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Introd uction

Mr. Rector Magnificus, ladies and gentlemen,
It is about twelve and a half years ago that I was appointed as professor
at the Technische Universiteit Eindhoven on the chair psychoacoustics
and its technical applications . I had already been teaching for some years
at the university, as 'hoofdmedewerker' and later as 'hoofddocent', and
also the establishment of the chair happened in two stages . In fact,
I never gave an official inaugural address . Therefore I am afraid I still
owe you at the beginning a brief description of what the research field
of psychoacoustics is basically all about . Also, because this lecture marks
the last presentation of a one-day international farewell symposium in
which several of my foreign friends and colleagues are taking part,
I will deliver this address in English.
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What is nsvchoaco ustics?

Psychoacoustics, translated into plain English, is the science of auditory
perception or, in even simpler words, the science of how we hear . It
is an element of a broader field named psychophysics, a term coined by
Gustav Theodor Fechner [i] in the middle of the 19th century, referring
to the physics of the human senses . Psychophysics was, on the one hand,
inspired by the basic concept of the empiricist school that everything in
this world, including human perception, could in principle be measured
and described in quantitative terms . On the other hand, Fechner realised
all too well that the laws describing human sensory systems such as our
eyes or our ears are not the same laws that we know from physics .
Optics cannot completely explain how we see, and acoustics cannot
entirely explain how we hear .

Through popular literature we have all become quite familiar with
the many optical illusions that have been discovered over the years,
for instance the apparently converging lines which, after careful
measurement, turn out exactly parallel . They clearly show that, to
the eye, the world can look quite different from what a purely physical
description would render. Lesser known are the many auditory illusions
which show that the same holds for the human hearing system .
Psychoacoustics attempts to explore, describe and explain the often very
complex relationships between physical variables which we can identify
and measure in the domain of acoustics, and subjective variables that
can be identified and quantified in the domain of human or animal
perception .

The work of Fechner and his followers has put a visible stamp on the
technological development of the zoth century, particularly in the area
of communication . Since its very beginning, the Bell Laboratories in the
USA maintained a strong research program in human perception and
sensory physiology, particularly in hearing and speech, in addition to
all their pioneering efforts in the areas of solid state physics and
electronic communication. In this country, during the 1950s, dr. J .F .
Schouten successfully persuaded the Philips Board to start up a new joint
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venture with the recently established Technische Hogeschool Eindhoven,
currently the TU/e, in the form of a laboratory for the study of human
perception. His arguments were that, for an efficient design of high-
quality audio or video equipment, not only knowledge of modern
electronics, acoustics and optics was required, but also systematic and
quantitative knowledge of what our human senses eventually do with
audio or video signals . The Institute for Perception Research (IPO),
located on the campus of the university, maintained a reputable
research program focused on those questions for almost forty years .

Within the psychoacoustic approach one can ask different questions
where each question leads to a different field of specialisation . In the
remainder of this lecture I want to take you through some of these
specialised fields in order to show you some exciting discoveries or
developments along the way, including some modest contributions
by the IPO group during its 40 years of existence .

