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GENERAL PREFACE

The dissertation is submitted, in partial fulfillment of the requirements for the Doctor

of Philosophy degree, at the Graduate School of Science and Technology, Kobe

University.

The basic theme of the dissertation is to investigate the empirical relationship

between the temporal phenomena of the material existence and its human sensitivity. In

the whole study temporal phenomena were determined by the factors extracted from the

autocorrelation function of the sound stimuli. On the other hand, sensitivity of the

temporal phenomena is defined by the differential subjective judgments of the auditory

duration.

I would like to express my deep appreciation to Professor Yoichi Ando for his

considerable guidance and constant suggestions. I take the responsibility of any

unknown errors in the pages occurred.
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ABSTRACT

A series of studies was conducted as the partial fulfillment of the requirements for the

Doctor of Philosophy degree in the discipline of psychoacoustics. To examine the

subjective reality of temporal duration in the primary sensation of sound stimuli

psychophysical test methods were used. The properties of sound stimuli were determined

by the factors extracted from its autocorrelation function (ACF). Using the "model of the

auditory-brain system" with the ACF, and the "theory of primary sensation" the below

theory is concluded.

/IDuration sensation of the sound stimuli is one of the primary sensations

of the human-brain neuron which is responsible for the factors T p T e'

cPl' cPm and <P( 0) extracted from the ACF and physical duration. /I

Which can be expressed by the equation:

Here, DS: duration sensation; PD: physical duration; and f: function. T 1: delay

time of the first peak; i e : effective duration of the envelope at the ten-percentile delay;

<Pj: amplitude of the first peak; ¢m: constant value of all amplitudes; and <P( 0): energy

at the origin in the ACF. Smaller symbols signify minor effects on DS.
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Chapter-l

CHAPTERl

INTRODUCTION

1.1. Preface

The temporal dynamism is become one of the most premising research phenomena

since the modern civilization began. Because of the belief that no change can take place

without specification of time. Since the remarkable development of the philosophy and

science, time is defined differently with many unsolved controversies. Isaac Newton in

his Philosophiae Naturalis Principia Mathematica (1687) quoted that "absolute, true,

and mathematical time, of itself and from its own nature, flows equably without relation

to anything external". He also explained the underlying idea in psychophysics that

"subjective reality is a direct reflection of objective reality". Concluding the modern era

of the philosophy and science, time can be recognized with the various aspects as

psychological time, biological time, solar time, mechanical time, atomic time, etc. The

twentieth century has been emphasized on time, explaining it as the fourth dimension of

space in the renowned "Theory of Relativity" of Albert Einstein (Martin et al. 1995).

At the beginning of the twenty-first century psychological time may be considered as

the emergence of the new era of science and philosophy. The reality and fantasy

whatever, and however, the time as absolutely continuos or conditional with the space,

the then reflection of brain function should be studied more. In the cognitive and
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Chapter-l

neuroscience, the evaluation of the sensation of temporal duration within some

milliseconds of mechanical time can bring a significant result if it is multiplied with the

broader time billions of year. Considering the human life as a continuous process from

individual to individual and from generation to generation through the biological

evolution and the sensation as a psychological evolution over the sequence of physical

time, the present study can be significant.

1.2. Previous studies

Fraisse described the history of remarkable researches on the perception of time in

his book "The Psychology of Time" in 1963 and made a comment that "time is a subject

with a crowded research history over the 20th century". The human experience of the

time duration of a sound signal has been studied from various point of view. Gyuau

(1902) found that estimates of time depend on many variables, such as the number, type,

and intensity of sound stimuli presented and the subject's expectations, levels of

attention, and interest. Woodraw (1951) described his data in terms of "Vierordt's law":

that shorter time intervals are overestimated and longer intervals are underestimated. He

also described an indifferent range in which intervals are neither overestimated nor

underestimated. Frankenhaeuser (1959) presented clicks as acoustical stimuli, at various

intervals from 13 to 72 s and sequenced at various speeds, and found that estimates of

duration increased with the speed at which the clicks were sequenced. Fraisse (1961)

found that an interval during which signals are presented at 5/s is estimated to be longer

than an interval in which they are presented at 10/s. An early explanation of duration

- 2 -



Chapter-l

discrimination was proposed by Creelman (1962) that a central counter is postulated that

sums the number of random neural firings (counts) that occur during the duration to be

judged. Michon (1965) described the variation of subjective duration with the type and

amount of activity in which the subjects are engaged. In 1966 Austin et al. used auditory

clicks at frequencies between 0 and 10/s and found that the magnitude of the frequency

effect was a monotonically decreasing function of duration. Vroon (1970) found that the

apparent durations increase with the rate of information transmission and that when the

subject has to behalf actively, i.e., by translating the stimuli into binary choices, the

experienced duration decreases with the number of processed bits. Sharon (1971) used

two silent durations (T and T + !ll') in a two-alternative forced-choice procedure and

found that discrimination depended on the parameters of the marker. Huggins (1972)

explained his experimental results that subjects are much more sensitive to changes in

vowel duration than to changes in consonant duration. He also added that the perception

of timing in natural speech is based on events at the syllabic level rather than at the

segmental leveL Hicks at al. (1977) stated that the time appears to pass more rapidly if

one is engaged in a higher level of behavioral activity. Ando (1977) found that the time

passes more quickly when it is filled with noise than when it is silent and explained this

to an internal clock inhibited by noise. Zakay et al. (1983) found that subjective

estimates of time were a decreasing function of task difficulty, and that estimates of the

durations of "empty" intervals were longer than those of "filled" intervals. Subjects

produced the longest estimates of duration when the external tempo was fastest and

produced shorter estimates when the external tempo were slower. Kato et al. (1992,

"- .) -



Chapter-l

1993) found that perceptual sensitivity to the change of duration is dependent on the

intensity using speech segments as stimuli. Paster and Artieda (1996) stated that the

internal clock can be imagined to be an oscillating circuit, with a single pacemaker

neuron or a group of pacemaker neurons, that generates rhythmical electromagnetic

activity the brain uses in the temporal analysis of information.

Ando et al. (including author) conducted one questionnaire study with the author in

1999 to examine the temporal experiences of longer duration (see Ando et al. 2000a).

Results indicated that both subjective time durations of one day and three years are well

described by the normal distribution if the time scale is logarithmic rather than linear. A

remarkable finding obtained here is that, in reference to the mean subjective time

duration of the junior high school (three years), the mean subjective time durations for

each of the three-year periods before the elementary school were significantly longer

than unity (about 1.2), and the subjective duration of the three-year period of the senior

high school is significantly shorter (about 0.8). When subjects transferred between

elementary school at 6-11 years of age, the mean subjective time duration of the periods

below 11 years of age was much longer, more that 1.3.

1.3. Model of auditory-brain system

A model of auditory-brain system was proposed by Ando (1998) as shown in Figure

1.1. It may explain well the subjective attributes and the auditory evoked potentials even

though the continues brain waves corresponding to the changing phenomena of acoustic

signals. In this figure, sound source is the pet) and fa indicates it's three-dimensional

- 4-



Chapter-!

position. The sitting location of , means the center position of the head of listener,

h1,r (r Ir;, ,t), being the impulse responses between '0 and the entrances of left and right

ear-canal. The impulse responses of the external ear canal and the chain of three bones

(hammar, stirup, anvil) indicate e1)t) and czAt), respectively (The structure of the

human ear is shown as a cross-section in the Figures 1.2). The movements of the basiler

membrane are expressed by Vz.r(x, cv) in which, x being the position alone the

membrane. The hair cells produce action potentials those are transmitted through the

cochlear nuclei, the superior olivary complex up to the auditory cortex of both

hemispheres. The superior olivary complex includes the function of medial superior

olive, the lateral superior olive and the trapezoid body.

The input power density spectrum of the cochlea l(x ') can be roughly mapped,

according to the tuning of a single fiber (Katsuki et aI., 1958 and Kiang, 1965) at a

certain nerve position x'. This fact may be partially supported by auditory brainstem

response (ABR), waves ( I -N) which reflect the sound pressure levels as a function of

the horizontal angle of incidence to a listener (Ando et al. 1991). The sound pressure

level, which corresponds to the denominator of Equation (1.1) with the ACFs for the

two ears at the origin of time (a = 0) which, appears in the latency at the inferior

colliculus, may be processed in the right hemisphere. These neural activities, in turn,

include necessary information to attain the ACF at the higher level of the lateral

lemniscus as indicated here by <P1I(a) and <PrrCa). It is known that the left

hemisphere is mainly associated with time-sequential identifications, and the right is

concerned with spatial identifications (Kimura, 1973; Sperry, 1974; Ando, 1987). But

- 5 -
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Chapter-l

the hemispheric dominance is a relative phenomenon depending on what factor is

changed in the presented pair.

Auditory
canal

Pinna

Eardrum

Semicircular
canals

Bone chain

Auditory nerve

Cochlea

Eustachian tube

Figure 1.2. Diagram of the entire ear. The outer, middle, and inner
ear are shown, along with adjacent structures.

The normalized interaural cross-correlation function is defined by

(1.1)

where <1>1l(0) and <1>"(0) are ACFs at T = 0 for the left and right ear, respectively, or

the sound energies at both ears. Here, the denominator is

According to this model subjective attributes are described by all the acoustic factors

- 7 -
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associated with both cerebral hemispheres. The echo disturbance, the threshold of

perception of a reflection and coloration (temporal information) are considered, to be

dominantly processed in the left hemisphere related to the envelope function of the ACF

of sound stimuli.

1.4. Factors of autocorrelation function

Among the most useful signal processors concerned with the auditory system

autocorrelation function (ACF) is one of them. Such ACF can be defined by

1 +T
<I> /r) = lim-! p'(t)p' (t + r)it,

T-oo 2T -T
(1.2)

where p'(t) = p(t)* set), set) being the ear sensitivity. To use practically convenient,

set) may be selected as the impulse response of an A-weighted network. So the ACF

can be obtained from the power density spectrum, which is defined by

~ (OJ) =P(OJ )p' (OJ), (1.3)

where P(OJ) is the Fourier Transform of p(t), which is the particular signal. That is

why the ACF can be expressed by

(1.4)

(1.5)

Thus it can be recognized that the ACF and the power density spectrum contain the

same mathematical information. The normalized autocorrelation function (NACF) is

defined by

- 8 -
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(1.6)

The signal duration in the ACF corresponding to the psychological present, as

suggested by Fraisse (1982), is 2T (integration interval) = 0.5- 5.0 s. Such of

psychological present defined here as the short-time duration of stimuli needed for

subjective responses. Analyzing the ACF, five significant factors can be found and are

defined as below.

+1

-1

o 2 4

Delay time, r: (ms)

6 8

Figure 1.3. The 1:1 and <1>1 are defined here by the delay time and

amplitude, respectively of the first peak of the ACF.

