UNIVERZITA PAVLA JOZEFA SAFARIKA V KOSICIACH
PRIRODOVEDECKA FAKULTA

REWEIGHTING OF SPECTRAL AND BINAURAL CUES IN
SPATIAL HEARING

2021 Bc. Ondrej SPISAK



UNIVERZITA PAVLA JOZEFA SAFARIKA V KOSICIACH
PRIRODOVEDECKA FAKULTA

REWEIGHTING OF SPECTRAL AND BINAURAL CUES IN
SPATIAL HEARING

DIPLOMOVA PRACA

Studijny program:
Pracovisko (katedra/ustav):
Veduci diplomovej prace:

Konzultant diplomovej prace: (nepovinny)

Kosice 2021

Informatika
Ustav informatiky
doc. Ing. Norbert Kopco, PhD.

Ing. Peter LokSa

Bc. Ondrej SPISAK



Assignment

I

Univerzita P. J. Safarika v Kogiciach
Prirodovedecka fakulta

ZADANIE ZAVERECNEJ PRACE

Meno a priezvisko Studenta: Bc. Ondrej Spiiak
Studijny program: Informatika (Jednoodborové Shidium magistersky IT. st

denni forma)

Studijny odbor: Informatika

Tvp zivereinej price: Diplomova prica
Jazyk ziverecnej price: anglicky
Selkundarny jazyk: slovensky

Nazov:
Nazov SK:
Ciel:

Reweighting of spectral and binaural cues in spatial hearimg

Zmena vaZenia spekiralnych a binaurdlnych kfaéov v priestorovem shichn

- Exanuine the possibility of reweighting of spectral components of sounds and
binaural cues by visually gmded training in real environment.

- Describe of change in weighting of spectral and binaural cues by linear
Tegression model.

- Analyze the impact of awareness about spectral composition of sounds to
reweighting of binaural cues in informed listeners.

- Examine the generalization of reweighting of the high-frequency and low-
frequency components of sound to weighting of unitrained mid-frequency
components.
- the temporal profile of re-weighting during traming sessions of
experiment.

Klingel M, Laback B, Kopeo N (2021) Reweighting of Binaural Localization
Cues Induced by Lateralization Traming. Joumal of the Association for
Research in Otolaryngelogy, in press.

Ferber M, Laback B, Kopco N (2018) Vision-mduced reweighting of binaural
localization cues. The Journal of the Acoustical Society of America 143, 1813
(2018); https://doi.org/10.1121/1.5035942

Ferber M (2018) Plasticity of Spatial Processmg in Normal Hearing:
Reweighting of Binaural Cues. Unpublished MSc. Thesis. University of Vienna
Moore, Travis & Picow, Enn & Homsby, Benjamin & Gallun, Frederick &
Stecker, G Chnistopher. (2020). Binaural spatial adaptation as a mechanism for
asymmeiric trading of interaural time and level differences. The Joumnal of the
Acoustical Society of Amenca. 148. 526-541. 10.1121/10.0001622.

Thurlow WE. Jack CE. Some determmants of localization-adaptation effects
for successive auditory stimmli. J Acoust Soc Am. 1973 Jun;53(6):1573-7. doi:
10.1121/1.1913505. PMID: 4719254,

Eumpik DF, Campbell C, Schoupp JWH, EKing AJ. Re-weighting of
Sound Localization Cues by Audiovisual Traming. Front Newrosci 2019
Nov 13;13:1164. doi: 10.3389/fnins 2019.01164. PMID: 31802997; PMCID:
PMCGRT3890.

spatial auditory perception, plasticity
doc. Ing. Norbert Kopéo, PhD.



Univerzita P. I, Safarika v Kogiciach

(L
36100138682181124

Prirodovedecka fakulta
Konzultant: Ing. Peter Lok$a
Oponent: QOc. RNDr. Gabricla Andrejkova, CSc.
Ustay : UINF - Ustav informatiky

Riaditel’ ustavu:  doc. RNDr. Ondrej Kridlo, PhD.
Spésob spristupnenia elektronickej verzie préce: bez obmedzenia

Ditum schvilenia: 06042021 O\\ )\



Acknowledgments

I would like to thank my supervisor doc. Ing. Norbert Kop¢o, PhD. for his
professional assistance with writing the thesis and analyzing data and to consultant Ing.

Peter LokSa for his help with data collection and preparation of experiment.



Abstrakt v §tatnom jazyku

LCudia lokalizujt zdroje zvuku v mnohych kazdodennych situaciach. Na lokalizaciu
zvuku v horizontalnej rovine pouzivame binaurdlne klIi¢e interaurdlneho casového
rozdielu (ITD) a interaurdlneho rozdielu v hlasitosti (ILD). ITD vyjadruje rozdiel v
Case s akym pride zvuk do jedného a druhého ucha a ILD je rozdiel v hlasitosti s ktorou
pride zvuk do jedného a druhého ucha. Binauradlne kl'ice su frekvencne zavislé. Pre
nizkofrekvencné zvuky (LF) je dominantné ITD, zatial’ o pre vysokofrekvencné zvuky
(HF) dominuje ILD. V realnom prostredi s ozvenou sme uskuto¢nili experiment s
tréningovou procedurou, ktorej cielom bolo zvysit’ vazenie HF alebo LF komponentov
Sirokopasmovych stimulov. Nasledne sme testovali, ¢i sa zmena vaZenia spektralnych
komponentov generalizuje na vazenie netrénovanych strednofrekvencnych zvukov a
na véazenie ITD/ILD kl'a€ov vo virtudlnom prostredi. Trénovanie separatnych skupin
na zvysenie vazenia HF alebo LF zlozky viedlo k spektralnej zmene vazenia v
ocakavanom smere pre obe skupiny. Len HF tréning sa generalizoval na novy,
strednofrekvenény zvuk. Vo virtudlnom prostredi, obe skupiny zvysili svoju ILD vahu
z pretestu ku posttestu, ¢im sa nepotvrdila hypotéza, ze tréning na LF zlozky zvuku
zvySi vahu ITD. Zaverom je mozné konStatovat, ze zmena vazenia spektralnych
komponentov zvuku je mozna avSak jej generalizacia na zmenu vazenia ITD/ILD
kI'i€ov nie je zrejma. Tieto vysledky st doleZité napriklad pre navrhovanie sluchovych
pomdcok a kochlearnych implantatov ktoré vyzaduju aby sa ich uzivatelia adaptovali

na stimuly pozmenené tymito protetickymi zariadeniami.



Abstrakt v cudzom jazyku

Humans need to localize sound sources in many everyday situations. To localize sounds
in the horizontal plane, we use the binaural cues of interaural time difference (ITD) and
interaural level difference (ILD). ITD is the time difference of sound arrival between
two ears. ILD is the difference in the level with which the sound is received at the ears.
Binaural cues are frequency dependent. For low-frequency (LF) sounds, the ITD
dominates, while for high-frequency (HF) sounds, the ILD dominates. We performed
a training experiment in a real reverberant environment in which visual cues were used
to increase the weighting of either HF or LF components of broadband sound stimuli.
Then, we tested whether this spectral reweighting generalizes to untrained mid-
frequency sounds, and to the weighting of ITD/ILD cues in virtual environment.
Training separate groups to increase their HF or LF weighting led to spectral
reweighting in the expected direction for both groups. However, only HF training
generalized to new, mid-frequency sounds. In the virtual environment, both groups
increased their ILD weight from pre- to posttest, not confirming the hypothesis that
training on LFs would increase the ITD weight. In conclusion, reweighting of HF or
LF components of sound for localization is possible. However, the generalization to
ITD/ILD reweighting is not straightforward. These results are important, e.g., for the
design of hearing aids and cochlear implants which require that the listeners adapt to

the stimuli altered by the prosthetic devices.
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List of abbreviations and symbols

ITD Interaural Time Difference — time difference of sound coming to one and
other ear
ILD Interaural Level Difference — difference in intensity of sound coming to one

and other ear

HF High Frequency

LF Low Frequency

HFI High Frequency Informed — experimental group, where subjects were
informed about spectral composition of stimuli

RE Real Environment — in context of our thesis it is environment where was
conducted first part of experiment

VE Virtual Environment - in context of our thesis it is environment where was

conducted second part of experiment

11



Vocabulary

Anechoic means without reverberation
Binaural means related to both ears
Non-target is control sound

Posttest is last part of experiment
Pretest is first part of experiment

Trial is one measurement

12



Introduction

One of the most important parts of human perception is hearing. Its importance lies
mostly in language processing, orienting in space, warning function, etc. and it is
commonly believed that hearing is after vision the second most important sense for
orientation. Specific aspect of hearing is spatial hearing, which helps us to orient
ourselves in space, localize sound sources, and also focus on particular sounds while
ignoring others. Although all these features are essential in everyday life, sound

processing in humans is still quite understudied.

The main goal of current study is to analyze data from behavioral experiment, which
was conducted as part of our bachelor thesis, where we tried to change sound localization
in horizontal plane by series of audio-visual trainings in three separate groups of people
with normal hearing. Groups had different visual feedbacks to stimuli during trainings to
achieve change in sound localization in accordance to provided feedbacks. Trainings were
conducted in reverberant room with loudspeakers, and influence of training was then
tested in the same room and in soundproof room with headphones and virtual reality
headset. We tried to analyze the effect of training to stimuli used during training sessions
but also for untrained stimuli to find out whether the change of sound localization

generalize to untrained stimuli as well.