5 Reflections on psychoacoustics



Thresholds

One question we can ask is whether or not sound is perceived at all .
This question leads to the study of auditory thresholds, either absolute
or differential . The fact that the neural code of our auditory system is
noisy necessarily implies that there must be very weak sounds that
cannot be distinguished consistently from total silence . It also implies
that two successive sounds which are physically identical may
perceptually sound different, or that two sounds that are physically
somewhat different may sound the same . As a result of, for instance,
old age or noise-induced hearing damage, absolute and differential
thresholds may become abnormally large which creates serious problems
for a patient in hearing weak sounds, understanding speech in noisy
environments, or tolerating loud sounds . Professional audiology deals
with diagnostic measurements of hearing performance in order to
establish the nature of hearing disorders so that either an appropriate
medical procedure can be pursued or a proper hearing aid can be selected .
The IPO group has never dealt directly with patients, but has consistently
played an advisory role on fundamental hearing issues to the hearing
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low bit rate digital coding of audio signals which are so common on
Internet these days . Digital coding of sound implies that successive
magnitudes of a sound wave are represented by a series of digital
numbers. The less bits that are used to represent each number, the more
noise will be heard in the background when the speech or music signal
is played back. When the Compact Disc standard was established in the
early rg8os, a r6-bit word size was chosen to make sure that the level
of unwanted quantisation noise would be 96 decibels below the loudest
sound that the CD could possibly produce . Such a dynamic range of 96
dB is sufficient to naturally reproduce all sound levels of a full symphony
orchestra, from ppp to ff Smaller word sizes result in higher levels of
quantisation noise and, therefore, to a reduction of the dynamic range,
so it seems . However, we do not always have to perceive this quantization
noise, even if it is physically there . Classical studies of auditory masking
[z], where one sound is made inaudible by the presence of another
sound, have led to digital coding techniques in which relatively large
amounts of quantisation noise, generated by the use of small-size
digital words, are spectrally shaped in such a way that they are always
masked by the audio signal 13] . Thus the paradoxical situation may arise
where an audio signal is well below quality standards in the physical
sense, yet perceptually indistinguishable from an equivalent high-quality
CD signal. With current coding techniques which make use of rather
complex psychoacoustical models, transparent coding audio coding can
be achieved at average bit rates that are ro-r5 times lower than the CD
standard . The development of a listening demonstration to convince
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audio journalists that such reduced bit rate sounds are in no way inferior
to full-rate CD sounds was one of the contributions of the IPO group
to this development. To illustrate this point, let us now listen to two
identical short fragments of Rafael Kubelik's `Symphonische Peripetie',
one fragment coded at a rate of i6 bits per sample, the other at an
average rate of r .5 bits per sample [q] . 1 will not tell you which is which,
you can decide that for yourself . After that we will hear the difference
signal, representing the quantisation noise of the sound that was coded
at the lower bit rate and remained inaudible because it was masked by
the organ and percussion sound .
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Loudness

Another question we can pose is how much sound there appears to be .
This question leads us into the physical domain of power, intensity and
decibels, and into the perceptual domain of loudness and annoyance .
The aforementioned Fechner had already a very definite idea about
what the mathematical relationship between physical sound intensity
and subjectively experienced loudness should be . Since it appeared
logical that a just noticeable increase in loudness, AL, constitutes a
valid unit on the loudness scale, and since it had been empirically
observed that the corresponding just noticeable physical increase in
sound intensity, DI, is a constant fraction of the intensity I (Weber's Law),
it simply followed that the loudness function L(l) had to be a logarithmic
one :

L(I) = A tn (I) + B

Even today we can still find visible artefacts of Fechner's logarithmic
loudness law, for instance the facts that volume controls on analogue
audio equipment are logarithmic potentiometers and that the universally
adopted decibel scale for sound intensity is a logarithmic scale .

Fechner's theory, which was considered to hold not only for loudness
but actually for any kind of subjective sensory magnitude, stood for more
than half a century. The painstaking scaling experiments of S .S . Stevens
at Harvard University during the second quarter of the zoth century
have changed the common viewpoint on the loudness-intensity relation
in favour of a compressive power law :

L(I) = AI", n<1.

Such a mathematical description is better behaved than a logarithmic
function when there is no sound, i .e . when the intensity is zero, and
it also appeared to provide a better fit to empirical data . Today Stevens'
work has become an accepted standard for predicting subjective loudness
from sound intensity prognoses or measurement 151 .
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My personal involvement in the loudness-intensity question dates
from the time that I worked at MIT, just before joining IPO in 1982 .
We were somehow convinced that, in spite of the popularity and general
acceptance of Stevens' viewpoint, auditory intensity resolution must have
something to do with the growth of subjective loudness with intensity .
After all, if one performs an intensity discrimination experiment in
order to measure the resolution in terms of a just noticeable intensity
difference, perceived loudness is the only clue that leads to consistent
responses. The result of our group effort was the development and
experimental testing of the so-called proportional jnd theory . This theory,
like Fechner's, considered the loudness scale as being made up of
accumulated just-noticeable differences (jnds), but then normalised
with respect to the total number of jnds in the dynamic range .

