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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



Introduction to the Perception of Coloration

signal is known. These criteria are of great practical use in the design of concert
halls, in order to estimate the coloration of the concert hall. The coloration criteria
discussed in this thesis are based on an elaboration of the criteria proposed by Atal
et al (1962).

1.7 Aim of the present work

As stated in paragraph 1.5, more insight in the role of coloration is required when
acoustic control systems are used to design ‘virtual' concert halls, and this forms the
motivation for the present research. Emphasis will be put on the prediction of the col-
oration which may occur due to such systems (i.e. the coloration as a result of adding
reflections). Since most listeners use both ears when judging a concert hall, realistic
coloration models should incorporate the effect of binaural decoloration. In summary,
the present research project was initiated with the following aims:

¢ atheoretical study of the perception of coloration due to repetitions

e provide insight in the coloration found in concert halls

» validation of coloration criteria using artificially coloured signals and concert hall
signals

e research on binaural decoloration and development of a model for binaural decol-
oration based on the Central Spectrum model.

A challenge when measuring coloration is formed by the aspects which comprise the
concept of coloration, namely the timbre and the pitch sensation and the rattle sen-
sation. Pitch and timbre-aspects relate to ‘spectral coloration’, which is the main topic
of this study. Rattle appears for large reflection delay times and is referred to as ‘time
dependent’ coloration or infrapitch (Warren, 1980). The question remains as to which
aspect a subject uses in the experiments for the assessment of colour. Therefore,
the threshold results will be compared to pitch threshold (§ 2.5.2) and to profile
analysis (§ 2.8) while in addition multidimensional scaling is applied (§ 4.5) in order
to shed some light on this problem.

In Chapter 2 the results are given of experiments with artificially coloured signals,
which possess the same spectrum for left and right ear. Chapter 3 describes the ex-
periments with artificial signals concerning binaural decoloration. In Chapter 4 the re-
sults of experiments relating to the coloration of concert halls are presented, using
signals recorded in nine concert halls in the Netherlands. In Chapter 5 the criteria of
coloration are described and tested in relation to the results found in Chapter 2. In
Chapter 6 binaural hearing models are discussed and tested on the binaural
decoloration experiments of Chapter 3 and 4. Finally, Chapter 7 summarises the
major conclusions, and discusses suggestions for further research.
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Chapter 2

Coloration of Artificial Signals

2.1 Introduction

Coloration can be perceived if, for instance due to reflections, some frequencies are
attenuated and others are intensified. In concert halls this effect can occur through
interference between the direct signal coming from the source and the reflections of
this signal from the walls, ceilings, etc. The reflected signals are delayed with respect
to the direct signal, and often weakened by absorption when reflected. This interac-
tion can be simulated artificially by adding repetitions to a signal, and in electronic
acoustic systems this approach is used for generating ‘virtual halls’. To avoid unnatu-
ral or strong coloration, it is necessary to understand the effect of reflections on col-
oration. The following parameters of the reflections are of interest: the number of re-
flections, the delay time, gain and phase with respect to the direct signal, and in di-
chotic listening situations the interaural correlation and delay time difference between
the reflections of left- and right ear signal.

For the case that one reflection is present, so called ‘harmonic cosine noise’, the
strength of the coloration as function of its delay time has been investigated for fully
correlated signals by Atal, Schroeder and Kuttruff (1962), Bilsen and Ritsma (1970),
Zurek (1979) and for fully uncorrelated signals by Zurek (1979). In § 2.4 these mea-
surements are repeated. Although not mentioned as such in Zurek (1979), there is a
difference between the coloration threshold of uncorrelated and correlated harmonic
cosine noise, as will be shown in § 2.4.3.

The signal for which the phase of the reflection is in counter-phase with respect to
the direct signal, ‘anharmonic cosine noise’, has been considered previously in pitch
experiments (Bilsen, 1968; Yost et al, 1978; Raatgever and Bilsen, 1992).
Anharmonic cosine noise appears to cause a weaker and more ambiguous pitch
sensation than harmonic cosine noise. Section 2.5 will go further into this matter, for
both anharmonic cosine noise and comb filter noise (i.e. with a feedback reflection).
Based on existing diotic coloration models, the coloration threshold for harmonic and
anharmonic cosine noise are expected to be identical, since these models give a
relation between the strength of the coloration and the maximum modulation depth of
the signal, which is the same for harmonic and anharmonic cosine noise. If, however,
a difference in the coloration threshold between harmonic and anharmonic cosine
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noise exists, as is found in the experiments, it is expected that there is a relation be-
tween the pitch sensation and the coloration of the signals.

In § 2.6 the effect on the coloration threshold is investigated when multiple reflections
colour the sound. The number of reflections is varied and the strength of the reflec-
tions is altered. It is expected that the coloration can be either weakened or intensi-
fied by the mutual interaction of the reflections, depending on their delay time.

In § 2.7 a paired comparison is presented, in which the coloured signals are com-
pared directly. The motivation for these experiments is the fact that in halls the col-
oration is perceived above threshold. With the comparison a coloration scale value is
calculated, and correlation is sought between this scale value and the coloration
threshold. A negative correlation is expected: if the threshold is low, the (unmasked)
coloration is strong and hence a high value on the coloration scale is expected.

In a coloration experiment, the subject compares a coloured signal and a white sig-
nal. The strategy with which a subject discerns between both stimuli, may be based
on the perceptual information about the stimuli, such as pitch or timbre. Another
strategy can be to discern between the difference in shape of both spectra directly. In
order to find out whether the subject uses the spectral shape in the coloration exper-
iments, a comparison is made between the coloration thresholds and the thresholds
found in experiments in which the subject is forced to use the difference between two
spectra only. Such types of experiments are ‘profile analysis’, on which extensive re-
search has been conducted by Green (Green, 1986; Bernstein and Green, 1987;
Green, 1988). In § 2.8 a comparison will be made between the results of profile anal-
ysis and coloration thresholds.

in this chapter the research is restricted to signals having the same spectrum for left-
and right ear signal. Difference in delay times for left and right reflections can cause
binaural decoloration, and this forms the topic of research in Chapter 3.

In the experiments the repetitions are delayed with the aid of a signal processor. For
white noiset all frequencies between certain boundaries (say 10 Hz and 10 kHz) are
present with the same intensity level. When the interaction of the direct signal and
the antificial reflections produces notable coloration, a difference is perceived

t “The purely random process {e(t)} has a uniform non-normalised spectrum over the frequency
range (-e,c0), and is correspondingly referred to as ‘continuous white noise’. (...) In physical
applications one can use what is termed ‘band limited white noise’. This is a process whose
spectral density function is constant aver a large, but finite, range, and effectively zero outside this
range.” (Priestley, (1989), page 235)

10
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between the white noise signat and the artificially coloured signal. This effect is used

to measure the coloration thresholds with either an adjustment method (§ 2.4) which

is a fast method to measure many thresholds in a short period, a trajectory method

(§ 2.5) with which small differences between thresholds can be detected, or the

up/down method as described by Levitt (1971), in § 2.6, which is an accurate method
for complex coloured signals. In addition, as mentioned above, in § 2.7 the coloured

signals are compared in pairs far above threshold.

22 White noise with a single repetition: (an)harmonic cosine noise

When to white noise one delayed version is added, the resulting signal is called
‘harmonic cosine noise’. This signal has a very distinct coloration, namely a tonal
sensation, referred to as repetition pitch (Bilsen, 1968). The pitch of this tonal sensa-
tion depends on the delay time of the repetition. The spectrum of the signal is cosine
shaped, with peaks at frequencies that are an integer multiple of the reciprocal of the
delay time T. The pitch resembles the pitch of a pure tone with a frequency equal to
the frequency of the first peak of the harmonic cosine noise, fy = 1/T and is extracted
from the spectrum around the frequency 4f;, which is the dominant region (Bilsen,
1977). The tonal sensation is clearest for delay times between 2 ms and 20 ms. For
smaller delay times the coloration becomes weaker and more noise-like (compare
the effect of a simple low-pass filter). For larger delay times the sensation gradually
shifts from a low frequency ‘tone’ to a rhythm sensation, which can be perceived up
to delay times of 100 ms. To give a description of the perception for delay times of
about 40 ms, the term ‘motor-boating’ is sometimes used. (Warren et al, 1980). For
more on the rhythm sensation the reader is refferd to Handel (1992) and Kaernbach
(1993).

