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“Coloration and binaural decoloration
of sound due to reflections”

A. M. Salomons

De kleur van een geluid wordt omschreven als het kenmerk waarmee de
luisteraar kan beoordelen dat twee geluiden, op dezelfde manier
gepresenteerd en met dezelfde luidheid, verschillen.

— Dit proefschrift, paragraaf 1.2

De sterkte van kleuring ten gevolge van reflecties hangt het sterkst samen
met de onderlinge afstand van de reflecties in de tijd, meer dan met het
aantal reflecties.

— Dit proefschrift, paragraaf 2.6

Binaurale ontkleuring is het sterkst als linker- en rechter- signaal
(spectraal) complementair zijn, maar kleur is dan beslist nog niet afwezig.
— Dit proefschrift, paragraaf 6.7

De toonhoogte-sensatie speelt een belangerijke rol bij het waarderen van
kleuring.
— Dit proefschrift, paragraaf 6.7

De eenzaamheid van slechthorenden wordt onderschat door horenden.
Als slechthorende hoor je er vaak niet bij.

Het camoufleren van hoortoestellen moedigt de omgeving niet aan tot
duidelijker spreken. Gehoorapparaten zouden duidelijk zichtbaar
aanwezig moeten zijn. Dat dit niet in strijd hoeft te zijn met esthetische
waarden, blijkt uit de herwaardering van de bril in het modebeeld, ondanks
de mogelijkheid van het dragen van contactlenzen.

Zolang de vegetariér in Frankrijk als een afwijking wordt beschouwd, heeft
de Franse Haute Cuisine een kans gemist.

Het belang van wetenschappelijk onderzoek wordt veelal niet gevonden in
de motivering vooraf maar door rechtvaardiging achteraf.

Selecteren aan de poort van de universiteit zou niet (alleen) op cijfers,
maar veeleer op motivatie moeten gebeuren.

Veel maatschappelijke verworvenheden worden als rechten beschouwd,
terwijl deze zouden moeten worden beschouwd als voorrechten die
opgegeven moeten worden zodra de maatschappelijke situatie daarom
vraagt.

In de huidige maatschappij wordt ‘rust’ ernstig ondergewaardeerd, zowel
in de betekenis van ‘stilte’, als in het levensritme.
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voor Bas en onze ouders



Doch wy hebben hier niets ter nedergestelt 't gene wy den Leser voor
onfeylbaare waarheden willen opdringen, maar sullen ons geerne laten
overtuygen van die gene welke met betere redenen, en welgevondeerde

experientie, onse fautes Konnen aanwijsen.

Menno van Coehoorn (1635)
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Chapter 1

Introduction to the Perception of Coloration

1.1 Introduction

The subject of the research described in this thesis is the perception of coloration of
sound signals. The aim of the research is to model coloration perception and binaural
decoloration. The research has been carried out with psycho-physical experiments
on human subjects, where the sound signals used in the experiments are either digi-
tally processed synthetic signals or sound signals recorded in concert halls.

In this chapter a definition is given of the colour and coloration of a signal, in relation
to the definitions of pitch and timbre as found in the American Standard of Acoustical
Terminology (1960). Also, the definition of binaural decoloration is given (§ 1.2). In
§ 1.3 the mechanism of coloration due to reflections is explained, while in § 1.4 the
binaural decoloration is considered. The coloration of sound due to reflections in con-
cert halls is deliberated in § 1.5. This is followed by a brief discussion of the psycho-
physical measuring methods used in this research to determine the strength of col-
oration. Finally, a short outline is given of the contents of the thesis.