Before leaving this topic, I would like to claim that the discussion
so far appears rather academic in comparison with the formidable
educational problem of making our legislators and the public under-
stand the meaning of decibels. Let me illustrate this with an example
taken from a recent article from our local newspaper [6] . After
complaints by neighbours a local bar owner was fined because sound
levels emitted from the bar were found to exceed allowed levels by about
io dB. He subsequently looked up what a io-dB sound level represents
and found that it corresponds with the sound of `rustling leaves' or 'a pin
drop on a floor' . He therefore thought it very unfair to have to pay such a
stiff fine for exceeding the sound limit 'by only a pin drop' . Acousticians
will readily see the fallacy of this argument, but I am not so sure whether,
in a court procedure, jury members or even a judge might fall for it .
Since this lecture is delivered not only to professional acousticians,
let me try to add a brief explanation . A decibel represents a percentage
increase in sound level . An increase of io decibels means a tenfold
increase in sound power. Subjectively this corresponds with a doubling
of the experienced loudness . If sound disturbance is already at a barely
tolerable level, a doubling of the loudness will be experienced as a lot
more than adding a 'pin drop' .
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Localization

Still another question one could ask is : where does the sound come
from? From an evolutionary viewpoint this is probably the most
important question since survival for just about every species depends
on it, both for finding food and for escaping predators . Along the
evolutionary chain one finds a variety of ingenious systems by which
the different species of animals are able to localise sound . Humans do
this by making use of interaural time and intensity differences which
arise when sound approaches our head at an oblique angle . A very
simple experiment, sometimes done in elementary school programs,
may illustrate how sensitive we are to changes in interaural time
differences . One person connects both ears by a short loop of soft PVC
tubing positioned behind the head. Another person taps the loop twice,
first exactly in the centre and next a little bit to the right or to the left .
The first person has to guess in which direction the tapping point was
moved. An off -centre distance of about 0 .5 cm is usually enough to yield
mostly correct guesses . Translating distance into interaural arrival time,
this would be a change from zero to about 30 microseconds .

Our I PO group has made some significant contributions toward
understanding human binaural hearing, particularly since Armin
Kohlrausch has joined the group in iggi . Some of these were already
discussed earlier during today's symposium . They have not only dealt
with fundamental theoretical issues, but have also addressed questions
like how many loudspeakers or independent sound signal channels are
necessary to obtain a realistic spatial sound image in electronic sound
reproduction .

Let me close this topic with two demonstrations, one taken from the
laboratory and the other from music literature, both showing how
complex sound localisation sometimes can be . The first demo concerns
the so-called 'Franssen effect' (figure 2), named after dr . Nico Franssen
who headed the acoustics research group at the Philips Research
Laboratory in Eindhoven some 35 years ago. Just tell me where the tone
you hear is coming from . Probably you will hear it coming from the left .
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figure 2

The Franssen effect .
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When I show you the actual signals in the left and right loudspeakers,
you realise that almost all of the time the tone was only in the right-hand
speaker. The left speaker contained only brief onset and offset segments .
This demonstration shows in a rather dramatic way that the perceived
sound world is not always the same as the physical world, but is never-
theless very consistent and real . Further experimentation shows that the
paradoxical effect does not work if the aooo-Hz pure tone is replaced by
white noise, if the tone experiment is done with headphones, or if the
tone experiment is done with loudspeakers in a reflection-free space .
All these bits of evidence gradually show the Franssen effect to be
based on perceptual dominance in a conflicting cue situation .
A brief but strong localisation cue pointing to the left (a broadband click
creating a strong precedence effect) suppresses a long but much weaker
localisation cue pointing to the right (a continuous wave from the right-
hand loudspeaker contaminated by several reflections) . If we switch to
a broadband sound signal, to an anechoic environment, or to the use of
headphones the localisation cue pointing to the right becomes stronger
and the paradoxical effect disappears .
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figure 3
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The other example concerns the opening bars of the last movement of
Tchaikovsky's 6th symphony (figure 3) . Looking at the score we see that
the Tst and 2nd violins, which were positioned on the left and right hand
sides of the stage in the 19th century, each play a rather jagged, jumpy
and incoherent melody . Yet, when both melodies are played together, two
entirely new, smooth and coherent melodies emerge . Today, mostly due
to pioneering studies by Diana Deutsch, we know that Gestalt principles
[7 ,8] such as 'proximity' or 'good continuation' have a stronger binding
effect on successive sound elements than apparent location . Tchaikovsky
himself must have known this from experience . What we still do not
understand is why Tchaikovsky wrote the notes this way. What effect did
he have in mind? We do know that Arthur Nikisch, who conducted the
première of this symphony in St. Petersburg, objected to the score and
insisted that the notes be straightened out . There is a story told by a
student of Nikisch that, at the general rehearsal, the conductor played
the passage in its original setting while the composer was listening .
Tchaikovsky was said to be very disappointed by the effect, or rather the
lack of it . What exactly he expected we can only guess . It seems that also
he got fooled by the many differences between our perceptual world and
our expectations from the physical world .
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Pitch and timbre