1. The time delay of the first peak, T I, in the normalized ACF is defined by Equation

(1.6) and is shown in Figure 1.3.

- 9-
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2. The effective duration of the envelope of the normalized ACF, re , is defined by the

ten-percentile delay or the -10 dB, representing a kind of repetitive feature or

reverberation contained within the source signal itself (Figure 1.4).

161284o
-15

0
'te

---~ -5 " -""0
'--"

';=:::
J:::, ~ "
~-
b1)

" ~ I
0 -10........

0
~

Delay time, L (ms)

Figure 1.4. An example of determining 'te. The 'te is defined by the

delay time at which the envelope of the ACF becomes -10 dB.

3. The amplitude of the first peak, 1J1' in the normalized ACF is defined by Equation

(1.6) and is shown in the Figure 1.3.

4. The value of amplitude 1J, in which, 1Jl , 1J2 , 1J3, ••• ,1Jn , are found constant in

the ACF and specified as 1Jm and is shown in Figure 1.5.

5. The energy represented at the beginning of the time delay <1> /r), here the r = O.

Such energy is indicated here by <1>(0).

- 10-
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~

~
'"0
'-..-'

----. -0.5 ....
p
"--"-e-
b.O
0........

0
1""""i

-1.0
0 2 4 6

Delay time, r (ms)

8 10

Figure 1.5. The ~m is defined by the constant value of the peaks (~1'

~2' ~3' ... , ~n) of the ACF. The ACF is measured for the stimulus of

pure-tone (1000 Hz) mixed with white-noise.

1.5. Primary sensation and autocorreJation function

The model of auditory-brain system (Ando, 1998) can be supposed as working well

to describe fundamental subjective attributes for sound field. It also describes the

autocorrelation function (ACF) and interaural cross-correlation function (IACF),

according to the Figure 1.1. Another theory corresponding to the auditory-brain system

was proposed by Ando (2001a and b) to explain the fundamentals of sensation of the

auditory stimulus. That is the "theory of primary sensation" of sound stimulus. If

ci(i = 1, 2, ... ,1) are to be the physical factors representing cues influencing any primary

sensations S;(i = 1,2, ...,1 <1), a sensation Sj may be then express by

-11-
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(1.7)

On the other hand, when the physical factors are orthogonal, then Sj may be

expressed by a linear combination, then

Sj = f(Cl) + f(c2) +... + f(c i ), j =1,2, ...,1. (1.8)

Ando described in the same study (200la) whether or not the sensations are

independent of each other. That can be easily demonstrate by the case as

Sj = ~ (S) + f/C2)' Sk = fk(C l) + fie (c2),

the correlation coefficient in between Sj and Sk can be given by

(1.9)

~k = siSk = fj(cl)fk(Cl) + !;(C 2)!k(C2) + fj(C t)fk(C2) + fj(cz)fk(Ct ), (1.10)

In this equation the first and second terms of the right-hand side are not always zero.

It means that such primary sensations are subject to being not mutually independent.

The described primary sensation can be found differently as expressed by the subjective

attributes. Four primary sensations of sound stimuli are briefly explained below.

a) Loudness: Considering the first primary one, sensation of loudness (sJ may be

defined by (Ando 1998; Merthayasa et al. 1994; and Sato et al. 2001)

(1.11)

(1.12)

where different values of T
l

determine the pitch or missing fundamental.

b) Pitch: The second one is the sensation of pitch (sp) which, can be given by (Sato

et al. 2001, Wightman F. L. 1973, Inoue et al. 2001)

sp = fp(Tt,rA),

c) Timbre: The sensation of timbre (ST) is the third primary sensation which is the

complicated one, can be differentiate by the psychological attributes within the same

- 12 -



loudness, pitch and duration (Plomp 1970). It may be expressed by

ST = fT[~O), Te,(T1,l,vl),···,(Tn,cPn)]· (1.13)

Chapter-l

where (T1,cP1) are the significant orthogonal factors in (Tn,cPn), n = 1,2, ... , equation

(1.12) can be expressed as

(1.14)

d) Duration: The sensation of duration (SD) is the fourth one of the four primary

sensations. The present study is going to find out the empirical relations between SD (In

the whole study SD is used as DS) and the factors extracted from the ACF.

1.6. Purposes of the study

The previous studies showed that the human perception of temporal duration is not

at all absolute as like as the physical time duration. The perceptual time is obviously

conditional with both subjective and objective factors. It is also known that the space is

three-dimensional and any change of the three dimensional structure is determined by

the time as a fourth one. To understand the changes of the material structure temporal

phenomena must be considered. If the material-phenomena of three dimensions are

reflected by the brain temporal phenomena should be included. It is obvious that the

human brain is functioning at the very developed hierarchy level of biological evolution,

which however, includes it's primitive characters. The subjective judgment of the

temporal duration of sound stimuli is described here as duration sensation (DS) on the

basis of the 'theory of primary sensation'. In order to this to understand the primitive

functions of temporal sensation of the neuron of human brain the study was conducted.

- 13 -
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To achieve such of goal the below objectives were specified.

1. To examine the relationships between the duration sensation (DS) and the factor

TI' being the time delay of the first peak of the autocorrelation function (ACF).

2. To examine the relationships between the DS and the factor Te , being the

effective duration of the ACF in which the envelope become -lOdB.

3. To examine the relationships between the DS and the factor ¢I' being the

amplitude of the first peak of the ACF.

4. To examine the relationships between the DS and the factor ¢m' being the

constant value of amplitudes of all the peaks in the ACF. The factor ¢m also

includes ¢I.

5. To examine the relationships between the DS and the factor <P( 0), being the

energy at the beginning of the ACF.

6. To examine whether or not the DS is related to that of the PD (physical

duration).

1.7. Methods of subjective test

Allan (1979) classified the different methods of measuring time perception into two

major categories: duration scaling and duration discrimination. In duration scaling tasks,

subjects are asked about the perceived duration of a set of easily discriminating

temporal intervals, while in duration discrimination tasks, subjects are requested to

distinguish among a set of confusable intervals. However, duration-scaling tasks include

temporal production, synchronization, magnitude estimation, temporal reproduction,

- 14 -
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and category rating. While duration discrimination tasks include comparison, single

stimulus, and time bisection.

--
First stimulus

150 ms-
.....
"3
S.­.....
CIl

"'0
C
o
u
(1,)

iZl

140ms

150ms

160ms

_ 170ms

_ 180ms

_ 190ms

_ 200ms

_ 210ms

_ 220ms

_ 230ms

Pair-l Pair-2
Response Response_ ..._ ...

Is 3s Is 3s

Figure 1.6. Diagram of paired-comparison test indicates the
black-part as pure-tone stimulus used first in the pair with the
constant duration and gray-part as white-noise stimuli with
different durations. Intre-pair and inter-pair gaps indicate 1 s
and 3s, respectively.

In this study paired-comparison method was used to simplify the subjective
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judgments. The paired-comparison method usually needs a number of judgments for a

single pair (Ando 1998; 141-143). Regarding this an excellent discussion is given in

Robinson et al. (1973) and Hall (1983). In this case, two stimuli were presented in each

trial, and the subject is asked whether the duration of the second is longer than, shorter

than, or equal to the first with the respect of same parameter in each pair. Different pairs

contain different parameters. Usually first stimulus remains constant and the second one

is varied trial to trial, randomly (see Figure 1.6).

1009080

-,
I

75f

I
I

I

o~~=::::!~~~-L._I~__---L.__.....J

50 60

75

50

25

100

Stimulus duration (ms)

Figure 1.7. An example is shown to explain the differential sensitivity
of the data obtained by the paired-comparison test. The 25%,50%, and
75% are the different levels of the function.

The subject has to response if the second stimulus seems longer than the first. The

cumulative frequency of "longer" judgments is simply obtained by counting the
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percentage of the responses. The response is counted as "correct judgment" when it is

obtained by pushing particular switch for the expected judgment. An example of the

correct judgments for the one parameter experiment is shown in the Figure 1.7 in which,

three levels of duration discrimination are obtained. The 50% line of the duration

judgments is defined here as the duration sensation (DS).

The paired-comparison test also used here to obtain scale values in the experiment 2,

Chapter 3 using "A method of calculating individual subjective responses by paired­

comparison tests" by Ando and Singh (Ando and Singh; 1996). The method is based on

the Thurstone's model (Thurstone, 1927), and the scale values are calculated within the

tinear range of the plot of probability. Different responses are obtained on the longer

judgments for the two stimuli in the pair. The individual data are confirmed by using a

"test of goodness of fit". A discussion of procedure for calculating scale values and for

using the test of goodness of fit of duration judgment is shown in the APPENDIX - A.
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CHAPTER 2

DURATION SENSATION (DS) IN RELATION TO THE FACTOR T
1

OF AUTOCORRELATION FUNCTION (ACF) OF PURE-TONE

AND COMPLEX-TONE STIMULI

2.1. Preface

It is well known that the sound associated with sinusoidal waves is called a pure

tone. Mathematically the pure tone can be described by the equation

x(t) = Asin(2Jlt IT +¢) (2.1)

where A is amplitude, T is the period in seconds, and ¢ is the phase in radians. The

units of x, whatever they might be, are the same as the units of the amplitude A.

Such of sound wave is frequently used as the standard because of its convenient

frequency distribution. To understand the neuron responses of auditory stimulus pure

tone can be used as standard form. Galambos and Davis (1943) stated on the responses

of single auditory nerve fibers to acoustic stimulation at various frequencies. They

explained the auditory response areas of single neurons as a function of frequency of the

sound stimulus. A narrowly tuned cell responds to a very limited range of frequencies,

whereas a broadly tuned cell responds to a much wider frequency range. Since an

unstimulated neuron maintains an ongoing spontaneous discharge rate even in the

absence of any apparent stimulation, is threshold may be determined by varying the
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stimulus level until the lowest intensity is reached at which the neuron responds above

its spontaneous rate. An alternative approach is to present the stimulus at a fixed

intensity, and to measure the number of spike potentials with which the unit responds at

different stimulus frequencies. The former method measures the neuron's sensitivity,

and the latter is firing rate, as a function of frequency. The frequency with the lowest

threshold (or the greatest firing rate) is the characteristic frequency (CF). Such CFs of

individual auditory nerve fibers are related to distance alone the length of the cochlea

(Liberman, 1982). Kiang (1965) found that the discharges of auditory nerve fibers are

time locked to tonal stimuli up to 4000-5000 Hz. This relation was demonstrated by the

presence of the post-stimulus time (PST) histogram of single peaks corresponding to

individual cycles of the stimulus. It is also consistent with other evidence that auditory

nerve fibers respond to the particular phase of the stimulus within the frequency range

(Hind et al. 1967; Rose et al. 1967).