We used multiple linear regression model to describe the change in sound
localization before and after training and to separate possible distorting effects in
localization, mainly in the form of compression. This model was also used to describe
temporal changes of sound localization during and between training sessions. For all
modeling and other analysis was used MATLAB. To evaluate the results we used the
analysis of variance (ANOVA) computed by UNIX-style command-line program
CLEAVE.

Understanding of sound processing can helps us in creating better hearing aids
which would replicate sound more accurately and would lead to an increase in the quality
of life of disabled people. Moreover with this understanding we will be able to create
effective training procedures for improvement of spatial hearing. Such an improvement
would help, for example, people with damaged cochlea. People using cochlear implants
have problems to focus on specific sound from the palette of concurrent sounds, because

of device imperfection. Similar problems occur in people with different hearing

13



disabilities which are making their life considerably more difficult. Another area of
application of our study is virtual reality. Precise imitation of acoustic condition in virtual
environment is unrealizable without precise and deep understanding of sound processing
in humans. This study could contribute to better understanding of sound processing and
sound localization in humans and lead to an improvement of different virtual reality

systems.

Our study is divided into 5 chapters. In the first chapter we describe theoretical
background and current state of research in sound localization related to our study. In the
second chapter there are stated research hypothesis and goals of this study. In the third
chapter we described methods of experiment including participants, experimental setup
and procedure, data analysis and modeling. Fourth chapter deals with the results of
experiment in detail. Fifth chapter draws conclusions and summarizes the achieved

results.
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1 Theoretical background

1.1 Spatial hearing and binaural cues

Spatial perception of sound source locations in the horizontal plane is possible due
to the position of ears on head, making the sound come to one ear earlier than to another
and with different intensity of sound. It is beyond doubt that the ability to determine sound
source without seeing it, is important mainly from evolutionary point of view since it is
giving us an advantage in terms of surviving. Localization of sounds is more
straightforward in horizontal plane because of ears position, in vertical plane is
localization more difficult, mainly because same differences in intensity and arrival time
in ears correspondent to multiple positions. This ambiguity leads to confusion when we
perceive sound from above or below us. However, in most situations of life we perceive
sounds, or have to localize sound source in horizontal plane, roughly at the level of our
head and this includes processing of language which is one of the most important feature
of hearing. In noisy environments especially it is very important ability to determine

sound source and distinguish one particular sound from other sounds.

Sound localization in horizontal plane is mostly determined by two binaural
parameters, interaural time difference (ITD) which reflects time difference of sound
coming to one and other ear and interaural level difference (ILD) reflecting difference in
intensity of sound coming to ears. Whereas ITD is a frequency independent but dominates
for low-frequency sounds while boundary between sounds is approximately 1.3 kHz [17],
ILD is a frequency dependent and rises alongside rising frequency. By combining these
two cues we can achieve perception of sound from different places in horizontal plane.
To make ITD a useful cue it is important to keep binaural coherence of sound at high
level. With rising reverberation is ITD less useful and it is not used for localization [12].

1.2 Weighting of binaural cues

The importance of each cue for sound to be perceived as coming from certain
location in plane can be expressed as trading ratio [8] between binaural cues or as weight

of cue.

Common approach in determining trading ratio is to set one cue constant and adjust

the other cue until auditory image seems to come from the front of the listener. Previous
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studies [3], [15], [16] show that trading ratio differs according to the cue being adjusted.
According to Lang et al. [8], subjects tend to weight more cue which they are adjusting
during experiment. In the first part of the Lang et al. experiment, subjects were sitting in
the dark anechoic room with headphones and their task was to adjust position of one cue
until the stimuli were coming from the center, while the other cue was held constant. In
the second part, stimuli consisted of the same ITD and ILD values obtained in previous
part of experiment and also from the stimuli where value of to-be-adjusted cue from first
part of experiment was set to zero. The subject’s task in the second part of the experiment
was to determine the position of stimuli relative to their head. Answers to these trials were
shifted towards cue that was adjusted in the first part. This effect was explained as the

result of paying more attention to cue that was adjusted.

Alternative explanation is given in Moore et al. [11] where different trading ratios
are obtained depending on which cue was adjusted, explained in terms of reduced
influence of the non-adjusted cue because this cue is exposed repeatedly and sensitivity

of listener to this cue decreases.

1.3 Spectral components of sound

ITD and ILD can be easily computed and simulated via headphones by delaying
sound and altering loudness in one channel. This approach gives the experimenter a
possibility to simulate sound location anywhere in the horizontal plane of listener. In real
environment the manipulation with ITD and ILD is much more difficult. There are
several studies regarding weighting of binaural cues using loudspeakers or recordings of
sound from loudspeakers [12],[9] to determine the trading ratio. The main issue is
insufficient possibility of manipulation with ITD and ILD. We can create different ITDs
and ILDs by positioning loudspeakers, but it gives us only estimate of these values,
because of different HRTFs in each participant. Another issue is the creation of unnatural
combinations of binaural cues used in training procedure to reweight ITD or ILD,
elimination of surrounding sounds and reverberation which can alter sound incoming to

the ears.

Macpherson et al. [9] study shows, in accordance with duplex theory [13], that listeners
are giving high weight to ITD and low weight to ILD for low-pass stimuli, and high
weight to ILD and often low weight for ITD for high-pass stimuli. Frequency region of

low-pass stimuli were set at 0.5-2kHz and for high-pass stimuli at 4-16kHz. With
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wideband stimuli, in range from 0.5kHz to 16kHz, the ITD weight was higher or equal to
given ILD weight.

Hartman et al. [11] looked at the relationship between binaural coherence, what is
the similarity of waveforms coming to ears, and effectiveness of ITD cue in sound
localization. In three different environments, with different level of coherence were
prepared sound recordings using “KEMAR” manikin. These recordings were then
presented to listeners via headphones with altered value of ITD created by delaying one
of the channels. The biggest contribution to sound localization had ITD when the
frequency of sound was around 700Hz. ITD influence was highest when waveforms were
similar. This happens in the free field where the reverberation is minimal. With rising

reverberation the ITD is becoming less relatable.

1.4 Reweighting

It has recently been shown that reweighting of binaural parameters is possible in

virtual environment [1], but it is not always successful [4].

There are several other recent studies focused on reweighting of binaural cues. In
Kumpik et al. 2019 [6], experiment was examined whether it is possible to alter weighting
of auditory localization cues by visually consistent and inconsistent stimuli. Weights of
ITD and ILD were estimated from the slopes of a two-factor multiple regression of
response angle on given ITD and ILD. There were two groups which differed in training
procedure. In the first one presented visual cue was congruent with auditory stimuli and
in the second one it was not. Participants were sitting in the chamber with headphones
on, and their task was to focus on visual cue while ignoring auditory stimuli. There were
4 different types of trials for both groups, in the first type both ITD and ILD were
congruent with each other, in the second one ILD was fixed and ITD was set random up
to 20° from ILD, in the third one ITD was fixed and ILD was chosen randomly, and in
the fourth one ITD and ILD was congruent with each other but they were shifted to the
right or to the left from the midline by 10°. When visual cues were uninformative subjects
showed reduction in auditory bias and when auditory binaural cues were congruent,
weighting of ILD increased in both groups. The ILD weight also increased when visual
cue was informative and aligned with ILD while ITD was set random. However, increase

of ILD weighting can be observed partly due to its higher weighting in pretest.

17



In Kumpik et al. 2010 [7] study was conducted experiment focused on possibility
of reweighting spatial cues used for sound localization in horizontal plane in participants
with one plugged ear. Results show bigger importance of spectral cues when one ear is
plugged and thus binaural cues are not useful. This reweighting is gradual and localization

improves with training as result of greater use of spectral cues.

In Ferber et al. [1], study, the authors tried to reweight binaural cues by visually
guided training in virtual environment. Two experimental groups consisting of 10 people
each, complete seven days long training focused on changing the weight of ILD or ITD,
depending on experimental group. Subject was in an anechoic room with headphones and
Oculus rift on. In pretest the task was to move head toward position of heard sound,
confirm the position by pressing a response button and return head to central position.
Each stimulus had a specific combination of ITD and ILD values, each corresponding to
a certain azimuth from range -70.2° to 70.2°. This procedure was used to obtain the initial
weighting of ITD and ILD. Pretest was followed by 7-days long training. The task during
training was similar than in pretest but in this case participants also got visual feedback
either on position of ILD or ITD, depending on which group they were in. After their
response they had to turn head towards visual feedback and confirm that position as well,
than they turn head to 0° azimuth. At the end of experiment was conducted posttest, which
was identic to pretest, to measure change in weighting. Results show significant change
in weighting from pretest to posttest corresponding to visual feedback provided during
training in both groups. While a group with visual feedback on the position of ITD
increased weight of ITD cue a group with visual feedback on the position of ILD

increased weight of ILD cue.

In our study we used the same pretest/posttest procedure as in Ferber et al. but we
also added pretest and posttest procedure in a real reverberant room. Training procedure
was completely in real reverberant room with stimuli coming from loudspeakers. This
approach allows us to study the possibility of reweighting in real environment and its

impact on reweighting of binaural cues in virtual environment.
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2 Hypothesis and goals

Our main goal is to examine whether visual guided training in a real environment
(RE) can be used for reweighting of high-frequency (HF) and low-frequency (LF)
components of sound and whether this change of weighting will generalize to change of
weighting for untrained mid-frequency components and to binaural reweighting. Also,
we will examine the progress of reweighting by the analysis of temporal profile of
training.