Most of my research career I have spent on issues dealing with aspects of
sound quality such as pitch or timbre. This may be because I have always
had an active interest in music . When I was a graduate student at MIT,
Julius Goldstein introduced me to the early experiments of Seebeck [ 9 ]
in the 19th century, and their revival through the work of Schouten
[io] just before WWII . Seebeck had reported an experiment, performed
with a mechanical siren, in which he could adjust the strength of
the fundamental of a harmonic tone complex . He had observed that
the perceived pitch of the harmonic sound always corresponded with
the fundamental frequency, even if the fundamental tone itself was
very weak . He argued that, somehow, the higher harmonics must also
contribute to the pitch sensation . It is something that we can experience
every time when we listen to music played through a telephone or a
small transistor radio. We can easily recognize melodic fragments played
by low-sounding instruments such as a tuba or cello, while none of the
fundamental frequency components of these instrumental sounds can
pass through the small loudspeakers.

Ohm and Helmholtz did not believe Seebeck's argument and held on
to their own idea that the ear performs a real-time Fourier analysis on
incoming sounds, where the lowest frequency component determines
its pitch . Schouten, who ultimately confirmed Seebecks experimental
observations, had a different explanation for the missing fundamental
pitch phenomenon. With his Residue Theory he explained how limited
frequency resolution in the cochlea causes high-order harmonics to
interfere with one another, yielding an envelope pattern with the
fundamental periodicity, even if a physical fundamental frequency is
absent.

During my Ph .D . studies I took a critical look at all the work on pitch
perception done in Schouten's laboratory, and came to the conclusion
that something wasn't quite right. The residue theory of Schouten (figure
4) predicted that the high-order harmonics in a periodic sound were the
principal conveyors of the pitch sensation, while experiments performed
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in his own laboratory [ii] seemed to show that the low-order harmonics,
figure 4 the ones that the cochlea is able to resolve, are the main conveyors .

Model of Schouten's

residue theory for
800 ,600 3-

11 i ; i ;• j - _ Fourier analysis
6qou Hx

r_ nn IM1

train sound 1 ~ l~'. . , J ^V ~`'~JV V V

Some temporal

responses

frequency -

We can convince ourselves of this by listening successively to a cluster of
low-order and high-order harmonics, and decide which one has the most
salient musical pitch . We then performed a musical melodic interval
recognition experiment with sounds presented either monotically, i .e .
all tone components going into one ear, or dichotically, i .e . with tone
components going to separate ears . Two interesting things were found .
Low-order harmonics yielded better recognition performance than high-
order harmonics, and no difference in performance was found between
monotic and dichotic conditions . These findings implied that musical
pitch perception is not mediated by insufficient frequency resolution
in the cochlea, but rather by a central neural mechanism that operates