1.2 The definition of coloration

The definition of the colour of a sound is given here in analogy with the definitions of
pitch and timbre as found in the American Standard of Acoustical Terminology
(1960). The definition for the pitch of a sound signal is: “Pitch is that attribute of
cochlear sensation in terms of which sounds may be ordered on a scale extending
from low to high. Pitch depends primarily upon the frequency of the sound stimulus,
but it also depends upon the sound pressure and wave form of the stimulus. (Note:
the pitch of a sound may be described by the frequency or frequency level of that
simple tone having a specified sound pressure level which is judged by listeners to
produce the same pitch.)”. The definition for timbre is: “ Timbre is that attribute of
cochlear sensation in terms of which a listener can judge that two sounds similarly
presented and having the same loudness and pitch are dissimilar.” The American
Standard of Acoustical Terminology does not contain a definition of ‘colour’ or
‘coloration’, therefore a definition is proposed here in analogy with the above expres-
sions. With the definitions of pitch and timbre in mind a definition of the colour and
coloration of a sound signal can be given as: “The colour of a sound signal is that
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attribute of cochlear sensation in terms of which a listener can judge that two sounds
similarly presented and having the same loudness are dissimilar’; it thus comprises
the timbre, rhythm sensation as well as the pitch of the signal. Note that the colour of
a signal can be judged best when comparing it to white noise.

The colour of a signal is a quality of the signal, which may be changed by the sur-
roundings in which the sound is produced or by the apparatus that (re)produces the
sound. This change in colour is called coloration: “The coloration of a signal is the
audible distortion which alters the (natural) colour of the sound.” Examples of every-
day coloration is e.g. the hollow quality of sound in a bathroom, or a change in the
equaliser setting of the audio amplifier.

Coloration can be perceived best when the coloured signal is compared to the origi-
nal signal. This is not always available, and therefore coloration is often judged by
comparing a signal to an ‘internal reference’. For a listener used to natural sound sig-
nals, such as music performed in a well-rated concert hall, the music produced by
low-quality loudspeakers or in a low-quality concert hall is perceived as coloured; a
listener gets accustomed to the coloration of his surroundings, a similar effect applies
for timbre (compare Letowski, 1992). To obtain an unbiased judgement of the col-
oration that has been added by the surroundings, irrespective of any internal refer-
ence, white noise is generated in the hall and recorded. The colour of this recorded
signal in comparison to white noise can then be considered to represent the col-
oration added by the surroundings (compare Kuttruff, 1979).

The strength of the coloration depends on whether the listening situation is binaural
or monaural (Zurek, 1979). Upon closing one ear the coloration that may be present
becomes more distinct, while insofar one has not noticed any coloration, it may be
perceived when one ear is closed. This phenomenon is called ‘binaural decoloration’,
which is therefore defined as: “Binaural decoloration is a decrease in coloration when
listening binaurally compared to monaural listening”. The present thesis describes
the binaural decoloration with the aid of the Central Spectrum Model (Raatgever and
Bilsen, 1986)

1.3 Reflections and coloration

Coloration is often predominantly the result of reflections. On arriving at the listener
the direct signal interferes with the delayed reflections and the resulting signal is
coloured with respect to the direct signal: the power of some frequencies of the direct
signal is attenuated on interference with the reflections, while for other frequencies
an amplification results. The coloration depends on the difference in arrival time
between the reflections and the direct signal. The effect of the coloration caused by a
single reflection is very prominent when considering white noise to which a repetition
is added with a delay time comparable to an early reflection, e.g. between 0.5 and 50
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ms. In the white noise signal no pitch can be perceived, but the coloured signal has a
very distinct pitch or rattle, which changes with the delay time. The power spectrum
of the coloured signal displays a cosine shape, with the distance between the peaks
of the cosine being inversely proportional to the delay time of the repetition. This
shape can be understood from the impulse response of the system (Fig. 1.1):

h(t) = (8(t) + g3(t - T))/ {1+ & 1.1
in which T stands for the delay time and g for the gain of the repetition. The denomi-

nator 4/1+92 is used to keep the level of the output signal independent of the gain.
The Fourier Transform of this impulse response is given by:

H(f) = (1+ ge 2HT )/\(1 +g° 12

and hence the frequency response (which for white noise input is equal to the power
spectrum of the output signal) possesses a cosine dependence on f and T:

]H(f)'2 =1+ 292 cos(2nfT) 1.3
1+g

In reference to the shape of the power spectrum, white noise to which a single repsti-
tion is added is called “cosine noise”. The amplitude of the peaks of the cosine and
the ‘modulation depth’, depends on the gain of the repetition.

