rotations, one perfigamation, a simple scoring
function is now used to indicate tlignessof each configuration. This is defined as
3
1 d ot o TaCZ
Fo) = 33 i o221, C)

2—Sj

: (7.9)

that is, the mean of all the (linear) distances between eaglraced track;, j = 1,2, 3, and

its nearest contouf’;, 7 = 1,...,5. Note that the innermost quantity in EG. (7.9) is scaled by
a2 factor if the reflection sign is negative; this factor take®iaccount the halvened resolution
of the ray-traced negative reflection with respect to a pasieflection. The smaller the fitness
value, the larger the fit, clearly.

7.3 Contour matching procedure: results

The above contour matching procedure was run for altheonsidered CIPIC subjects. Ta-
ble[7.1 summarizes the final scores (fithess values) for aflipte configurations, while Taklle 7.2
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Subject]| A00.0) [ A0 D) [ AGLO [ FoLD | ALGO | ALY | ALLO | ALLY
003 4.03 9.19 9.27 13.78 7.83 12.45 13.03 17.54
008 2.95 4.86 5.33 7.30 3.69 7.89 5.58 10.64
009 2.55 5.18 4.79 7.02 2.95 5.08 2.94 5.01
010 1.88 5.18 2.26 6.02 3.57 5.69 4.46 6.70
011 2.62 5.10 5.60 9.53 3.16 5.79 4.97 9.25
012 2.08 4.21 4.76 7.30 2.70 5.32 3.20 6.78
015 4.99 9.92 6.14 10.59 3.02 6.70 3.39 3.19
017 2.81 6.35 4.53 8.12 2.99 5.02 5.63 6.79
019 1.64 6.64 4.85 8.00 1.64 6.64 4.85 8.00
020 1.15 1.15 5.27 5.27 1.85 1.85 5.45 5.45
021 2.90 6.40 4.06 8.44 3.30 8.97 6.25 11.54
027 2.07 6.53 5.04 8.56 2.32 5.27 2.80 4.25
028 1.71 3.54 4.21 5.57 3.79 4.02 5.62 6.10
033 2.51 4.73 6.66 6.61 3.42 7.68 9.08 9.98
040 1.74 5.48 2.59 5.35 2.57 5.86 3.30 5.96
044 1.88 2.84 5.33 4.81 2.86 2.49 4.13 3.74
048 2.02 5.33 5.45 7.86 3.70 5.06 5.27 6.97
050 3.25 6.29 7.68 10.52 4.37 7.59 7.57 11.23
134 1.64 6.11 5.18 8.56 3.38 6.31 4.56 7.37
165 1.09 5.35 3.08 5.93 3.43 3.89 3.00 2.99

Table 7.1: Contour matching procedure: fitness scores.

reports the resulting “best” configuratiafP for each subject along with the corresponding best
matching contours and optimal rotatipif". For subjects with two tracks only the missing track’s
reflection sign is conventionally labeled witk™ As an example, Fid. 715 shows the optimal ray-
traced tracks for Subjectel0 and134.

One can immediately notice that configuration- [0, 0, 0], i.e. negative coefficient sign for
all reflections, obtains the best score in all cases excefifoject15. However, it was seen that
for both this subject and Subje@d9 the optimal focus of the winning configuration is located
well outside the ear canal area, even when the searchdareavidened. Closer inspection of
the corresponding pinna pictures revealed that they w&entkom an angle which is far from
being approximately aligned to the interaural axis, résglinuch displaced towards the back of
the head. As an effect, the pinna image is stretched witrecé$p all other cases. Consequently,
as no consistent matching can be defined on these two pinnagscin the following Subject
009 and Subjec015 are regarded as outliers.

All the remaining subjects exhibi°P* = [0, 0, 0] as the winning configuration. Quantitative
correspondence between tracks and contours varies frgecstdosubject, e.g. assigning a much



Chapter 7. Pinna-Related Transfer Functions: Relation to Anthropometry 131

Subject|| s°' | pP' | Nearest contours
003 | [0,0,0] | 5° 1,4,3
008 | [0,0,0] | —3° 1,4,3
009 | [0,0,0] | —5° 2,4,4
010 || [0,0,0] | —1° 1,4,3
011 || [0,0,0] | —5° 1,4,3
012 | [0,0,0] | —5° 2,4,3
015 | [1,0,0] | —3° 3,1,4
017 | [0,0,0] | 5° 1,4,3
019 || [*,0,0] | —5° —,4,3
020 | [0,0,%] | —5° 2,4, —
021 | [0,0,0] | —5° 2,4,3
027 || [0,0,0] | —5° 2,4,3
028 || [0,0,0] | —5° 2,4,3
033 || [0,0,0] | 0° 1,4,3
040 | [0,0,0] | —5° 1,4,3
044 | [0,0,0] | 2° 2,4,3
048 | 0,0,0] | 5° 1,4,3
050 || [0,0,0] | —5° 2,4,3
134 | [0,0,0] | ©0° 2,4,3
165 || [0,0,0] | =5° 2,4,3

Table 7.2: Contour matching procedure: winning configurations.

lower score to Subjedt5 with respect to Subje@03; still, scores were defined as above with the
aim to give an indication of the probability of a configuratimr a series of subjects rather than
an intersubjective fithess measure. Interestingly, inadkes except one, scores fok [1, 1, 1]
are more than doubled with respect to the complementarygumations = [0, 0, 0], a result
which catalogues the hypothesis of an overall positivecgfia sign as unlikely. Also, note that
the second best configuration is generally- [1,0,0]. Moreover, trackg; and7; always best
match withC, andCs, respectively, whilél; matches best with'; in 47% of subjects and with
(5 in 53% of subjects. These results enforce the hypothesis of megatilection sign foff; and

T5 while leaving a halo of uncertainty di’s actual reflection sign.