figure 5 mainly on aurally resolved tone components (figure 5) [12] .
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Later, after I had joined IPO and was coaching John Beerends as my first
Ph.D . student, we investigated musicians' ability to recognise harmonic
intervals played by two simultaneous complex tones . The harmonics
of each of the two tones could be distributed between the two ears
in several ways . It turned out that recognition performance depended
primarily on whether the harmonics were of low or high order, just as
happened in the melodic interval recognition experiments, but hardly
depended on the manner in which harmonics were distributed across
the ears . Apparently harmonicity is a much stronger binding principle
for blending sinusoidal partials into a musical tone than the physical
location of sound sources . We already encountered something similar
in the Tchaikovsky example .
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There is a close relationship between the way in which we perceive
musical pitch and the manner in which musical instruments function .
This is only logical, since musical instruments have been invented,
designed and developed through the ages for the sole purpose of being
played and listened to . Some types of instruments, such as reed- or
air jet-excited wind instruments and bowed string instruments, produce
complex tones that are almost exactly harmonic . Since we now know
that harmonic complex tones evoke a strong and salient musical pitch,
we can understand why this kind of instruments is always used as lead
instrument or in solo concertos . On the other end of the scale there are
instruments based on vibrating membranes or bars, like the kettledrum,
marimba or xylophone, which produce far less harmonic sounds . The
pitch sensation of their sounds is often ambiguous and unclear, which
makes such instruments less suited as lead instruments .

A very interesting example of an ambiguous-pitch instrument is a
carillon . It is a set of carefully tuned bells that is played with a keyboard .
From a physical viewpoint, a bell produces a complex sound containing
partials with an arbitrary frequency relationship, dependent on its shape
and thickness profile . During the 17th century the art of bell casting and
tuning was developed to very high levels, particularly in the Netherlands
by the efforts of Pieter & Francois Hemony and Jacobus van Eijck . Bells
could be made which contained partials of pure octaves and fifths, and
also a very prominent minor third. This partial causes a single bell to
sound like a minor chord, which explains why traditional carillons always
sound better when they play music in a minor key. Since the early 1970s
researchers of the Department of Mechanical Engineering of the TU/e,
in close co-operation with dr. André Lehr of the Eijsbouts bell foundry
in Asten, have been engaged in the design of a new bell shape that
would produce a major-third instead of a minor-third partial, while
retaining pure octave and fifth partials . This became possible in the early
ig8os when computers had become sufficiently powerful to perform the
complicated finite-element analyses of bell profiles within the required
accuracy and within acceptable time limits . In March 1985 the first
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major-third bell was cast and successfully tuned, but the question
remained how a carillon of such bells would perform from a musical
viewpoint. To find an answer to this question we performed blind
listening tests with harmonised melodies played on electronically
synthesized minor- and major-third carillons . We used many listeners
with different musical backgrounds . The results indicated that listeners
who study or professionally play the carillon almost always recognise the
traditional minor-third instrument and rate this as the best-sounding .
Musicians who have been professionally trained on other instruments
showed an equal preference for a traditional carillon playing in a minor
key, and the new major-third instrument when playing in a major key.
The listening criterion appeared to be a simple minimisation of audible
mistuning in the form of beats . A third category of listeners without any
formal musical training or experience exhibited a general preference for
the sound of the new major-third instrument, no matter in which type of
key it was played [r3] . Supported by these results the foundry decided to
bring the new type of carillon in production, and today many have been
built and installed all over the world . Practical experience has shown that
pitches of individual bell sounds within the carillon context are more

figure 6 salient and easier to recognise with major- than with minor-third bells .

A carillon of

major-third bells

(Royal Eijsbouts,

Asten, 1985)

This does not mean that one is better than the other . Sometimes pitch
ambiguity can be a desired feature of a musical instrument in a certain
context or musical style. Many carillon specialists, particularly in this
country, in fact argue that pitch ambiguity is a typical characteristic
feature of the traditional carillon that should be respected and left alone .
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Others, on the other hand, have discovered that on the new instruments
one can play more complex harmonies in comparison with the
traditional instrument without losing transparency. This opens up new
possibilities of truly contemporary carillon music . I will illustrate my
point with two music fragments, first a ragtime by Scott Joplin played on
a traditional carillon, and next a fragment from a composition by Gary
White called 'Figments', played on a new major-third instrument .
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Harmon~,~, consonance and dissonance

