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Abstract

An understanding of human auditory system can lead to robust automatic
speech recognition, efficient speech coders and high quality speech synthe-
sis. The report presents the basics of hearing mechanism with reference to
frequency-to-place transformation along basilar membrane (BM) in the inner
ear. In this report, we follow the acoustic signal as it transcends the periph-
eral auditory system in the form of neural impulses for further processing by
the brain. Further, various psychoacoustic observations such as superposi-
tion effects, frequency masking etc. which give insights into the perception
of primary sound attributes are interpreted on the basis of neural response
of the fibers along the BM.

1 Introduction

The human auditory system represents an amazing system which can detect, sep-
arate and recognize an astonishingly wide variety of complex sounds. Research in
modeling and analysis of our hearing mechanism has been actively pursued over
the last century. There has been tremendous progress in understanding of speech
perception process, especially from the point of view of psychophysics, acous-
tics, linguistics, neural processing and auditory physiology. Despite such progress,
speech processing community has not made adequate use of these results in speech
recognition, synthesis and coding applications.

Nevertheless, over the last decade or so, it has been realized that taking cues
from auditory models can lead to improved performance of the stated speech ap-
plications. The peripheral auditory system has been well understood and many
computational models explaining the psychoacoustic observations have been pro-
posed. However, our understanding of the neural processing of speech signal at
higher centers of auditory processing in the brain is still rudimentary.

Section 2 gives an overview of the primary attributes of an aoustic signal viz.
pitch, loudness and timbre, on the basis of which the auditory system classifies
the signal. The functioning of the auditory periphery with emphasis on basi-
lar membrane (BM) behavior is presented in Section 3. Section 4 presents an



Table 1: Dependence of subjective qualities of sound on physical parameters.
Adapted from [1].

Subjective quality — | Pitch | Loudness | Timbre
Physical parameter |

Frequency ok * *
Pressure * ok *
Spectrum * * ok
Envelope * * ok

* weakly dependent; ** moderately dependent; *** strongly dependent

interpretation of pitch perception based on excitation pattern evoked along the
BM response. Section 5 explains the loudness perception mechanism in terms of
neural firing rates. It also discusses various concepts related to loudness such as
superposition and frequency masking effects.

2 Subjective Attributes of Sound

It is universally accepted that the human auditory system can unambiguously
associate three primary attributes to a given sound:

1. Pitch
2. Loudness
3. Timbre

The assignment of pitch, loudness and timbre to a sound is a result of complex
processing operations in the ear and in the brain. This perception is subjective
and can’t be physically measured.

These sensations can only be quantified by conducting psychophysical experi-
ments. In such experiments, the physical input stimuli (acoustic signal) is applied
to subjects’ sensory system (auditory system) and the response is noted in terms
of the psychological sensations expressed by the subject.

In spite of being subjective, each one of these sensations can be associated to
some well-defined physical quantities of the original stimulus that can be measured
and expressed numerically. Table 1 shows the interrelation of the above subjective
sensations to the associated physically measurable quantities.

It can be concluded from Table 1 that the sensation of pitch is strongly re-
lated to the frequency (repetition rate of the vibration pattern), loudness to the
intensity (pressure oscillation amplitude of the sound) and timbre to the spectrum
(frequencies and amplitudes of all the components in the sound) and temporal
envelope (the transient attack, the release and variations in amplitude).



2.1 Pitch

Pitch is that aspect of our sensation that allows us to follow the melody of a piece
of music or the intonation of speech. The American National Standards Institute
defines it as: “that attribute of auditory sensation in terms of which sounds may
be ordered on a scale extending from high to low”. This definition can be best
interpreted in terms of a musical scale.