In order to this, many of the significant studies show that the frequency of the sound

stimuli plays an important role on the so-called neural coding of the brain function. In

this study frequency of the sound stimulus was described as the factor of the

autocorrelation function (ACF). That is the time delay of the first peak of the ACF,

which can be expressed by r I ,

A new model of the auditory-brain systems concerning with the autocorrelation

function and interaural cross-correlation mechanisms of sound stimuli is described in

1998 by Ando. Using this model he proposed another 'theory of primary sensation'

(2001a). In this theory four primary sensations are recognized as loudness, pitch, timbre,
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and duration. Thus DS in the auditory system is well concerned with the factors

extracted from the autocorrelation function (ACF) as a signal process which, is

supposed to be equivalent to the power density spectrum of the sound signal at the

entrances of the ears.

The pitch is the psychological correlate of frequency, such that high frequency tones

are heard as being "high" in pitch and low frequencies are associated with "low" pitches.

According to the American National Standards (ANSI), standard of 1994, "pitch is that

attribute of auditory sensation in terms of which sound may be ordered on a scale

extending from low to high". Pitch depends mainly on the frequency content of the

sound stimulus, but it also depends on the sound pressure and the waveform of the

stimulus. The perception of pitch is concerned with the factor 7:1' as the time delay of

the first peak in the ACF, which can be determined by the frequency (Ando et al. 1998,

2000b, 2001a; Flanagan et al. 1958). It was found that the larger values of 7:1 or lower

pitch in the ACF of the pure-tone and bandpass-noise stimuli (with and without

reverberation effects) produce longer DS. If the frequency of pure-tone stimulus is

concerned with the DS, missing fundamental of complex-tone stimulus also can be

examined here (Seebeck 1841; Schouten et al. 1962). This study used pure-tone and

complex-tone stimuli consisting of harmonic components without the fundamental

frequency (missing-fundamental) which is called residue pitch (Schouten et al.1940).

The conducted study includes three experiments (1, 2 and 3)

In the experiment 1, the DS was examined in relation to 7:
1

of the ACF of pure­

tone stimuli with the frequency of 125, 250, 500, 1000, 2000 and 4000 Hz. In the
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experiment 2, the DS was examined in relation to 7:1 of the ACF of complex-tone

stimuli with three fundamental frequencies (250, 500 and 1000 Hz). In both

experiments (1 and 2), stimuli were compared with white-noise duration. In another

experiment 3, DS was examined on an comparison directly between the complex-tone

and pure-tone stimuli. The complex tone by the f6 and f7 components (fundamental

frequency 500 Hz) was compared with the two pure-tone stimuli of 500 and 3000 Hz.

2.2. Methods

2.2.1. Stimuli preparing

In the experiment 1, six pure-tone stimuli with different frequencies of 125, 250,

500, 1000, 2000 and 4000 Hz were selected to use in this study. The duration of the

stimuli was 150 ms constant. Ten white-noise stimuli with a 10 ms step size durations in

the range from 140 to 230 ms were selected. The rise and fall times of all the stimuli

were 1 ms constant. The rise and fall times were defined as the time taken to reach a

level -3 dB different from the steadylevel.

In the experiment 2, three complex-tone stimuli (Figure 2.1) followed by the three

fundamental frequencies (fa) of 250, 500, and 1000 Hz were selected to use in the three

subjective-test sessions. All of the three stimuli were consisted of the two components.

The first and second harmonics of the three fundamental frequencies are shown in the

Table 2.1. During construction of complex-tone wave in the digital computer the

starting phases of the two harmonic components was adjusted at zero. Ten white-noise

stimuli were selected with the ten durations of 140 to 230 ms maintaining 10 ms step
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size as like as experiment 1.

Table 2.1. Three complex-tone stimuli consisted of the two
pure-tone components which are harmonics of the three
fundamental frequencies (fa).

Fundamental First Second
frequency component component
fa (Hz) (Hz) (Hz)

250 3000 3250

500 3000 3500

1000 3000 4000

In the experiment 3, one complex-tone stimulus with the fundamental frequency of

500 Hz (Table 2.1) and two pure tone components (f6: 3000 and f7: 3500 Hz) were

selected. All of the stimuli included constant rise and fall times of 1 ms (same to

experiment 1).

2.2.2. ACF measurement

The autocorrelation function (ACF) of all the pure-tone stimuli for the experiment 1

were analyzed (2T =2 s) and found the values of the T1 (delay time of the first peak)

are 8.0, 4.0, 2.0, 1.0, 0.5 and 0.25 ms, respectively, with the frequency of 125,250,500,

1000, 2000 and 4000 Hz. The ACFs were measured from the recorded stimuli in the

sound proof chamber. The effective duration Te of the ACF was found almost constant

(parallel to the steady level).

- 22-



Chapter-2

1.0

0.0 (a)
.g -1.0 L--L...ll.-..L-.L..L..L...1....1.....I~L..L-L..L.L..L....L..l.....L-'!.J-.L-LI~....L..]'---L.-.L....L..:L...L...L.-----.J

=......
~ 1.0
~ 0.0 (b)
iU

.~ -1.0 L-----'...l..'..ll...!...1..:LL..!..l.L!...L.LJ....U..!.L.!..!..!..'-'--'-'-'-'-'-'-u...l....l.-'LJ...J..J..u.u...............u..;.u..............
......
~CJ1.0_

0:: 0.0 (el

-1.0- -
o 50 100 150

Time (ms)

Figure 2.1. Real wave-form of three complex-tone stimuli (a), (b),
and (c) indicate the different fundamental frequencies (fO)

respectively, 250, 500 and 1000 Hz. Second components of the
complex-tone stimuli are 3250, 3500, and 4000 Hz, respectively, and
the first component is a 3000 Hz constant. Total duration 150 ms for
each stimulus includes 1 ms rise and fall times.

The ACF of the three complex-tone stimuli was measured for the experiments 2 and

3 in the sound proof chamber of which the integration interval (2T) was 2 s (Figure 2.2).

The amplitudes of the peaks (¢p ¢z' ¢3'.'" ¢J in the ACF of all stimuli were found

almost parallel. The time delay of the first peak (T
1
) of the ACF of complex-tone stimuli

were found same as to the missing fundamentals. The ACF of pure-tone stimulus (500

and 3000 Hz) was also measured.

2.2.3. Subjects

The subjects of the experiment 1 were five students in the laboratory (KF, MI, NS,

OK and YS). In the experiments 2 and 3, ten subjects were participated, respectively, JA,
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TK, KF, RS, NA, TH, KS, NK, YO, NA; and MK, DG, SK, MN, KA, NK, DB, NA,

MA, SS. All of them have good hearing and were between 22 and 25 years old.
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Figure 2.2. Normalized autocorrelation function (NACF) of three
complex-tone stimuli (a), (b), and (c) indicate the different fundamental
frequencies (fO) respectively, 250, 500, and 1000 Hz. The second

components are 3250, 3500, and 4000 Hz, respectively and the first
component is a 3000 Hz constant.

2.2.4. Stimuli presentation

In the experiment 1, using paired-comparison test six pure-tone stimuli were

presented in the six different sessions using different frequencies (as measured by T 1).
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Ten sets of white-noise stimuli with a 10 ms step size in the range from 140 to 230 ms

were used at second in the pair for each session. In the paired-comparison test, the

second stimuli were presented in random order. Each pair was presented 20 times. The

intra-pair and inter-pair (response time) gaps, respectively, were 1 and 3 s. The sound

pressure level (SPL) of all stimuli was kept at a constant 80 dB(A) [A: being an

weighted network].

In the experiment 2, using paired-comparison test, three complex-tone stimuli were

presented first in the pair followed by three sessions with constant 150 ms duration.

Otherwise procedure were same to that of the experiment 1.

In the experiment 3, paired-comparison tests were used to obtain the scale values

(SY) for the comparison of duration sensation (DS) between pure-tone and complex­

tone stimuli (for procedure see APPENDIX - A). One complex-tone and two pure-tone

stimuli were used in this study. Three durations (140, 150 and 160) for each stimulus

out of three were used in the pair maintaining matrix combinations (N(N-1)/2, N = 9).

The parameter was the pitch in relation to the L
1

of the pure-tone and complex-tone

stimuli. Otherwise methods of pair-presentations were almost same to that of the

experiments 1 and 2.

For all of the three experiments, source stimuli were presented from a single

loudspeaker at a horizontal distance of 74 (+ 1) em with the center of the head of the

seating listener in the soundproof chamber. The sound pressure levels (SPL) of all the

stimuli used in the study were kept constant 80 dB(A). The chamber was dark at the

time of taking experiment.
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Figure 2.3. Cumulative frequencies of correct judgments indicate the
50% line of duration for six stimuli as .: 125; 6.: 250; 0: 500; 0:
1000; X: 2000; and 0: 4000 Hz. Varticle-dashed line indicates the
physical duration of the pure-tone stimulus (150 ms).

2.2.5. Subjective test

The subjects were seated in the soundproof chamber on a chair in front of a

loudspeaker. They were asked to judge whether the duration of the first or second of a

pair of stimuli (the test stimuli) was longer than or shorter than that of the other (Stanley,

1998). Throughout the experiments 1 and 2, subjects were told to push the button only

when the second stimulus (white noise) seemed longer than the standard (first stimulus).

Each subject went through six sessions with six different test stimuli in the experiment 1

and three sessions with three stimuli in the experiment 2. In the experiment 3, subjects

had to push the button using two options whether the first or the second stimulus seems

longer than that of the another in the pair. Nine stimuli were used through nine different
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sessions. Between the two sessions the rest time was 5 minutes.

2.3. Results

2.3.1. Experiment 1

Cumulative frequencies of the correct judgments are obtained as duration for the

five subjects by the effect of six different frequencies (controlled by -,;) of a pure tone

(see Figure 2.3). The pure-tone stimulus with a constant duration (150 ms) was

presented at first for comparison with a second white-noise stimulus in the pair. Correct

judgments of duration obtained for the six stimuli cross the 50% correct lines are found

at 162.0, 165.5, 172.0, 177.8, 184.0 and 188.0 ms, respectively. The percentages of the

judged-longer duration than the standard duration (150 ms) are found respectively,

8.0 %, 10.3 %, 14.7 %, 18.5 %, 22.7 %, and 25.3 %. Differences among the durations

judgement of the 6 stimuli were found to be significantly (p < 0.01) different.

Individual differences of the judged values of duration are shown in the Figure 2.4 and

the standard deviation of those scores was 11.9 ms. The average of the individual data is

shown in Figure 2.5. In Figure 2.5, the relation between DS and 7:'1 is well described

by

DS = a(log 7:'1) + f3,

here, a = 15 and f3 = 10.

Results of the analysis of variance (ANOVA) of individual data for the judged

durations are listed in Table 2.2.
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Figure 2.4. Individual differences of the judged duration for pure­
tone stimuli with the six different frequencies (inversely express by
the T1 in the ACF). The symbols indicate the different scores of the

five subjects (0: KF; +: MI; 0: NS; .: OK; 6.: YS; and -:
average).

