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Chapter 1

General Introduction

One of the most important, and delicate, tasks of human hearing is the recognition
of speech. This task usually becomes harder when more disturbing or competing
sounds are present, i.e. under more noisy conditions. Under such conditions much
of the natural redundancy of speech has to be exhausted in order to attain precise
understanding of what was said. Because of the complexity of the speech recognition
task, it is one of the first functions of hearing to suffer from hearing impairment, as well
as it is a function that is still understood insufficiently. For the hearing impaired, noisy
conditions are often quite disastrous, as they are deprived of many cues that normal
hearing listeners can use for speech recognition. The application of hearing aids often
does improve the hearing thresholds, but it often fails to improve speech recognition.

One of the goals of speech perception research is to try and understand this
discrepancy. At present this is still a rather high-strung goal. Much of the research is
still performed on more basic issues with relatively simple stimuli such as speech in
quiet, and isolated speech sounds (isolated vowels and consonants, or simple vowel-
consonant combinations) both in noise and in quiet. Because of the complexity of the
topics, the research on speech perception has produced a number of rivalling models
for the mechanisms behind the ability to distinguish speech and speech-like sounds.

Speech perception research is flanked by more basic, and explicatory, research
using simple stimuli, such as pure tones, narrow and broad noise bands, and two- and
three-tone complexes. In this field many research topics are addressed, such as: signal
detection in noise, intensity and frequency discrimination, masking, pitch and timbre
perception, fatigue, binaural hearing, etc. The present investigation is located in the
gap between the two mentioned research fields, and tries to draw a bridge over this
blank area in our knowledge.

The purpose of this investigation is twofold; first, we wanted to find out what
type and measure of responses are produced by our stimuli, whose complexity lies
between that of pure tones and time-varying complex tones, and second, we wanted
to see what these responses can teach us about hearing in general. Naturally many
interesting and unexpected findings turned up during the project, and because of the
limited time span available to our project not all of these findings could be explored to
the very bottom.

Our investigations were started using relatively simple bandlimited harmonic
complexes, i.e. tones that are composed of a number of pure tones that are all consecutive
harmonics of the same fundamental. Such tones can be considered as grossly simplified
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vowels from natural speech. From these simple stimuli we gradually worked toward
more natural vowels by increasing the complexity of our stimuli, by extending the
bandwidth, by introducing more complex spectral envelopes, and by using various
phase relations between the components of the stimuli.

A vowel from natural speech consists of a fundamental and a large number of
its harmonics. The relative amplitudes of these harmonics depict the spectral envelope
of the vowel. In this spectral envelope three to five peaks can be recognized, which are
called formants. The frequencies of the first two or three of these formants characterize
the vowel. These formant positions and the fundamental frequency may vary from
vowel to vowel, and also during the pronunciation of a vowel. These changes are typical
of the natural intonation of speech. To simplify our stimuli, and to enable more accurate
modelling, we used stationary stimuli. For these stimuli we measured the thresholds
for the audibility of changes in the positions of the formants. These thresholds were
expressed as the just-noticeable differences in the center frequencies of the formants.
Such thresholds are an indication of the ability of normal hearing humans to hear
small changes in formants, as they may occur in intonation and in transitions between
vowels.

In the description and modelling of our results a few properties of the human
ear will be addressed repeatedly. The first of these is the frequency analyzing ability
of the ear, that is a consequence of the anatomy and physiology of the inner ear (i.e.
the cochlea). Sounds from our surroundings are received by the outer ear, and they
are transmitted via the tympanic membrane and the ossicles of the middle ear to the
cochlea. This is the organ in which the acoustic energy is actually transformed into the
neural pulses that are received by the brain. The inner ear sensory cells (inner and outer
hair cells) in the organ of Corti are located on the basilar membrane along the cochlear
duct. The apical part of the sensory cells consists of stereocilia, which are in close contact
with the overlying tectorial membrane. When acoustic energy sets these membranes
in motion, the cilia are bent by this movement. This stimulates the hair cells to induce
neural pulses in the auditory nerve, and the sound is detected. At each position along
the length of the cochlea, the membranes resonate at a specific frequency. At the basal
end of the cochlea they resonate for high frequencies, and at the apical end for low
frequencies. In this way, the place along the cochlea where a tone is detected produces
a measure of the frequency of this tone. Because of this place dependency this model
of the auditory function is called the place model. It is an extremely simplified, but
powerful, functional description of the auditory function. When a stimulus consists
of several tones (that are sufficiently distinct in frequency), more than one place along
the cochlea will show a maximum in the excitation. Though the perceived pitch of a
sound and the frequency dependence of the cochlea are far from directly coupled, this
frequency dependence does produce an estimate of the spectrum of the sound in the
excitation pattern of the cochlea.

The second property of the ear, that is frequently addressed in the following
chapters, arises from the observation that the action potentials in the auditory nerve
may carry more information about the presented sounds than just their amount in
time. For example, the occurrences of action potentials synchronize with the phase of
low-frequent pure tones. Two pure tones that have nearly the same frequencies excite
practically the same position along the cochlea. However, when they are presented
simultaneously, these two tones will interact, producing a time dependent excitation
pattern. Such a time dependency in the excitation can be recognized and processed in a
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number of possible ways by the brain. This offers an extra source of information about
the presented stimulus. The group of models that deal with such sources of information
will be referred to as temporal models.

Chapter  presents an evaluation of several measurement procedures. This inves-
tigation comprises seven frequently used measurement paradigms for the estimation
of discrimination thresholds. These paradigms are compared in a pure-tone frequency
discrimination experiment. In this experiment we also compare the effect of two dif-
ferent sets of rules for the adaption of the frequency differences during the actual
threshold estimations. One of the examined combinations of measurement paradigm
and adaption rules is used in the experiments with complex tones.

Chapter  describes the investigations performed with bandlimited harmonic
complexes with a single peak in the spectrum, in the region of the second formant
of natural vowels. For the generation of these stimuli we have used a stylized spectral
envelope shape, and one phase relation between the harmonics. All stimuli have the
same fundamental. In this chapter we investigate the influence on the discrimination
of the bandwidth and the slope of the spectral envelope, and of the position of its center
frequency relative to the harmonics.

In Chapter  the properties under investigation are extended with a second
fundamental frequency, and with more phase relations between the harmonics of the
stimuli. In addition to the center frequencies in the second formant region, we use
values in the first formant region, and apart from the stylized spectral envelope we also
investigate discrimination for a more natural, smoother, envelope shape.

In Chapter  stimuli with a smooth envelope shape from the first, and from the
second formant region are combined to form two-formant vowels. For these stimuli
we investigate formant frequency discrimination for single changes in the first and
the second formant, and for combined changes in both formants. These stimuli have
the most complex spectral envelopes used in our investigation, and they neighbor on
natural vowels. Here we border on the large quantity of work reported in the literature
on formant frequency discrimination for natural vowels.

In Chapter  we summarize the findings from the previous chapters, and we give
an overview of a number of our findings in relation to those of earlier investigations.
Finally, we present a concise list of our conclusions.

In chapter  we present a short description of the project in Dutch.