There are no physical limits to the repetition frequency of a sound. However
there are limits to our sensation of pitch. At the lowest level, our sensation of
pitch disappears when the sound frequency drops below about 20 Hz. Below this
point the individual vibration patterns start being discerned as beats. At the high
frequency end, the sensation of pitch gets gradually more confused above 4000
Hz. We can still differentiate between the pitch levels but it becomes it hard to
recognize and associate the pitch of the sounds with frequencies higher than 4000
Hz. Tt is possible that the sense of tone quality (or timbre) merges with the sense
of pitch above this limit [2].

The following points can help in qualitative appreciation of the pitch phe-
nomenon:

e Pitch levels have a natural ordering from low to high. This implies that
sounds can be ordered in terms of pitch, regardless of other properties. Sound
waveforms that have a short repetition frequency tend to give the perception
of a low pitch, while sound waveforms with a high repetition frequency tend
to give the perception of a high pitch.

e Only signals that have some repetitive structure provide a clear sense of
pitch. This leads to different strengths of pitch sensation. A waveform in
which the repetitions are approximate, rather than exact, will have a weaker
pitch than a perfectly regular waveform.

For example, a complex tone (a periodic sound wave consisting of more than
one frequency component occur at the harmonic frequencies of a fundamental
frequency) has a clear pitch corresponding to the fundamental frequency
present in the tone, whereas whistle (consisting of a random combination of
sine waves of different frequencies) has a weak pitch. In the extreme case,
white noise has virtually no associated pitch.

e The pitch of sounds is most noticeable when it is changing within time.
Indeed it is the change in pitch that conveys information about the identity
of a tune or provides cue about the information structuring of speech. [2]

2.2 Loudness

Loudness is an attribute related to the sensation of pressure variation of the sound.
Unlike the physical scale of amplitude, loudness has two limits of sensitivity to a



tone of given frequency: a lower limit— threshold of hearing— representing the min-
imum just audible intensity; and an upper limit— threshold of pain— beyond which
physiological pain is evoked, eventually leading to physical damage of the hearing
mechanism. In general, for a tone of frequency of about 1000 Hz, the difference
between the limits is largest. The range of intensities encompassed between the
two limits of hearing is of the order of 10'2. Such wide range of pressure stimuli
are more conveniently measured on a logarithmic scale. Figure 1 shows the lim-
its of loudness sensitivity on an equal loudness curve with a 1000 Hz reference tone.
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Figure 1: Curves of equal loudness in IL and associated frequency diagram [3].

2.2.1 Physical parameters of loudness

There are a number of physical quantities closely related to the subjective sensation
of loudness:

o Sound pressure level: Sound pressure level (SPL) refers to the average pres-
sure variation associated with a sound wave. SPL is defined with respect to
an average pressure variation of Apy = 2 x 107> Nm ™2 corresponding to the
minimum threshold of hearing:

A
SPL =20 logA—;:) (1)



e Sound intensity level: Sound intensity level (IL) refers to the rate of energy
flow across a unit area. The reference for measuring IL is Iy = 10~'2 Wm ™2,
and is defined as:

I
IL =20 logI—O (2)

2.2.2 Subjective loudness

To represent the intensities or SPLs that are perceived equally loud by human
auditory system, a subjective scale of loudness has been devised. The subjective
loudness L is expressed in a unit called sone. The sone is defined as the loudness
of a 100 Hz tone at a sound level of 40 db. It has been shown that the relation
between L and the wave intensity I or the average pressure variation Ap, can be
described approximately as [3]:

L=CVI=Cy{/Ap (3)

For a traveling wave, IL and SPL represent one and the same thing. However,
for standing waves, there is no energy flow at all, and the intensity I as used in (2)
cannot be defined; hence IL loses its meaning. Yet the concept of average pressure
variation Ap, and hence SPL, at a given point in space is still meaningful.

It is notable that the ear does not respond to the total acoustical energy which
reaches the eardrum. Rather, it is sensitive to the rate at which this energy arrives.
This rate is what determines the sensation of loudness [3].

