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Abstract

In relation to lossy audio compression algorithms, the need for assesdmpent@ived sound
quality of the compressed signal arises. Objective sound quality evaluagtrods require
appropriate models of human hearing system. In the paper a binaurbbpspuistic model is
presented. The model comprises a monaural and a binaural procetsgjagthe former being
based on an active nonlinear cochlear model including the effect of tti#datter consisting
of a two-dimensional comparison of the right-ear and left-ear signal. dqimation of the
influence of outer and middle ear employs the transfer properties ofteara@seguides.

INTRODUCTION

Sound Quality Estimation

Assessment of the perceived sound quality is a prevailing problem. Due tietlelopment
of digital sound processing, massive expansion of communication tediesketc., new phe-
nomena that affect the overall sound quality perceived by the listermzaapin order to
avoid the demanding subjective listening tests, algorithmic methods of quality estiraa¢io
sought, that would provide results sufficiently correlated with the subgetaists [4]. A basic
feedback is desirable in many real-time applications — automated sound gingcegstems
need adequate automated sound quality control.

The requirement of a relevant model of human auditory pathway is amtp#tavay
how to approximate satisfactorily the capabilities of a real listener is to model mecisely
the processes taking place in the human hearing system, including the effditeawural
information processing.
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Models of the Hearing System

Perception of a sound stimulus (both in terms of physiological sensatioroasdious evalu-
ation) is influenced by many factors: propagation of the sound wave irxtamal ear canal,
impedance adjustment in the middle ear, complicated vibrations taking place indhleao
and the transformation of basilar membrane motion to the sequences of syakesl. Higher
stages of neural processing influence the subjective propertiespéitbeived sound substan-
tially.

More generally, a system for estimation of any subjective attribute of agitienu-
lus must comprise a psychoacoustic model along with subsequent cognddel which by
means of extraction and evaluation of proper parameters provides estiimbtexamined
attribute.

This paper introduces a psychoacoustic model incorporating the modedsipheral
ear, outer and inner hair cells and binaural processing stage.

PROPAGATION OF AUDIO INFORMATION IN THE AUDITORY PATHWAY

Peripheral Ear

The outer ear consist of the pinna and the external ear canal terminyatseltympanic mem-
brane. The adjacent middle ear system serves as an impedance tremsédlowing effective
transmission of vibrations into the fluid of the cochlea. The transfer ptiepesf outer and
middle ear, especially the resonances in the region from 3 to 4kHz, #ffiectensitivity of
the hearing system to different frequencies. For our purposesutie and middle ears are
considered linear.

The fluid-filled cochlea is a crucial subsystem of the auditory pathwaypntains the
basilar membrane (BM), and hair cells, responsible for the transductitwe sbund pressure
wave into neural signals. Vibrations of the liquid result in motion of the basilanibmane
which is detected by the outer and inner hair cells. The cochlea provideganckind of
frequency-to-place transformation — each sound frequency leads txtiitation of specific
region of the basilar membrane. This dependence is not linear and is gftessed in terms
of critical band (Bark) rate. Tonotopical structure — the bijective assan of frequency and
place — is preserved in the entire auditory system, starting at cochlea.

Inner and Outer Hair Cells

The outer and inner hair cells are distributed along the basilar membraneutérehair cells
(OHC) act predominantly as a saturating amplifier; OHC significantly broffuienange of
audible sound intensity levels, lowering the hearing threshold in quiet by ab as150dB.
The effect of OHC is particularly pronounced for low level stimuli anddiees less promi-
nent with increasing sound intensity. As a consequence of the activiengam amplification,
phenomena like cubic difference tones or otoacoustic emissions occur.
The inner hair cells (IHC), on the other hand, serve as a source ofitgajbmforma-

tion advancing through the auditory nerve. IHC translate the motion of basg@arbrane into
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the series of neural impulses, employing three basic features of the awslisdeyn [6]:

¢ the tonotopical organisation of the auditory pathway is used for frequsoaing,
¢ the spike rate (number of spikes over a time period) is used for intensityg;atid

e the phase lock, ie. synchronization of spikes with the sound period, ésindepen-
dently for frequency coding in the low frequency band.

Binaural Hearing

One of the main purposes of binaural hearing is to allow the subject to lodhézsource
of the incoming sound. Employing the differences in the times of arrival @otat time
difference — ITD) and the amplitudes (interaural level difference —)lafxhe stimuli at the
ears, location of the sound source in the horizontal plane can be detdrmimeorder of just
noticeable interaural delay is A8 for human subject.