T=1.0ms, g=1.0

2.04
— 1.0
1/\}1+g2
(1) oy +edt-T) oo
L~

\/1+ g2 2 I T I
H()! T=3.0ms, g=0.3

s AN

0.0

T T T

0.0 1.0 2.0 3.0 4.0
f kHz
(a) (b)

Fig. 1.1 Symbolic signal circuit (a) and power spectrum (b) of cosine noise, for
T=1.0 ms and g=1.0 (top), and T=3.0 ms and g=0.3 (bottom)

The character of the colour sensation varies with the delay time. For small delay
times, smaller than 1.0 ms, the colour is only a high hiss, which becomes lower with
increasing delay time. If the delay time approaches 1 ms, the hiss turns more and
more into a noisy pitch sensation. For delay times between 1 to 20 ms the pitch is
very distinct, and one would be able to play a melody by varying the delay time. This
type of pitch is called repetition pitch (Bilsen, 1968; Yost, 1978). When the delay time
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is increased beyond 20 ms, the colour perception becomes a rattle sensation, which
is sometimes referred to as infra pitch (Warren et al, 1980). With increasing delay
time the rattle rhythm becomes slower, turning into a thumping sound, suitably called
the ‘motor boating effect’ (Warren et al, 1980). For delay times of this size, the
spectral content of the signal no longer determines the coloration and hence no pitch
is perceived. The peaks of the cosine-shaped spectrum are too close together to be
resolved by the ear, but one can perceive the time delay of the repetition, in the form
of a rhythm sensation. Listening tests have revealed that experienced listeners can
perceive the rattle and thumping effects for white noise and its repetition up to a
delay time of 80 ms. For speech or music, a repetition with larger delay time (tenth of
seconds) is perceived as an echo.

When more than one reflection is present, the reflections can mutually attenuate or
intensify. If the reflections are very regularly spaced in time, the peaks in the spec-
trum of the coloured signal sharpen up and the timbre of the coloured signal be-
comes more salient. On the other hand, if the reflections are less regularly spaced in
time, the pitch sensation wears off and becomes more noise like; although the peaks
of the coloured spectrum flatten, the coloration can still be perceived provided that
the delay time differences are small, about one ms (see this thesis, Chapter 2).

in addition to the delay time, the strength of the coloration also depends on the gain
g of the reflection. If the reflection is attenuated with respect to the direct sound, the
coloration decreases.

14 Binaural decoloration

When listening to a sound in a room with substantial coloration, a noticeable differ-
ence occurs when one ear is closed: the coloration becomes worse. Insofar one has
not noticed it, upon listening with only one ear the coloration may become clearly
present. Generally, the sound becomes more unnatural when listening with only one
ear (monaural listening condition) than when listening with two ears (binaural). This
decrease of coloration through binaural interaction will be called binaural decol-
oration. It is most apparent when the direct sound is white noise. The (de)coloration
is less when listening to music, for the continuous spectral changes in music reduce
the effect to some extent.

In a natural listening situation, the individual ears receive different signals because
the ears are placed differently with respect to the source, and the shielding effect of
the head generally reduces the sound intensity. In a laboratory situation the left and
right signal can be either the same (diotic) or different (dichotic ). The definition of
‘binaural decoloration’ also applies to the dichotic versus the diotic listening situation.
When a signal is presented diotically the strength of the coloration increases with re-
spect to the dichotic situation. In this thesis the effect of the ‘binaural decoloration’ is
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tested by comparing the strength of the coloration in diotic and dichotic listening
situations.