It was shown in Kumpik et al. 2010 [7], that improvement of sound localization can
be based on reinforcing of spectral cues by behavioral training, thus reweighting of
spectral components of sound is possible and achievable by appropriate training.
Weighting of spectral components of sounds, used for localization in horizontal plane
change depending on reverberation characteristics of environment. In an anechoic
environment the lower frequencies are dominant while with rising reverberation high-
frequencies are more reliable. This is in accordance with Hartman et al. [12] study where
usefulness of ITD cue, which dominates for lower frequencies, was highly reduced with
rising reverberation. In Hartman et al. study were sounds recorded in different rooms, and
then played via headphones to participants. However, in our study we used loudspeakers
to directly play stimuli to participants to examine the possibility of reweighting of HF or
LF components of sound rather than ILD and ITD. We also want to examine whether
reweighting of spectral components is exclusive only for sounds used during training or
whether it will generalize to mid-frequency sounds which were not presented during
training.

It is not clear whether weighting of binaural cues can be also changed in virtual
environment (VE) by training in RE, with stimuli playing from loudspeakers. We know
that ITD is a dominant cue for low frequency sounds and ILD for sounds with higher
frequency, thus question is whether the change in weighting of high and low spectral
components of sound will generalize in the change of ITD/ILD weighting. Specifically,
we are trying to examine that if the training in a group focused on increasing weight of
LF component will be successful, whether this change will be present in weighting of
ITD component as well. Similarly, whether successful change in weighting of HF
component, in a group trained on HF frequency, will generalize in similar change of ILD
weight. We will try to describe this change by multiple linear regression model used for

both, real and virtual environment.

19



Another question is whether the awareness of spectral composition of sounds and

focusing on certain frequency influences reweighting of spectral components and binaural

cues. It is often difficult task to discriminate frequency composition of sounds but it might

be possible that explicit learning could strengthen the effect of reweighting.

Hypotheses we are trying to attest:

1.

Visually guided training in real environment will increase high-frequency weight

or low-frequency weight in accordance to training group.

The reweighting of high-frequency and low-frequency spectral components will
generalize to reweighting of untrained mid-frequency components.

The reweighting of spectral components in real environment will generalize to
reweighting of ITD and ILD in virtual environment.

Awareness about spectral composition of sounds does have a significant effect on

reweighting.
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3 Methods

3.1 Participants

Overall, we collected data on 41 participants. Three participants were excluded,
because they started experiment but did not finish it and other two were excluded because
they had higher hearing threshold. Whole experiment was successfully finished by 36
participants of which 22 were women and 14 men. All these participants had normal
hearing tested by audiometer with threshold set to 20dB. They were randomly assigned
to one of the 3 groups. There were 13 subjects in HF group, 12 subjects in LF group and
11 subjects in HFI group. All subjects signed an informed consent and the experiment

was approved by the ethical committee of UPJS.

3.2 Experimental design

Experiment was performed in two environments, in virtual anechoic environment
(VE) and in real environment (RE). In RE, pretest, training and posttest were performed,
while in VE, pre-training, pretest and posttest were performed. On the first day of
experiment was done pre-training in VE, to get subjects used to environment and setup,
then pretest in VE and pretest in RE. On the second day training in RE started. It was 3
days long and differed according to experimental group, and on the last training day
subjects also completed posttest, which was identical with pretest, first in RE and then in
VE. In HF group subjects were trained to reinforce weighting of high-frequency (HF)
components of sound, while subjects in LF group were trained to increase weighting of
low-frequency (LF) components. In both groups, subjects were naive about experimental
design or origin of the presented sounds or their relation to the presented visual feedback.
Pre-training, pretest and posttest were identical in both groups. Their task during testing
was to localize the sound and respond in the middle if they perceived it at multiple
locations, while in training their task was to imagine the sound as coming from the
feedback location even if they initially heard it elsewhere. In HFI group, subjects were
also trained to increase weight of HF component but were informed about structure of the
sound and were instructed to focus and respond to sound with higher frequency already

in the pretest.
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3.3 Apparatus and stimuli

3.3.1 Setup and stimuli in real environment

RE was a quiet dark reverberant sound-treated experimental room with dimensions

of 5.5x 4.7 x 2.7 m. 11 loudspeakers were placed in a semicircle around the subject with

spacing 11.25° between them, in range from -56.25° to 56.25° (Figure 1). The speaker

array was covered by acoustically transparent cloth to prevent the subjects from knowing

the locations or the number of speakers (Figure 2). For all trials of experiment was the

position of subject on the chair with headrest in the middle of the room.

0,7m
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o .
[ S\Q‘
1,2m

Figure 1: Sketch of RE with loudspeakers. Yellow color represents possible position of target

loudspeaker and blue color represents position only of non-target loudspeakers. The room has

dimensions 5.5 x 4.7 x 2.7 m
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Figure 2:Room for RE part of the experiment. Chair with the headset is in the middle,

loudspeakers are behind black cloth, with white stripe of the paper, for presenting visual stimuli, on

the top.

There were 5 types of sound which differed in frequency. Stimuli with frequency
0.35kHz and 0.7kHz are low-frequency sounds, 2.8kHz is mid-frequency, 5.6kHz and
11.2kHz are high-frequency sounds. Nine loudspeakers in the middle were used both as
target and non-target, while 2 at the edges were non-target only. All stimuli were pre-
generated and consisted of 0.5-octave noise bands with duration 0.3s. At the start and end
of each stimuli was ramp to make them sound more naturally. We had 3 types of stimuli.
In “2-channel” trials were played stimuli consisting of one high frequency and one low
frequency component, which could be played from same loudspeaker or from 2 different

loudspeakers which were one or two positions apart from each other (Tab.1).

In “4-channel” trials, sound consists of two high-frequency components and two
low-frequency components, while both high frequency sounds or both low frequency
sounds were played from the same loudspeaker (consistent pair) and other pair played
from two different positions which could be apart from consistent pair zero, one or two

positions in the same direction (Tab.2).

The 2-channel and 4-channel trials are divided into 2 categories: big and small

separations. In big separations are 2-chanel trials where are loudspeakers two position
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apart and 4-channel trials where are two sounds playing from same loudspeaker
(consistent pair) and other two are playing from two different loudspeakers as consistent
pair. In small separations are 2-channel trials where are loudspeakers one position apart
and 4-channel trials where from same loudspeaker is playing consistent pair with one
other sound. (Tab.2, Tab.3)

In “2-channel with mid-frequency” trials, sound consist of mid-frequency
component and one either high frequency or low frequency component which was one
position apart from the mid-frequency component (Tab.3). Sounds with mid-frequency
were used only for testing, but not for training. On the top of loudspeakers was
continuous white stripe of paper on which all visual feedback was displayed. The
subject had a tracker device on the head, and the current orientation of the subject’s
head was shown by a blue dot projected on the screen. The central position at the 0°
azimuth was represented by the red cross. Subjects had small hand-held keyboard in
hand for confirming their answer on stimulus and for centering the position of head.

Tab. 1: Example of 2-channel trials. Number in table express position of

loudspeaker which played in specific trial.

Frequency Type of
56kHz | 11.2kHz | 0.35kHz | 0.7kHz | 2.8kHz .
Trial separation

1. 4 - 6 - - Big

2. - 9 9 - - 0

3. - 2 3 - - Small

4. 7 - - 5 - Big

5. - 6 - 5 - Small
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Tab. 2: Example of 4-channel trials. Number in table express position of
loudspeaker which played in specific trial.

Frequency Type of
56 kHz | 11.2kHz | 0.35kHz | 0.7 kHz 2.8kHz .
Trial separation

1. 4 5 5 5 - Small

2. 3 2 4 4 - Big

3. 4 4 6 5 - Big

4. 4 4 5 6 - Big

5. 8 8 8 9 - Small

Tab. 3: Example of 2-channel with mid-frequency trials. Number in table express

position of loudspeaker which played in specific trial.

Frequency
5.6 kHz 11.2 kHz 0.35 kHz 0.7kHz 2.8kHz
Trial
1. 4 - - - 5
2. - - 4 - 3
3. - 6 - - 5
4, - - - 7 8
5. - 5 - - 6

3.3.2  Setup and stimuli in virtual Environment

Design of VE part was the same as in Ferber et al. [1]. ITD/ILD combination were
corresponding to one from 40 possible positions in horizontal plane in range from -70.2°
to 70.2° with spacing 3.6°. Positions from -45° to 45° were also target positions, the rest
were non-target only (Figure 3). For the whole VE part of the experiment subject sat in
front of the computer, with headphones on, in double-walled soundproof booth with
Oculus Development Kit 2 headset, which displayed virtual room made of black-white
stripes (Figure 4). Orientation of the head was monitored by the sensor on the top of the
monitor. The current position of head was represented by a yellow triangle. Only left-

right movements of the head were relevant, other were ignored. The sound pressure level
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of the stimuli was in the range of 62.5bB to 67.5dB SPL, randomly roved on each trial.
The stimuli were 1-octave noises with center frequency 2.8 kHz. The stimuli were
generated by multi 1/0 processor TDT RX8 and played through headphones Sennheiser
HD 800 S.

©® possible target location

O non-target location only o

O example target location 23l o990 0...

@ possibie combinations with @ ..
non-target cue for example @
target location 45 g 0’ +45*

Figure 3: Design of VE part of the experiment from study [2].