An example of a harmonic cosine noise spectrum is given in Fig. 2.1(top) for a delay
time of 5.0 ms. If the repetition is shifted in phase with respect to the input signal, the
spectrum will be anharmonic. In this thesis anharmonic cosine noise is used to refer
to a phase shift with 180" for all frequency peaks of the signal. This phase shift is
realised by subtracting the repetition from the input signal. The spectrum is shifted by
1/2T with respect to harmonic cosine noise, see Fig. 2.1(bottom).

The sensation of anharmonic cosine noise is also more or less tonal, but the pitch
sensation is not so strong as in the case of harmonic cosine noise, while the tonal
sensation is ambiguous: if the pitch of anharmonic cosine noise is matched to a pure
sine tone, the matching consists two or even three possible pitch perceptions (Bilsen,
1977; Yost and Hill, 1979, Raatgever and Bilsen, 1992).

11
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Fig. 2.1 Top: harmonic cosine noise, bottom: anharmonic cosine noise, T=5.0 ms

In the experiments a coloured noise test signal is compared to white noise in a four
interval two-alternative-forced-choice (2AFC) method (see Appendix B.2.1). During
such experiments the strength of the coloration of the test signal is varied. For cosine
noise the coloration strength can be modified by means of adjusting the gain of the
repetition, see Fig. 2.2a. Here n(t) is the original noise signal, and sg(t) the resulting
cosine noise test signal. Another method of varying the strength of the coloration is
adding uncorrelated white noise, in order to ‘mask’ the colour, see Fig. 2.2b. In this
case n,(t) and n,(t) represent two uncorrelated noise signals of equal intensity, s, (1)
the resulting test signal.

5,0

el coloured signal -

(a) (b)

Fig. 2.2 Alternative strategies for varying the strength of the coloration of the test
signals: The gain of the repetition is changed (a) or uncorrelated white
noise is added to the coloured signal (b)

The ratio of the power of the coloured signal with respect to the total signal (coloured
signal plus masker) is adjusted by means of the amplification ‘a’. This amplification is
gradually decreased until no difference in coloration can be detected between the in
coloration weakened signal and white noise. ‘Masking’ the coloration is a more gen-
eral method than adjusting the gain of the repetitions, and can also be used for

12
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non-artificial signals such as concert hall recordings. In order to show that the
schemes of Fig. 2.2a and Fig. 2.2b can be considered equivalent, the corresponding
expressions for the power spectrum are compared. For a given value of the amplifi-
cation ‘a’ an equivalent gain ‘g’ is calculated. For the case that the gain of the repeti-
tion is altered, as in Fig. 2.2a, the power spectrum of the output signal is given by
(see Eq. 1.3)t

= 1429 5 Cos(2nfT) 2.1
1+g

For the situation of Fig. 2.2b the output time signal belonging to this input is:

a
s ()= V1-aZn,(t)+ ﬁ(n2 (t)+ny(t— T)) 22
And so the output power spectrum is:

s,

The amplification ‘a’ can be written in terms of gain ‘g’ by equating Eq. 2.1 to Eq. 2.3:

a= }ﬁ? 24
1+g

and which is depicted in Fig. 2.3.

= 1+a®cos(2nfT) 23

-40.0
dB

-30.0

-20.04

-10.0
9

0.0 T T
0.0 -5.0 -10.0 -15.0

a dB

Fig. 2.3 The gain g as a function of the amplification a if Fig. 2.2a is compared to
Fig. 2.2b

t Strictly spoken, the deterministic function S(f) does not exists for white noise n(t). In this case,

]S(f)|2 is defined as the Fourier transform of the expectation: |S(f)|2 = FIE{n(t)n(t+8)}] =1

13
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In most of the literature concerning cosine noise (e.g. Atal et al, 1962; Biisen and
Ritsma, 1970; Yost and Hill, 1978, Zurek, 1979) the definition of the threshold of col-
oration is expressed in the gain of the repetition in dB. When adding uncorrelated
white noise, a more appropriate measure for the threshold is the level of the coloured
signal with respect to the overall level, in dB. Since the overall level of the signal is
independent of the amount of white noise and equal to 1.0, this threshold definition
leads to the amplification ‘a’, given in dB. For a binaural listening situation the
equivalence of the two schemes discussed above is only valid under diotic condi-
tions, i.e. when the same harmonic cosine noise is presented to both ears. When
harmonic cosine noise signals with different delay times are applied, or when multiple
reflections are considered, such an equivalence is generally not present; section 3.5
will further elaborate in this matter.

23 White noise with mulitiple repetitions

In real-life situations, coloration often results from more than only one repetition.
Therefore, experiments have been performed with white noise to which multiple
repetitions are added (Fig. 2.4). This signal scheme is realised with the aid of a
Digital Signal Processor (Ariel, DSP16), which (with standard sampling rate) could
cope with up to 16 repetitions.

—a2

~
‘/

nz(t) [ E
1 | 9 >—a

5,0

! S,

T >
gN-1
gN

Fig. 2.4 White noise n,(t) added to its repetitions, with delay time T; and gain g;
‘masked’ by uncorrelated white noise n ((1)

The number of parameters that can be changed increases significantly as not only
the delay times, but also the delay time differences are important. In addition the
level-ratio of the repetitions has influence on the final spectrum. In the threshold de-
tection experiments, the coloration is weakened by adding uncorrelated white

14
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noise. The spectrum belonging to the scheme of Fig. 2.4 is given in Eq. 2.5, in which
the gain of the direct sound is denoted with gy and its delay time Ty=0 ms:
N-1 N 299
2 _ 2 i~
SOf =142 %, 3. L cos(2af(T,- T 25
i=0 j=i+1 kgogk

In case the intensity of each repetition is equal to that of the direct sound, the follow-
ing applies:

N
gi=1, 29i2=N+1 26
i=0
The ratio of the total intensity of the repetitions and that of the direct sound equals
N
e _ 2 /42 _
the number of repetitions: Preflections/Pdirect = Z{gi /g0 =N
i=
For another set of measurements the gain values are chosen such that the sum of
the gain values for the repetitions is equal to the gain of the direct sound:

1
9i2=1+ﬁ 2.7

%=1 9x=y

=

m
(=}

With these gain values the coloration level decreases by increasing number of repeti-
tions, as the total power of the repetitions decreases. The intensity ratio of repetitions
and direct sound is 1/N.

A ‘set of delay times’ refers to a certain ratio of delay times with 1, 2, 4, 8, 12 and 16
repetitions and with all g; having the same value. The delay times of the ‘sets’ in the
experiments are chosen such that the repetitions are either regularly or irregularly
spaced in time, which give regular or irregular spectra, respectively. With a regular
spectrum the delay times have integer ratios. The smallest delay time (difference)
occurs just as many times as there are repetitions. In the case of irregular spectra
the delay times are chosen from prime numbers, so the delay time ratios are non-
integer values. In the experiments, the delay times of irregular spectra are chosen
such, that any delay time difference occurs only once for six or a smaller number of
repetitions, and twice if there are eight or more repetitions.

For irregular spectra two sets of delay times are studied, one set with small delay
times, with differences of about 1 ms and another set with larger delay times, with
differences of about 9 ms on the average. For all sets the coloration threshold is
measured, and for two sets the coloration is scaled by paired-comparison.

If by applying feedback a reflection with a certain delay is added infinite times to the
direct signal, the result is comb filter noise, which has a regular spectrum with very
sharp peaks. The power spectrum of comb filter noise to which masking white noise

15
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is added, is given by:
1
1+ g% —2gcos(2nfT)

|S(f)f = (1-22)+a? 28

In Fig. 2.5 the signal scheme for producing comb filter noise is given, together with
the corresponding power spectrum.

n, (1) 1-a? 200!
s(t) dB
n. (1) 10.0]
2 g 1 L
L a 0.0
ISP
() 9 (b) 00 , 10 2.0 30 ., 40

Fig. 2.5 Signal scheme (a) and power spectrum of comb filter noise, with a=1,
g=0.8 and T=2.0 ms (b)

24 Results of coloration threshold measurements for a single repetition

This section summarises the results of coloration threshold measurements for white
noise signals to which one repetition is added. The stimuli are presented to the sub-
ject by means of a headphone. The measurement procedure used is the adjustment
method. In this experimental set-up two stimuli are presented, a cosine noise signal
and a white noise signal, in random order. The subject can adjust the gain of the
repetition of the cosine noise until (just) no difference is detected between both
stimuli. The interaural correlation of the white noise signal matches that of the
coloured signal, i.e. an interaural (un)correlated coloured test signal is compared to
an (un)correlated white noise signal. The duration of a stimufus is 1000 ms and the
time between the stimuli is 750 ms. The experiment starts at maximum coloration of
the cosine noise (top-down method, see Tab. B.4). The adjustment track is ended
after 15 reversals, and the threshold is calculated from the mean of the level points
after the fourth reversal. The step size in the gain was taken 2 dB, and the 95% con-
fidence interval of the thresholds is calculated to be 2 dB (halve interval). (see
§ B.2.4 for more detailed experiment description). The subject is asked to pay
attention to the coloration only, when adjusting the gain of the repetition.