Fig. 1.2 Different delay times of reflections at left and right ear

A dichotic listening condition that mimics practical situations, is white noise to which
repetitions are added that have different delay times for the left and right ear.
Consider, for example, the situation that each ear is presented with cosine noise
from correlated noise sources, with the repetition delay time at the left ear being 0.5
ms smaller than that at the right ear (compare Zurek, 1979). This delay time
difference is comparable to the difference in arrival time of a reflection due to a
reflecting surface placed near the left ear (Fig. 1.2).

Besides decoloration, other characteristic properties of dichotic signals (when pre-
sented with a headphone) are broadness of the image and lateralisation. The broad-
ness of the signal relates to the interaural correlation. With fully correlated left and
right ear signals, the sound perception is a very small image exactly in the middle of
the head. When the correlation decreases, the image gets ‘broader’. When the corre-
lation is zero, the image fills the head between left and right ear (Chernyak and
Dubrovsky, 1968; Potter, 1993). Lateralisation is the shift of the image from the mid-
dle of the head to one side. This ‘shift’ can be created by applying a level or phase
difference between the signals of left and right ear. If the intensity of the left ear sig-
nal increases (Interaural Intensity Differences, 11D}, the image will shift to the left ear;
when the left signal arrives earlier than the right signal, the image shifts to the left
side (Interaural Time Differences, ITD). The effects which interaural correlation, time
and intensity differences have on the perceived images has been described by
Blauert (1983), Blauert and Lindeman (1986), Keulen, Bilsen and Raatgever (1991)
and Potter (1993), among others. One must be aware that these specific aspects of
dichotic signals can give unwanted cues when measuring binaural decoloration (see
Chapter 3).
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15 Concert halls and coloration

Reflections play an important role in building acoustics. Many criteria which are used
to rate a concert hall, such as the reverberation time, the spaciousness, the clarity
and speech intelligibility are based on the relative energy content of the reflections.
Reflections are essential to the appreciation of the music: when music is played in an
anechoic room, where the walls are covered with absorbing material, the music is
‘dry’ and boring. On the other hand, when the reflections are too strong and too regu-
larly spaced in time, for instance as a consequence of a strongly reflecting surface,
the coloration caused by the reflections will corrupt the music. This form of coloration
should be avoided at all costs in a concert hall. The aspect of coloration due to re-
flections also has great significance for modern acoustic control systems where arti-
ficial reflections are added electronically in order to provide a concert hail with elec-
tronically adjustable acoustics. The additional coloration can be unacceptable if the
delay times of the artificial reflections are not chosen carefully. In this thesis an in-
vestigation is made of coloration as a function of the delay times of multiple reflec-
tions in order to access this effect (See also Ando and Gottlob, 1979).

1.6 Measurement methods for the strength of coloration

There are several methods to measure the strength of the coloration of a signal,
based on listening tests with human subjects. The methods can be divided into two
groups. One group of methods aims at finding the threshold of coloration, which is
defined as the minimum amount of coloration which is audible when the coloured
signal is compared with the non-coloured signal. In all experiments presented here
the non-coloured signal is white noise, while the coloured signals are either artificially
coloured signals (white noise with added repetitions), or signals recorded in concert
halls. The coloured signal is compared to a white noise reference and the subject
has to detect a difference. Then, the strength of the coloration is systematically
reduced until the level of coloration is reached where just no difference is detected,
this is the threshold of coloration. The coloration threshold is expected to be low
when the coloration at maximum (i.e. the gain of the repetition is 0 dB) is strong. This
method is suitable to provide a quantitative measure of the coloration.

The other group of methods aims to scale the coloration of various signals by mutual
comparison of the coloured signals. The signals are compared in pairs and the sub-
ject indicates which of the two in his opinion has the strongest coloration. The signals
can be scaled from weak to strong coloration. This method is very convenient to
compare the quality of coloration of various signals.

The results of the threshold measurements and the paired-comparison give insight in
how coloration is valued. The aim of the research is to find criteria with which the
subjective assessment of the coloration can be predicted if the spectral content of the