2.3 Timbre

Timbre is used to denote the tone quality of a sound. The American National
Standards Institute defines it as: “that attribute of auditory sensation in terms of
which a listener can judge two sounds, similarly presented and having the same
loudness and pitch, as dissimilar”.

Unlike pitch and loudness, timbre is dependent on a large number of param-
eters. Hence, it is more difficult to analyze in physical and mathematical terms.
Timbre depends on the spectrum of the stimulus, the sound pressure, the fre-
quency of the spectrum, and the temporal characteristics of the stimulus [1]. So,
the judgment of timbre must take place under conditions of equal loudness and
pitch.

3 Peripheral auditory system

Speech communication involves signal processing at two levels in the auditory
system:



e Peripheral auditory system: It refers to the process of hearing, during which
the pressure variations in the outer ear are represented by neural firing pat-
terns on the auditory nerve.

o Neural auditory system: It refers to perception, which involves a higher level
of processing in the auditory nervous system to translate the neural firings
in the auditory nerve into perceptual information.

In this report, we limit our discussion to the peripheral auditory system.

3.1 Structure of the ear
The auditory periphery can be subdivided into three main sections, as depicted

in Figure 2:
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Figure 2: Structure of an ear [2].

1. Outer Ear— It consists of the external pinna and the auditory canal, which
is terminated by the eardrum. The pinna helps in sound localization and
helps in determining the direction of origin of sounds, especially at high
frequencies. The auditory canal acts as a pipe resonator that aids perception
of sounds having significant information at frequencies in the range of 3-5
kHz [4].

2. Middle ear— The eardrum marks the beginning of of the middle ear, an
air filled cavity that contains three tiny bones (malleus, incus and stapes)



called ossicles. The ossicles transmit eardrum vibrations to the oval window
membrane of the inner ear.

The eardrum changes the pressure variations of incoming sound waves into
mechanical vibrations to be transmitted via ossicles to the inner ear. The
ossicles acts as a mechanical transformer to change small pressure exerted
by the sound wave on the eardrum into much greater pressure variations on
the oval window. The middle ear also protects the delicate inner ear against
very loud sounds and sudden pressure changes, by muscular contraction via
an acoustic reflex mechanism.

3. Inner ear— The main hearing organ in the inner ear is a tapered tube, filled
with fluids, called cochlea. It transforms mechanical vibrations at its oval
window input into electrical excitation on its neural fiber outputs. The
cross-section of the cochlea is divided into three distinct chambers by two
membranes that run along the entire length: the Reissner’s membrane and
the basilar membrane. On the BM lies the organ of Corti, which contains
about 30000 sensory hair cells arranged in several rows along the cochlea
[4]. The endings of the auditory nerve terminate on these hair cells.

3.2 Basilar membrane behavior

The basic hearing mechanism can be explained by the response of the BM to vi-
brations in the fluids in the cochlear cavity. Due to gradual change in width and
elasticity of the BM along its length, its frequency response varies accordingly.
When the stapes vibrate against the oval window (at the base), hydraulic pres-
sure waves are transmitted rapidly down the cavity, inducing ripples in the BM.
As these waves travel down the apex, its amplitude increases to a maximum at a
given place, which depend on the input frequency, and then dies out very quickly
toward the apex, as shown in Figure 3. The hair cells pick up the motion of the
BM and impart signals to the attached nerve cells, culminating in the generation
of electrical signals in the acoustic nerve.
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Figure 3: Vibration pattern along basilar membrane [2].



The interesting fact is that for a pure tone of given frequency, the maximum
BM oscillations occur only in a limited region (called resonance region) of the
membrane. The higher the frequency of the tone, the closer to the base (oval
window) it is located (where the membrane is stiffest). Thus, the spatial position
along the BM of the responding hair cells and associated neurons determine the
primary sensation of pitch. Figure 4 shows this frequency-to-place transformation
along the BM. Further, the displacement of the resonance region along the BM
follows a logarithmic relationship with the frequency of the exciting tone.
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Figure 4: Frequency-to-place transformation along BM [5].