Table 2.2. F-values of the analysis of variance for the judged-durations
among the six stimuli of pure tone by different frequencies were
compared with white-noise stimulus.

Frequency (Hz) 125 250 500 1000 2000 4000

Frequency (Hz)

125 4.02 10.24* 15.96** 22.48** 26.00**

250 6.22 11.94* 18.46** 21.98**

500 5.72 12.24* 15.76**

1000 6.52 10.04*

2000 3.52

4000

* and ** indicate 5% and 1% significant level, respectively.
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2.3.2. Experiment 2

Average value of the duration sensation (DS), of the five responses at each pair for

each subject (out of 10) was obtained. The cumulative frequencies of the correct

judgments of the subjects for the three different stimuli presented first in the pair are

shown in Figure 2.6. The reference physical duration was 150 ms, and the 50% line of

correct judgments was defined to be the DS. The values on the 50% line of the

cumulative frequencies of the averaged correct judgments are found to be 190.0, 185.0,

and 180.0 ms respectively (longer than 150 ms are 26.7, 23.3 and 20 %, respectively),

for the complex-tone stimuli whose fundamental frequencies were 250, 500, and 1000

Hz. The scores on the 50% line of cumulative frequencies of correct judgments with the

individual differences (standard deviation = 7.37 ms) are shown in Figure 2.7. The
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values of the analysis of variance (ANOYA) of the judged durations by ten subjects

among the three stimuli are listed in Table 2.3.
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Figure 2.6. Cumulative frequencies of correct judgments of duration in
the paired-comparison test for three stimuli. Stimuli were three
complex tone with the different fundamental frequencies (fa). Symbols

signify the fundamental frequencies: 0: 250 Hz; 0: 500 Hz; +: 1000
Hz. Dashed line indicates standard duration 150 ms.

Table 2.3. F-values of the analysis of varience for the
judged-durations among the three stimuli of complex tone.
fer fundamental frequency of the complex tone. Compared

stimulus at second in pair was white noise.

fa (Hz) = 250 500 1000

fa (Hz) = 250

500

1000

5.07* 9.73**

4.66

* and ** indicate 5% and 1% significant level, respectively.
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Figure 2.7. Judged durations for complex-tone stimuli with the
three fundamental frequencies. The symbols indicate individual
score of duration sensation obtained by the ten subjects (.: JA; 0:

TK; +:KF; O:RS; A:NA; 6:TH; .:KS; O:NK; x:YO; +:
NA ). -: average.

2.3.3. Experiment 3

Results from the experiment 3, indicate the comparison of the DS on the scale

value (SY) obtained by using the "simple method of calculating individual subjective

responses of paired-comparison test" (Ando and Singh; 1996) between pure-tones and

complex-tone stimuli. The individual scale values of the judged durations for ten

subjects are shown in the Figure 2.8. The average of those individual data are also

shown in the Figure 2.9. The three graphs in the Figure 2.9 are the results between the

pairs of pure-tone and pure-tone; complex-tone and complex-tone; and pure-tone and

complex-tone stimuli. The pairs were compared with each other on the basis of three
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stimulus-durations of 140, 150 and 160 ms.
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Figure 2.8. Individual scale values of the judged durations of 10
subjects (MK., DG, SK, MN, KA, NK, DB, NA, MA and SS) for
the three stimulus durations. Symbols signify 0: complex tone
(500 Hz); .6.: pure tone (500 Hz); and .: pure tone (3000 Hz).
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Figure 2.9. Scale values of duration judgments for three durations
obtained by the paired-comparison test. 0: complex tone,
fundamental frequency 500 Hz with f6 and h pure tone

components; 6: pure tone 500 Hz; and .: pure tone 3000 Hz.

The results (in Figure 2.9) show that the DSs were found almost similar with a non

significant difference (significant level: p > 0.05) between pure tone and complex

tone with the same values of L1 (L1 = 2 ms) which correspond to the same pitch. But

the DSs of pure tone (frequency: 3000 Hz; L1 = 0.33 ms) were found significantly

different (p < 0.01) with the pure tone (frequency: 500 Hz; L 1 = 2 ms) and complex

tone (fundamental frequency: 500 Hz; L 1 = 2 ms) both stimuli.
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2.4. Discussion

2.4.1. Experiment 1

In Figure 2.3, the results with a shorter duration indicate that the first stimulus is

judged to be shorter (higher frequency pure tone) and the second stimulus is judged as

longer (white noise) in the presented pair. Judging the second stimulus in the pair as

longer (except the stimuli of 140 and 150 ms) makes the correct response (according to

instructions) plotted on the graph and appear to be of shorter duration. The graph means

that the judged duration was longer for a pure tone with a lower frequency (larger 1"1)

in the Figure 2.5. The 50% line of correct judgments was defined here as the duration

sensation. Frequency was thus found to have an effect on the human sensation of

duration in that pure tones with higher frequencies were judged to be shorter than pure

tones with lower frequencies when their durations were compared with the duration of a

white-noise test stimulus. According to Figure 2.3, duration sensations (DS) on the

50% line of judgments are dependent on the value of physical duration (PD) of the

used stimuli.

2.4.2. Experiment 2

The judged-durations for each individual and the average for the durations of the

three stimuli of complex-tone were found to be significantly longer (p < 0.01)

between the complex tones with the fundamental frequencies of 250 and 1000 Hz as

shown in the Table 2.3. Figure 2.6 also shows the DSs are found different when,

physical durations (PD) of the stimuli are different.

-34-



Chapter-2

Table 2.4. Values of't' for the judged-durations in the paired-comparison test,
among the stimuli of one complex tone and two pure tones with three durations
(ms). Fundamental frequency of 500 Hz complex tone was made by the /6 and h
components pure tone.

PT - 500Hz
140 150 160

cr -500Hz

140 150 160

PT - 3000Hz

140 150 160

PT-500Hz
140[ms]
150
160

CT-500Hz
140[ms]
150
160

PT-3000Hz
140[ms]
150
160

6.7** 9.0** 0.7 7.8** 5.1** 2.8** 8.1** 13.4**
3.8** -6.3** -0.3 1.8 -2.3* 4.3** 7.4**

-13.1** -7.2** -0.6 -4.3** 0.6 4.1 **

11.0** 7.3** 2.6* 8 -** 15.0**.J
2.4* -1.4 5.0** 11.2**

-2.7* 0.9 2.8*

4.4** 7.5**
2.7*

* and ** indicate 5% and 1% significant level, respectively.

Table 2.5. Values of analysis of variance (ANOVA) for the judged-durations in
the paired-comparison test, among the stimuli of one complex tone and two pure
tones with three durations (ms). Fundamental frequency of 500 Hz complex tone
was made by the /6 andh components pure tone.

PT - 500Hz
140 150 160

cr -500Hz

140 150 160

PT - 3000Hz

140 150 160

PT-500Hz
140[ms]
150
160

CT-500Hz
140[ms]
150
160

PT-3000Hz
140[ms]
150
160

0.6** 1.0** -0.1 0.6** 0.9** 0.4** 1.1** 1.3**
0.4** -0.6** -0.03 0.3** -0.2 o ~** 7.4**.J

-1.1 ** o ~** -0.1 -0.6** 0.1 0.3**- .J

0.6** 1.0** 0.4** 1.1** 1.4**
0.4** -0.2 0.5** 0.8**

-0.6** 0.1 0.4**

0.7** 1.0**
0.3*

* and ** indicate 5% and 1% significant level, respectively.
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2.4.3. Experiment 3

In the experiment 3, the results indicate that the duration sensations are found

almost similar for the pure-tone (T1= 2 ms) and complex-tone (T1= 2 ms) stimuli. But

the DSs of the pure tone (T1=0.33 ms) were found significantly (p < 0.05) different

from the pure-tone (T1 =2 ms) and complex-tone (T1 =2 ms) stimuli. It means the T1 in

the ACF of the sound stimulus is responsible for the duration sensation (DS). In the

Figure 2.9, the distances of scale values between the two pure tones ( T 1 =2 ms and 0.33

ms) for the three stimulus durations were found almost same (0.34, 0.36, 0.36). It means

that the effect of T1 on the DS is independent for the stimulus durations.

Table 2.6. Results of the tests of goodness of fit for the ten
subjects in which, k: number of defective pairs; d: percentage
of defective pairs; A.: ratio; and a: standard deviation.

Subject k d A. a

MT 8 22.2 0.21 0.57

FK 6 16.7 0.02 0.54

SK 6 16.7 0.05 0.31

MK 4 11.1 0.09 0.50

NK 7 19.4 0.13 0.52

DB 6 16.7 0.15 0.61

RA 4 11.1 0.06 0.62

NK 5 13.9 0.04 0.52

DB 5 13.9 0.13 0.65

RA 6 16.7 0.03 0.56
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To justify the differences of the scale values of DS among the three stimuli with

three stimulus-durations 't-test' was used (see Table 2.4). The values of the analysis of

variance (ANOVA) also shown in the Table 2.5. A 'test of goodness of fit' was also

applied to signify the data which, is shown in Table 2.6.

Delay time, '"t

....I ....

I....

I
1.0

~~ -----.---j-J!
1:2 ----t.-_I 1:

rl 'rl~1rl·
~I , 1 I I I I I~I I

~ 1 I II ~ r!~ I 1 I II 1\ 1\
~ 0.0 I, \1 IV~I\ I I,II!\III\/
Z J l. I .1 I I')'

I ~I I IJ ~-1.0 '--- ---"- ------J

o

Figure 2.10. An example of the wave-form of normalized
autocorrelation function (NACF) of a complex-tone stimulus. The 1:1

is the time delay of the first peak (highest one) correspond to the
fundamental frequency. The 1:2,1:3' and contemporary are associate

peaks extracted from the NACF.

For the complex-tone stimuli (see Figure 2.10) T 2, T 3, . . . Tn can not make

interference (Schouten, 1940) to determine the DS, Because T 2 and T3 has the inverse

direction from the T I' SO the effect of one associate peak is canceled by the another

oposite one,
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So it can be formulated that the 7:1 of ACF of pure-tone and complex-tone stimuli

are the function of DS. So that in the results of the three experiments, DS can be

recognized as the fourth of the four primary sensations of sound stimuli after -loudness,

pitch, and timbre. The DS also found as dependent on the physical duration (PD) of

the stimuli (Figures 2.3; 2.6; 2.9). So DS is expressed here by

(2.3)

Here smaller PD means minor effect on DS.

2.5. Conclusions

The significant results of the study are cited briefly below.

1. The DS of pure-tone stimuli with larger 7:
1

(lower frequency) are judged as longer

than those with the smaller 7:1 (experiment 1).