Nevertheless, the optimality afP* = [0, 0, 0] is further supported by the following observa-
tions. First, ifs; = 1, 77 would fall near to contou€’s just like T3 (see e.g. Fid. 715 for graphical
evidence), hence the hypothesis of two different signsdfiections onto the same surface seems
unlikely. Second, as mentioned in the previous chafifteterminates on average earlier tHan
and73;. This indicates that for elevations approaching- 45° the incoming wave hardly finds
a perpendicular reflection surface, and this is compatilille a reflection on the helix, which
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Figure 7.5: Optimal ray-tracing for two CIPIC subjects. The red point sumded by the search
area A is the optimal focus of the winning configuratief?* = [0, 0, 0]. Yellow points indicate
the three projected tracks, and blue points the hand-tra=test contours to the tracks.

normally ends just below the eye level. Last but not least, # 0, 7} falls nearC’, for all those
subjects having a protruding ear; this would mean that rifles are most likely to happen on
the wide helix wall rather than the bordé¥, which conversely is the significant reflector for
subjects with a narrow helix.

Another quantitative result that deserves to be commesttitkiscore per track, averaged on
the 18 “good” subjects:2.37 for T, 1.84 for T, and2.57 for T3. Surprisingly, the best score is
obtained forC'y, which was harder to trace in the preprocessing phase. Byastnone of the
clearest contours,s, is also the one that exhibits the greatest mismatch wifee4o its relative
track. This is mainly due to a number of track points aroumyaiony = 0° projected nearer
to the ear canal thafi; on the pinna image, a common trend that is observéd subjects over
18 and is clearly detectable in Fig. V.5, especially for Sutije6. This point is further discussed
next.

Finally, note that in many cases the optimal rotatid® equals—5° or 5°, i.e. the extremes
of the search interval. This result suggests that the real optimal rotation coiddutside
the current search interval, and indeed by widenirigis happened for some of the considered
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subjects. However, the difference in fithess values isyaatiall, hence the choice of the correct
extremes forl does not represent a big deal.

7.4 Discussion and conclusions

The above results numerically give credit to Satarzadedrmtive reflection hypothesis. Three
main notches apparently due to three different reflectionte concha border, antihelix/concha
wall, and helix are seen in most HRTFs. One may think of thegiseen from the median
plane as a sequence of three protruding borders: concha&rbauctinelix, and helix border.
These are regarded by Satarzadeh as boundaries betweamgldir, that in a mechanical wave
transmission analogy would introduce an impedance diguaityt 7, /7, < 1 at the reflection
point [148]. Thus, a part of the wave would follow a straightlpwhile another with diminished
amplitude and inverted phase would be reflected back to theagal. Despite the clever intu-
ition, there is no substance to the fact that waves are ofigcted at borders and not onto inner
pinna walls.

A recent study by Takemotet al. on pressure distribution patterns in median-plane PRTFs
[1717] reveals through FDTD simulations on four differenbgcts’ pinnae the existence of vast
negative pressure anti-nodes inside pinna cavities atrgtenbtch frequency. Specifically, when
the source is below the horizontal plane the cymba, triaarfoksa, and scaphoid fossa resonate
in the same phase which is reverse to that of the incoming wewviée when the source is placed
in the anterosuperior direction the same phenomenon apjedhe back of the concha and
the lower part of the helix. The authors then observe thatetimegative pressure zones cancel
the wave and, as a consequence, a pressure node appearsaatdaeal entrance. The observed
negative pressure zones approximately cover both confquardC’,, hence one could speculate
about the following generation mechanism for notches ioktf&, all of which are referred to
as/N,: a given frequency component of the incoming sound wavelarteos a negative pressure
area in the vicinity of the helix wall or border, reflects bagih inverted phase, and meets the
direct wave at the ear canal entrance after a full periodydeglaceling that frequency component.
Unfortunately, similar pressure distribution patternsfotches iri/; and7; (respectivelyV, and
N3) have not been studied ih [171]; still we can think of analagjgeneration mechanisms for
these tracks too.

Shifting the focus to actual pinna contours that are resptanfor spectral notches, one fur-
ther clue confirms contour's as most likely associated to tra¢k. The observed “anticipation”
of contourC5 exhibited byT; at elevations close t¢ = 0° (see Fig[[75) may be regarded as
a delay that affects the direct wave alone due to diffractioross the tragus. Evidence of this
phenomenon is also conjectured(in [115]. Concerning tiiackhe above findings seem to con-
flict with the common idea thaV, is due to a reflection on the concha wall|[68}96,/1137]. In two
works by Mokhtariet al. [114,[115], micro-perturbations to pinna surface geomietithe form
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of 2-mm voxels are introduced at each possible point on a siedIKEMAR pinna. The authors
observe that perturbations across the whole area of tha pivatix included, introduce positive
or negative shifts in the center frequency/df, especially at elevations between= —45° and

¢ = 0° in the median plane. Such shifts do not appear if voxels dredaced over the helix
area in higher order notches, whose center frequency sehgivaries for perturbations intro-
duced within the concha, cymba and triangular fossa onlys fidsult clearly indicates that the
reflection path responsible f@¥; crosses the whole pinna area, calling into question theeabov
common belief and giving credit to the results of this worktead.

Admittedly, as[[115] points out, the last result also sutgtsat ray-tracing models are based
on a wrong assumption, i.e. that a single path is responfibke notch. The dependence &t
on the whole pinna surface clearly indicates that multipféection paths concur in the determi-
nation of the notch distinctive parameters. However, etenuitiple paths are responsible for
the exact frequency location of the notch, thanks to the @emshape of the considered contours
one may think of a specific time delay for which the greatestigo of reflections counteract the
direct wave as an approximation to a single, direct ray.

Another objectionable point of the described approach esatlequateness of using2&
representation for contour extraction. As a matter of feicige in most cases the pinna structure
does not lie on a parallel plane with respect to the head’sanegalane, especially in subjects
with protruding ears, 8-D model of the pinna would allow to investigate its horizalrgection,
in such a way that projections on the side-view images c@kd into account the displacement
caused by the flare angle of the pinna. Beside the unavatgibflisuch kind of reconstruction
for the considered subjects, my original aim was to keep tmonr extraction procedure as
low-cost and accessible as possible; furthermore, additiesults in the following chapter will
confirm that the&-D approximation is, on a theoretical basis at least, ajresatisfactory.