It has been found that a given nerve fiber, which innervates a particular region
of the BM, has a lowest firing threshold for that acoustical frequency which evokes
a maximum oscillation at that place of the BM. This frequency of maximum re-
sponse is called the neuron’s characteristic frequency. Thus, we can think of BM
as a bank of filters, with response as given in Figure 5. This filtering allows the
separation of various frequency components of the signal with a good signal-to-
noise ratio. This interpretation is equivalent to that described in the previous
paragraph, but has been reiterated for the sake of completeness.

4 Perception of Pitch

4.1 Pitch of pure tones

The human pitch detection mechanism involves the processing of the shape of exci-
tation pattern of nerve firing along the BM, to infer the following pitch judgments
of the pure tones [2]:
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Figure 5: Auditory filter response of the BM [2].

1. Identification of pitch level: The position of the peak in the excitation pat-
tern changes with the frequency of the stimulating tone as the resonant
properties of the BM vary along its length. Tones that cause an excitation
pattern that peaks toward the apex of the cochlea give a sensation of low
pitch, while tones that cause a peak toward the base of the cochlea give a
sensation of high pitch. Thus, excitation patterns that peak in similar places
will have similar pitch, while patterns that peak at different places will have
different pitch.

2. Discrimination of pitch levels: Tones of different frequency evoke excitation
patterns on the BM which peak at different places. Due to background noise
in the original signal and the uncertainty in the nerve firing mechanism, there
is always some natural fluctuation in any excitation pattern. Therefore, two
tones of different frequency can only be perceived as distinct if the patterns
vary by more than, they would, if the two tones were the same frequency.
It has been proposed that two excitation patterns can only be perceived as
distinct if they vary somewhere along their length by at least 1dB.

3. Assessment of the strength of pitch: Pure tones evoke a distinct excitation
pattern on the BM, with a single sharp peak, and sides of certain slope,
steeper on the low-frequency side (see Figure 5). So, a signal composed of a
combination of tones of different frequencies would excite a wider range of
fibers resulting in a less sharp pattern with different slopes. The closer an
excitation pattern is to this shape, the narrower the bandwidth of the signal
and the more simply repetitive it is. This is used as the basis for determining
whether the signal has a clear pitch.

4.2 Theories of pitch perception

Two disparate theories have been offered to explain the pitch perception mecha-
nism in the auditory system:



1. Place theory maintains that the perception of pitch depends on the vibration
of different portions of the the BM. That is, hair cells in each region of the
membrane are specialized for the detection of specific sound frequency.

2. Temporal theory maintains that the pitch perception corresponds to the rate
of vibration of hair cells all along the BM. This is based on the observation
that hair cells tend to fire only at a particular phase of the BM vibration.
This rate of vibration is then encoded in terms of neuronal firing rate for
higher order frequency based processing in the brain.

There has been contention over the validity of each of the two theories. The
actual findings suggest that both theories are in part valid in their explanation
of the mechanism underlying pitch perception. Place theory is accurate, except
that the hair cells along BM lack independence in response. They in fact vibrate
together as suggested by the temporal theory. Likewise, the temporal theory was
weakened when discovered that the hair cells are unable to fire at rates reflecting
the higher frequency of hearing. Current thinking maintains that the sounds under
1 kHz are translated into pitch through temporal coding. Sounds between 1-5 kHz
are coded via a combination of place and temporal coding. Finally, for sounds over
5 kHz, pitch is coded via place coding [2].