2. The duration sensation (DS) of the complex-tone stimuli with lower fundamental

frequencies or lower pitch (larger 7:1) was judged to be longer than those stimuli

with higher fundamental frequencies or higher pitches (experiment 2).

3. Longer DSs were obtained for the larger physical duration (PD) of the stimuli

meaning that the PD is the function of DS (experiments 1 and 2).

4. The effects of 7:1 extracted from the ACF on the DS were found almost same on the

scale value for the pure-tone (7:1 = 2 ms) and complex-tone (7:
1
= 2 ms) stimuli that

is the same pitch of the frequency and fundamental frequency (experiment 3).

5. The DS of the pure-tone stimulus (7:1 = 0.33 ms) was found significantly different
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from the pure-tone and complex-tone stimuli with the different pitch (Tr = 2 ms)

(experiment 3).

6. The effect of the T r on the DS also found as independent factor for the stimuli­

durations (experiment 3).
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CHAPTER 3

DS IN RELATION TO THE FACTOR cPm (cPm = cP\;m =2,3, ...) OF ACF

FOR THE MIXED SITIMULI OF PURE-TONE AND WHITE-NOISE

3.1. Preface

The human experience of the passing of time duration has been studied from

various points of view. Gyuau (1902) found that estimates of time depend on many

variables, such as the number, type, and intensity of sound stimuli presented and the

subject's expectations, level of attention, and interest. Woodrow (1951) described his

data in terms of "Vierordt's law": that shorter time intervals are overestimated and

longer intervals are underestimated. He also described an indifferent range in which

intervals are neither overestimated nor underestimated. Frankenhaeuser (1959)

presented clicks as acoustical stimuli, at various intervals ranging from 13 to 72 sand

sequenced at various speeds, and found that estimates of duration increased with the

speed at which the clicks were sequenced. Fraisse (1961) found that an interval during

which signals are presented at five per second is estimated to be longer than an interval

in which they are presented at ten per second. Michon (1965) described the variation of

subjective duration that was due to variations in the types and amounts of activity in

which the subjects were engaged. Austin and Marilyn (1966) used auditory clicks at

frequencies between zero and ten per second and found that the magnitude of the
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frequency effect was a monotonically decreasing function of duration. Vorn (1970)

found that the apparent durations increase with the rate of information transmission and

that when a subject has to behave actively in this case, by translating the stimuli into

binary choices the experienced duration decreases with the number of processed bits.

Ando (1977) found that time passes more quickly when it is filled with noise than when

it is silent and explained this to an internal clock inhibited by noise. Zakay et al. (1983)

found that subjective estimates of time were a decreasing function of task difficulty, and

that estimates of the durations of "empty" intervals were longer than that of "filled"

intervals. Subjects produced the longest estimates of duration when the external tempo

was fastest and produced shorter estimates when the external tempo were. Pastor and

Artieda (1996) stated that the internal clock can be imagined to be an oscillating circuit,

with a single pacemaker neuron or a group of pacemaker neurons, that generates

rhythmical electromagnetic activity the brain uses in the temporal analysis of

information.

Given this background, it can be thought that the effect of environmental noise on

the duration sensation should be studied. The work reported in this paper, environmental

noise was simulated by mixing pure-tone and white-noise. Such a mixture is perceived

to be similar to the noise of an aircraft landing. Environmental noise simulated this way

can be easily characterized in terms of the ratio of the two sound pressure levels (SPLs)

and the frequency of the pure tone.

This study is an investigation of the ways that the duration sensation (DS) of

simulated environmental noise depends on certain factors extracted from the ACF of
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that noise (<1>(0)): energy at the origin of sound stimulus; 7:1: time delay of the first

peak; rpm: amplitude of peaks, 'at the m-th peaks where' m =1, 2, 3, ... , n). Two

experiments (Experiment 1 and 2) were conducted with the inverse way of subjective

judgments in the paired-comparison method. The rpm was varied by changing the ratio

of sound pressure levels (SPLs) as <1>(0) extracted from the ACF of the mixed state of

the pure-tone and white-noise stimuli.

3.2. Methods

3.2.1. Stimuli preparing

Five sound stimuli were selected to use in the paired-comparison test for the

subjective judgment of its duration. The white noise, one pure-tone stimulus (1000 Hz)

and more three mixed stimuli were included in each (experiments 1 and 2) experiment.

The two components of three mixed stimuli were pure tone and white noise with the

difference of their SPL. The pure-tone stimulus contained a constant SPL, 80 dB(A)

whereas the SPL of white-noise stimulus were changed. Two stimuli were presented at a

time by the two loudspeakers in the sound proof chamber. The rise and fall times of all

stimuli in both experiments were 1 ms. The times were defined as the time taken to

reach a level -3 dB different from the steady level.
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Figure 3.1. Measured <Pm (m = 1, 2, 3, ... , n) of the ACF

envelope for four sound stimuli. (a) pure tone (P) 1000 Hz, 80 dB
(A), <Pm = 0.0 dB; (b) pure tone plus 59 dB(A) white noise (PW1),

<Pm = - 0.06 dB; (c) pure tone plus 64 dB(A) white noise (PW2),

<Pm = - 0.23 dB; (d) pure tone plus 69 dB(A) white noise (PW3),

<Pm = - 0.64 dB. Note that the measured ACF of white noise was

obtained (e), where <P(O) =1 and 10log<p(1:) <-10 dB,'t > O.
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3.2.2. ACF measurement

The values of the peak amplitudes (¢m) of the ACF envelope were extracted from

the short-term moving autocorrelation function of each of five stimuli (five seconds

each) over a constant integration interval of 2T = 2 s, as shown in Figure 3.1. The

stimuli were recorded in a soundproof chamber through an A-weighted filter (Figure

3.2). Note that the changes of the value of 2T have no effect on ¢m in this investigation.

Such values of ¢m are extracted as constant. This means that the envelope of the ACF

on a logarithmic scale is almost parallel to the horizontal axis (¢m = 0 dB line for pure

tones). For white noise however, the envelope of ¢m values is not parallel to the zero

level. Values were measured for an 80 dB(A) pure tone: ¢m = 0.00 dB; an 80 dB(A)

pure tone plus 59 dB(A) white noise: ¢m = - 0.06 dB; an 80 dB(A) pure tone plus 64

dB(A) white noise: ¢m = - 0.23 dB; an 80 dB(A) pure tone plus 69 dB(A) white noise:

¢m = - 0.64 dB; and for 80 dB(A) white noise alone (Table 3.1).

Table 3.1. Measured and calculated values of the peak amplitudes ( <Pm) of

the envelope of ACF for five stimuli.

Stimulus Measured values
of 10 logl <Pml dB

Calculated values
of 10 logl <Pml dB

P: PT 80 dB(A) 0.00

PW1: PT 80 dB(A) plus WN 59 dB(A) - 0.06

PW2: PT 80 dB(A) plus WN 64 dB(A) - 0.23

PW3: PT 80 dB(A) plus WN 69 dB(A) - 0.64

W: WN 80 dB(A) « -10.00)

The values in the parentheses is estimated.
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For the same set of stimuli the calculated peak amplitudes of the ACF envelopes

were respectively 0.00 dB, -0.08 dB, -0.25 dB, and -0.75 dB, (These values were

calculated as described in the APPENDIX - B). The values of ¢J(r:) , given by equation

(B.3) in the APPENDIX - B, were respectively 0.99, 0.97, and 0.92 for three mixed

stimuli in which ¢Jm = 10 loglO ¢J(r:). The measured and calculated values of ¢Jm for the

first four of these stimuli (i.e., excluding the value for the white-noise stimulus) are

plotted in Figure B.a of the APPENDIX - B and can be seen to be very close to a

straight line.

Soundproof chamber

Ll
C

L2

PC

AID
'---~K:~ Converter -.. PC

Figure 3.2. Block diagram of the stimuli presentation for the ACF
measurement and subjective test. L: loudspeaker; C: center of the
microphone and human head; D/A: digital to analoge; ND: analoge to
digital; PC: personal computer.

3.2.3. Stimuli presentation

The first (standard) stimulus in these tests was a pure tone (1000 Hz) with a duration

of 150 ms and a SPL of 80 dB(A) for the both experiments. Ten sets of stimuli with a
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ten-ms step size in the range from 140 to 230 ms were used in each session of the

experiment 1. Ten sets of stimuli changing from 70 to 160 ms (with the same step size)

were presented in each session of the experiment 2. The five stimuli in each set had five

different ¢J
m

values for their ACF envelopes. The SPL of all stimuli was kept at a

constant 80 dB(A). In the paired-comparison test, the second stimuli were presented in

random order. Each pair was presented 20 times repeatedly. The intra pair and inter pair

(response time) gaps respectively were 1 and 3 s.

Standard

240220200180

Oa--~'S----~-_....l.... __----i~-_""':""__----I

140 150 160

---~
'--" 75.....
.:
1)

8
1)

5001)
'"'0
::l......,
.....
u
1)
I-; 25I-;

0
U

Test duration (ms)

Figure 3.3. Cumulative frequencies of correct judgements indicate the
50% line of durations for five stimuli: e(p), ¢Jm = 0.00 dB; + (PWl),

¢Jm =- 0.06 dB; 0 (PW2), ¢Jm =- 0.23 dB; 6 (PW3), ¢Jm =- 0.6

4 dB and 0 (W), white-noise 80 dB(A). The dashed line indicates

physical duration of the standard stimulus was 150 ms. Results of first
test: judging whether the duration of the test stimuli is longer than that
of the standard stimulus.
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3.2.4. Subjective test

The subjects of both experiments were five male (same) students in the laboratory

(KF, MI, NS, OK and YS). All of them have good hearing and were between 22 and 25

years old. The subjects were seated in the soundproof chamber on a chair in front of two

loudspeakers aligned vertically with their centers 15 cm apart (Figure 3.2). One

loudspeaker provided the pure tone and the other provided the white noise. The distance

between the center of the subject's head and the front of the loudspeakers was 74 (+ 1)

cm during subjective test.

Standard
100

..-. I~ 75'--'
.....

Ic
(])

8
(]) 50 I~

""d
;:l.....,

'I.....
u
(]) 25......
0

Iu

0
60 80 100 120 140 150 160

Test duration (ms)

Figure 3.4. Cumulative frequencies of correct judgements indicate the
50% line of durations of five stimuli .(P), rpm = 0.00 dB; + (PWl),

rpm = - 0.06 dB; 0 (PW2), rpm =- 0.23 dB; £::, (PW3), rpm =- O.

64 dB and 0 (W): white-noise 80 dBA. The dashed line indicates

physical duration of the standard stimulus was 150 ms. Results of
second test: judging whether the duration of the test stimuli was
shorter than that of the standard stimulus.
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A constant standard stimulus (pure tone, 150 ms) was used which, consisted of two

experiments (experiments 1 and 2). Most of test stimuli in the experiment 1 were

slightly longer than the standard stimulus and most of those in the experiment 2 were

slightly shorter than the standard stimulus. The subjects were asked to judge whether

the duration of the second of a pair of stimuli (the test stimuli) was longer than or

shorter than the first standard stimulus. In the experiment 1, subjects were told to push

the button only when the second stimulus seemed longer than the standard. In the

experiment 2, subjects were told to push the button only when the second stimulus

seemed shorter than the standard. Each subject went through five sessions with five

different test stimuli for each test.