To conclude, such an analysis has revealed a convincingsgondence between computed
reflection points and reflective structures over the pinras ®pens the door for a very attractive
approach to the parametrization of a PRTF model based owidindil anthropometry. Indeed,
given a 2-D image or a 3-D reconstruction of the user’s piong, can easily trace the contours
of the concha wall, antihelix and helix, compute each cordalistance with respect to the ear
canal for all elevations, and extrapolate the notch freqigsnby reversing Eq.74.5. Obviously,
since notch depth strongly varies within subjects and élavs, the reflection coefficient must
also be estimated for each point. This problem theoreyicatjuires strong physical arguments;
alternatively, psychoacoustical criteria could be usemtdter to evaluate the perceptual relevance
of notch depth, and potentially simplify the fitting proceelu



Chapter 8

A Personalized Head-Related Transfer
Function Model

In this last Chapter an extension of Satarzadeh'’s strugpimah filter model([149] is proposed.
Satarzadeh’s work has evidenced how a very simple pinnalmadencorporate the gross mag-
nitude characteristics of the PRTF, by straightforwardpaatrization on two physical measures.
However, besides solely considering the frontal directibthe sound wave, taking into account
a single reflection seems to be a limiting factor: as an exeanfiRTFs with a poor notch structure
do not exhibit a clear reflection in the impulse response.

Instead, the information collected from the outputs of #ygesation algorithm allows to look
forward to a structural model which models two resonanceistiaree reflections in the PRTF.
Although including both contributions of the head and pinma two separate structures, the
motivation that led to the building of such model is the deifom of a pinna model that can be
easily merged with the several solutions proposed in liteearegarding the head, torso, and
shoulders’ contributions. Indeed, the proposed model vessgded so as to avoid expensive
computational and temporal steps such as HRTF interpalatiadifferent spatial locations, best
fitting non-individual HRTFs, or the addition of further iéidial localization cues, allowing fu-
ture implementation and evaluation in a real-time envirentnThe filter structure of the model
is presented in Sectidn 8.1; two instances (one per ear)abf swdel, appropriately synchro-
nized through ITD estimation methods, allow for real-tinegiral rendering.

In light of the previously discussed approximate invar@otPRTFs in the vicinity of the me-
dian plane a fundamental assumption is introduced, i.@agt and azimuth cues are handled
orthogonally throughout the considered frontal workspadeere azimuth ranges from30° to
30° and elevation ranges from45° to 45°. The angular range of validity of the presented model
will thus be at least as broad as the shaded area depicted.i@Bi This way, it is possible
to define customized elevation and azimuth cues that maittiair average behaviour through-
out a significant slice of the front hemisphere. At this prngtiary stage, the model can thus
be exploited to simulate a reatD representation of a sound source in a number of “frontal”

135
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Figure 8.1: Spatial range of validity of the structural HRTF model.

applications, e.g. a sonified screen.

Vertical control is associated with the acoustic effectshef pinna while the horizontal one
is delegated to head diffraction. No modeling for the sherddand torso is considered, even
though it is known that their presence would generally addfiequency secondary HRTF cues
for elevation perceptiori [2]. Furthermore, dependencecumce distance is negligible in the
pinna model but critical in the head counterpart in the nedd fid2]; however, distance infor-
mation is by now not integrated in the structural model. ailtbh the inclusion of the model
proposed in Chaptél 5 would be straightforward in this cantex objective evaluations can be
performed against real, measured responses such as CIPIEsHRAt were taken for a constant
1-meter source distance. Furthermore, distance informaticeal HRTFs would probably al-
ways be retained in the resonant component extracted bepagation algorithm because of its
“frequency smoothness”, and thus already be included byitinea model. As a consequence,
the overall structure is assumed to be valid only for souatésn from the center of the head or
farther.

As Sectiorn 8.2 will describe, parameters to be fed to the rargeboth derived from spectral
features directly extracted from PRTF analysis or averagedcollection of measured HRTFs,
and anthropometric features of the specific subject (soméhath are taken from a photograph
of his/her outer ear), hence allowing customization ontpexsic listener. Objective evaluation
of the model against measured HRTFs of a number of CIPIC dsgadizbjects will be finally
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Figure 8.2: The structural HRTF model. Customization is performed tgloparameter extrac-
tion from anthropometric measurements and a pinna phofadgra

carried out in Section 8.3.
Results of the work presented in this Chapter have been psigeds published in pa-

pers [57], [165],[[1656],[[58], and [59], and have been subedifor publication in[[167].

8.1 Filter model

Fig.[8.2 reports a global view of the model. From left to righe first block is the head model.
Different possible existing models can be exploited heneprder to keep the overall struc-
ture as cheap as possible, the digital counterpart of the sleadow analog filter described in
Eq. (4.4) [20], obtained through the bilinear transformswhosen:

Btafs + B—afs Z*l

Hhead 2) = BI{S ,B—Ij”:fs_l (8.1)
+ mz

where f; is the sampling frequency, depends on the head radius parametas = ¢/a, and

a is defined as in Eq[(4.6). In the calculation of the last patamy;.. relates to azimutld as
Oinc = 90° — 6 for the right ear and;,. = 90° + 0 for the left ear, assuming the interaural axis to
coincide with ther axis for sake of brevity. A reasonably good approximationead diffraction
curves in the considered range of interest for the azimugitean30° < 6 < 30° is euristically
found for parameterami, = 0.1 andfy,n = 180°.