Figure 4: Subject in VE during testing.
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3.4 Experimental procedure

3.4.1 VE and RE pretests

First, a pre-training and pretest was done in a virtual environment. Each trial of the
pretest started by the subject orienting his/her head straight ahead with Oculus headset
and headphones on. After pressing a button on the keyboard, the trial continued by a
stimulus presentation. The task of the subject was to indicate the perceived position of
the received sound in horizontal plane by turning his/her head towards it and pressing the
enter key on the keyboard. Then subject returned head back to the starting position at 0°,
with same elevation as he/she started, and another trial followed. A total number of trials

was 446 and after each 150 trials the subject could have taken a short rest.

The VE pretest was preceded by a short pre-training, which was similar to pretest
but visual feedback, showing position of incoming sound, was provided and subject
needed to confirm position of the feedback by turning his/her head towards it. In pre-
training there were only 80 trials and its main purpose was to get used to the virtual
environment.

The VE pretest was followed by pretest in RE. In the beginning of each trial the
subject faced 0° azimuth, after pressing the enter button on the keyboard, the sound was
played and his/her task was to turn a head towards the position of sound and confirm this
position by pressing the enter button on the keyboard. After that the subject returned head
back to 0° azimuth and another trial followed. 396 trials were played in total with 3

optional short breaks.

3.4.2 Training

Training was performed in RE and consisted of 3 sessions, each performed on a
separate day. First training was on the next day after pretest for all subjects. Trainings
were conducted on three consecutive days, only one subject from LF group had three-day
gap between second and third training. Procedure was similar to the one in pretest. On
each trial the subjects faced the 0° azimuth and after they pressed “enter” the sound played
once, subjects were instructed to turn a head to the perceived position of sound source
and confirm this position by pressing “enter”. After confirming the position, the visual
feedback in the shape of green triangle was provided at the position of high frequency

component for the HF and HFI groups and at the position of low frequency component
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for the LF group, and simultaneously the repeated sound was played from the same
position as in trial. Subject‘s task was to turn a head to the position of the visual feedback,
confirm this position by pressing “enter”, return back to 0° azimuth and next trial
followed (Figure 5). In training were same 2-channel and 4-channel trials as in
pretest/posttest but their number was doubled. Number of trials in each training session
was 456, a subject could take short break after every 57 trials, so there was total of 8

breaks. Each session took approximately 1 hour.

Initial position & stimulus presentation

Head-turn to 0° Present stimulus once

Response

|¢

Head-turn to perceived target location & press Enter

Visual feedback

|¢

Green triangle shows correct location Present stimulus continuously

|¢

Training

Head-turn to visual feedback & press Enter Stimulus continues

|¢

Training with dynamic cues

Head-turn to 0° & press Enter Stimulus stops

Figure 5: Training in RE
3.4.3 Posttest

On the last training day, the training session was immediately followed by a posttest,
which was almost identical to pretest with two differences. First difference was that
posttest was done firstly in RE and after that in VE. The second one was that in VE part

there was no pre-training.

3.5 Analysisin RE

For modeling was used multiple linear regression model and analysis were done for
each azimuth separately. This type of analysis gives us weights without compression.
Compression is an effect where subjects at lateral positions have a tendency to localize
sound source closer to the central position. If we simply compute difference between
position of HF and LF component, the result would be affected by the compression. By

using linear regression, we can filter compression into an additional parameter.
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Formula (1) shows a multiple regression model for 2-channel and 4-channel data and
formula (2) shows computation of relative weight of high-frequency to low-frequency

component.

R(a, App, Ayp) = kpp(a) * App + kyp(a) x Ayr + Q(a) 1)

Wy = — \knp@) 2)

R is a subject‘s response azimuth, recorded by headtracker in a trial with LF and
HF components at positions @ + A, and a + Ay, respectively (a is between -56.25°
and 56.25° with 11.25° steps). k;r, kyr and Q are estimated parameters of a regression
model, where k; » and k5 are regression slopes (determining the weights of the
frequency components) and Q is the overall bias for azimuth «, where compression is
filtered. wy; is estimated weight of HF vs. LF components, where 1 means that subjects
orient only according to HF component and 0 that subjects orient only according to LF
component. For all further analysis in RE using model (1) we will be considering only
wy; and change in weights of spectral components for all groups will be expressed in

this weight. All errorbars are standard error of the mean (3).

4
SEM=2%= (3

Where 6 is a standard deviation and n is a sample size.

Modeling was done separately on big separations and small separations to achieve
same leverage for both types of separations, since model would give more leverage to
big separations. We are showing analysis for average of big and small separations, but

also separately for big separations and small separations.

All the raw data (Figure 6) for targets away from the midline (i.e., not at 0°) were
collapsed from left to right side and averaged before fitting over y-axis. For example,
response to the trial where the HF part of the stimuli was playing from azimuth -22.5°
and LF part from 11.25° relative to HF position was averaged with the response to the
trial where HF part of the stimuli was at the position 22.5° and LF part was at the position
-11.25° relative to HF position. This approach gives us smoother raw data and makes
model more accurate, assuming that the perception is left-right symmetric. Azimuths for
which we had data after collapsing were 0°,11.25°,22.5°,33.75°,45° and 56.25°.
However, since 56.25° was not target azimuth for any stimuli and 45° was not target

azimuth for 4-channel stimuli we did not include them into analysis. All analyses in RE
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were then done only on 4 azimuths: 0°,11.25°,22.5° and 33.75°. For the evaluation of
results, we used the analysis of variances (ANOVA).

HF Group, 4-channel HF Group, 2-channel
60 ﬂ{ 601
1 - ’;‘I_ ;
40+ oin 40} -
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£ = o
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2 »
S c
9 9]
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O P 15 @ 20
o 7 @
A ——16.875 T 25
-40r / i NS s - 5%
——5.625 405.; o 1125
[~ 0 P 0°
-60 -5.625 || 60 d 11.25°]
—16.875 iy
-56.25 -45 -33.75-22.5-11.25 0 1125 22.5 33.75 45 56.25 5625 45 33.75 2251125 0 1125 225 33.75 45 56.25

Speaker azimuth HF(°) Speaker azimuth HF(°)

Figure 6: Example of response azimuth for HF group for 4-channel and 2 -channel data from RE as
a function of position of HF loudspeaker. Continues line is pretest and dashed line is the posttest.

Each line represents trials with different spacing of loudspeakers. Spacing is in the legend.

In trials with mid-frequency we had only one type of separations, since the
loudspeakers were one position apart in each trial and therefore we computed bias to high
frequency part of the stimuli from difference of response azimuth in pretest and response
azimuth in posttest.

For each group and each azimuth of loudspeaker we computed median of change
of weight from pretest to posttest and distract obtained value from same weight change
for each subject. In Figure 7 is shown boxplot of computed values. Boxplot is using
interquartile range analysis where are data divided into quartiles (Q1,02,Q3,Q4) and data
points exceed Q3 + 1.5*(Q3 — Q1) are considered outliers. We can see outlier in HF
group, who was excluded from further analysis. Final number of subjects included in

weights analysis for RE was 12 for HF group, 12 for LF group and 11 for HFI group.
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Figure 7: Boxplot of distance of pretest-posttest difference in weight of high-component from the
median of pretest-posttest difference weights for all groups, we can see outlier in HF group (red

Cross).

3.6 Analysisin VE
In VE we used the same linear regression model as in RE:
R(a, Arrp, App) = kyrp(@) * Ayrp + kyp(a) *App +Q(@)  (4)

kILD(a))
atan (kITD @

90

()

R is a subject‘s response azimuth, recorded by oculus, in a trial with ITD and

Wir =

ILD components at positions a + A;rp and a + A;;p, respectively (a is between -56.25°
and 56.25° with 11.25° steps). k;rp, k;p @and Q are approximated parameters of a
regression model, where k;rp and k;,, are regression slopes (determining the weights
of the ITD and ILD, respectively) and Q is the overall bias for azimuth «, where
compression is filtered. w;; is estimated weight of ILD to ITD components. For all
further analyses in VE using model (4) we will be considering only w, -, where 1 means
that subjects orient only according to ILD and 0O that subjects orient only according to
ITD, and change in weights for all groups will be expressed in this weight, which

corresponds to wy; in RE. All errorbars are standard error of the mean (6).

-5
SEM=—%=  (6)

Where 6 is a standard deviation and n is a sample size.

For more statistical power and for reducing the noise, we collapsed the data over

y-axis as in RE, assuming that perception is left-right symmetric. After collapsing we had
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data on 13 azimuths, from 1.8° to 45° with 3.6° step. For evaluation of results we used

the analysis of variances (ANOVA).

For HFI group were analysis made only on 9 subjects, because for 2 subjects were
data disrupted due to technical issues.
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4 Results

4.1 Real environment

4.1.1 Results in real environment for mean of big and small separations

We hypothesized that relative weight of HF component to LF component from
pretest to posttest will increase for HF and HFI group and decrease for LF group as the
result of training procedure. Since HFI group was informed about spectral composition
of stimuli, and instructed to follow them, we expect that increase in weighting will be

stronger for HFI group than for HF group.