Table 3.2. Values of judged durations (ms) obtained by the paired-
comparison test in respect to five sound stimuli (Figures 3.3 and 3.4).
PW1, PW2 and PW3 are describe in the Table 3.1.

Lines of (P) (W)
percentage Pure PW1 PW2 PW3 White

[%] tone noise

Experiment 1

50% line 193.0 182.5 177.5 175.0 172.0
28.7* 21.7* 18.3* 16.7* 14.7*

Experiment 2

50% line 134.5 121.5 115.0 112.0 109.5
9.7* 19.0* 23.3* 25.3* 27.0*

*: percentage of the deviation in duration than 150 ms.
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3.3. Results

Cumulative frequencies of the correct judgment of duration sensation for the five

subjects were obtained by the effect of five different stimuli as a parameter of different

values of ¢ms in the ACF, as shown in Figures 3.3 and 3.4. In the experiment 1 and 2,

values of correct judgements were obtained as duration cross the 50% line for the

stimuli of P, PW1, PW2, PW3, and W, respectively in the Table 3.2. A significant

difference (p < 0.05) was found between results of the five test stimuli of both

experiments for each 50% crossing lines. The results of the analysis of variance

(ANOYA) of the judged durations for all subjects are listed in Table 3.3.

30

- - - - -

White
nOlse

OL.-.--.......--.......---------""'-------I
0.0 - 0.5 -1.0

10log<Pm (dB)

Figure 3.5. Longer sensations of the judged durations for four stimuli
including white-noise than the judged reference of pure-tone stimulus.
Duration sensation were defined by the 50% line of correct judgement.
• : experiment 1 and .... : experiment 2.
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Taking the results (e) for the pure tone in Figures 3.3 and 3.4 as a judged reference,

other four of the results (+, 0, 6. and 0) show a significant (p < 0.01) deviation

in the judgment of durations. The deviations of duration from the result of the judged

reference (pure tone) for the experiments 1 and 2 are shown together in the Figure 3.5.

Table 3.3. F-values of the analysis of varience for the judged-durations
with five subjects among the five stimuli. The meaning of the P, PW1,
PW2, PW3 and Ware described in Table 3.1. Values without and
within bracket indicate experiment 1 and 2, respectively.

P PW1 PW2 PW3 W

P 10.4 17.3* 19.1* 23.5**
(14.7**) (17.3**) (25.8**) (30.0**)

PW1 6.9 8.7 13.1
(2.6) (11.1*) (15.3**)

PW2 1.8 6.2
(8.5*) (12.7**)

PW3 4.4
(4.2)

W

* and ** indicate 5% and 1% significant level, respectively.

3.4. Discussion

In both experiments, all five test stimuli produced different results when subjects

compared them with the one standard stimulus. The 50% line of correct judgments was

defined as duration sensation (DS). The results indicate a tendency for smaller

attenuation levels (¢m) of the envelope of the ACF for the test stimuli to produce a
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longer DS for both experiments (Figures 3.3 and 3.4). A lower rpm' however, produces

a shorter difference from the physical standard stimulus (150 ms; dotted lines in the

Figures 3.3 and 3.4) in the experiment 1 and an inversely longer distance in the

experiment 2. This is because of the nature of the judgments in the two experiments:

whether longer-judgment for the longer test stimuli in the experiment 1, and shorter­

judgment for the shorter test stimuli in the experiment 2. Shorter durations on the graph

thus indicate a longer DS in comparison with the judged reference pure tone (P: in the

Figures 3.3 and 3.4).

In Figure 3.5, data for white noise (the rpm cannot be graphed exactly) can be

explained as a continuation of data for the other three values of rpm' It is clear, however

that such envelope of ACF may be an indicator of the DS. So the effects of the rpm of

the envelope of an ACF for sound signals was found to have a significant effect on the

human duration sensation (DS). The both experiments show the DS is to be different if

the physical duration (PD) of the sound stimuli is different. So the DS can be found as

a function of the envelope of ACF and physical duration according to the below

equation.

DS= !(rpm,PD),

here, smaller PD means minor effects on the DS.
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3.5. Conclusions

From the results of this study (experiments 1 and 2) it can be concluded that

1. The duration sensation (DS) of a white-noise stimulus is judged to be longer than

that of pure-tone stimuli (125-4000 Hz) under the same sound pressure level. That

actually has the same duration.

2. The DS of mixed stimuli (pure tone and white noise) with higher values of

attenuation level (larger ¢m) of the envelope of ACF are judged as shorter sensation

than that of the smaller ¢m.

3. Physical duration (PD) has the effects on the DS.
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CHAPTER 4

DS IN RELATION TO THE FACTORS b 1 , (A AND be OF THE ACF

OF BANDPASS-NOISE STIMULI

4.1. Preface

A theory of the primary sensation of environmental noise -loudness, pitch and

timbre- is described by Ando, 2001a. The sensation of environmental noise can be well

described by factors extracted from the autocorrelation function (Ando, 1998). One

study was conducted on the duration sensation as the fourth primary sensation of

simulated environmental noise (Saifuddin et al. 2001a).

In the previous study Saifuddin et al. (2001a) investigated the duration sensation for

stimuli consisting of the white noise with different sound pressure level (SPL) and a

pure tone. Thus, the attenuation level of the envelope (tPm ) of the autocorrelation

function (ACF) of the stimuli was changed the amplitude difference between the white

noise and pure tone. It was found that the duration of stimuli with smaller tPm was

judged as being longer sensation than that of larger tPm • In the same study, the judgment

of longer-duration of sensation for the pure tone was found when the frequency is lower

(larger 7:
1
) of the tone. Except for the study on auditory gap detection by Oxenham

(2000) the effects of bandpass noise on the duration sensation has not been studied

before. In his study, a larger deterioration was observed when two markers of
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broadband noise occupied different spectral regions but had the same fundamental

frequency.

The loudness of bandpass noise has been investigated in relation to the center

frequency and the bandwidth of the stimulus. In the classical theory of bandpass noise,

the loudness of bandpass noise remains constant as the bandwidth of the noise increases

until the noise reaches the "critical band", after which the loudness increases with

further increases of bandwidth (Zwicker et a1. 1957 and 1972, Greenwood 1961, and

Hellman 1970). Merthayasa et a1. found that the loudness of sharply filtered noise

centered on 1000 Hz (1080 dB/oct.) within the critical band is not constant (Merthayasa

et al. 1994 and 1996). Ando (1998) showed that loudness is influenced by the increasing

values of effective duration (-rJ of ACF, which is defined by the delay at which the

envelope of the normalized ACF becomes -10 dB. Florentine et a1. (1996) compared the

loudness of 1000 Hz tones with that of broadband noise over a wide range of levels.

They found that the amount of temporal integration, defined as the level difference

between equally louder stimuli with the duration of 5 and 200 ms, varies with level.

Fujii et a1. (2001) found that flying aircraft-noise, which is a mixed state between

'tonal noise' and 'un-tonal noise', can be well represented by the factors extracted from

the ACF and the interaural cross-correlation function. Such aircraft noise as

environmental one may be perceived as like as bandpass noise at the lower center

frequency. Regarding these, to examine the effects of center frequency and the

bandwidth of bandpass noises on the duration sensation (DS) can be meaningful if it

may explain well by the factors extracted from the ACF. In this aspect the DS of
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bandpass noises with different center frequencies and bandwidths including critical

bandwidth was studied here.
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Figure 4.1. Examples of stimuli used in the study. (a) Center
frequency Ic =125 Hz and bandwidth At = 80 Hz; (b) I c =1000 Hz

and!11 =160Hz; and (c) I c =4000 Hz and At =640 Hz.

4.2. Methods

4.2.1. Stimuli preparing

The white noise and twenty-two bandpass noises with combinations of six center

frequencies (125, 250, 500, 1000, 2000 and 4000 Hz) and different bandwidths were

used as stimuli. The bandwidth was changed with a cut-off slope of 2068 dB/octave,
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which is obtained by the combination of two digital filters. The bandwidth of 0 Hz
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Figure 4.2. Measured normalized ACF of the six bandpass-noises (at
the center position of subject's head in the listening room) with different
center frequencies (fc) for selected bandwidths (~f). (a) Ie =125 Hz and

At =80 Hz; (b) Ie =250 Hz and ~I=80 Hz; (c) Ie =500 Hz and ~I=80

Hz; (d) Ie = 1000 Hz and ~/= 160 Hz; (e) Ie = 2000 Hz and At= 320

Hz; and (f) Ie =4000 Hz and ~I=640 Hz.

means only the slope components. The rise and fall times of all stimuli were 1 ms. The
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rise and fall times were defined as the time taken to reach a level -3 dB different from

steady level. Examples of stimuli used in the study are shown in Figure 4.1.
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Figure 4.3. Measured normalized ACF of the six bandpass-noises with
different bandwidths (t:.f) (at the center position of subject's head in the
listening room) whose the center frequency is 1000 Hz. (a) t:.f = 0 Hz;
(b) t:.f = 40 Hz; (c) At = 80 Hz; (d) t:.f = 160 Hz; (e) t:.f = 320 Hz; and (f)
t:.f =640 Hz.
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4.2.2. ACF measurement

Stimuli were characterized in terms of their ACF. All twenty-two bandpass-noise

stimuli were reproduced by a loudspeaker placed inside soundproof chamber and were

recorded by a microphone at the horizontal distance of 74+ 1 em from the loudspeaker.

The sound pressure level (SPL) of all stimuli were kept constant at 80 dB(A) accurately

by measurement of the ACF at the origin of the time delay <D(O). The normalized ACF

of the stimuli after passing through an A-weighted network was calculated (the

integration interval of ACF; 2T was 2s). Examples of the normalized ACF of the six

center frequencies at the selected bandwidths are shown in Figure 4.2. Figure 4.3 show

examples of the normalized ACF of the six bandwidths centered on 1000 Hz.

o

.......,
CO -5""0..........

:::=:::
~
-e--
bIJ
0 -10...-

0,......,

-15
o 4 8

Delay time, L [ms]

12 16

Figure 4.4. Example of determining L e of the bandpass-noise

stimulus. The L e is defined by the delay time at which the first

envelope of the autocorrelation function becomes -10 dB.
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Table 4.1. Measured values of 'tV 'te and <1>1 extracted from the

ACF of six bandpass-noise stimuli for different center frequencies
ifcJ with selected bandwidths (tJ.f).