Coming to the pinna block, the only independent parametedl bsee is source elevation

¢, which drives the evolution of resonances’ center frequefif{¢), 3dB bandwidthB; (¢),
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and gainG; (¢), i = 1,2, and of the corresponding notch parametets(§), B, (¢), GJ,(¢),
j = 1,2,3). The resonant part of the pinna model is represented asadigdanf two different
second-order peak filters. The first peak=(1) has the form[192]

I+ (I R)E I - k) (k= (T4 R)ER)2?

where .

k _ tan (WT> —1 (8 3)
tan (7252 1 |
=) t1

Fl
| = —cos (2%#) , (8.4)

Gp(9)
Vo=10"20", (8.5)
Hy=Vy—1, (8.6)

andf, is the usual sampling frequency. The second peak%) is implemented as in [127],
Vo(1 —h)(1 —272)
(2) — 0
Hres(2) = T+ (2h —1)2-2 (8.7)

where )
h = (8.8)

1 + tan (W@) 7
while [ andVj, are defined as in Eq4. (8.4) aiid (8.5) with polynomial intlex 2. The reason
for this distinction lays on the low-frequency behaviouattneeds to be modeled: the former
implementation has unitary gain at low frequencies so asdsguve such characteristic in the
parallel filter structure, while the latter has a negativenagynitude in the same frequency range.
In this way, the all-round pinna filter does not alter lowefuency components in the signal
forwarded by the head shadow filter.

The notch filter implementation is of the same form as peaécrfﬂf,(els with the only differ-
ences in the parameters’ description. In order to keepinatabrrect, ponnomiaIQD; must be
substituted by the corresponding notch countergaitsi = 1,2, 3, and parametek defined in
Eq. (8.3) replaced by its “cut” version

tan <7r Bg}@) - W

k= )
tan (ﬂ—Bg}Ed))) + W

(8.9)

Note that the notch filter implementation is identical to time used in the separation algorithm,
reported in Eq.[{6]1). The three notch filters are placediiesend cascaded to the parallel of
the two peak filters, resulting in an eighth-order globahgifilter.
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Figure 8.3: Notch frequency extraction from a picture of the pinna.

8.2 Parametric model fitting

Clearly, in order to reach complete control of the model, apirapof anthropometric parame-
ters, where available, and/or average or extracted PRT&résaonto filter parameters is needed.
As for the head filter, the radius parametewhose value influences the cutoff frequency of head
shadowing, is defined by the weighted sum of the subject'd daaensions in Eq[(4.10) using
the optimal weights obtained reported in Hqg. (4.11) [3].

For what concerns the pinna block, the original peak andmp&rameters of each subject
can be derived as follows. First, they are estimated fronséparated resonant or reflective (i.e.
notch tracks) component of median-plane PRTFs for all tlelave ¢ values. An identifica-
tion system based on a sixth-order ARMA modell[46] that exsréar everyo the two highest
maxima of the resonant component allows straightforwardpdation of the gain, center fre-
guency, anddB bandwidth of each resonance peak, while required noathres are taken from
the already available notch tracks computed as in S%.Second, a fifth order polyno-
mial 77;; or P, whereP € {F, B,G}, is best fitted to the corresponding sequence of parameter
values, yielding a complete functional parametrizatiorihef filters. These functions are used
in the structural model of Fi§, 8.2 in order to continuousbytrol the evolution of the resonant
and reflective components when the sound source is movimg &levation. Obviously, all the
polynomials must be computed offline previous to the remgdgprocess.

However, following the important findings of the previouspter, functions’(¢) can alter-
natively be extracted from the subject’s anthropometrg.[&i3 sums up the procedure needed to
extract notch frequencies from a representation of thegpaomtours. Specifically, first a picture
of the subject’s pinna is resized to match the real dimessameording to his/her anthropomet-

n order to avoid bad outcomes in the design of notch filtempsgn notch tracks are assigned a gain equal to
dB while bandwidth and center frequency are given the valuleeoprevious notch feature in the track.
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Figure 8.4: Box plot and mean of notch tracks gain and bandwidth valuesgr@dPI1C subjects.
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Figure 8.5: Mean magnitude spectrum of the pinna resonant componeetaged on all45
CIPIC subjects’ left-ear responses.

ric data. Then, contour§;, or C; (depending if the subject’s ear is respectively protruding
not), C';, andC5 are traced and stored as a sequence of pixels. These alatednsto couples

of polar coordinatesd, ¢), with respect to a fixed point within the ear canal, throughpde
trigonometric computations. Finally, distancésre translated into sequences of frequencies
through Eq.[(7Z5), thus assuming overall negative reflactioefficients. Again, a fifth order
polynomial is best fitted to these sequences, resultingriotfons 77 (¢), j = 1, 2, 3.

For what concerns the other two parameters defining a notchgain anddB bandwidth,
there is still no evidence of correspondence with anthraggiamquantities. A first-order statis-
tical analysis on the depth and bandwidth of notches, sidetivby notch track and elevation,
was performed among alb left pinnae of CIPIC subjects. Such an analysis revealed la hig
variance of these values within each track and elevatiod,ra@an values which lie approxi-
mately constant apart from a slight decrease in notch deftlaalight increase in bandwidth as
the elevation increases up $o= 45°. These trends can be clearly seen in the various plots of
Fig.[8.4, where box plots are absent at a specific elevatitheifiumber of subjects presenting a
notch in that track is less thaf. In absence of clear elevation-dependent patterns, tha nfea
both gains and bandwidths for all tracks and elevatio@snong all subjects can be computed,
and again a fifth-order polynomial dependent on elevatidedito each of these sequences of
points, yielding functiong?? (¢) and Bi(¢), j = 1,2,3 which can be feeded to the structural
model as an alternative to the corresponding functionyeerfrom subject-specific analysis.