In the figures 8,9,10 is WHL as a function of target azimuth, computed from
averaged parameters k.r and kur for LF, HF and HFI group respectively. Mixed ANOVA
with factors location (0°, 11.25°, 22.5°,33.75°) , time (pretest, posttest) and group (HF,
LF, HFI) showed significant effect of location (F(3,96) = 54.49, p<0.01) and time(F(1,32)
= 6.44, p<0.05) and significant interaction time X group (F(2,32) = 10.30, p<0.01). Partial
ANOVA with only HFI and HF group as a factor showed significant effect of
location(F(3,63) = 47.38, p<0.01) and time(F(1,21) = 16.77,p<0.01) but no significant
interaction. Partial ANOVA for HFI group showed significant effect of location(F(3,30)
= 12.12, p<0.01) and time(F(1,10) = 13.87, p<0.01), for HF group showed significant
effect of location(F(3,33) = 37.57, p<0.01) and time(F(1,11) = 8.97,p<0.05) and for LF
group significant effect of location(F(3,33) = 13.31, p<0.01) and time(F(1,11) = 5.86,
p<0.05).
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W for average of small and big separations for LF group
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Figure 8: WuL in pretest (thin line) and postest (thick line) as a function of target azimuth for mean
of small and big separations for LF group. Data are left-right collapsed. Errorbars are standard
error of the mean.

Wi for average of small and big separations for HF group
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Figure 9: WhL in pretest (thin line) and postest (thick line) as a function of target azimuth for mean
of small and big separations for HF group. Data are left-right collapsed. Errorbars are standard

error of the mean.
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W for average of small and big separations for HFI group
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Figure 10: WhL in pretest (thin line) and postest (thick line) as a function of target azimuth for
mean of small and big separations for HFI group. Data are left-right collapsed. Errorbars are

standard error of the mean.

Significant interaction time X group shows that the change in weighting depends on
the group which differs in training. We observe a change in weighting in direction as we
stated in hypothesis, increase for HF and HFI group and decrease for LF group (see Figure
11). For all groups there was a difference in weights from pretest to posttest significant,
meaning that subjects reinforced a trained spectral component. Hypothesis that there will
be a significant difference between HF and HFI group in terms of the reweighting was
not confirmed.

W, for all groups
0.7 T T T T T T T T

Pretest  Posttest Pretest  Posttest Pretest  Posttest
LF Group HF Group HFI Group

Figure 11: Barplots of WhL for all groups in pretest and posttest, averaged across locations.

Errorbars are standards error of mean.
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Whe in our model was computed from ki and knr parameters. We expect
decrease of k.r component for HF and HFI group and increase for LF group. Kur
parameter is expected to increase in HF and HFI group and decrease in LF group. Which

change will contribute more to reweighting is not clear.

In the figures 12,13,14 are k.r and knr parameters computed as average of k.r and
kne from small and big separations for LF, HF and HFI group respectively. Mixed
ANOVA for k_r parameter with factors location (0°, 11.25°, 22.5°, 33.75°), time (pretest,
posttest) and group (LF,HF,HFI) showed significant effect of location(F(3,96) = 41.37,
p<0.01), time(F(1,32) = 11.75, p<0.01) and group (F(2,32) = 14.30, p<0.01) and
significant interaction time X group (F(2,32) = 13.43, p<0.01) and location X time
(F(3,96) = 3.48, p<0.05). Partial ANOVA with only HFI and HF group, showed
significant effect of location(F(3,63) = 28.02, p<0.01), time(F(1,21) = 25.92, p<0.01) and
group (F(1,21) = 16.25, p<0.01) and significant interaction time X group (F(1,21) = 5.36,
p<0.05). Partial ANOVA for HFI group showed significant effect of location(F(3,30) =
10.44, p<0.01), for HF group significant effect of location (F(3,33) = 17.83, p<0.01) and
time(F(1,11) = 26.18, p<0.01) and for LF group significant effect of location (F(3,33) =
14.11, p<0.01) and significant interaction location X time (F(3,33) = 4.12, p<0.05).

Mixed ANOVA for knr parameter with same factors as for kir showed significant
effect of group (F(2,32) = 14.80, p<0.01), location (F(3,96) = 16.02, p<0.01) and
significant interaction time X group (F(2,32) = 3.83,p<0.05). Partial ANOVA with only
HFI and HF group as a factor showed significant effect of group (F(1,21) = 29.85,
p<0.01), location(F(3,63) = 9.08, p<0.01) and time (F(1, 21) = 6.31, p<0.05). Partial
ANOVA for HFI group showed significant effect of time(F(1,10) = 8.49, p<0.05), for HF
group significant effect of location (F(3,33) = 7.07, p<0.01) and for LF group significant
effect of location(F(3,33) = 7.73, p<0.01).
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Average of kHF,kLF for small and big separations for LF group
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Figure 12: Mean of kLr and knr for small separations and big separations in pretest (thin line) and
postest (thick line) as a function of target azimuth for LF group. Data are left-right collapsed.

Errorbars are standard error of the mean.

Average of kHF,kLF for small and big separations for HF group
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Figure 13: Mean of knr and kir for small separations and big separations in pretest (thin line) and
postest (thick line) as a function of target azimuth for HF group. Data are left-right collapsed.

Errorbars are standard error of the mean.
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Average of kHF,kLF for small and big separations for HFI group
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Figure 14: Mean of kLr and kur for small separations and big separations in pretest (thin line) and
postest (thick line) as a function of target azimuth for HFI group. Data are left-right collapsed.

Errorbars are standard error of the mean.
As expected in HF and HFI group kir parameter decreased and knr parameter
increased for all locations, while in LF group k.r parameter increased on all azimuth
except most lateral one, but kur parameter decreased only for central azimuth. For change

of weighting was thus more prominent decrease of kir parameter.

4.1.2 Results in real environment for big separations

To achieve same leverage for both, big and small separations, we applied regression
model on big and small separations separately. In this chapter we are going to examine

how weight of big separations changed from pretest to posttest in all three groups.

Figures 15,16,17 display WH as a function of target azimuth for LF group, HF
group and HFI group, respectively. We ran ANOVAs with factors location (0°, 11.25°,
22.5°,33.75°), time (pretest, posttest) and group (HF, LF, HFI). Mixed ANOVA with all
groups as a factor showed significant effect of location (F(3,96) = 34.51, p<0.01) and
time (F(1,32) = 15.89 ,p<0.01) and significant interaction time X group ( F(2,32) = 8.78,
p<0.01). Partial ANOVA with only HF and HFI group showed significant effect of
location(F(3,63) = 25.19 , p<0.01) and time (F(1,21) = 29.11 ,p<0.01). Partial ANOVA
for HFI group showed significant effect of time(F(1,10) = 23.08, p<0.01) and location
(F(3,30) =8.41, p<0.01), for HF group showed significant effect of time(F(1,11) = 12.29
, p<0.01) and location (F(3, 33) = 19.37, p<0.01) and for LF group showed significant
effect of location(F(3,33) = 10.58, p<0.01).
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W for big separations for LF group
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Figure 15: WL in pretest (thin line) and postest (thick line) as a function of target azimuth for big
separations for LF group. Data are left-right collapsed. Errorbars are standard error of the mean.

WHL for big separations for HF group
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Figure 16: WL in pretest (thin line) and postest (thick line) as a function of target azimuth for big
separations for HF group. Data are left-right collapsed. Errorbars are standard error of the mean.
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W for big separations for HFI group
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Figure 17: WL in pretest (thin line) and postest (thick line) as a function of target azimuth for big
separations for HFI group. Data are left-right collapsed. Errorbars are standard error of the mean.
All three groups changed relative weight of HF component to LF component in
expected direction. However only for HF and HFI group was this change significant, and
there was no significant difference between HF and HFI group. This suggest that for big

separations is reweighting of high frequencies easier.

In the figures 18,19, and 20 is shown change in parameters k_r and knr from pretest
to posttest for big separations for LF group, HF group and HFI group, respectively. We
ran ANOVAs for kir and knr parameters with factors time (pretest, posttest), location (0°,
11.25°, 22.5°, 33.75°), and group (LF, HF, HFI). For k.r mixed ANOVA showed
significant effect of location (F(3, 96) = 51.28, p<0.01) and time (F(1,32) = 14.03,
p<0.01) and significant interaction time X group (F(2,32) = 8.24, p<0.01). Partial
ANOVA with only HF and HFI group showed significant effect of location (F(3, 63) =
35.48, p<0.01) and time (F(1,21) = 21.89, p<0.01), but no significant interaction. Partial
ANOVA for HFI group shows only significant effect of location (F(3, 30) = 11.61,
p<0.01), for HF group significant effect of location (F(3,33) = 25.88, p<0.01) and time
(F(1,11) =20.51, p<0.01) and for LF group significant effect of location (F(3,33) = 15.87,
p<0.01).

For knr parameter mixed ANOVA showed significant effect of location (F(3, 96) =
10.30, p<0.01), time (F(1,32) = 9.99, p<0.01), group (F(2, 32) = 4.01 , p<0.05) and
significant interaction time X group (F(2,32) = 3.75, p<0.05). Partial ANOVA with only
HF and HFI group showed significant effect of time (F(1, 21) = 14.27, p<0.01) and
location (F(3,63) = 4.77, p<0.05), and significant interaction location X time (F(3,63) =
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3.76, p<0.05) but not interaction time X group. Partial ANOVA for HFI group yielded
significant effect of time(F(1,10) = 16.52, p<0.01), no significant effect for HF group and
for LF group significant effect of location(F(3,33) = 6.62, p<0.05).
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Figure 18: Parameters kir and knr in pretest (thin line) and postest (thick line) as a function of
target azimuth for big separations for LF group. Data are left-right collapsed. Errorbars are
standard error of the mean.
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Figure 19 : Parameters kir and kuxr in pretest (thin line) and postest (thick line) as a function of
target azimuth for big separations for HF group. Data are left-right collapsed. Errorbars are

standard error of the mean.
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Figure 20: Parameters kir and knr in pretest (thin line) and postest (thick line) as a function of
target azimuth for big separations for HFI group. Data are left-right collapsed. Errorbars are
standard error of the mean.