't1 (ms) 'te (ms) <1>1

fc (Hz) = 125
7.40 108 0.65

tJ.f(Hz) = 80

250
4.00 52 0.94

80

500 2.00 25 0.96
80

1000 1.00 12 0.97
160

2000 0.50 8 0.96
320

4000 0.25 4 0.96640

Definitions of T1 and ¢l are the delay time and amplitude, respectively of the first

peak of the ACF shown in the Figure 1.3 (Chapter 1). The pitch can be described by T
1

of the ACF (Gelfand 1998). An example of determination of T e for the bandpass-noise

stimuli is shown in Figure 4.4. The value of T e represents a kind of repetitive feature or

reverberation contained within the source signal itself.

The measured and calculated values of T 1 and T e as a function of the bandwidth

and as a parameter of center frequency are shown in the Figures 4.5 and 4.6,

respectively. Such measured values of Tl' ¢l and T e for the six center frequencies

with their selected bandwidths are shown in the Table 4.1. The value of T}

corresponded to the center frequency of the stimuli. The value of T e increased as the
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bandwidth decreased and was larger at lower center frequencies. The factors of ACF

were calculated (APPENDIX - C).

10

8 e e 125

~ 6 G:/)
CIl {'(II"
S .t;e

---- 9l.1(1/),...., 4p Cp;
~~

2 500 1000
2000

0 4000

0 200 400 600 800
Bandwidth (Hz)

Figure 4.5. Measured (e) and calculated (-) values (see
APPENDIX - C) of the bandpass noises as a function of bandwidth
and as a parameter of center frequency.

4.2.3. Stimuli presentation

The duration sensations (DS) of bandpass noises were measured by the paired-

comparison test. The subject was seated in the sound proof chamber on a chair in front

of the loudspeaker. The distance of the center position of the head and the loudspeaker

was fixed about 74 + 1 cm. The first stimulus (duration of 150 ms) was a bandpass

noise belonging to the combinations of six center frequencies (125, 250, sao, 1000,
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2000 and 4000 Hz) and different bandwidths or a white noise in one session. The

second stimulus was the white noise only. The duration of the second stimulus was

randomly varied in the range of 140-230 ms in lO-ms steps.

150

100
(a)

50

0
.--. 100 200 500 1000 2000 5000VJ

E
'--" Center frequency (Hz)IlJ
P

150

100
(b)

50

0
0 200 400 600 800

Bandwidth (Hz)

Figure 4.6. Measured (e) and calculated (-) values (see

APPENDIX - C) of 'te of the bandpass-noises as a function of

bandwidth. (a) Six different center frequencies with selected
bandwidths. (b) Six different bandwidths centered on 1000 Hz.
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4.2.4. Subjective test

Ten subjects with normal hearing ability participated. Each subject was asked to

judge whether the duration of the second of a pair of stimuli was longer or shorter than

that of the first stimulus and to push the particular button only when the second stimulus

seemed longer than first. The intra-pair and inter-pair gaps (for subjective judgments)

were 1 and 3 s, respectively. Each pair was presented 20 times during each session.

100 Reference
I

----~ 75 I'-'
......
t::

IIl.)

8
0.0 50""0 I=.......

......
Iu

Il.)
1-0

251-0
0u I

0
140 150 160 180 200 220 240

Test durations (ms)

Figure 4.7. Cumulative frequencies of correct judgements of duration in
the paired-comparison test for seven stimuli. The stimuli were six
bandpass -noises with center frequencies. -: Ic = 125 Hz; X: Ic = 250

Hz; .: Ic = 500 Hz; 0: Ic = 1000 Hz; ~: Ic = 2000 Hz; +: Ic = 4000

Hz and .: white-noise. These bandpass noises have selected bandwidths
(flj) of 80,80,80,160,320 and 640 Hz, respectively.
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4.3. Results

Twenty responses to each second stimulus-duration were obtained. The cumulative

frequencies of the correct judgment of duration for the stimuli with the selected

bandwidth of the six center frequencies and a white noise are shown in Figure 4.7.

Center frequency (Hz)

100 500 1000 5000
250 I I I I I I

~ 230Ul

8
~"'-"

c: 2100.-.....
~
I-<
;:l 0

"'0 190 ~"'0
Q) 0
Cl) •"'0
;:l 170 ,.
~ •

150
10.0 2.0 1.0 0.2

L1 (ms) White
nOlse

Figure 4.8. Judged duration for bandpass noises centered on the six
different center frequencies with their selected bandwidths and white
noise. The symbols indicate different subjects: 0: HT; D: YK; 6: KT;
X: KK; .: TH; 0: KS; +: RS; -: SS; A: OY; +: NK; and .:
average.

The durations of the tests were found on the 50% line were 208.3, 199.7, 192.9,
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188.4, 185.5, 181.1 and 178.5 ms. The percentages of the judged-longer duration than

the standard duration (150 ms) are found respectively, 38.9 %, 33.1 %, 28.6 %, 25.6 %,

23.7 %, 20.7 %, and 19.0 %. The reference physical duration is 150 ms, and the 50%

line of correct judgments is defined to be the duration sensation (DS). The results of

ANOYA for judged-durations are listed in Table 4.2. The judged-durations for each

individual and average for the durations of the six stimuli of bandpass noises were

significantly longer (p < 0.01) than that of the white-noise stimulus as shown in

Figure 4.8 (standard deviation == 10.55 ms).

Table 4.2. F-values of the analysis of varience for the judged-durations among
the stimuli of white noise and bandpass noise of six center frequencies (jc> with

the selected bandwidths (!:J.f).

fc (Hz) = 125 250 500 1000 2000 4000 WN
~f(Hz) == 80 80 80 160 320 640

f c (Hz) = 125
3.99 12.38** 24.76** 35.87** 38.77** 68.71**

~f(Hz) == 80

250
2.41 7.97** 13.87** 18.09** 34.64**80

500
1.21 3.60 7.34* 15.20**80

1000
160 0.69 3.19 9.32**

2000
1.27 5.42*320

4000 0.49
640

WN

* and ** indicate 5% and 1% significant level, respectively. WN: white noise.
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4.4. Discussion

The longer duration sensations (DS) were found due to the lower frequencies

(larger i) of the bandpass-noise stimuli. This result is similar to those of the previous

study on the duration sensation of pure-tone stimuli of differing frequency (Saifuddin et

al. 2001a). Thus, the higher center frequency (smaller i 1) produced shorter DS as the

lower center frequency (larger i 1) produced a longer DS (Figure 4.9). In the Figure

4.9, the relation between DS and i 1 is well described by

LlDS = a (logti. ) +,8, (4.1)

here, a = 15 ,8 = 10.

30 ,.....-----:---:--"":'1--:-1"""":""�-I~I----~---:---:---:--"":'I~I-.~':""""II

10.05.01.0

't1 (ms)

0.5

O--_........---"'_""---..............a............. .....a...._......._ ........................"""--I.....I.oI

0.2

20

(/J

o
<1 10

Figure 4.9. Judged greater-duration sensation (LlDS) than the white noise as a
function of measured 0q for all stimuli. Symbols indicate different center

frequencies ifJ or 't} : • : 125; 0: 250; 0: 500; v: 1000; 6: 2000 and D:

4000 Hz with the combinations of different bandwidths.
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In the Figure 4.9, percentile value (~Ds/150) for example, at ~ DS = 30 is 20%. The

DS is described by the value of Lp extracted from the ACF which, can be expressed by

(4.2)

The judged greater durations for all of the bandpass-noise stimuli, in reference of the

white noise as a function of 10 logLe are shown in Figure 4.10. In the Figure 4.10

variation of the measured values of Le indicate variation of the DS within each center

frequency. But, such L
e

also includes L
1

in the Figure 4.10 as same as the Chapter 2

and 3. So it can be said that the Le has a minor effect on the DS.

(4.3)

Here, f is the function and smaller 7:. indicates minor effect.

30

20

(/J

a
<:l 10

o
o 5 10 15

10 log 'te

20 25

Figure 4.10. Judged greater-duration sensation (~DS) than the white
noise as a function of 10 log'te for all stimuli. Symbols indicate

different center frequencies: .: 125; 0: 250; 0: 500; v: 1000; 6:
2000 and 0: 4000 Hz with the combinations of different bandwidths.
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In the Figure 4.11, plotted curve indicates responsibility of ¢l for the variation DS

which, can be expressed by

(4.4)

Here, f is the function and smaller ¢J1 indicates minor effect.

30

20 0
~

[fJ

E
00°'-'

(fJ

a
<l 10

V'

V'
D

0
0.6 0.7 0.8 0.9 1.0

<1>1

Figure 4.11. Judged greater-duration sensation (~DS) than the white
noise as a function of measured <1>1 for all stimuli. Symbols indicate

different center frequencies: .: 125; 0: 250; 0: 500; v: 1000; 6:

2000 and 0: 4000 Hz with the combination of different bandwidths.

The DS is also found here as the function (f) of the physical duration ( PD) of the

stimuli (Figure 4.7).

Results from the three figures (4.9, 4.10, 4.11), it can be explained that the three

factors of ACF are the function of DS which, can be formulated by
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here smaller symbols mean the minor effect on the DS.

4.5. Conclusions

(4.4)

Chapter-4

The significant results are cited below.

1. The duration sensation (DS) of bandpass-noise stimuli used in this study

(combination of six center frequencies and different bandwidths) were judged to be

longer than that of a white-noise stimulus with the same sound pressure level (80

dB(A» and duration.

2. The DS of bandpass-noise stimuli with lower center frequencies or lower pitch

(larger T j ) were judged to be longer than those stimuli with higher center frequency

or higher pitch (smaller TJ

3. In the results, DS was found effected by the ¢j as similar effects of ¢m (Chapter

3) where, ¢m includes ¢r

4. Another minor effect of T e on the DS was found.

S. The effects of PD on the DS is also found here.
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CHAPTERS

DS IN RELATION TO THE FACTORS T 1 , (A, T e AND <1>(0) OF

THE ACF OF BANDPASS-NOISE STIMULI UNDER

REVERBERATION CONDITIONS

5.1. Preface

The purpose of the previous study (Ando et al. 2001b) is to examine the effects on

duration sensation (DS) of the center frequency having various bandwidths of bandpass

noise. Seven paired-comparison tests were conducted using white noise and six

bandpass-noise stimuli with center frequencies of 125, 250, 500, 1000, 2000, and 4000

Hz, and their selected bandwidths (Zwicker et al. 1957) 80, 80, 80, 160, 320, and 640

Hz, respectively. The results of the tests indicated that the white-noise duration was

judged to be of a shorter sensation than that of the bandpass-noise duration and a larger

T 1 (TI' being the time delay of the first peak of the autocorrelation function) was judged

as a longer DS for the bandpass noises. In that study, stimuli were presented by a

single loudspeaker in a soundproof chamber without reverberation effects and the

subjects were seated alone at the horizontal distance of 74+ 1 cm from the single

loudspeaker. The sound pressure levels (SPL) as defined by the <P(o) in the

autocorrelation function (ACF) were kept constant at 80 dB(A). In order to that, another

similar study was conducted here under a reverberation condition in a conventional
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concert hall (Uhara Hall) to examine the reverberation effects and the effects of the SPL

(<1>(0» on the DS.