In § 2.4.1 the results of correlated and uncorrelated harmonic cosine noise are given
(see Fig. 2.6a), i.e. harmonic cosine noise with either correlated or uncorrelated input
sources for the left and right ear. Also the thresholds for uncorrelated anharmonic
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cosine noise are presented (compare Fig. 2.6b).

(b)

Fig. 2.6 Harmonic cosine noise generated from a single source (a) and anharmonic
cosine noise generated from two uncorrelated sources (b) with different
delay times for left and right ear signal (T;, Tg)

In § 2.4.2 the results of uncorreiated and correlated harmonic cosine noise are com-
pared to the results found in the literature {of Atal et al, 1962; Bilsen, 1968; Zurek,
1979) and § 2.4.3 gives a survey of the differences between the results for uncorre-
lated harmonic cosine noise and correlated harmonic cosine noise. In § 2.4.4 the
differences between the thresholds of harmonic and anharmonic cosine noise are
studied and compared to thresholds of pitch perception.

2.4.1 Cosine noise thresholds

In these experiments, the noise input for the signals presented to left and right ear is
correlated. The reference is correlated white noise. The delay time of the cosine
noise is the same for both ears, so the only cue the subject can use to find the dis-
crimination threshold is the coloration of the cosine noise. The thresholds have been
determined for cosine noise signals with delay times between 2.0 and 20.0 ms, the
range where the spectral coloration is present (see § 5.4). Since the research is re-
stricted to spectral coloration, the delay times of the repetitions in most of the experi-
ments are restricted to this interval. For each signal the experiment was repeated
three times. Five subjects participated in the experiments.

In Fig. 2.7 the threshold gain is given as a function of the delay time, each dot repre-
sents the result of an individual subject (see Tab. B.7 for information on the
subjects), while the solid line connects the mean results, averaged over all subjects.

17
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Fig. 2.7 Coloration thresholds of correlated harmonic cosine noise

In the following experiments the thresholds of uncorrelated harmonic and
anharmonic cosine thresholds are measured for various delay times. The input
sources for the left and right ear signal are uncorrelated white noise sources, and the
cosine noise is compared to uncorrelated white noise. Again, equal delay times are
used for the left and right ear signal. The experimental set-up and assessment
procedure is the same as for the correlated harmonic cosine noise measurements.
The thresholds are determined for delay times between 0.5 and 60 ms, the range in
which the coloration is perceptible, both spectral coloration and rattle. In these
experiments five experienced subjects participated. In Fig. 2.8a and 2.8b the results
are presented.

0.0 ¥
dB

-10.07

1.0 10.0 100.0 1.0 10.0 100.0
T ms T ms

(@) (b)

Fig. 2.8 Coloration threshold of uncorrelated harmonic (a) and anharmonic (b)
cosine noise

A first observation from comparing Fig. 2.8a and Fig. (b) reveals that the harmonic
cosine noise thresholds are somewhat lower (about 3 dB) than the anharmonic co-
sine noise thresholds. Section 2.5 will go further into this matter.

18
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2.4.2 Thresholds of harmonic cosine noise compared to literature values

Thresholds of correlated harmonic cosine noise were also measured by Zurek (1979)
and earlier by Atal, Schoeder and Kuttruff (1962) and Bilsen and Ritsma (1970), and
more recently by Lassche (1980). In Fig. 2.9a the mean results (averaged over the
subjects) are depicted for each of the investigations measured. The threshold of Atal
et al and Bilsen and Ritsma is found at 50% correct responses in detecting difference
between white and coloured noise, Zurek used the two-interval 2AFC up/down
method (Levitt, 1971), thus 71% correct. Lassche used the trajectory method de-
scribed in § B.2.3, which gives a threshold at 75% correct responses.

Despite the different experimental set-ups, most of the thresholds agree very well
with the present results (difference within £1.5 dB); only the results from Lassche are
on average 4.5 dB lower than the other results, but the variation of the thresholds
with the delay time shows the same trend. In Fig. 2.9b the mean results of uncorre-
lated harmonic cosine noise are given. The results are compared to the results found
by Zurek. Again, good agreement is found (average difference: 1.4+2.3 dB).

0. 0.0+

Atal s Bilsen = Zurek o Zurek
dB o Lassche ® Salomons dB s Salomons ¢
]
[ ]
O
[ ]
o %
* Y Ope e
o e
e
1 100  100.0
T ms ms

(@ (b)

Fig. 2.9 Coloration thresholds of correlated (a) and uncorrelated (b) harmonic
cosine noise

2.4.3 Influence of interaural correlation

In this section the difference between the thresholds of correlated and uncorrelated
harmonic cosine noise is studied in more detail. The differences between the aver-
aged thresholds may not appear to be large in the light of the large scatter among
the individual subjects. However, if the difference between correlated and
uncorrelated harmonic cosine thresholds is calculated for each individual (Fig. 2.10a)
this reveals a quite consistent difference. The average difference is 3.9+1.9 dB and is
for all subjects with 95% certainty significant between T=8 and T=20 ms.
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In Fig. 2.10b the resuits averaged over the subjects are compared to the results as
measured by Zurek, the error bars in this picture indicate the standard deviation
among the results of the subjects. For both cases it is found that the thresholds for
uncorrelated harmonic cosine noise are consistently lower than those of correlated
harmonic cosine noise.
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Fig. 2.10 Thresholds from uncorrelated harmonic cosine noise subftracted form
those of correlated harmonic cosine noise (a), compared to the results of
Zurek (b)

25 The relation between pitch and coloration for harmonic and anharmonic
cosine noise

This section goes further into the difference between harmonic and anharmonic co-
sine noise thresholds and the possible relation between the pitch and coloration per-
ception. The coloration thresholds for uncorrelated harmonic cosine noise are lower
than that for uncorrelated anharmonic cosine noise (compare Fig. 2.8a and Fig. 2.8b,
and Fig. 2.11a). Given the spectra of the signals this difference is remarkable. Since
the modulation depth is equal, the coloration strength is expected to be the same for
harmonic and anharmonic cosine noise. However, the position of the peaks differ,
and the strength of the ‘tonal’ perception of anharmonic cosine noise is, in the delay
time region from 2-10 ms, not as strong as it is for harmonic cosine noise
(Yost, 1978; Bremer, 1992; Raatgever and Bilsen, 1992). The question arises
whether the pitch strength has played a role in the coloration experiments. In order to
investigate this, experiments have been carried out in which the difference in
(correlated) harmonic and anharmonic signal thresholds were determined for both
coloration and pitch strength (§ 2.5.2).
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251 The difference in coloration thresholds for uncorrelated harmonic and
anharmonic cosine noise

To study the difference between the coloration thresholds of uncorrelated harmonic
and anharmonic cosine noise in more detail, the differences for the individual sub-
jects are given in Fig. 2.11a. That the threshold for pitch perception need not be
equal to the threshold of coloration was shown by Bilsen (1968) for correlated har-
monic cosine noise (see Fig. 2.11b).