The first neural nuclei that gather information from both auditory cknare lateral
superior olive (LSO) and medial superior olive (MSO) [6]. LSO is wsgble for evaluation
of ILD, interaural level difference, which is the prevailing mechanisnsaind localization
in the high frequency band. MSO is responsible for sound localization itotihérequency
band, making use of interaural time difference, ITD. The detected mhparameters, ITD
and ILD, are coded by means of variable spike rate.

The above mentioned branching is in agreement with physical reality. Inghete-
guency band, evaluation of the phase shift between the two channe$stteathbiguous
results. At the same time, however, acoustic shadow caused by the hiaolrsm of the
subject results in the distinguishable intensity difference [2]. The implicafmmthe neural
spike trains are obvious: in the low frequency band, the translation in tlee lrair cells has
to preserve the time shift whereas for the higher frequencies, the intéasity be encoded

properly.
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Figure 1: Transfer of free field sound pressure to pressure in cocMegnitude response.



Z. Bures, F. Rund

MODEL S OF AUDITORY PATHWAY

Outer and Middle Ear

The analytical model describing transmission of sound from the sourrdestmthe fluid in
cochlea is based on electro-acoustic analogy. It extends the work lpedblis [3], deriving
a more precise model of the external ear canal [7]. Consecutive gfattite model are de-
scribed by their cascade matrices, allowing smooth connection of the seatidreffective
calculations. In order to retain reasonable complexity, a constraint oo ylimension was
accepted, thus the model is fully valid only for wave lengths larger than tes<section of
considered objects. Moreover, the active processes in the middle eiue ineiddle ear reflex,
are not taken into account.

The original underlying theory, as publishedlin [7], neglects damping ieaneanal.
For purposes of this work, the damping was implemented using complex wavgenu

K=k — jo, (1)

With respect to experimentally observed data, the damping faast@is approximated as

§=af?, (2

wherea = 2.342710~7 and f is sound frequency. According to the derived analytical model,
a digital filter with adequate magnitude and phase response was desigheefldws the
important properties. The magnitude frequency response of the filtepiistele in Figl 1.

Cochlea

Masking properties, frequency selectivity and sensitivity of the humanirtng system are
determined by the processes in cochlea, therefore a correct nefatise of cochlea and its
subsystems is an important part of any psychoacoustic model. The basifdorares motion
caused by the sound wave propagating in the liquid is adaptively amplifiecelyutier hair
cells which change the resonant properties of the BM according to thel gntensity |[6].
Nonlinear behavior, assymetry of masking patterns and dependence @sjmonse on the
level of stimulus are difficult to represent by Fourier transform or a fiiek. The presented
model is based on electro-mechanical analogy, with a simplified presumpti@sitdr mem-
brane acting as a one-dimensional system of resonators [8], [9].

The entire length of cochlea is divided into electrically coupled sectionge@uim-
plementation of the model uses ten sections per critical band (Bark); thasrieafrequency
resolution in the low frequency band is ca. 10Hz.

The hydromechanics and motion of the basilar membrane (BM) are simulated by a
cascade of resonators, tuned to the particular sound frequenctdsaSarrangement corre-
sponds to the tonotopical (frequency-to-place) transformation. Tiheaenplification of the
outer hair cells (OHC) is taken into consideration by adding the lateral el@cirétworks
connected to individual resonators [1], [5]. These circuits provideddsired amplification of
low level signals as well as the observed non-linearity (see Fig. 2).
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Figure 2: Cochlear model. Basilar membrane (BM) and outer hair ceH () outlined.

In the continuous vibrating system of cochlea, even a sinusoidal sigsalts in exci-
tation of a specificegionof basilar membrane. Moreover, the neighbouring hair cells are not
electrically isolated and influence each other to a certain extent. This faftdsted in the
model by means of lateral electrical coupling of the neighbouring OHC sextio

The software implementation of the cochlear model is based on wave digital filter
(WDF) technology [5].

Inner Hair Cdlls

The inner hair cells translate the vibrations in cochlea into the series ofl meyases. De-
tailed models of individual cells are available; for our purposes, homwthar straightforward
application would result in unbearable computing complexity. The informatidimgdn the
auditory nerve employs huge parallelism in combination with rather stochastiaatbr of
the spike trains. For this reason, a more abstract model was sought.

The two elementary attributes of the stimulus that are to be transmitted to highal neur
levels, frequency and intensity, are directly available at the output ofadtiel&€ar model. In
our approach, the assumption of lossless information coding of thesagtara is used, thus
the troublesome translation to the spike trains is not necessary. Our mosl&d wagture only
the fundamental properties, combining effects of several subsystems.