Finally, given that resonances have a similar behavioutliofahe analyzed PRTFs, cus-
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tomization of this component for the model may be overlooKgte mean magnitude spectrum
of the resonant component for th& left pinnae of CIPIC subjects (shown in Fig.18.5) may be
instead calculated and substituted to the specific lisenesonant component for resynthesis
via the usual polynomial fitting procedure onto the thredinlisive parameters of its two peaks.
In the remainder of this chapter let me refer to HRTFs givethieyfully resynthesized model
(without contour extraction nor averaged peak and notctufes) asH"; to HRTFs resulting
from the contour-parameterized modelfd$ and to HRTFs built through the fully synthesized
model (contour extraction plus averaged peak and notchriegitad?®. In the following section
I’'m going to discuss the effectiveness of all the introdueggroximations through objective
comparison of the synthesized responses to the originaRdR3r a bunch of subjects.

8.3 Results and discussion

Fig.[8.8 reports the comparison between original and réhggived PRTF magnitudes through
the pinna block of the structural model for three distindtjeats at four different elevation an-
gles. Adherence rate to the original PRTFs is overall satisfy in the frequency range up k¢
kHz. Still, several types of imperfections stand out: asst 8xample, deep frequency notches
occasionally complicate the notch filter design procedurepoint of fact, if the notch to be
approximated is particularly deep and sharp, the secoderditer will produce a shallower and
broader notch whose bandwidth may interfere with adjacetdhes, resulting in underestima-
tion of the PRTF magnitude response in the frequency intbet@een them: Fid. 8.6(c) exhibits
this behaviour arountl) kHz. Using a filter design procedure which forces to resgeetibtch
bandwidth specification during re-synthesis would granttée rendering of resonances, at the
expense of worsening notch depth accuracy.

The absence of modeled notches over the upper frequenshitides another cause of im-
precision. For instance, Fig. 8.6(a) presents an evidesrnatich between original and modeled
PRTF just after the 1-kHz notch, due to the cut of the following frequency notch @tkHz.
This problem may be corrected by increasing the upper freguthreshold of the notch track-
ing algorithm in order to take into account a higher numbenatiches. However, being the
psychoacoustic relevance of this frequency range nottefédg known, the overall weight of
such mismatch could bear little significance.

Last but not least, resonance modeling may bring approxmarrors too. In particular,
the possible presence of non-modeled interfering res@sarepresents a limitation to the re-
synthesis procedure. Furthermore, center frequencieactatl by the ARMA identification
method mentioned in the previous section do not always aeneith peaks in the PRTF. Thus,
a stronger criterion for extracting the main parametersachagesonance could be needed. Nev-
ertheless, the approximation error seems to be negligibddl ithose cases where resonances,
just as well as notches, are distinctly identifiable in th& PR
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Figure 8.6: Original versus synthetic PRTF magnitude plots.

However, in order to objectively evaluate the whole strradtimodel against the original
measured HRTFs in the CIPIC database an error measure nebésrtoduced. A measure
definitely suitable to the purpose is the already definedtsgatistortion, see Eql_(5.15). In this
case, the considered frequency range is limited betweerz and16 kHz.

Fig.[8.7 reportsS D values, averaged across thienon-outlier CIPIC subjects examined in
the previous chapter, of five different median-plane retonted responses:

1. the all-round response of the contour-parameterizeceini,;
2. the reflective component of the contour-parameterizedeingiven by notch filtersi &;

3. the resonant component of the model (either contoumpetexized or resynthesized) given
by peak filters Hies,
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Figure 8.7: Mean spectral distortion between reconstructed and medsunedian-plane
HRTFs, averaged amont8 CIPIC subjects. Square markers represent total responses, c
cular markers represent reflective components, and tritarguarkers represent resonant com-
ponents. Black-filled markers refer to fully resynthesimsponses, while white-filled markers
refer to contour-parameterized responses.

4. the all-round response of the fully resynthesized madg|;

5. the reflective component of the fully resynthesized mgdadn by notch filters .

refl*

Resonant and reflective components are obviously compareitocounterparts extracted by
the separation algorithm.

As expected H¢, is the response with the highest avergge among the five considered
responses. As a matter of fact, errors in the resynthesemahant {7, and contour-parameter-
ized reflective {{;;) components combine together yielding the for H;, which ranges from
410 6 dB and is worse at low elevations. This fact can be explaineth®é occurrence of very
deep notches at low elevations, that causes large errdrs §Y? when a notch extracted from a
contour is not perfectly reconstructed at its proper freqye

In proof of this note that, as notches become fainter anddawith increasing elevation, the
SD of H{, tends to decrease apart from a new rise at the last elevaigiesa which is con-
versely due to greater errors in the resonant compaoHggtinspection of resonant components
at higher elevations reveals indeed that the second modddfrequency peak (horizontal
mode) disappears, gradually letting non-modeled lowegtfency vertical modes in. As a fur-
ther confirmation of the criticality of the exact notch fremey location inS D computation, note
that when frequencies are extracted from real HRTFsStheof the reflective component’,

refl
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Subject|| m(T3,Cy) | m(T1,Cy) | m(Ty, Cy) | m(T5,C3)
003 11.42% — 12.02% 18.25%
008 8.98% — 8.69% 14.07%
010 4.80% — 2.90% 18.74%
011 8.75% — 7.77% 12.20%
012 — 5.57% 8.98% 8.69%
017 7.80% — 3.44% 17.97%
019 — — 4.48% 5.92%
020 — 5.50% 4.27% —
021 — 9.18% 10.16% 11.73%
027 — 8.14% 2.09% 7.63%
028 — 7.39% 8.05% 14.79%
033 4.52% — 3.55% 16.44%
040 2.98% — 5.50% 12.92%
044 — 9.63% 6.49% 8.10%
048 4.01% — 3.18% 16.19%
050 — 8.62% 7.28% 18.95%
134 — 2.59% 5.10% 10.13%
165 — 3.91% 4.11% 6.44%

Table 8.1: Notch frequency mismatch between tracks and contours.

distinctly decreases t dB or less, resulting in a sensibly loweD (about4 dB) in the total
responseiy.