0.
- - ® - - coloration threshold
dB —o— pitch threshold
-10.04
-20.04
g
- - rr -30.04——— - r
- 1.0 10.0 100.0 T 1.0 10.0
ms ms
(a) (b)

Fig. 2.11 Thresholds of uncorrelated anharmonic cosine noise subtracted from those
of uncorrelated harmonic cosine noise thresholds (a) and comparison of
pitch thresholds and coloration thresholds for correlated harmonic cosine
noise (Bilsen, 1968) (b)

With aid of a 2AFC- method the coloration threshold of harmonic cosine noise was
found by comparing to white noise. The thresholds of perceptibility of pitch were de-
termined by comparing harmonic cosine noise with delay time T with harmonic
cosine noise with delay time 1.06 T, a pitch shift of 6%, in random order. The subject
had to respond whether the pitch shifted ‘up’ or ‘down’. The thresholds were obtained
by decreasing the gain of the repetition until (just) no pitch shift could be perceived
between the stimuli. In Fig. 2.11b the coloration and pitch strength thresholds are dis-
played. For delay times between 2 and 10 ms, the coloration threshold are about 4
dB higher than the pitch thresholds.
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Fig. 2.12 Correlated harmonic thresholds subtracted from correlated anharmonic
thresholds for coloration (a) and pitch strength of broad band (b) and small
band (c) cosine noise (1) and comb filter noise (2) for individual subjects

(from Swets 1994)
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2.5.2 Coloration and pitch strength thresholds compared

The aim of this section is to verify whether the difference in coloration thresholds for
harmonic and anharmonic cosine noise can be attributed to the result of the differ-
ence in pitch strength. For that purpose the coloration thresholds and the thresholds
for pitch strength were determined for interaurally correlated harmonic and anhar-
monic cosine noise as well as for comb filter noise (Swets, 1994). To this end the
2AFC trajectory method as described in § B.2.3 was applied. The harmonic and an-
harmonic signals were presented in one experiment session, so the subject had no
knowledge of whether a stimulus pair would be harmonic or anharmonic. In this way,
the difference in performance between harmonic and anharmonic signals could be
measured very accurately. All experiments were done with one group of subjects, so
that potential subject differences were of less concern; four (reasonably) experienced
subjects participated in the tests.

Since anharmonic cosine noise has an ambiguous pitch sensation, special care must
be taken to find the threshold of pitch for this signal. If the pitch of anharmonic cosine
noise is matched to a sinusoidal signal, the pitches found to match are 0.89/T and
1.14/T (Yost et al, 1978; Bilsen, 1968; Raatgever and Bilsen, 1992) while in addition
a lower octave can be perceived, namely 0.5/T (Raatgever and Bilsen, 1992;
Bremer, 1992). If in a pitch detection experiment anharmonic cosine noise with delay
time T is compared to anharmonic cosine noise with 1.06T, the pitch shift perceived
by the subject is not necessarily a pitch shift of 6%. If the pitch of the first stimulus is
perceived as 0.89/T and the second as 0.89/1.06T, the subject will indeed perceive
the second pitch 6% lower than the first pitch and his (correct) answer will be ‘pitch
goes down’. However, if the first pitch is perceived as 0.89/T and the second pitch as
1.14/1.06 T, the subject will perceive a pitch shift of 21% up, and will answer ac-
cordingly. Ancther possibility is that in the first stimulus the subject perceives the
pitch which corresponds to one octave. If in the second stimulus the octave is not no-
ticed, the answer again will be that the pitch shift between the stimuli goes up. This
shows that both possible answers to the 2AFC are valid responses. To reduce this
ambiguity effect a pitch shift of 24% is used in the experiments, thus T,=1.32 T,
which is sufficient to give a pitch shift down for anharmonic cosine noise for all com-
binations where no octave is perceived. The subjects are provided with good/false in-
formation in the 2AFC-experiments, in order to avoid octave shift answers as much
as possible.

The thresholds for perceptibility of pitch and coloration were measured for broad
band cosine and comb filter noise (filtered between 20 Hz and 8 kHz) as well as for
band filtered cosine and comb filter noise. The aim of the latter measurements is to
force the subject to synthetic listening to the pitch generated by only three peaks of
the cosine noise (see Fig. 2.13). An advantage is that when the first three peaks are
removed from the signal, almost no octave shifts will be perceived (Raatgever and
Bilsen, 1992; Bremer, 1992).
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Fig. 2.13 Signals which differ in pitch and timbre (a) and signals which differ in
timbre only (b)

A disadvantage of this method is that not only the pitch alters between stimulus 1
and 2, but the subject is aided with a timbre shift in the same direction. If the pitch of
the signals shifts down, the timbre also shifts down. Since the point of interest for this
experiment is the pitch and not the timbre, the timbre is randomised by measuring
with different sets of peaks, e.g. the first stimulus with peak 4, 5 and 6, the second
stimulus with 5, 6, and 7. Although it is difficult to distinguish between pitch and tim-
bre, all four subjects were capable of hearing the difference after some training (cf.
Semal and Demany, 1991).

In Fig. 2.12 the differences in thresholds between (interaurally correlated) harmonic
and anharmonic cosine noise are given as measured by Swets. The thresholds are
measured by masking the signals (the cosine as well as the comb filter naise) with
white noise. The difference between the thresholds is given as Aa. In Fig. 2.12a the
difference in coloration thresholds are depicted, for cosine noise (a1) and comb filter
noise (a2). Fig. 2.12b gives the difference between the thresholds for the pitch
strength for broad band cosine noise (Fig. 2.12b1) and comb filter noise (b2}, and in
Fig. 2.12c the results are given for the small band signals. The pitch of small band
cosine noise is quite weak for smaller and larger delay times, so in this case fewer
thresholds as a function of the delay times were measured.

In Fig. 2.14 the results as found by Swets, averaged over all subjects, are compared
to the difference in coloration thresholds described earlier in this section (a)} and
compared to the difference in pitch thresholds as found by Yost and Hill (1978) (b),
both results are expressed in Aa. The latter thresholds are presumably measured for
correlated cosine noise, although the article mentioned is not clear about this. The
thresholds are found by detecting difference between the pitch of a stimulus and a
pitch of the next stimulus shifted by 10% in a 2AFC up-down method. Since in the
experiments of Yost and Hill the subject has to detect the difference between two
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stimuli instead of a pitch shift up or down, the direction of the perceived shift is irrele-
vant, and a pitch shift of 10% is sufficient. A slight drawback of their experimental
set-up is that it is not certain whether the subject uses pitch as a cue when detecting
the difference.

Aa
-6.0] ----o--- Salomons —e— Swets 6.0 o Yost —— Swets

1.0 10.0 1.0 10.0
T ms T ms

@ (b)

Fig. 2.14 The coloration threshold differences (anharmonic minus harmonic) as
found by Swets compared to the results as described earlier in this section
(a) and the broad band pitch threshold differences compared to the results
from Yost (b)

The difference between the coloration thresholds as measured by Swets is in close
agreement with the difference as described earlier in this section (Fig. 2.14a,
average difference 0.57+0.83 dB), and the difference between the pitch thresholds is
comparable to that of Yost (Fig. 2.14b, average difference 1.8+2.0 dB). The
conclusion is that there is a small, but consistent, difference between the harmonic
and anharmonic coloration threshold and that this difference is independent from the
measurement method. If the harmonic / anharmonic difference of coloration
thresholds is compared to the difference in pitch strength thresholds, it appears that
this difference is of the same order: about 3.0+£0.5 dB, especially between 2 and 20
ms. Also when the results of cosine noise are compared to those of comb filter noise
(Fig. 2.12), the difference is found to be of the same order as well. So, for both
coloration and pitch threshold, the difference between harmonic and anharmonic is
comparable (respectively 3 and 2 dB). This supports the idea, that when measuring
coloration thresholds of signals with a distinct pitch, the subject finds his threshold
aided by the pitch. This notion is further supported by the observation that the
difference found between the coloration and pitch strength thresholds do not differ
significantly from zero for most of the measurements (see Fig. 2.15 for the results
averaged over all subjects, average difference: about 0.5+ 1 dB) These differences
are therefore smaller than in the results found by Bilsen (1968), see also Fig. 2.11b,
where the pitch strength thresholds are lower than the coloration thresholds. If the
absolute thresholds of Bilsen and Swets are compared, it appears that (for T in the
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range of 2-10 ms) the pitch strength thresholds are comparable (‘a’ within +0.6 dB),
but the coloration thresholds for Swets are about a=2.5 dB lower, and comparable to
the results found by Lassche (see Fig. 2.9a). Since Lassche and Swets both used
the trajectory method for determining the coloration thresholds, it is possible that this
difference is due to the experimental method.

dBG'O- o harmonic * anharmonic | n 6.04 o harmonic « anharmonic
4.0 4.0
2.0 { 2.0]
o0l % % --------------- 0.0 --- T
-2.04 -2.04
-4.01 -4.0]
Aa Aa
-6.04 -6.04
10 100 10 10.0
T ms T ms
(a) (b)

Fig. 2.15 Coloration thresholds subtracted from pitch strength thresholds for corre-
lated cosine (a) and comb fifter noise (b) as measured by Swets, averaged
over individual subjects