4.3 Superposition of pure tones

Sounds are seldom heard in isolation. The sensation of pitch of a pure tone very
much depends on the frequency of the other interfering tone. The tone sensations
evoked by the superposition of two pure tones of equal amplitude and of frequen-
cies f1 and fo = f1 + Af, respectively can be summarized as (Figure 6):

e At the unison, when Af = 0, we hear one single tone of pitch correspond-
ing to f1 (or f2) and loudness that will depend on the amplitudes of the
superposed tones and their phase difference.

e When Af < 10Hz, we continue hearing one single tone, but of slightly
higher pitch, corresponding to the average frequency f = fi + Af/2. The
loudness of this tone will be beating with a frequency Af.

e When 10Hz < Af < 15Hz, the beat sensation disappears, giving way to a
quite characteristic roughness of the resulting tone sensation.

e When Af > Afp, the limit of frequency discrimination, we begin to dis-
tinguish two separate tones of pitch corresponding to fi; and fs. At this
moment, the two resonance regions on the BM have separated sufficiently
to give two distinct pitch signals. However, the sensation of roughness still
persists.
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Figure 6: Tone sensations evoked by the superposition of two pure tones of nearby
frequencies [3].

e Only when Af > Afcp, the critical band, the roughness sensation disap-
pears and both pure tones sound smooth and pleasing.

The existence of a finite A fp indicates that the resonance region on the BM,
corresponding to a pure tone must have a finite extension. Otherwise, two super-
posed tones would always be heard as two separate tones, no matter how small
their frequency separation be. Further, the persistence of roughness sensation,
even beyond A fp is an indication that the two resonance regions still overlap and
interfere to some extent, at least until A fop.

The critical band represents a sort of “information collection and integration
unit” on the BM. It has been found that it corresponds to an extension of BM
innervated by a constant number of hair cells, all along the BM. The critical band
is an important concept in pitch perception, which helps in understanding of many
psychoacoustic phenomenon.

5 Perception of Loudness

The huge range of detectable sound intensities (of the order of 10'2) are mapped to
the limited subjective scale of loudness via range compression by the loudness de-
tection mechanism. The loudness perception in the auditory periphery is encoded
in neural firings as follows [3]:
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1. When a pure sound is present, the primary neuron fibers with the same char-
acteristic frequency increase their firing rate above the spontaneous level.
This increase is monotonic but a non-linear function of the stimulus ampli-
tude.

2. At higher SPLs, a primary neuron’s firing rate begins to saturate. The
nerve fibers with similar characteristic frequencies have widely different fir-
ing thresholds. Indeed, it has been found that each inner hair cell receives
fibers from three different kinds of auditory neurons. These neurons belong
to one of the three groups: fibers with high spontaneous firing rates (up to
20 impulses per second) and low thresholds; fibers with very low sponta-
neous rates and high threshold values (up to 50-60 dB); and a group with
intermediate spontaneous rates and thresholds. In this way, the ensemble
of auditory neurons innervating from a given region on BM cover the wide
dynamic range of perceivable sound levels.

3. As the intensity of a pure tone increases, the amplitude of the traveling wave
increases all along the BM, not just in the peak resonance region. This gives
a chance to neurons whose characteristic frequency is different from that of
the incoming sound wave to increase their firing rate when their thresholds
have been surpassed.

To summarize, the sound intensity information is encoded in: (1) firing rate of
each neuron in the resonance region, (2) type of the acoustic nerve fiber carrying
the information, and (3) total number of activated neurons [3].

5.1 Superposition effects on loudness

When two or more tones of the same frequency superpose, the perceived loudness
depends on the intensities of the component tones [3]:

e If the frequencies of the component tones fall all within the critical band
of the center frequency, the resulting loudness is given by the sum of the
individual intensities (refer to (3))

L=C{(h+L+I+...) (4)
This result can be used for precise determination of the critical band.

e When the frequency spread of the multi-tone stimulus exceeds the critical
band, the resulting subjective loudness is greater than that obtained by
simple intensity summation, increasing with increasing frequency difference
and tending toward a value given by the sum of the individual contributions
from the adjacent critical bands