Another error measure is now introduced to show that, eveontour-extracted notch fre-
guencies are not exactly correspondent to their measuratterparts, the effective frequency
shift is almost everywhere not likely to result in a percapulifference. Specifically, we define
themismatchbetween a computed notch tratkand its associated contoGf as the percentual
ratio between the forementioned frequency shift and thesored notch frequency, averaged on
all elevations where the notch is present:

I(d) — F
W)= fi(9)
wheren(Tj) is the number of available notch frequencies in tragknd £ (¢) is extracted from
the associated contodt; as described in the previous section.

Table[8.1 shows frequency mismatches computed for the $&18&1C subjects. These re-
sults can be directly compared to the findings by Maadral. included in Experiment V i [118]:
two steady notches in the high-frequency range (ar@lttdz) differing just in central frequency
are not distinguishable on average if the mismatch is lesms dpproximatelyp%, regardless of

- 100%, (8.10)
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Figure 8.8: Original and synthetic HRTF magnitude plots for Subjets.

notch bandwidth. Although these results were found for qu high-frequency location, mis-
matches ofl; and7; may be informally compared with th¥o-threshold, concluding that only
4 tracks ove5 exhibit a mismatch greater than the threshold and suggestat the frequency
shift caused by contour extraction is not perceptuallyvaié on average.

Conversely, track’; shows much greater mismatches, mostly due to the “contdiaizar
tion” effect discussed in Sectign 7.4. Beside possible imgments that may take into account
such an effect while extracting contogt and lower the mismatch, no results are available in
the literature about notch perception in the region betw@®esnd 15 kHz. However, as already
mentioned in Section 4.1, the third notch is of lesser imgrore than the first two in elevation
perception([75], hence psychoacoustical criticality sfdenter frequency is somehow question-
able.

To sum up, assuming that the forementioned mismatches aneshcases not perceptually
relevant, we can consider the me&f of 4 dB in H{, as a satisfactory result, being comparable
to S D values found in similar works that deal with HRTF resyntkdsi means of HRIR decom-
position [48] or anthropometric parametrization througtltiple regression analysis on HRTF
decomposition[123]. What's more, the structural model imposed by first- and second-order
filters only: given that many responses exhibit sharp natetigose slope cannot be reached by
a second-order filter, increasing the order of notch filtarparticular would further improve
the SD score. However, low-order filters allow cheap and fast tisa¢ simulation, which is a
valuable merit of the model.

Finally, let's have a more informal look at the completelygetic reconstruction given by
the H* version of the model. As an example, the magnitude plot fdj&u 048, compared to
her original HRTF, is provided in Fig. 8.8. The use of meam-oastomized values for peak
parameters and notches’ gain and bandwidth specificatiegatively influences the SD score
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as expected. However, beside the (desired) different tabevaesolution in the original and
synthetic HRTF plots, similar features can be observed:

1. the first resonance, being omnidirectional and havingraonst common behaviour in all
subjects, is well approximated;

2. as already pointed out for thé¢ version of the model the extracted notch tracks closely
follow the measured patterns, although being smootheenuincy, gain, and bandwidth
than the original ones;

3. gains, even in the intermediate frequency areas betwaehes and resonances, are over-
all preserved.

Coming to subtler differences, comparing Subjeti’s pinna picture (see Fig._8.3) with the
original HRTF plots we can note a relationship between tteeteh antihelix and concha wall
reflection surfaces and two distinct notch tracks, the fosated aroun@ kHz at negative el-
evations and the second aroutitlkHz at positive elevations. Since the initial choice was to
model three contours only, these two notches are collapgedne continuous track. A further
notch appears around 15 kHz, yet it is likely associated aithild pinna contour. Furthermore,
the second resonance is clearly overestimated and its sluegsa't find a strong visual corre-
spondence. Such mismatch highlights a complex spectrutatevo due the presence of two
or more resonances interacting in the upper frequency reorggevations in proximity of the
horizontal plane [158]. However, following the choice ahlting the number of resonances to
two, and assuming the first resonance to be omnipresentetiomd synthetic resonance has to
cover multiple contributions.

Further analysis is required toward a detailed model tHastanto account the individual
differences among subjects and their psychoacousticalarte besides the observed objective
dissimilarities. Synthetic notches bear a smoother madaiaind bandwidth evolution compared
to the original ones; in particular, magnitude irregolastn the original notches could arise from
superposition of multiple reflections and, in addition,nfra strong sensitivity of the subject’s
spatial position during the HRTF recording session. Psgcbostical evaluations into virtual
environments are definitely needed to reveal the apprenidegree of such an approach together
with the real perceived weight of such homogeneous notctpaall shapes.






Chapter 9

Conclusions and Future Work

This thesis has developed and discussed techniques fdieativef, customized rendering of spa-
tial audio, that is nowadays one of the most challenging atetesting research areas for virtual
and augmented reality. The final application area of theistLigchniques is that of technology-
assisted motor rehabilitation, a field in which the consistese of auditory feedback is largely
underestimated yet where the use of even simple forms ofaydeedback can enhance perfor-
mance and learning of a rehabilitative task, as the uppdr tehabilitation experiments and the
pilot study on the gait training experiment reported in thissis have pointed out.

As a matter of fact, these experiments corroborated thalifiypothesis that continuous
sound feedback can be successfully employed during meatimirig to provide the subject with
additional and/or substitutive information on task anddoor. In particular, it was found that
rendering task-related information through sound heljpgesitis to increase performance; that a
visuomotor transformation can be learned through a cangiauditory feedback; and that sound
spatialization can further enhance performance. Thudjisndontext, the aware use of spatial
sound is expected to bring even more advantages, such éisg@effects on patient engagement
and effort during movement training, and help in performamgl hopefully relearning complex
functional movements. Future works in this direction wilvéstigate how and to what extent
spatialized auditory feedback can improve learning ancdm@tcovery, possibly in post-stroke
subjects.