2.6 Results of coloration threshold measurements for multiple repetitions

The signal of the experiments that are discussed in this section is white noise to
which its multiple repetitions are added. In one experiment the influence of the gain
of the repetitions is examined, in four other experiments the delay time of the
repetitions is varied. The coloration of the signals is weakened by adding
uncorrelated white noise. The test signal is compared to white noise in a 2AFC-
procedure. The subject is provided with good/false-information. The threshold is
found with an adaptive up/down procedure, in which two correct answers will give a
level change of 2 dB down and with one incorrect answer the level will go up 2 dB
(after Levitt, 1971). The error in the threshold is about 1 dB. In the graphs the
different open symbols denote the results of the individual subjects, while the solid
line connects the mean threshold averaged over the subjects. In the captions of the
figures the delay times of the signal are given by T,, the first delay time after the
direct signal, and AT,,, the mean delay time difference between successive
repetitions and the standard deviation of this difference (the exact delay times are
given in Appendix A). Along the horizontal axis of the figure the number of repetitions
of the signal is given, while the vertical axis is the threshold coloration level,
expressed in ‘a’ (see Eq. 2.5). For the results given in Fig. 2.16a and Fig. 2.16b the
delay times are the same.
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In Fig. 2.16a the repetition level is 1/N of the direct signal (Eq. 2.7), while in
Fig. 2.16b each repetition is of equal strength as the direct signal (Eq. 2.6).
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Fig. 2.16 Coloration thresholds, irregularly spaced delay times: T,=0.94 ms, AT =
0.99+0.36 ms for gj=go/N (a) and gi=go (b)
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Fig. 2.17 Coloration thresholds for multiple repetitions, respectively spaced irregular
and regular in time, T,;=8.5 ATy,=8.9+3.3 ms (a) and T,=8.5,
AT ,=8.540.0ms (b), gi = go

In Fig. 2.16a, the total energy in the repetitions is 1/N of that of the direct noise, and
the decrease of the coloration with increasing N is evident. In Fig. 2.16b the col-
oration threshold is nearly independent of the number of repetitions, although there is
quite a variation in the character of the coloration of the signals. For more than one
repetition, the sensation is not longer tonal, but more noise like.

In the next experiments the gain of each repetition is equal to that of the direct noise
(Eq. 2.6). In Fig. 2.17a and Fig. 2.17b the delay time differences are about 9 ms. In
Fig. 2.17a the results are given for repetitions irregularly spaced in time while in
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Fig. 2.17b the results are displayed for regularly spaced repetitions.

10.0 10.0
dB dB
0.04 0.0
-10.04 -10.0 {EH ol T g I
] ‘ |
-20.0] -20.0 |
-30.0 -30.04
ISl IS(f)!
-40. . -40. —_ — i
0.1 10 20 0.1 1.0 20
(@) f kHz (b) f kHz

Fig. 2.18 Spectra of signals with 8 repetitions spaced irregular in time: T ;= 8.46,
AT = 8.9+ 3.3 ms (a), and regular in time: T;= 8.5, ATy=8.520.0 ms (b)

As can be seen, there is a striking difference between the thresholds as a function of
the number of repetitions. For the irregularly spaced repetitions, the threshold in-
creases with increasing number of repetitions: the coloration becomes less. For the
regularly spaced repetitions the threshold decreases: the coloration becomes
stronger with increasing number of repetitions. It can be understood from Fig. 2.18a
and Fig. 2.18b that the sharp, regular peaks in spectrum (b) result in a stronger col-
oration than the irregular peaks in spectrum (a).

27 Results of paired-comparison

When the signals are scaled with paired-comparison (see § B.3.1) the coloration of
the signals is compared more directly, above threshold. In the tests the subject com-
pares all signals per pair and has to indicate which signal of the two is the ‘most
coloured’ signal. In first instance the subject will indicate the signal with the strongest
coloration:; if the colour of the two signals is comparably strong, the subject will use
other cues, such as the presence of high-pitched colour or rattle. In this way a sub-
jective scale of the ‘quality’ of the coloration is generated.

Two sets of signals were measured in this way, with the same irregularly spaced de-
lay times. The delay times are the same sets as those of Fig. 2.16, where the col-
oration thresholds of these signals are given. In Fig. 2.19 the results are shown of the
paired-comparison. In this graph N=0 denotes white noise.
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Fig. 2.19 Results of paired-comparison, irregularly spaced delay times: T,= 0.94,
AT = 0.9940.36 for gj = go/N (a) and g;=gp (b)

For the experiment depicted in Fig. 2.19b one subject does not agree with the other
subjects (circle symbol, subject MS). The difference is mainly due to a higher rating
of the signals with N=1 and N=2. If both these signals are removed from the compari-
son, the subjects all agree. The subject who deviates from the others is the experi-
ment leader, recognising the signals by their coloration which influences the subjec-
tive rating. For this subject, the results for N=1 and N=2 in Fig. 2.19b are comparable
to those of Fig. 2.19a; the difference between the signals of Fig. 2.19a and Fig. 2.19b
is small for small values of N and this subject rated the signals accordingly. The sub-
jects that where not aware of this connection rated the signals with g; = g¢/N and
g; = gp independently.

When the results of the paired-comparison are compared to the coloration thresh-
olds, one must consider that a strongly coloured signal has a high scale value, near
to one, and a low threshold. So a correlation between the threshold levels and the
scale value should be a negative. For the experiments depicted in Fig. 2.16a and
Fig. 2.19a the scale value and thresholds agree: the higher the threshold, the lower
the scale value with as minimum white noise (N=0). For the experiments from
Fig. 2.16b and Fig. 2.19b, only a weak correlation between the thresholds and the
scale values is found , the differences between the scale values are larger than ex-
pected from the thresholds.

In Fig. 2.20a and Fig. 2.20b the thresholds are plotted against the scale of coloration
to show the correlation between the results. The symbols in the graphs denote the
individual subjects. The relation between scale value and threshold in Fig 2.19a
shows an offset. This is due to the scaling of white noise, which is scaled as zero,
while signals with a low threshold, near to zero, are scaled as a value larger than
zero. The correlation between the coloration scale and threshold is -0.88. In
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Fig. 2.20b there is little variation in the threshold level, so one would expect a small
variation in the scale value. In contrast to this the variation in the scale is comparable
to the variation in Fig. 2.20a, since the subjects can use the whole range of the scale.
Note that the variation in scale level is not caused by random scatter or subject vari-
ability, as Fig. 2.19b shows that most of the subjects agree quite consistently on the
scaling of the signals. The correlation between coloration scale and threshold is only
-0.10.
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Fig. 2.20 Thresholds depicted against the coloration scale value, for gj = go/N (a)
andgj=go (b)

From the results of Fig. 2.17b one can conclude that when the coloration of the sig-
nals is comparably strong, i.e. a relative deviation between the thresholds within 15%
as in Fig. 2.16b, the subject still can rate the difference in the quality of the
coloration. If the relative deviation is large, such as in Fig. 2.16a which is 82%, the
coloration thresholds and the coloration scale will correlate.

28 Comparison of coloration thresholds and profile analysis

In this section a comparison is made between coloration thresholds and results of
‘profile analysis’ as given in Green (1986), in which profiles are described which can
(more or less) be compared to correlated harmonic cosine noise. Theretore, the
‘profile analysis’-results are compared to the coloration threshold of harmonic cosine
noise. The motivation for this is to investigate the relevance of the spectral shape for
the coloration perception.

The experimental task in the profile analysis is to discern between two discrete
broadband spectra, one standard spectrum and the standard spectrum to which a
‘signal’ is added. In most experiments the standard spectrum is composed of “a set
of equal-amplitude sinusoidal components” (Green, 1986). The signal is then formed
by adding one or more sinusoids in-phase to components of the standard spectrum.
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The level of the signal is adapted until ‘just no difference’ is detected between stan-
dard and standard plus signal. To avoid that the difference is detected by using the
absolute intensity as a cue, a roving intensity level is applied to the total sound.

In Fig. 2.21a the standard and in Fig. 2.21b standard plus the signal are depicted, as
described in Green (1986). The standard is formed of 21 sines which are spaced
evenly on a logarithmic scale, in the form of either a sine or a cosine ripple, between
200 Hz and 5 kHz. The signal gives a modulation of the standard. In Green’s experi-
ments the number of cycles ‘k’ in the sinusoidal variation are altered; the example in
Fig. 2.21b the signal exists of a sine-ripple with two cycles (k=2). In Fig. 2.22 the
spectrum of harmonic cosine noise is depicted on a logarithmic scale, showing a
similar modulation. For an equal amount of ‘cycles’ in both the profile and the
harmonic cosine noise, the delay time of the cosine noise equals k divided by the
frequency range (4.8 kHz).