Similar as it was for mean of big and small separations, for big separations also both
parameters kir and kne changed in expected direction and the change of kir parameter
was more prominent. As expected, we observe rise of k.r from pretest to posttest on 3

central azimuths in LF group and decline on all 4 azimuths in HF and HFI group.

4.1.3 Results in real environment for small separations

For small separations we also expect increase of relative weight of HF component

to LF component for HF and HFI group and decrease for LF group.

In the figures 21,22,23 we can see WnL for small separations as function of target
azimuth for LF, HF and HFI group, respectively. Mixed ANOVA with factors location
(0°, 11.25°, 22.5°, 33.75°), time (pretest, posttest) and group (LF,HF,HFI) showed
significant effect of location (F(3,96) = 43.94, p<0.01) and significant interaction time X
group (F(2,32) = 5.04, p<0.05). Partial ANOVA with only HF and HFI group showed
significant effect of location (F(3,63), p<0.01) and time (F(1,21) = 4.43 , p<0.05) but no
significant interaction. Partial ANOVA for HFI group showed significant effect of
location (F(3,30) = 10.60, p<0.01), for HF group we observe significant effect of location
(F(3,33) = 33.70, p<0.01) and for LF group ANOVA vyield significant effect of
location(F(3,33) = 10.47, p<0.01) and time(F(1,11) = 5.90, p<0.05).
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Figure 21: WL in pretest (thin line) and postest (thick line) as a function of target azimuth for
small separations for LF group. Data are left-right collapsed. Errorbars are standard error of the
mean.
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Figure 22: WhL in pretest (thin line) and postest (thick line) as a function of target azimuth for
small separations for HF group. Data are left-right collapsed. Errorbars are standard error of the

mean.
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W for small separations for HFI group
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Figure 23: WhL in pretest (thin line) and postest (thick line) as a function of target azimuth for
small separations for HFI group. Data are left-right collapsed. Errorbars are standard error of
the mean.

We observe a change in weighting in expected direction for all groups however,
only change in LF group was significant. No significant difference was observed between
HF and HFI group.

In the figures 24,25,26 we can see analysis of kir and knr parameters for small
separations for LF group, HF group and HFI group, respectively. We ran same ANOVAs
as for big separations, with same factors (0°, 11.25°, 22.5°, 33.75°), time (pretest,
posttest) and group (LF,HF,HFI). Mixed ANOVA for k_r parameter showed significant
effect of group (F(2,32) = 55.45, p<0.01) and location (F(3,96), p<0.01) and significant
interaction time X group (F(2,32) = 9.88, p<0.01) and location X time (F(3,96) = 4.19,
p<0.05). Partial ANOVA with only HF and HFI group showed significant effect of group
(F(1,21) = 94.85, p<0.01), location(F(3,63) = 15.45, p<0.01) and time(F(1,21) = 12.16 ,
p<0.01). We also got significant interaction time X group (F(1,21) = 6.98 , p<0.05), which
was due to overall low weighting of parameters in HFI group. Partial ANOVA for HFI
group showed significant effect of location (F(3,30), p<0.05), for HF group significant
effect of location (F(3,33) = 10.00, p<0.01) and time (F(1,11) = 11.47, p<0.01) and for
LF group significant effect of location (F(3,33) = 11.33, p<0.01) and significant
interaction location X time (F(3,33) = 3.43, p<0.05).

For knr parameter mixed ANOVA on LF, HF and HFI group showed significant
effect of group (F(2,32) = 43.01 , p<0.01) and location (F(3,96) = 16.74 , p<0.01) and
significant interaction of location X group (F(6,96) = 2.74 , p<0.05) and location X time
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(F(3,96) = 3.31, p<0.05). Partial ANOVA with only two groups HF and HFI showed
significant effect of group (F(1,21) = 92.83, p<0.01) and location (F(3,63) = 11.10,
p<0.01) and significant interaction location X group (F(3,63) = 5.28 , p<0.01). Partial
ANOVA for HFI group showed no main effect, for HF group we got significant effect of
location (F(3,33) = 9.67, p<0.01) and for LF group also significant effect of location
(F(3,33) = 6.19, p<0.01).
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Figure 24 : Parameters kir and kxr in pretest (thin line) and postest (thick line) as a function of
target azimuth for small separations for LF group. Data are left-right collapsed. Errorbars are
standard error of the mean.
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Figure 25: Parameters kir and knr in pretest (thin line) and postest (thick line) as a function of
target azimuth for small separations for HF group. Data are left-right collapsed. Errorbars are

standard error of the mean.
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Figure 26: Parameters kir and knr in pretest (thin line) and postest (thick line) as a function of
target azimuth for small separations for HFI group. Data are left-right collapsed. Errorbars are

standard error of the mean.
Change of knr and kir parameter for small separations is in accordance with change
of parameters in big separations, but here was more significant for LF group.

4.1.4 Training results

A change in weighting was successful for all groups, most probably as an effect
of our training. We hypothesize that a change in weighing was gradual and happened
between trainings as well as during them. Here we are going to analyze training sessions

at each day.

In the figures 27,28,29 we can see development of reweighting for LF, HF and
HFI group, respectively. Red points are Wh of pretest and posttest respectively averaged
across locations. Magenta points are also relative weights of HF components to LF
components from pretest and posttest but computed only on the same number of trials as
in training sessions. Blue points are weights in training days divided into halves according
to order in which were played trials. First blue point is WL computed from first half of
trials in training session, and second blue point is WxL computed from second half of
trials in the same training session. We ran mixed ANOVA on training data with factors
day (first, second, third) X half (first,second) X group (LF,HF,HFI) which yield
significant interaction day X group (F(4,62) = 4.91, p<0.01) and significant effect of
group (F(2,31) = 5.69, p<0.01). Mixed ANOVA with factors day (first, second, third) X
half (first,second) X group (HF and HFI) showed significant effect of half (F(1,21) =
7.75, p<0.05) and day (F(2,42) = 4.42, p<0.05) but no significant effect of group or
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interaction with group. Partial ANOVA for LF group with factors day (3) and half (2)
showed significant effect of day (F(2,20) = 8.46, p<0.01). Same ANOVA for HF group
showed significant effect of half (F(1,11) = 7.52, p<0.05) and same ANOVA for HFI
group did not yield any significant effect.
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Figure 27: Development of temporal profile of re-weighting during experimental sessions for LF
group. Red points are WHL in pretest and posttest. Magenta points are also WL in pretest and
posttest but computed only on same number of trials as were in training sessions. Blue points are

WhrL during training sessions divided into first and second half. Errorbars are standard error of the

mean.
Training HF group
0.7 T T T T T
0.65 B
0.6 B
T 055 8
=
T
0.45 %
04 [ [ [ [ [
Pretest First day Second day Thirdday  Posttest
Timeline

Figure 28: Development of temporal profile of re-weighting during experimental sessions for HF
group. Red points are WHL in pretest and posttest. Magenta points are also WL in pretest and
posttest but computed only on same number of trials as were in training sessions. Blue points are
WhhL during training sessions divided into first and second half. Errorbars are standard error of the

mean.
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Figure 29: Development of temporal profile of re-weighting during experimental sessions for HFI
group. Red points are WHL in pretest and posttest. Magenta points are also WHhL in pretest and
posttest but computed only on same number of trials as were in training sessions. Blue points are
WhrL during training sessions divided into first and second half. Errorbars are standard error of the

mean.

We can see that in pretest is WL roughly the same for all groups. For HF group we
observe a constant rise of weight during training days, while for HFI group HF weight
raised most in first and second training day and then stayed almost same. For LF group
we observe a constant decrease of WL weight as we expected. Gradual change in weights
during training sessions and their small change between two following training sessions
suggest that observed change in relative HF weight from pretest to posttest is the result

of training.

4.1.5 Results for mid-frequency

We observe a change in weighting in trials where stimuli consist of high and low
frequency components. Here we examine whether the change in localization also occurs
when stimuli consist of either high or low frequency component and mid-frequency

component which was not used during training.

In figure 30 we can see the bias of responses to the component with higher frequency
in trials where sound consists of mid-frequency and high or low frequency component.
These trials were only in pretest and posttest and subjects were not trained on them. Mixed
ANOVA with factors group (LF,HF,HFI) X time (pretest, posttest) show a significant
interaction time X group (F(2,32)=3.61, p<0.05). Mixed ANOVA with only HF and HFI
group shows also a significant effect time X group (F(1,21) = 6.48, p<0.05). Partial
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ANOVA with factor time (pretest, posttest) yielded significant effect of time only for HF
group (F(1,11) = 12.86, p<0.01) but not for LF or HFI group.

Mid-frequency generalization
0.15~

0.05~ l
-0.05(- %
0.15+ l

-0.2 [ [ [
LF group HF group HFI group

Groups

o
o =
T

Bias to component with higher frequency
o
[
T

Figure 30: Mean of bias of responses to component with higher frequency from pretest (thin line)

and posttest (thick line) for all groups. Errorbars are standard error of the mean.
Generalization to mid-frequency component was successful only for HF group, but
not for HFI or LF group. This proves that there is some generalization of the reweighting,
but it is fairly weak and only for the stronger version of HF training which was for HF
group. HFI training was weaker because the subjects were instructed to follow the HF

components already in pretest.

4.1.6 Results in real environment for Q parameter

Our model expelled the effect of compression from weights and concentrated it into
parameter Q. Here we examine how parameter Q changed from pretest to posttest for

mean of big and small separations.