Coming to spatial sound rendering, two novel personalizatidels, one for distance ren-
dering and one for pinna-related transfer functions sitmiawere introduced and objectively
evaluated. The main purpose of the distance model was tomziaimagnitude differences with
respect to the distance-dependent part of an analyticals@hhead model through a low-order
filter structure. This was done through direct fitting of #garameters easily extracted from
the analytical responses to a number of exponential fune@md through the use of a first-order
shelving filter. The approximation was found to be apprdpriaowever, more work is needed
in terms of further improving the model’s accuracy and cdliyetuning its phase response in
order to grant a correct ITD estimation when using two of senddels in a real-time listening
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scenario.

The structural PRTF model was obtained through a definitedyencomplex analysis. An
algorithm that separates the resonant and reflective ddahs BRTF spectrum was implemented,
and the resulting decomposition drove the design of a laeilomodel consisting of two peak
filters and three notch filters. Moreover, an analysis of HRI'F data was performed in order to
study the relationship between PRTF features and anthrepgiin the frontal median plane, the
findings supporting the hypothesis that reflections ocogran pinna surfaces can be reduced
for the sake of design to three main contributions, eaclytaya negative reflection coefficient.
Based on this observation, the PRTF model was parametenzedcathropometric features of
the listener extracted from a picture of his/her pinna. 8pédistortion and notch frequency
mismatch measures indicated that the approximation i<tbpdy satisfactory.

Further investigations on the correspondence betweengatimetry of the human pinna and
PRTF features will be soon carried out using the new PRTFodatas analysis material. As
a matter of fact, the PRTF database can claim the followinguatges compared to the CIPIC
HRTF database, thus representing a better alternativeeasatting point for future work on this
topic:

e the absence of the head and torso’s contributions in the HRIR&h cannot be fully

eliminated a posteriori in CIPIC HRIRS;

e a denser and more extended sampling on the median plaregvation angles against
50);

¢ the availability of highly detailed photographs of the sdb$’ pinnae, that allows an easier
contour extraction;

e the public unavailability of all the CIPIC subjects’ pinnafires.

Clearly, in order to replicate the contour matching procedur the new data, first the separation
algorithm will have to be adapted to the present databasedier do analyze the resonant and
reflective components separately. In other words, the d@iigorneeds to be rendered format-
independent. The results will be expected to provide bettelerstanding of the behaviour of
the pinna for source positions behind, above, and almostbtie listener, possibly allowing
extension of the pinna model to a wider spatial range, inotythe upper and back side of the
sagittal plane.
More open issues include:

e improvements in the separation algorithm, in particulantigh the use of a more effective
multi-notch filter design;

e automatic extraction through image processing technigfiggnna contours fron2-D
pictures, that need to be stored in a format which allows edatn of distances between
different contours and observation points;
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¢ understanding the influence of notch depth and bandwidttewaton perception along
with the relation between the resonant component of the P&ltFthe shape of pinna
cavities, both required to have a complete anthropometrarpetrization of the pinna
model;

e study of the PRTF behaviour outside the median plane: theehsbrbuld need to be read-
justed for more lateral sound sources accordingly with #tearened reflection/resonance
pattern variation, the psychoacoustical relevance of attireffects on the pinna also need-
ing to be verified through listening tests;

e integration of the pinna model with the near-field distanc®lal and a suitable far-field
head model;

e possibly, the study of a model to be built from scratch forespnting the shoulders and
torso contributions. The model would add further reflecpatterns and shadowing effects
to the structural HRTF model, in particular for sources tetloe listener.

These future studies will ultimately allow a complete reggretation of the auditory scene
surrounding the listener, offering him or her a full, sumding binaural experience. However,
subjective evaluations of the model in each of its develaginpbases are required in order to
attest its effectiveness in binaural hearing. This poiunes new HRTF measurements as
reference and model reconstruction onto a number of physidgects, as well as a novel ex-
perimental setup for both static and dynamic listeningstegtdmittedly, the setup is already
available and is now briefly depicted.

9.1 Areal-time system for 3-D audio evaluation

The experimental setup is schematically represented in@Ely The user is wearing a pair
of wireless headphones with three LED markers positionethem, one on the left earphone
(green marker), one on the right (red), and one on top of tedpteones (blue). A specific area is
delimited by8 high-resolution cameras coordinated by the PhaseSpaaddenmotion tracking
system, featuring a data capture ratel®d Hz (frames/s). The square walking are&.i8 m x

3.5 m, while the eight cameras are placed3omorizontal bars (parallel to the square perimeter)
placed2.5 m high. Such redundant camera placement easily allowsitrg.ok the three markers
even in certain occlusion cases.

Two informations are required to properly compute the twdiawhannels: the listener’'s
head position in the tracked region and the relative dioectif the head with respect to one or
more simulated sound sources. In this case we can focus amla siource scenario because
it's the simplest experiment not involving any acousticeets§ due the mutual interaction of
possible multiple sound sources. The sound source moverncentd be defined in different
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Figure 9.1: A real-time experimental setup for evaluating the struakttRTF model.

ways, depending on the evaluation techniques involvedalke sf simplicity, the sound source
can be assumed to move in front of the listener following pneguted trajectories.

The PhaseSpace Impulse routes each marker position viaS@eptbtocol towards another
workstation responsible for computationally carrying theé sound rendering task. Currently,
sound spatialization is provided by the already c#edplug ~ Pure Data external that, to be
more precise than in Chaptier 3, convolves the incoming audimals with the HRTF corre-
sponding to the angular direction of one or more virtual sesyinterpolated in real time from a
set of measured KEMAR HRTFs. Additionally, source distaisaendered in the whole spatial
range by varying the signal’s loudness proportionally ®ittverse of the square distance, with
air absorption and reverberation ready to be added as anyxdistance cues. The exact current
spatial location is computed through a C-developed extenoalule that performs some simple
three-dimensional geometric calculations in order to eointhe markers’ absolute positions in
the interaural polar coordinates of the sound source wgpeet to the listener’'s head; this way,
the3-D head position is continuously kept updated.