L) £

1.0 0.0

0.0

Fig. 2.21 Standard profile (a) and standard plus sine profile for the case k=2 (b) as
used by Green (1986)

2.

rel. ampl.
0.0} i
0.1 1.0 KkHz 100

Fig. 2.22 Harmonic cosine noise plotted on a logarithmic scale (T=0.42 ms)

There are some important differences between the profile and the cosine noise.
Firstly, the discrete profile spectrum versus the continuous cosine noise spectrum,
secondly, for the profile the cycles of sinusoidal variation occur on a logarithmic scale
and for the cosine noise on a linear scale. Thirdly, the frequency range of the har-
monic cosine noise was not restricted between 0.2 and 5 kHz, while the profile was
in Green’s experiments.
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In the profile analysis experiments the level of the signal is adapted in a 2AFC-task,
with two-down one-up strategy and yields a 0.707 probability of being correct. The
threshold in Green (1986) is given as a signal-to-standard ratio. Since the threshold
of harmonic cosine noise is given as the threshold gain of the repetition, the profile
thresholds have to be recalculated to an equivalent gain level. In Fig. 2.23 the recal-
culated profile thresholds, for sine and cosine rippled profiles, are compared to corre-
lated harmonic cosine noise thresholds, as function of the number of cycles k. As the
equivalent delay time of harmonic cosine noise threshold for the range of k values on
consideration varies between 0.2 and 2 ms, the harmonic cosine noise thresholds as
found by Atal et al (1962) are used.

Comparison of the thresholds reveals that the cosine noise thresholds are higher
than the profile thresholds. Also, the coloration threshold decreases with increasing
number of cycles (i.e. increasing delay time). The profile thresholds display no sys-
tematic variation with the number of cycles, for neither the sine nor the cosine rippled
profile. The sine rippled profile gives an average threshold of -20.9+0.8 dB, for the
cosine ripple the average profile threshold is -20.9+3.7 dB. For k=2 the coloration
threshold is 9 dB higher than the average profile threshold, for k=8 this is reduced to

4.5dB.
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Fig. 2.23 Profile thresholds for sine-rippled profile (closed symbols) and cosine-
rippled (open diamond) as found by Green (1986) compared to correlated
harmonic cosine noise coloration thresholds found by Atal (1962) (solid

line)

A possible explanation for the varying coloration threshold is that the subject is aided
by the pitch sensation. For harmonic cosine noise the pitch is most distinct when the
delay time is about 2 ms, while for smaller delay time the pitch sensation wears off.
As a consequence the threshold increases. If the subject uses the profile of the
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spectrum only, the threshold does not vary. These results strengthen the surmise
that the pitch sensation plays an important role for the coloration perception, more
than the spectral shape only. Since the profile and the cosine noise do differ in some
number of points, it is recommended to repeat the coloration and profile experiments
in future with signals which bear more likeness, e.g. (continuous) modulated noise
from which the tops are placed linearly on a logarithmic scale, and filtered in the
same range as the profile. Also a roving intensity should be considered in the col-
oration experiments.

29 Summary and conclusions of artificial coloration experiments

For uncorrelated harmonic cosine noise the threshold of coloration depends on the
delay time, with a minimum threshold occurring for a delay time of about 2 ms
(Fig. 2.8a). The thresholds measured in the present experiments were in accordance
with the thresholds found by Zurek (1979), Atal et al (1962) and Bilsen (1968)
(Fig. 2.9).

An average difference of 3.9+1.9 dB is detected for harmonic cosine noise with
correlated and uncorrelated input signal for delay times between 2 and 20 ms:
uncorrelated harmonic cosine noise thresholds are lower than correlated harmonic
cosine noise (Fig. 2.10).

It is shown that for anharmonic cosine and comb filter noise both the coloration and
the pitch strength threshold is about 3 dB higher than that for the corresponding har-
monic signals (Fig. 2.12, see also Swets, 1994). The difference in the threshold for
the pitch strength corresponds to the experimental results of Yost (Yost, 1978:; Yost
and Hill, 1979). The amount of difference in harmonic and anharmonic thresholds is
comparable for pitch and coloration (maximum 0.5 dB difference, see Fig. 2.15). This
result supports the notion that when measuring the thresholds for coloration, the
subject is aided by the pitch of the signals. Also, it explains that the coloration of an-
harmonic cosine noise is less, because the pitch is less distinct. For more on the per-
ception of pitch of complex signals, the reader is referred to Terhard (1974), Gerson
and Goldstein (1978) and Meddis and Hewitt (1991).

When more than one repetition is added to white noise, the threshold depends on the
number of the repetitions, the relative gain, and on the delay time of the repetitions. If
the direct signal dominates over the repetitions, the coloration is less with increasing
number of repetitions, for both the quantity (Fig. 2.16a) and the quality (Fig. 2.19a) of
the coloration. If the direct signal and repetitions are equally strong, the coloration
depends mainly on the delay time differences between the successive repetitions.
For repetitions which are irregularly spaced in time with small delay times differences
(about 1 ms), the threshold hardly increases as number of the repetitions
(Fig. 2.16b), although there is much difference in the quality of the coloration. This
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difference in quality is shown by the results of the paired comparison (Fig. 2.19b).
For irregularly spaced repetitions with a larger delay time difference, about 9 ms, the
threshold increases as a function of the number of repetitions (Fig. 2.17a). When the
repetitions are regular, the thresholds decrease as a function of the number of repeti-
tions and the coloration gets more intense (Fig. 2.17b). This can be understood from
the spectrum of the signal. If the number of regular spaced repetitions increases, the
regular spaced peaks in the spectrum become sharper, and thus the coloration be-
comes more salient.

in § 2.8 the results of profile analysis were compared with the coloration thresholds.
The profile considered, was a sine-formed signal, compared to a flat standard, the
coloration threshold were those of harmonic cosine noise. It appeared that the profile
threshold do not vary with the number of cycles as harmonic cosine noise thresholds
do (Fig. 2.23). It strengthen the surmise that for harmonic cosine noise the thresholds
are found with the aid of pitch perception rather than the shape of the spectrum.
Since the profile signals and the harmonic cosine noise differ on a number of points,
it is recommended to repeat the experiments of profile analysis and coloration with
more comparable signals.
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Binaural Decoloration Experiments

3.1 Introduction

In this chapter binaural decoloration is topic of research. If the signals at left and right
ear differ, the coloration can decrease with respect to the monotic or diotic listening
situation. The question rises, when binaural decoloration will occur and how strong
the binaural decoloration is, depending on the difference between the left- and right
signal.

To this end, the coloration threshold of harmonic cosine noise with different delay
times for left and right repetition is measured and given in § 3.2. These measure-
ments are partly a reproduction of the measurements done by Zurek (1979) on this
topic, who gives the threshold of harmonic cosine noise for which repetitions and di-
rect signal of left and right signal stem from one source. As an extension to these
tests, the coloration threshold is measured for uncorrelated harmonic cosine noise,
for which the left and right ear signal come from uncorrelated sources. The expecta-
tion is, that the dichotic threshold will be higher than the diotic threshold. Since the
models that are given in Chapter 6 describe that the binaural interaction depends on
the interaural correlation of the signals, the prediction is that the amount of decol-
oration also depends on the interaural correlation.

Another test for the binaural decoloration is found in the measurement of the thresh-
old for complementary cosine noise, a signal whereby harmonic cosine noise is pre-
sented to one ear and anharmonic cosine noise to the other ear. Also in this case the
experiments are partly a reproduction of the measurements carried out by Zurek
(1979), which measured the coloration thresholds for uncorrelated complementary
cosine noise. An extension to these experiments is the coloration threshold mea-
sured for casine noise in which the repetitions and direct noise for left and right ear
stem from the same source.

It is expected that for complementary cosine noise the minimum of the signal spec-
trum at one ear may (partially) cancel the maximum of the signal at the other ear,
which will diminish the coloration effect. This makes it a very suitable signal for the
binaural decoloration test: when the binaural decoloration concept is correct, the
threshold value for this listening situation should be significantly higher than for a sit-
uation of either harmonic or anharmonic cosine noise. In section 3.3.1 the coloration
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thresholds are given for complementary cosine noise with equal delay times left and
right and compared to harmonic cosine noise. Since the above assumption is, that
there the binaural interaction depends on the interaural correlation, different thresh-
olds are expected for the uncorrelated complementary cosine noise and the comple-
mentary cosine noise for which the interaural cross spectrum differs from zero.