The foregoing discussion suggests that there may be a link between
the pitch sensation evoked by certain musical instrument sounds, and
the amount of harmony, consonance or dissonance that ensues when
such sounds are combined in an ensemble . Many book chapters have
been written on the subject of harmony, some by famous composers like
Paul Hindemith and Arnold Schiinberg. Although usually each author
presents a specific personal viewpoint, there are two general concepts
that emerge from this literature . One is based on purely acoustical
aspects of sound and states that an ensemble sound, such as a chord,
is consonant if there are no audible beats between fundamentals and/or
any of the harmonics of the notes that are played [i4] . We could refer
to this as 'psychoacoustic consonance'. The other concept, sometimes
called `tonal consonance', is based on the note patterns as they appear
on music paper. A chord sounds consonant to the degree that all its
notes are harmonics of some common fundamental bass note, which
may or may not be part of the chord. The composer Jean Philippe
Rameau referred to this as the 'basse fondamentale' .

Mathews and Pierce [i5] at AT&T Bell Laboratories have demonstrated
that it is quite possible to separate these two concepts with the use of
electronically generated sound . One can stretch or compress a melodic
tone scale, for instance by defining the octave as a frequency ratio of
2 .1 instead of 2 . o . But one can also independently do this with the
harmonic scale, for instance by making the second harmonic of each
sound not twice but 2 .1 times the fundamental . On our compact disk
Auditory Demonstrations [r6] of 1987 we synthesised examples showing
all four combinations of consonance and dissonance, each one in the
psychoacoustic and in the tonal sense . Please listen to these four brief
fragments taken from a Bach chorale . We found that, whenever audible
beats occurred as in the second and third sample, people tend to crimp
their toes . The last example, however, evokes a different reaction . It
sounds strange but not repulsive . In fact, some composers today use this
combined melodic and harmonic stretching technique as a tool to create
variations and transformations in their music . Two brief pop fragments
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by Bill Sethares called 'Plastic City', will be played, one original, the other
transformed by simultaneous harmonic and melodic stretching .

Future of psychoacoustics
Returning to the subject of psychoacoustics, a superficial look at global
developments today may raise the impression that the field has outlived
itself. Quite a few famous and once very productive psycho-acoustic
chairs at universities world-wide have now disappeared . That fate
appears also in store for the chair that is the focus of attention today .
A closer look at present-day developments, however, shows that
hearing science has not died at all . Instead, it has matured to a level
where its applications have begun a life of their own, in combination
with other scientific disciplines . Examples are audiology, sound design,
signal processing and coding, and architectural acoustics . A special
symposium to explore these new developments was held at IPO just a
few years ago [i7] . I am therefore proud and happy that the knowledge
and skills, which I and all my senior colleagues were able to transfer to
our students, are now being used by the next generation to spread the
seeds of hearing science in so many different new directions . I wish
them lots of success in their exciting careers .
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Some words of gratitude

I have come to the end of my lecture . Before I go, however, I want to
publicly express my gratitude to some persons who, I feel, have been
indispensable in the development of my career . First of all my parents
who, when I was still a child, triggered my curiosity in physics and
electricity, and always encouraged and supported their children to get
the most out of their talents . Then I want to thank the members of the
Order of Saint Augustine with whom I was privileged to share almost
twenty years of my life. They encouraged me to complete a music
study in combination with my theology training in the Netherlands,
and enabled me to subsequently pursue a career in science and
engineering in the USA . I also owe thanks to the Communications
Biophysics group of the Research Laboratory of Electronics at MIT,
in particular its founder Walter Rosenblith and my thesis mentors Nat
Durlach and Julius Goldstein . They made me realize that a combination
of acoustics, hearing science and music skills provided the right
ingredients for an exciting research career, and taught me with great
patience how to pursue such a career in a professional manner. Then
I would like to thank my colleagues at IPO, in particular Herman
Bouma, for providing such a stimulating and enriching atmosphere
during most of the 20 years that I worked in this institute . Too bad that it
could not last . I also want to thank Armin Kohlrausch for his initiative to
organise today's truly international symposium on hearing science, and
with him I thank all those who have contributed to its success . A final
word of immense gratitude I want to express to my wife Evelyn and my
two children John and Vera . You have supported me and have stood
with me through almost my entire career, both in good and not so good
times. I know that missing the closeness of your own family for such
a long period was difficult to bear, and I hope to make up for it soon .

Thank you for your attention .
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