In the figures 31,32,33 is displayed parameter Q from our regression model for LF
,HF, and HFI group respectively. We excluded from analysis of Q parameter from HF
group 3 subjects with the worst performance in pretest because they were distorting
pretest data. Mixed ANOVA with factors location (0°, 11.25°, 22.5°, 33.75°), time
(pretest, posttest) and group (LF,HF,HFI) showed only significant effect of location
(F(3,87), p<0.01). Partial ANOVASs with factors location and time showed for LF group
significant effect of location (F(3,33) = 800.87, p<0.01), for HF group significant effect
of location (F(3,24) = 885.51, p<0.01) and for HFI group significant effect of location
(F(3,30) = 766.65, p<0.01).
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Figure 31: Q parameter as a function of target azimuth for LF group in real environment. Data are

left-rigt collapsed. Errorbars are standard error of the mean.
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Figure 32: Q parameter as a function of target azimuth for HF group in real environment. Data are

left-right collapsed. Errorbars are standard error of the mean.
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Figure 33: Q parameter as a function of target azimuth for HFI group in real environment. Data

are left-right collapsed. Errorbars are standard error of the mean.

We can see that no significant change happened, and subjects were responding to
stimuli with roughly same compression in pretest and posttest, suggesting that training
did not have effect on bias. Compression significantly changed only in three subjects in
HF group, who were considered outliers because of their results in pretest. This was most
probably the effect of misunderstanding of task or these subjects found the localization
task too difficult to accomplish. In posttest we do not observe such an effect in these
subjects.

4.2 Virtual environment

4.2.1 Results in virtual environment

As we mentioned, ILD is frequently dependent and rise alongside rising frequency,
while ITD is frequently independent and dominates for low-frequency stimuli. We
hypothesized that relative weight of ILD to ITD from pretest to posttest will increase for
HF and HFI group and decrease for LF group as the result of generalization of change in
weighting from RE.

In the figures 34,35,36 we can see a relative weight of ILD parameter to ITD
parameter computed from parameters ki_p and kirp. Mixed ANOVA with factors location
(1.8° to 45° with 3.6° steps, 13 locations) X time (pretest, posttest) and group
(LF,HF,HFI) showed significant effects of time (F(1,30) = 16.54, p<0.01) and location (
F(12,360) = 5.06 , p<0.01) but no significant interaction. Partial ANOVA with only HFI
and HF group showed significant effect of time (F(1,19) = 12.07, p<0.01), location
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(F(12,228) = 3.10, p<0.01) and significant interaction location X group (F(12,228) = 2.46,
p<0.05). Partial ANOVA for HFI group showed significant effect of location (F(12,96) =
3.46, p<0.01), for HF group significant effect of time (F(1,11) = 8.58, p<0.05) and for LF
group significant effect of time (F(1,11) = 5.87, p<0.05) and location (F(12,132) = 2.51,
p<0.05).
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Figure 34: Wyt in pretest (thin line) and postest (thick line) as a function of target azimuth

separations for LF group. Data are left-right collapsed. Errorbars are standard error of the mean.
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Figure 35: Wit in pretest (thin line) and postest (thick line) as a function of target azimuth

separations for HF group. Data are left-right collapsed. Errorbars are standard error of the mean.
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Figure 36: Wt in pretest (thin line) and postest (thick line) as a function of target azimuth

separations for HFI group. Data are left-right collapsed. Errorbars are standard error of the mean.

The change of weighting in RE did not generalized to change in ITD/ILD weighting
in VE. In VE we observe the increase of ILD weight independent of the training group
which was observed also in Kumpik et al. [6] study. This change was significant, and in
the same direction, in LF and also in HF group. In HFI group we also observe the increase
of Wyt but this increase was not significant. In the figure 37 is Wt averaged across all

groups.
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Figure 37: : Wit in pretest (thin line) and postest (thick line) as a function of target azimuth for mean

of weights from all groups (LF, HF, HFI). Data are left-right collapsed. Errorbars are standard error

of the mean.
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In the figures 38,39,40 we can see parameters kirp and kiLp from regression model
from VE part of the experiment.

Mixed ANOVA for kitp parameter on factors location (1.8° to 45° with 3.6° steps,
13 locations), time(pretest, posttest) and group (LF, HF and HFI) showed significant
effect of location(F(12,360) = 32.90, p<0.01), time(F(1,30) = 10.10, p<0.01) and
significant interaction location X time(F(12,360) = 2.31, p<0.05). Partial ANOVA with
only HFI and HF group as a factor showed significant effect of location(F(12,228) =
18.50,p<0.01) and time(F(1,19) = 5.29, p<0.05).Partial ANOVA for HFI group showed
significant effect of location(F(12,96) = 6.85, p<0.01), for HF group significant effect of
location (F(12,132) = 12.76, p<0.01) and time (F(1,11) = 4.89, p<0.05) and for LF group
significant effect of location(F(12,132) = 17.46, p<0.01) and time (F(1,11) = 5.49,
p<0.05).

Mixed ANOVA for kiLp parameter on factors location (1.8° to 45° with 3.6° steps,
13 locations), time(pretest, posttest) and group (LF,HF and HFI) showed significant effect
of location (F(12,360) = 7.69, p<0.01), time (F(1,30) = 6.50, p<0.05) and significant
interaction location X time (F(12,360) = 2.35, p<0.05). Partial ANOVA with only HFI
and HF group showed significant effect of location(F(12,228) = 4.29, p<0.01). Partial
ANOVA on HFI group showed no main effect or interaction, for HF group ANOVA
showed significant interaction of location (F(12,132) = 4.51, p<0.01) and for LF group
also significant effect of location (F(12,132) = 4.52, p<0.01).
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Figure 38: Parameters kito and kiLp as a function of azimuth for pretest (thin line) and posttest

(thick line) for LF group. Data are left-right collapsed. Errorbars are standard error of the mean.
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Figure 39: Parameters kito and KiLp as a function of azimuth for pretest (thin line) and posttest
(thick line) for HF group. Data are left-right collapsed. Errorbars are standard error of the mean.

kITD’ k”_D for HFI Group

1 T T T T T T T T T
— leD - pretest

— kILD - pretest

0.8 ==k, - Posttest ]

- k"_D - posttest

o
)
T

kITD’ kILD

o
N
T

0.2~

0 5 10 15 20 25 30 35 40 45 50
Target azimuth [°]

Figure 40: Parameters kito and kiLp as a function of azimuth for pretest (thin line) and posttest

(thick line) for LF group. Data are left-right collapsed. Errorbars are standard error of the mean.
kito and kiLp in VE are changing group-dependent, however Krp is changing more
and is contributing to weight change more significantly. Similar situation happens in RE

with knr and kir, where kir change is more significant.

4.2.2 Results in virtual environment for Q parameter

As in RE in VR we also expelled effect of compression from weights and
concentrated it into parameter Q. We expect similar results as in RE, meaning that change

of Q parameter from pretest to posttest will not be significant.
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In the figures 41,42,43 is displayed parameter Q from our regression model for VR
for LF, HF, and HFI group respectively. Mixed ANOVA for with factors location (1.8°
to 45° with 3.6° steps, 13 locations), time (pretest, posttest) and group (LF, HF and HFI)
showed significant effect of location (F(12,360) = 472.57 ,p<0.01). Partial ANOVAs for
each group with factors location (13) X time (2) showed for LF group significant effect
of location (F(12,132) = 159.18 , p<0.01), for HF group significant effect of location
(F(12,132) = 171.91, p<0.01) and for HFI group significant effect of location (F(12,96)
=145.12, p<0.01).
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Figure 41: Q parameter as a function of target azimuth for LF group in virtual environment. Data

are left-right collapsed. Errorbars are standard error of the mean.
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Figure 42: Q parameter as a function of target azimuth for HF group in virtual environment. Data

are left-right collapsed. Errorbars are standard error of the mean.
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Figure 43: Q parameter as a function of target azimuth for HFI group in virtual environment. Data

are left-right collapsed. Errorbars are standard error of the mean.

Change of Q parameter was not significant, meaning that overall bias stayed

unchanged even after reweighting. This result corresponds with result from RE.
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Conclusions

Reweighting of spectral components of sound by visually guided frequency-specific
training in real environment was shown to be possible. All groups significantly changed
weighting in accordance to training procedure. While for big separations this change was
stronger in HF and HFI group, for small separations it was stronger for LF group. Both
parameters kir and kur changed in expected direction; however, change of k¢ was

stronger and contributed to reweighting more prominent.

Change in weight occurs during training sessions rather than between them.
However, generalization on mid-frequency occurred only in HF group suggesting higher

effectivity of training to high-frequency components and thus ILD.

In VE all groups increased relative weighting of ILD, independent on the type of
training, in partial agreement with the mid-frequency results. This effect might be due to
a higher weighting of ILD in pretest, or that ILD has a tendency to be changed easier than
ITD [6]. Another explanation might be that while in pretest there was the pretraining to
get used to VE, in posttest there was no such pretraining and thus task to localize sounds
in VE immediately after RE might lead to a confusion, and since ILD is more dominate
in reverberant environment [12], it led to its higher weighting. To examine this
explanation another experiment would be needed, where VE part would not be
immediately followed by RE part and thus subjects would have time to accommodate to

a virtual environment.

There was no significant difference between HF and HFI group, meaning that
information about spectral composition of sound and instruction to follow this sound was
not useful for reweighting. The main reason might be, that it was a difficult task to
discriminate higher frequencies from lower ones. This explanation is supported by results
in pretest, where responses between HF and HFI group were without significant

difference even though HFI group was instructed to focus on higher frequencies.