In section 3.3.2 ‘complementary’ cosine noise with different delay times for left and
right ear signal is considered. When harmonic cosine noise with delay time T|_ is pre-
sented to one ear and anharmonic cosine noise with a different delay time, Tg, to the
other ear, the expected cancellation of the coloration of the separate signals is dis-
turbed. Since the canceliation is no longer optimal, the binaural decoloration is there-
fore expected to decrease. Strictly speaking, the left and right ear signals are no
longer complementary, but since harmonic cosine noise is presented to one ear and
anharmonic to the other ear, the signals will still be called complementary here for
convenience.

in § 3.4 the binaural decoloration is measured of signals with multiple reflections at
left and right ear (all stemming from the same source). Since the coloration in concert
halls originates from multiple reflections, and the reflections that arrive at left and
right ear often differ, this signal tries to mimic a natural situation. For the diotic case
the reflections at one ear can weaken or increase the coloration, but in the dichotic
case this interaction can also take place interaurally. The expectation is, that binaural
decoloration takes place and the dichotic thresholds are higher than the diotic
thresholds.

In § 3.5 is shown, that between two coloured dichotic signals having the same spec-
tra, a difference can be detected based on interaural correlation. This difference can
be present when dichotic harmonic cosine noise for which the gain of the repetition is
altered, is compared to the same, but masked signal. Therefore, one should take
care in comparing the thresholds of dichotic harmonic cosine noise expressed in the
gain ‘g’ or the attenuation ‘a’.

Since these dichotic signals can give additional (unwanted) cues such as broadening
of the image and lateralisation (see section 1.4), special care is taken in the experi-
mental set-up to minimise their effect. For harmonic and complementary cosine noise
the adjustment method is used, in which the subject is instructed to pay attention to
the coloration only. For measuring the coloration threshold of the multiple reflections-
signal, the unwanted cues are randomised, so that these cannot be used in the
forced choice method applied in this case.
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3.2 Experiments with harmonic cosine noise with different delay times at
left and right ear

The signals used in this experiment are harmonic cosine noise the repetition delay
time at the left ear being 0.5 ms smaller than that at the right ear (compare Zurek,
1979). The cosine noise is generated from equal (correlated) or different
(uncorrelated) input sources for left and right ear (compare Fig. 2.6). The delay time
difference of 0.5 ms is comparable to the difference in arrival time of a reflection due
to a reflecting surface placed near the left ear (Fig. 1.2). The thresholds are mea-
sured with the adjustment method as used earlier for (an)harmonic cosine noise with
equal delay times at left and right ear (§ 2.4 and § B.2.4). Fig. 3.2 shows the results
for all subjects, left for correlated cosine noise and right for uncorrelated cosine
noise. The results show that when the delay times of left and right ear signal are
equal (Fig. 3.2a), the thresholds are lower than in the situation where the delay times
differ (Fig. 3.2b). This observation is valid for both correlated and uncorrelated har-
monic cosine noise, although the difference between the thresholds is, for T smaller
than 10 ms, slightly smaller for the uncorrelated input sources. Apparently, the ab-
sence of interaural correlation weakens the decoloration effect, compare Fig. 3.2¢c1
with Fig. 3.2¢2. This difference is smaller than that between the thresholds of corre-
lated and uncorrelated harmonic cosine noise with the same delay times at left and
right ear (Fig. 2.10). lrrespective of the difference between the delay times at left and
right ear, the ‘uncorrelated’ thresholds are lower than the ‘correlated’ thresholds
(compare Fig. 3.2a1 and Fig. 3.2a2 and Fig. 3.2b1 and Fig. 3.2b2).

15.0
dB

IR
Bt

-10.07

Ag 1 e Salomons o Zurek
-15.0 T T
1.0 10.0 100.0
T ms

Fig. 3.1 Correlated harmonic cosine noise thresholds for T = T, subtracted from
correlated harmonic cosine noise thresholds for Tg = T; +AT compared to
the results of Zurek, AT=0.5 ms

Similar experiments have been carried out by Zurek (Zurek, 1979), for correlated
harmonic cosine noise. In Fig. 3.1 the present results are compared to those of
Zurek; the difference between the present results and those of Zurek are on average
1.9+2 4 dB, thus there is a good agreement.
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Fig. 3.2 Measured coloration thresholds for harmonic cosine noise with equal (geq)
(a) and different (g4 (D) delay time for left and right ear, and the differ-
ence Ag=9yiirJeq (c), generated with correlated (1) and uncorrelated (2)
noise input
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3.3 Experiments with complementary cosine noise

This section presents experimental results for both correlated and uncorrelated com-
plementary cosine noise. The thresholds where obtained by comparing the coloured
signals to the test signal that is obtained by putting g=0 in Fig. 3.3.

Fig. 3.3 Correlated and uncorrelated complementary cosine noise

In section 3.3.1 the coloration thresholds are given for complementary cosine noise
with equal delay times left and right and compared to harmonic cosine noise. In sec-
tion 3.3.2 ‘complementary’ cosine noise with different delay times for left and right
ear signal is given.

3.3.1 Experiments with equal delay times at left and right ear

The thresholds for correlated and uncorrelated complementary cosine noise, with
equal delay times, are given in Fig. 3.4b1 and Fig. 3.4b2, respectively. For compari-
son the thresholds of correlated and uncorrelated harmonic cosine noise are
depicted in Fig. 3.4a1 and Fig. 3.4a2. In Fig. 3.4c1 and Fig. 3.4c2 the differences
between the thresholds of correlated and uncorrelated harmonic cosine noise and
complementary cosine noise are given.

In Fig. 3.4 the individual results of the subjects are depicted as different symbols,
while the results averaged over the subjects are connected by a solid line. As can be
seen, the thresholds for complementary cosine noise are seen to be much higher
than for harmonic cosine noise, for both the uncorrelated and the correlated cosine
noise. The difference between the complementary and harmonic thresholds dimin-
ishes with increasing delay time, indicating a decrease of the binaural decoloration
effect with delay time. This effect is more pronounced for correlated cosine noise
than for uncorrelated cosine noise. The coloration of the correlated complementary
cosine noise signal decreases as the delay time increases, but other binaural effects,
such as perceptual broadening of the source, remain present as an additional cue in
comparison to the diotic white noise.
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Fig. 3.4 Individual coloration thresholds for harmonic (g;,) (a) and complementary

(9.) (b) cosine noise and the difference between those thresholds (g.-gj)
(c), for correlated (1) and uncorrelated (2) input noise
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The thresholds for correlated complementary cosine noise therefore show less in-
crease with delay time as might be expected (see Fig. 3.4b1). As a consequence, the
difference between correlated complementary cosine noise and harmonic cosine
noise decreases rapidly, and may for larger delay times even become negative,
when the additional binaural cues outweigh the coloration effect.

For uncorrelated complementary cosine noise the perception is as broad as for un-
correlated white noise, hence broadening does not play a role. Also in this case the
difference between harmonic and complementary cosine noise becomes smaller for
increasing delay time, but not as fast as for correlated signal thresholds. The de-
creasing difference for large time delays is simply a result of the overall decrease of
the coloration strength for both types of signals.

The coloration of correlated complementary cosine noise has been studied more ex-
tensively by Lassche (1990). In the experimental set-up of his experiments the sub-
ject was presented with two stimuli, one coloured stimulus and a white noise stimu-
lus, in random order. The subject had to point out which stimulus was the coloured
stimulus. The threshold was defined at 75% correct answers. In Fig. 3.5a the results
for correlated complementary cosine noise are given, compared to harmonic cosine
noise results.

0.0 ' 20.0
dB o harmonic = complementary dB

+00] T ﬁ 1 % %% T
;
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-2go.(} ]T %; % 8 H o0 ﬁ% %%%

1 o Lassche

-30.0H—rrr S—— . -20.04 s S8lomons
1.0 10.0 100.0 ;10 10.0 100.0

(a) (b)
Fig. 3.5 Thresholds of correlated harmonic (g,) and complementary cosine noise

(9. (a) and the difference between those thresholds (g.-gp,) as measured
by Lassche (1990) (b) compared to the present results

The absolute threshold values found by Lassche are lower than those found in the
present experiments, but the threshold differences between complementary cosine
noise and harmonic cosine noise are in good agreement for delay times between 2
and 20 ms, as shown in Fig. 3.5b, the average difference is 1.5+£1.6 dB. In this figure
the results are depicted as the mean value, averaged over the subjects; the error bar
is the standard deviation among the results of individual subjects.
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Correlated input sources

Uncorrelated input sources
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Note the range of negative Ag for large T, which is probably due to unwanted
binaural cues, as discussed previously.