L=Li+Lo+L3g+... (5)
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If the individual loudnesses differ considerably among each other, frequency
masking effects must also be taken into account.

e When the frequency difference between individual tones is quite large, the
situation becomes complicated. The mechanism tends to focus on only one
of the component tones (such as the loudest or that of the highest pitch)
and assigns the sensation of total loudness to just that single component

L =max (Ll,LQ,Lg...) (6)

The relation between subjective loudness and total firing rate can very well
explain the main characteristics of loudness summation. For simultaneous tones
of frequencies differing more than a critical band, the grand total of transmitted
neural impulses is roughly equal to the sum of the pulse rates evoked by each
component separately; hence, the total loudness will tend to be the sum of the
loudnesses of each tone. In contrast, for tones whose frequencies lie within a
critical band, with resonance regions on the BM overlapping substantially, the
total number of pulses will be controlled by the sum of the original stimulus
intensities.

5.2 Frequency masking effects

The threshold of hearing of a single tone gets shifted upward when it is sounded
in the presence of another. This observation can be explained by masking. It
is defined as the minimum intensity level which the weaker masked tone must
exceed in order to be heard individually in the presence of the louder masking
tone. The most familiar experience of masking is that of not being able to follow
a conversation in presence of a lot of background noise.

We restrict our discussion to frequency masking. The masking level of a pure
tone of given frequency in presence of another pure tone of fixed characteristics is
shown in Figure 7.

Many interesting conclusions can be inferred from typical frequency masking
experiments [1]:

e Pure tones close together in frequency mask each other more than tones
widely separated in frequency.

e A pure tone masks tones of higher frequency more effectively than tones of
lower frequency.

e The greater the intensity of the masking tone, the broader the range of
frequencies it can mask.

e If the two tones are widely separated in frequency, little or no masking
occurs.
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Figure 7: Masking level corresponding to a pure tone of 415 Hz for various sound
level values of the masking tone [3].

The above conclusions can be well understood in the light of BM behavior to
excitation by pure tones. We know from the discussion in Section 3.2 that high-
frequency tones excite the BM near the oval window, whereas low-frequency tones
create their greatest amplitude at the far end. Further, the excitation due to a
pure tone is asymmetrical, having a tail that extends toward the high-frequency
end. This may be accounted for by the fact that the frequency response of the BM
is rather logarithmic, with higher frequencies being more closely spaced. Thus, it
is easier to mask a tone of higher frequency than one of lower frequency. As the
intensity of the masking tone increases, a greater part of its tail has amplitude
sufficient to mask tones of higher frequency. Further, if the two tones are separated
in frequency to such an extent that their excitation patterns do not interfere, no
masking occurs.

6 Conclusions

Firstly, we identified the three subjective acoustic sensations perceivable by our
auditory system, viz. pitch, loudness and timbre. A qualitative explanation of the
above sensations in terms of physically measurable quantities was explored.

Further, a brief overview of auditory system with emphasis on signal process-
ing in the auditory periphery was presented. The report discussed how the ear
transforms acoustic pressure signal into a mechanical vibration pattern on the BM
and then representing this pattern by a series of pulses for further processing in
the brain. The key to this transformation lies in understanding the response of
BM to the frequency components present in the incoming acoustic signal.

We then interpreted how the pitch information is encoded in the resonance
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peaked excitation pattern evoked along the BM. Since all the observations related
to perception of pitch cannot be fully explained by this peaked neural excitation
pattern, an overview of the place coding and the frequency coding theories was
given. A combination of these theories can satisfactorily explain the pitch percep-
tion process. To keep the discussion elementary, we have not incorporated modern
pitch perception theories in the report. Some observations on the pitch sensations
arising due to superposition of pure tones are also presented.

We also discussed the different ways in which loudness information is encoded
in the excitation pattern. Finally, superposition and frequency masking effects on
loudness perception were interpreted on the basis of neural firing patterns along
the BM.
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