Azimuth, elevation and distance of the sound source thusrbedhe input parameters on
each of the two audio channels, left and right, processea ionanicomprehensive Pure Data
patch and correctly synchronized by means of a delay blégikdanto account for the ITD cue as
in Eq. (4.9). Implementation in Pure Data of the structuratlel presented in this thesis, or parts
of it, will allow to replace the non-customizezhrplug ~ external and the simplistic distance
mapping in the near field with a customized filter model turethe listener’s anthropometric
parameters to be subjectively evaluated. Heavier compuotatan be of course delegated to
external modules developed in C/C++ language.

Thinking of possible experimental protocols, each sulgetthropometric quantities will
first be gathered and feeded to the customized HRTF modeh, Thee different experimental



Chapter 9. Conclusions and Future Work 153

conditions for the model validation will be considered.

1. In thestatic condition, single sounds will be presented to the user tiindus/her cus-
tomized HRTF model at a specific point around him/her. The wieremain still, listen
to the sound and report the perceived source position.

2. In thesemi-statt condition the user still won’t be moving, yet the sound wilnulate
a source which moves in the space around him/her followingeagmputed trajectory.
The trajectory will continuously define azimuth, elevatiand distance parameters to be
feeded to the HRTF model, and the user will follow the pereditrajectory by virtually
drawing lines in the 3D space, possibly with the help of a headinted display.

3. In thedynamiccondition, the subject will be free to move his/her head amtlyand judge
the position of a virtual sound source which remains fixedsgeific point while he/she is
moving. After a free exploration of the space around him/ter user will have to indicate
the exact position of the simulated sound source.

Obviously, choice of the most suitable condition for evéituaand future exploitation of the
model will depend on the development phase of the modef d@sel on the final possible virtual
rehabilitation application.

9.2 Publications

The work presented in this thesis has produced the followutgications.

9.2.1 International Journals (submitted for publication)

& S. Spagngl M. Geronazzo, and F. AvanziniOn the relation between pinna reflection
patterns and head-related transfer function featut&&E Transactions on Audio, Speech,
and Language Processing (IEEE TASLP).

& D. Zanotto, G. Rosati, S. Spagnél Stegall, and S. K. Agrawakffects of auditory feed-
back in robot-assisted lower extremity motor adaptatidBEE Transactions on Neural
Systems and Rehabilitation Engineering (IEEE TNSRE).

¢ G. Rosati, F. Oscari, S. Spagnél Avanzini, and S. Masierd=ffect of task-related con-
tinuous auditory feedback during learning of tracking matexercisesJournal of Neuro-
Engineering and Rehabilitation (JNER).
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9.2.2 International Conferences
e 2011:

& M. Geronazzo, S. Spagnand F. Avanzini.A head-related transfer function model
for real-time customized 3-D sound renderinbp Proc. INTERPRET Workshop,
SITIS 2011 Conference, pages 174-179, Dijon, November-iDbee 2011.

¢ S. Spagngl M. Hiipakka, and V. Pulkki. A single-azimuth pinna-related transfer
function databaseln Proc. 14th Int. Conf. on Digital Audio Effects (DAFx-11),
Paris, September 2011.

¢ G. Rosati, F. Oscari, D. J. Reinkensmeyer, R. Secoli, F. Avan3irSpagnqgland
S. MasieroImproving robotics for neurorehabilitation: enhancinggagement, per-
formance, and learning with auditory feedbadk. Proc. IEEE 12th Int. Conf. on
Rehabilitation Robotics (ICORR2011), pages 341-346, Zuriahe-Jluly 2011Best
Poster Award finalist.

e 2010:

& S. SpagnglM. Geronazzo, and F. Avanzinkitting pinna-related transfer functions
to anthropometry for binaural sound renderintn Proc. IEEE International Work-
shop on Multimedia Signal Processing (MMSP’10), pages 1949-Saint-Malo, Oc-
tober 2010.Top 10% Paper Award winner.

¢ M. Geronazzo, S. Spagnoand F. Avanzini. Estimation and modeling of pinna-
related transfer functiondn Proc. 13th Int. Conf. on Digital Audio Effects (DAFx-
10), Graz, September 2010.

& S. SpagnglM. Geronazzo, and F. AvanziniStructural modeling of pinna-related
transfer functions.In Proc. 7th Int. Conf. on Sound and Music Computing (SMC
2010), pages 422-428, Barcelona, July 2010.

e 2009:

& F. Avanzini, A. De @®tzen, S. Spagnpand A. Ro@. Integrating auditory feedback
in motor rehabilitation systemsn Proc. Int. Conf. on Multimodal Interfaces for
Skills Transfer (SKILLS09), Bilbao, December 2009.

& F. Avanzini, L. Mion, and S. SpagnoPersonalized 3D sound rendering for content
creation, delivery, and presentatioPlEM Summit 2009, pages 12-16, Saint-Malo,
September 20009.

¢ S. Spagnohlnd F. Avanzini. Real-time binaural audio rendering in the near field.

In Proc. 6th Int. Conf. on Sound and Music Computing (SMC09) ega?201-206,
Porto, July 2009.
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9.2.3 National Conferences
e 2011:

& M. Geronazzo, S. Spagnalnd F. AvanziniCustomized 3D sound for innovative in-
teraction designin Proc. SMC-HCI Workshop, CHitaly 2011 Conference, Alghero,
September 2011.

e 2010:

& S. SpagnglM. Geronazzo, and F. AvanziniStructural modeling of pinna-related
transfer functions for 3-D sound renderinign Proc. XVIII Colloquio di Informatica
Musicale (XVIII CIM), Torino, October 2010.

9.2.4 Book Chapters
e 2012 (expected):

& F. Avanzini, S. SpagnolA. De Gotzen, and A. Raal. Designing interactive sound for
neurorehabilitation systems. ChapteiSanic Interaction Desighook, edited by K.
Franinovic and S. Serafin, MIT Pregsccepted for publication
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