The thresholds for uncorrelated complementary cosine noise may be compared to
those reported by Zurek (1979). Fig. 3.6a shows the difference of uncorrelated com-
plementary cosine noise and uncorrelated harmonic cosine noise. Because the dif-
ference between the thresholds is given, the difference in experimental set-up plays
a minor role. For small delay times, up to 10 ms, the difference in thresholds found
by Zurek is somewhat higher, but in general the results agree (average difference:
3.514.0 dB)
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-20.0- T T T -20. T v T
1.0 10.0 100.0 1.0 10.0 100.0
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Fig. 3.6 Harmonic cosine noise thresholds subtracted from complementary cosine
noise for uncorrelated input, compared to the results of Zurek (a) and
difference between thresholds of uncorrelated and correlated complemen-
tary cosine noise (b)

The thresholds found for uncorrelated harmonic cosine noise are consistently lower
than those for correlated harmonic cosine noise, as shown in section 2.5.3. On the
other hand, the thresholds of correlated and uncorrelated complementary differ not
much, on average 0.3+1.9 dB (Fig. 3.6b). As a result, the decoloration, e.g. the dif-
ference between harmonic and complementary signals, is slightly larger for uncorre-
lated input sources than for correlated input sources, compare Fig. 3.4¢c1 and
Fig. 3.4c2.

3.3.2 Experiments with different delay times at left and right ear

Another interesting question is how the threshold of complementary cosine noise is
affected when the delay times of the repetition left and right are not exactly the same.
When the delay times are equal, peaks in the left ear signal spectrum are cancelled
by troughs in the right ear spectrum, and the binaural decoloration is expected to be
maximum.
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When the peaks of the left ear spectrum are somewhat shifted with respect to the
troughs of the right ear spectrum, the cancellation cannot be at optimum, and one
would expect less decoloration.

This experiment was carried out for both correlated (Fig. 3.7b1) and uncorrelated
(Fig. 3.7b2) complementary cosine noise, with the delay time of the left ear repetition
0.5 ms larger than that of the right ear. The measurement procedure is again the ad-
justment method, and the subject is asked to concentrate on coloration only. With
this type of signal this is rather difficult, since the left and right ear signals differ
greatly. However, since the subjects were well trained in recognising coloration, the
thresholds were quite consistent for repeated experiments.

The results of this experiment are compared to the thresholds for complementary
cosine noise with equal delay times (Fig. 3.7a). As expected, the thresholds of the
complementary cosine noise with different delay times are 3-5 dB lower than with
equal delay times. The difference decreases with increasing delay time, as for har-
monic cosine noise with different delay times left and right and with comparable
amount (cf. Fig. 3.2c). Note also that the thresholds for harmonic and complementary
cosine noise are comparable for unequal delay times (cf. Fig. 3.2b and 3.7b, the av-
erage difference is 0.4+1.2 dB). This indicates that the binaural decoloration effect of
complementary with respect to harmonic cosine noise is much reduced when the
delay times are no longer equal.

34 Coloration thresholds for a dichotic signal with multiple repetitions

in this section coloration thresholds are given for a (interaurally correlated) dichotic
signal with four repetitions, as shown in Fig. 3.8. In this scheme n1, n2 and n3 repre-
sent three independent white noise sources. The scheme is used for one and four
repetitions. The level of each repestition is equal to that of the direct signal, so for
harmonic cosine noise go=g1=1/N2 (with the other g; zero), while for four repetitions
for all gj applies: gi=1/V5. The level of the coloured signals and the reference noise is
the same in all situations, 60 dB (SL), so the subject cannot discriminate the signals
by comparing the intensity level. The threshold of coloration is measured by masking
the signal with white noise, in the scheme of Fig. 3.8 controlled by the parameter ‘a’.
The masking white noise signal is considered for two noise sources, n, and ng, in or-
der to be able to vary the interaural correlation, as is explained further below. The
masked signal is compared to white noise in a two alternative forced choice method.
According to the scheme: when the switches are set to position 1, (masked) coloured
noise is produced, for reference white noise the switches are set to position 2.

The values of the delay times for the signal with four repetitions are given in Tab. 3.1.
The difference of the delay time of the first repetitions is 0.1 ms, whereas for each
following repetition the delay time difference is increased with 0.2 ms. The difference
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in delay times is chosen such, that the first repetition arrives first at the right ear, the
second repetition arrives first at left ear and so forth. This keeps the place of the per-
cept of the signal near the middle. If all repetitions would arrive first at the left ear, the
percept would be entirely at the left ear and this lateralisation would give an un-
wanted cue for the forced choice.

9 5_ 9,
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g, 14 Left 9, 1+ Right
4 T, 2 2 ] 4 T.. 2

Fig. 3.8 Scheme for processing four different repetitions at left and right ear

In the previous section it appeared that for both correlated dichotic harmonic cosine
noise and correlated complementary cosine noise the amount of decoloration de-
pends on the delay time (Fig. 3.2¢1 and Fig. 3.7c1), while this is less the case for the
uncorrelated signals (Fig. 3.2c2 and Fig. 3.7c2). This might be caused by the fact
that the subjects use other than coloration cues, especially broadening, for adjusting
the threshold. In order to avoid this, the experiments described in this section are
performed with a 2AFC-method in which interaural correlation is randomised. Cues
other than coloration are randomised so the subject can no longer use these in the
forced choice. The randomisation makes the experiment more difficult, since the
subject must focus on differences in coloration instead of any difference whatsoever.
Therefore, to obtain a good comparison between diotic and dichotic signals, this ran-
domisation was used in all experiments, including the diotic signals. Since it is possi-
ble that the detectability of the coloration depends on the interaural correlation
(comparable with the Binaural Masked Level Difference, see e.g. Langford and
Jeffres, 1964) the randomisation of the interaural correlation of the masking noise is
kept between narrow boundaries. The average interaural correlation of the reference
and masking noise was chosen more or less equal to the interaural correlation of the
coloured signal which was determined before the experiments, by comparing the
broadness of the signals perceptually. This was done by a pilot match in which the 2
subjects matched the interaural correlation of white noise to the signals. The ran-
domisation added to the average correlation is £0.08.

In the signal scheme of Fig. 3.8 the interaural correlation for the masking noise is
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equal to the parameter ‘c’.

The experiments were conducted with an four interval 2AFC up/down method (Levitt,
1971; see § B.2.2). In the experiments three experienced subjects took part. The col-
oration thresholds for the signal with four repetitions are given in Tab. 3.1, for the in-
dividual subjects. In the third column of this table the thresholds are displayed for the
dichotic signal, in the first and second column the thresholds are given for the situa-
tion that the left, respectively right, signal is presented diotically.

Tab. 3.1 Coloration threshold of diotic and dichotic signals with four repetitions

TL: 1.88, 4.52, 5.56, 7.64 ms TH: 1.78, 4.82,5.06, 8.34 ms
Subject Diotic Left/Left Diotic Right/Right Dichotic Left/Right
a (dB) a (dB) a (dB)
MS -7.97 £ 0.44 -8.71+0.37 -11.73+0.77
BO -6.19 + 0.64 -7.77+1.02 -8.55 + 0.82
WK -6.67 £ 0.72 -7.40 + 0.85 -7.55+0.48

Because the experimental set-up differs from that of section 3.2, the experiment is
also carried out for one repetition. The thresholds as a function of the delay time are
depicted in Fig. 3.9. In Fig. 3.9a are the thresholds for diotic signals, in (b) the resulits
for the dichotic signals with AT=0.5 ms. The standard error is about 0.8 dB. In
Fig. 3.9c¢ the difference between the diotic and dichotic thresholds is depicted. For
the comparison in Fig. 3.9(d) with the results of section 3.2, equivalent g values have
been calculated for the present results although the recalculation between ‘g’ and ‘a’
is not entirely valid for dichotic harmonic cosine noise (see next section).
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Fig. 3.9 Coloration thresholds for T; =Tg (a) and for T; =Tg+AT, AT=0.5 ms (b)
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