Multiple linear regression model showed weights cleared of compression. We can
see the compression effect in parameter Q and it did not significantly changed in any
group from pretest to posttest.

These findings prove usefulness of such trainings for reweighting of spectral cues

and might be helpful to improve the quality of life of people using hearing aids, especially
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cochlear implants users, as well as contribute to further development of sound systems

for virtual reality devices.
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Resumé

Sluch je u I'udi jednym z hlavnych zmyslov, ktory vyuzivame v kazdodennych
situdciach. Z evolu¢ného hladiska je dolezitd predovsetkym jeho vystrazna funkcia,
ale rovnako nam pomaha orientovat’ sa v priestore aporozumiet' reci. Samotné
priestorové pocutie je mozné vd’aka polohe usi na hlave. Pocuty zvuk nie je rovnaky
v oboch usiach. Rozdiel v Case prichodu zvuku do jedného a druhého ucha a tiez rozdiel
Vintenzite zvuku nam v rozhodujucej miere pomahaju zdroj zvuku lokalizovat.
Interauralny casovy rozdiel (ITD) a interauralny rozdiel v hlasitosti (ILD) st dve
binauralne kli¢e, ktoré najmarkantnejSie prispievaju k lokalizacii v priestore. ITD je
frekvenéne nezavislé, no u l'udi je dominantné hlavne pre nizke frekvencie (<2 kHz),
zatial’ ¢o ILD je frekvencne zavislé a U 'udi dominuje hlavne pre vysoké frekvencie (>2
kHz). Schopnost’ lokalizacie zvuku je vyrazne obmedzena u I'udi s poskodenym sluchom.
Prikladom su l'udia pouzivajuci kochlearny implantat, ktory neumoziuje uplne verna
simulciu priestorového sluchu. Prave vhodnymi tréningovymi metédami vieme posilnit’
binauralne klPage, dolezité pre lokalizaciu, a tak priestorové pocutie zlepsit. Dal3ou
moznost'ou aplikacie nasho vyskumu priestorového sluchu je virtualna realita. Na vern
replikdciu zvukovych charakteristik virtudlnych miestnosti je potrebné dosledné

pochopenie spracovania priestorového sluchu.

V nasej praci rozoberame behavioralny experiment, ktorého cielom bolo zmenit’
vazenie spektralnych zloziek zvuku tréningom v redlnom prostredi. Tréning sa lisil podl'a
experimentalnej  skupiny amohol byt zamerany na zvySenie vaZenia
vysokofrekvenénych komponentov (HF) alebo nizkofrekvenénych komponentov zvuku
(LF). Nase hypotézy su:

1. Skupina trénovand na posilnenie HF komponentov zvuku (HF group) zvysi
vazenie HF komponentov zvuku, zatial’ Co skupina trénovana na posilnenie LF

komponentov zvuku (LF group) zvysi vaZenie LF komponentov zvuku.

2. Zmena vazenia HF a LF komponentov zvuku sa zovSeobecni na zmenu vazenia
strednofrekvencnych komponentov zvuku, ktoré boli pouzité len pocas

testovania.

3. Pripadnéd zmena vézenia spektralnych komponentov zvuku z redlneho prostredia
sa zovSeobecni aj na zmenu vaZenia binaurdlnych klacov (ILD, ITD) vo
virtudlnom prostredi. Pre HF skupinu oakédvame zvySenie vaZenia ILD a pre LF

skupinu zvySenie vahy ITD.
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4. Informéacia o spektralnom zlozeni zvukov mé efekt na zmenu vazenia.

Pocas experimentu sme mali dve experimentalne prostredia — redlne a virtualne.
V redlnom prostredi (RE) sedel subjekt na stolicke v strede tmavej miestnosti. Pred nim
bolo v polkruhu rozmiestnenych jedenast reproduktorov, zktorych v jednotlivych
trialoch prichadzal zvuk, ktorého polohu mal uréit. Zvuk bol zlozeny z HF a LF zlozky,
ktoré prichadzali v jednom triale sucasne z viacerych reproduktorov. Vo virtudlnom
prostredi (VE) bol subjekt v zvukotesnej miestnosti, mal na usiach slichadla a na o¢iach
Oculus headset. Do sluchadiel mu prichadzal zvuk, zloZeny z urcitej hodnoty ITD a ILD,

a jeho ulohou bolo uréit’ polohu zvuku oto¢enim hlavy k zdroju zvuku.

Experiment mal tri fAzy: pretest, tréning a posttest. Najprv bol absolvovany pretest vo
VE a potom v RE. Ulohou subjektu bolo otoéit’ hlavu smerom k pozicii prichadzajuceho
zvuku, potvrdit’ poziciu a otoCit’ hlavu spét’ na stred. Vo VE bol este pred pretestom
spraveny kratky pred-tréning, ktorého tlohou bolo zozndmit’ participanta s prostredim.
Po preteste nasledovali tri tréningy, ktoré sa uskutoc¢nili len v RE spravidla v troch po
sebe nasledujucich dnoch. V posledny tréningovy den sa uskutocnil aj posttest ktory bol
totozny s pretestom, najprv v RE a potom vo VE. Ulohou pretestu bolo uréit’ povodné
vazenie spektralnych a binauralnych kli¢ov. V postteste sme vyhodnotili zmenu tohto
vazenia po tréningu. Pretest a posttest boli rovnaké pre HF aj LF skupinu, ale samotny
tréning sa u participantov lisil v zavislosti od experimentalnej skupiny. V HF skupine
bolo tlohou subjektu pocas tréningu odpovedat’ na trial otocenim hlavy ku zdroju zvuku.
Naésledne sa zobrazil vizualny feedback na poziciu reproduktora, z ktorého prichadzal HF
komponent zvuku. Subjekt otocil hlavu smerom k feedbacku, potvrdil poziciu a otocil
hlavu spét’ do stredu. Poc¢as potvrdzovania opakovane hral zvuk trialu. V LF skupine bola
tréningova procedura rovnakd, ale feedback sa zobrazoval na pozicii LF komponentu
zvuku. HFI skupina mala tréning rovnaky ako HF skupina, ale subjekty boli informované
0 spektralnom zloZeni zvukov, a uz v preteste inStruované, aby odpovedali na miesto

zvuku s vyssou frekvenciou.

Na analyzu vysledkov z RE sme pouzili model viacndsobnej linedrnej regresie, ktory
nam urcil vahu jednotlivych parametrov zvuku. Z tychto parametrov sme nasledne
vypocitali vahu HF komponentu ku LF komponentu (WHe), v ktorej sme vyjadrovali
vysledné vazenie. Rovnaky model bol pouzity aj na analyzu dat z VE, kde sme vypocitali

vahu ILD ku ITD (WL7), €o je ekvivalentom vahy z RE.
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U HF a HFI skupiny sme pozorovali signifikantny narast Wn z pretestu ku posttestu.
To znamend, Ze subjekty v HF a HFI skupine zacali po tréningu viac vazit HF
komponenty zvuku. V LF skupine sme videli signifikantny pokles WL z pretestu ku
posttestu, ¢o znali zvySenie vazenia LF komponentov zvuku. Zmena vézenia sa
zovseobecnila pre strednofrekvenéné zvuky len u HF skupiny. Vo VE sme pozorovali

narast Wtz pretestu ku posttestu pre vSetky experimentalne skupiny.

Prvé hypotéza o zmene véZenia v redlnom prostredi sa potvrdila. ZovSeobecnenie
zmeny vazenia na strednd, netrénovant frekvenciu bolo uspesné len pre HF skupinu. To
moze byt dosledkom viacsieho vyznamu HF komponentov zvuku pri lokalizacii
v prostredi s reverberaciou. Tretia hypotéza sa nepotvrdila, zmena vaZenia z RE sa
nezovseobecnila na zmenu vazenia vo VE. Vsetky skupiny bez ohl'adu na tréning zvysili
vazenie WLt. To moze byt spdsobené jednak vyssim vazenim ILD uz v preteste ale tiez
aj pritomnost'ou predtréningu, ktory bol pred pretestom, ale uz nie pred posttestom.
Dalsim faktorom, ktory mohol ovplyvnit' vaZenie v postteste, bolo poradie posttestov.
Najprv bol spraveny posttest v RE a az potom vo VE, ¢o mohlo zvyhodnit’ vazenie ILD.
Ziadnu vyznamnu zmenu medzi HF a HFI skupinou sme nezaznamenali, ¢o ukazuje, Ze

uloha odlisit’ poziciu jednotlivych frekvencnych zloziek zvuku bola ndro¢na.

Nase vysledky ukazuju, ze zmena vazenia spektralnych zloziek zvuku je mozna. Aby
sme otestovali, preco sa zmena Z RE nezovseobecnila na zmenu véazenia ILD/ITD vo VE,
je potrebny d’alsi experiment, kde by sa poradie posttestov vymenilo, a teda prvy by bol
spraveny posttest vo VE a potom v RE. Samotna tréningova procedura je vyuzitel'na pre
Iudi s poskodenym sluchom, predovSetkym pre tych, ktori pouZzivaji kochlearny
implantat, ked’Ze moze byt’ pouzitd na posilnenie vaZenia ILD. Rovnako vidime vyuZitie
pri rozvoji systémov pre virtualnu realitu, ked’Ze naSa praca ukazuje roznu doleZitost’

jednotlivych spektralnych a binauralnych kl'icov pri lokalizacii zvukov v priestore.
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