Besides frequency and intensity, the former being represented preaitiyiby the
place of excitation on the basilar membrane, the latter by amplitude of basilar nreambra
vibrations, the IHC-coded spike sequence contains also some informatoh éhanges of
the signal envelope: the individual hair cells exhibit adaptive behavieir response during
a steady tone is reduced in comparison with the sound onset. There®ranthltaneous
masking is influenced by the fluctuations of the signal envelope. Furthermvih respect to
the consequent binaural processing, the information about the siygsd pias to be preserved
at low frequencies: the IHC fire mostly during the positive halfwaves oktgeal while the
negative halfwaves lead to inhibition of the spontaneous neural actiyity [6



Z. Bures, F. Rund

- l>{ N .| decay
function
1kHz
Upc(?) — (%)—> ug(?)
500Hz

envelope adaptation [—>
p p n()

Y

Y

Figure 3: Principle of the IHC model.

Accordingly, the essential properties of the IHC model include:

e adaptation to a stationary signal and a more pronounced responsepbcianges,

e higher importance of positive halfwaves, and

¢ well defined phase structure of a low frequency signal versus momipent envelope
in the high frequency band.

The principle of the IHC model is shown in Fig. 3. The cochlear model ougpled
to the IHC model input, the output of each model section is processed imdieqptty. The
envelope of the signal is computed, the signal is then half-wave rectifeelbampass filtered.
The decay function lays foundations for non-simultaneous masking atsbibased on a low
pass filter. The original envelope is adapted to meet the above stateagrequis and applied
to the modified signal to obtain the final result. The physiological systems ipattigy in
the information coding and transmission inevitably inject some amount of noise sighal.
This phenomenon is reflected by means of adding white noise to the outputinhérenair

cell model.
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Figure 4: Output of IHC model for a tone burst.
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An example of the IHC model output is depicted in Fig. 4, a 500Hz, 60dB sidak
tone burst was used as the stimulus. The x-axis shows time in ms, the y-awis stuulel
sections, the z-axis shows the IHC output without the additional noise.

Binaural Processing Stage

In humans, two specialized neural circuits at each side of the brainstemedicated to
evaluation of basic binaural parameters — interaural time difference @m®interaural level,
or intensity, difference (ILD). Encoding of these parameters at theube@imploys variable
spike rate. The tonotopical structure is preserved, the ILD and ITDhare evaluated in
parallel over the relevant frequency range.

In agreement with human physiology, evaluation of the binaural parameteiksded
in two independent parts in the algorithm. For binaural hearing, the rdl&remuency range
is approximately 100Hz to 10000Hz. The calculation of the ITD is meaningfulréquen-
cies below ca. 2kHz, whereas the ILD can be used in frequency @mge ca. 500Hz. To
reflect the limited time resolution of human hearing system, calculation of the pimsnse
performed in consecutive time windows. The result is low pass filtered to elienpussible
sharp peaks in the response.

The interaural time difference assessment is based on cross correlatimsignal,
the interaural level difference detection relies upon the energy estimatiba iwo channels.
With human subjects, a gap in the precision of sound localization is obsesvegitimes
called sensitivity notch: in the vicinity of ca. 1500Hz, the localization of a thendsource
is less accurate. This corresponds to the frequency range whereatpbysical mechanisms
overlap. The effect of sensitivity notch can be modeled by addition ofenaith energy
dependent on the critical band.

CONCLUSION

The presented model reflects the essential phenomena that are knoweutoiro human
auditory pathway, including the effect of the first neural nuclei foaleation of binaural
information.

The transfer properties of the external ear canal and middle ear sigsteadeled us-
ing a filter with appropriate response, as shown in Figure 1. Fundamefsilmuataneous
masking, non-linear distortion and active amplification are provided by tblklear model,
which is directly followed by the IHC model. The basic effects of the IHC tiamsation
are captured: the phase information is disappearing towards high freigaethe envelope
transformation reflects the fact that signal fluctuations have strong inopasimultaneous
masking and also perception of the signal onset is emphasized in compaiibahe sta-
tionary part. The binaural processing stage reflects for example theraimaasking level
difference (BMLD) — masking threshold decreases in case of diffdomalization of the
probe and the masker.

In order to be able to use the model for evaluation of any subjective attrdfutes
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presented sound, a subsequent cognitive stage is necessary whichtransform the infor-
mation at the model output into respective quantity. For example, the infornediimut ILD
and ITD from the individual model sections has to be analyzed togethes&sathe azimuth
of the sound source correctly.

The model will be subject to further testing to verify the expected resulighes-
coustic experiment will be organized to correlate the model output with tipemss of hu-
man listerens. Currently, a physiological alternative of the binaural meteling developed,
employing the properties of the neural spike trains.
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