A theory of the primary sensation for environmental noise -loudness, pitch, and

timbre- was described by Ando (200la). Such a primary sensation of environmental

noise can be well described by the factors extracted from the ACF (Ando 1998).

Saifuddin et al. (2001a) investigated the DS for stimuli consisting of white noise

having a different amplitude (SPL) and a pure tone. Thus, the attenuation level of the

envelope of the ACF of the stimuli (rpm ) was changed by the amplitude difference

between the white-noise and pure-tone stimuli. The findings showed that the duration of

stimuli with smaller rpm was judged as being, longer sensation than that of larger rpm. In

the same study, the judgment of a longer-duration of sensation for the pure tone was

found when the frequency was lower (longer i l ) of the tone. To determine the DS as

the primary one this study is designed while the reverberation situation represents

environmental phenomena.

In this connection Oxenham reported in 2000 on a study of auditory-gap detection in

which a larger deterioration was observed when two markers of broadband noise

occupied different spectral regions but had the same fundamental frequency. According

to the classical theory, the loudness of a bandpass noise remains constant as the

bandwidth of the noise increases until the noise reaches the "critical band", after which

the loudness increases with further increases of bandwidth (Zwicker et al. 1957,

Zwicker et al. 1972, Greenwood 1961, and Hellman 1970). Merthayasa et al. (1994 and

1996) found that the loudness of sharply filtered noise (1080 dB/oct.) centered on 1000
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Hz within the critical band is not constant. Florentine et al. (1996) compared the

loudness of 1000 Hz tones with that of broadband noise over a wide range of levels.

They found that the amount of temporal integration, defined as the level difference

between equally loud stimuli with durations of 5 and 200 ms, varied with the level. Fujii

et at. (2001) found that the noise of flying aircraft, which is a mixed state between

'tonal noise' and 'un-tonal noise', can be well represented by the factors extracted from

the ACF and the interaural cross-correlation function. Such aircraft noise may be

perceived to behave like a bandpass noise at a lower center frequency.

5.2. Methods

5.2.1. Physical situation of Uhara Hall

The well-known Uhara Hall (not soundproof) in Kobe, a conventional concert hall,

was used in this study. The hall is finished in wood and contains 650 seats. The volume

of the hall is 4870 m3
• One loudspeaker as a source was located at the center of the

stage, 1.0 m above floor. The subjects were seated around the frontal side of the central

position of the hall. The height of 1.1 m above the floor level corresponds to the ear

positions. The distance between the source and the center ear positions of the subjects

was 12.5 m. All of the physical conditions are shown in Figure 5.1 (a, b and c).
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so sp§~r-c (a)

o 5 10 [m]

(b)

(c)

Figure 5.1. Seating positions 'SP' of the subjects are indicated in plan (a)
and cross-section (b) and (c) of Uhara Hall, Kobe. Source position'S' and
center hearing position 'c' indicate where the SPLs were set up and the
rise- fall times were measured. Impulse responses were measured at the
center hearing position. SO: schroeder diffuser.
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5.2.2. Stimuli preparing

Five bandpass-noise stimuli were simulated with a cut-off slope of 2068 dB/octave

using two distal filters (48 and 140 dB/octave) through a series connection. The center

frequencies 250, 500, 1000, 2000, and 4000 Hz were determined with the selected

bandwidths 80, 80, 160, 320, and 640 Hz, respectively. The rise and fall times were

defined by the time for a -3 dB drop from the steady level for all stimuli (Figure 5.2)

and were measured at the center of the listening positions shown in the Table 5.1.

(0)

(L)

(R)

Figure 5.2. Examples of stimuli in which '0' is the original signal
without reverberation effects. The stimuli of 'L' and 'R' indicate the
left-ear and right-ear hearing positions at 'C', respectively with
reverberation. (a), (b), (c), (d), (e), (f) and (g) indicate WN 50 dB(A),
WN 80 dB(A), BN (fc: 250; /1f: 80), BN (fc: 500; /1f: 80), BN (fc: 1000;

/1f: 160), BN (fc: 2000; W: 320), and BN (fc: 4000; /1f: 640). WN: white

noise, BN: bandpass noise, fc : center frequency and /1f: bandwidth. Each

stimulus had a constant 15D-ms duration.
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5.2.3. ACF measurement

The SPLs (<p(0) of the ACF) of all the direct sounds were measured as 80 dB(A) at

the center of the subject's seating positions, except the SPL (50 dB(A)) of one white-

noise stimuli presented first in the pair for the last (7 th) session. The factors T p ¢J1

and T e of ACF are defined in Figures 1.3 and 1.4 (Chapter 1), respectively, and were

measured at the center listening position, as shown in Table 5.2. The theoretical

procedure of the calculation of Tl' ¢J1 and T e is shown in the APPENDIX - C.

2.0

1.5

~
[/J

"--'

..0 1.0:J
(fJ

E-<

0.5

0.0
100 500 1000 5000

1/1 octave band center frequency (Hz)

Figure 5.3. Values of reverberation time (Tsub) obtained by the
binaural impulse responses at the center of the subject's seating area.
'.' and 'Q' indicate the left and right hearing positions, respectively.
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5.2.4. Impulse response measurement

Impulse responses were measured at the listening position within the subject's

seating area (Figure 5.1). The measured reverberation times (Sabine 1900) are shown as

the I ~ub I in the Figure 5.3.

Table 5.1. The rise and fall times of the seven stimuli in
which five bandpass and two white noises are shown under
reverberation condition. The I c : center frequency and 11j:

bandwidth of the bandpass-noise stimuli. WN1 and WN2
indicate white noise with the SPL of 80 dB(A) and 50 dB(A),
respectively.

Stimuli White Rise time Fall time
I c (Hz) 111 (Hz) noise (ms) (ms)

250 80 2.3 50.7

500 80 2.4 50.8

1000 160 2.5 51.3

2000 320 2.5 51.5

4000 640 2.6 52.2

WN1 2.6 51.9

WN2 2.3 50.8

Average 2.5+0.2 51.3 + 1.0

Standard deviation 0.14 0.59

5.2.5. Stimuli presentation

Seven stimuli consisting of two white noises and five bandpass noises were used in

the paired-comparison tests conducted over seven sessions. Each session lasted 4 m and

there was a 2 ill rest period between sessions except for a 10 ill rest period between the
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4th and 5th sessions. The duration of the stimuli presented first in the pair was 150 ms.

White-noise stimuli was presented ten times in durations of 140 to 230 ms at a step size

of 10 ms at second in the pair. Each pair was presented five times randomly. The SPL of

all the stimuli were kept constant at 80 dB(A), except for the white-noise stimulus (50

dB(A» presented first in the last (7th) session. The intra-pair and inter-pair (response

time) gaps were 1 and 3 s, respectively.

Table 5.2. Calculated (C) and measured values of 1:1 and <P1 for the

five bandpass noise stimuli with five center frequencies ifJ and their

selected bandwidths (AI). Wand R indicate without reverberation and
reverberation conditions of measurement, respectively.

Stimuli 171 (ms) <P1

Ic (Hz) ~/(Hz) C W R C W R

250 80 4.00 4.00 4.20 0.92 0.94 0.94

500 80 2.00 2.00 2.10 0.95 0.96 0.96

1000 160 1.00 1.00 1.00 0.97 0.97 0.97

2000 320 0.50 0.50 0.50 0.97 0.97 0.97

4000 640 0.25 0.25 0.25 0.97 0.97 0.97

5.2.6. Subjective test

Twenty-one subjects were asked to judge whether or not the duration of the second

of a pair of stimuli seemed longer than the first stimulus. The subjects had to respond by

a "tick mark" (F) on the answer sheet when the duration of the second stimulus seemed
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longer than that of the first, otherwise they had to make a "cross-mark" (X ).

Standard
100

~

~ 75'-..-'.....
C
Q.)

E
on 50'"0
=.--,.....
u
Q.)
I-;
I-; 250
u

240220200180

o............~l2:::~---L__...L...-_----l.__....J

140 150 160

Test duration (ms)

Figure 5.4. Cumulative frequencies of correct judgements of duration in
the paired-comparison test for seven stimuli. The stimuli were five
bandpass noises with the different center frequencies ifJ and two white

noises with two sound pressure levels. Symbols signify: 0: f c = 250 Hz;

O:fc = 500 Hz; + :fc =1000 Hz; 6:fc =2000 Hz; D :fc =4000 Hz; .:

white noise 80 dB(A), and A: white noise 50 dB(A). The bandpass noises
have selected bandwidths (~f) of 80, 80, 160, 320, and 640 Hz,
respectively.

5.3. Results

The source stimulus was radiated from the loudspeaker on the stage and was

measured as impulse responses by two small microphones placed at the two-ear

entrances of a subject. The factor ~ub of the left hemisphere specialization (Ando et al.

1982) were measured and are shown in Figure 5.3.
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Figure 5.5. Judged duration for bandpass-noises centered on the five
different center frequencies with their selected bandwidths and two
white noises. The symbols indicate individual differences of duration
sensation by twenty-one subjects (FK, HS, IS, JA, KF, KG, KK, KO,
MT, NS, NY, OY, RS, SS, TH, TK, TM, TY, YK, YS, and RM). -:
average.

The average value of the five responses at each pair for each subject out of 21 was

obtained. The cumulative frequencies of the correct judgments of the subjects for the

seven different stimuli presented first in the pair are shown in Figure 5.4. The reference

physical duration was lS0 ms, and the 50% line of correct judgments was defined to be

the duration sensation (DS). The values on the SO% line of the cumulative frequencies

of the averaged correct judgments are found to be 202.9, 197.5, 185.6, 180.6, and 176.9

ms for the bandpass-noise stimuli, whose center frequencies were 250, 500, 1O00, 2000,
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and 4000 Hz respectively, of their selected bandwidths. The percentages of the judged-

longer duration than the standard duration (150 ms) are found respectively, 35.3 %,

31.7 %, 23.7 %, 20.4 %, and 17.95 %. The values for the white noises were found to be

173.0 and 166.0 ms respectively (longer; 15.3 and 10.6 %), with the SPL of 80 and 50

dB(A). The 50% line of cumulative frequencies of correct judgment of subjects with

their individual (21 subjects) differences (standard deviation = 17.19) are shown in

Figure 5.5.

Table 5.3. F-values of the analysis of varience for the judged durations among the
stimuli of white noise (80 and 50 dB(A)) and bandpass noises of five center
frequencies ifc) with their selected bandwidths (t::.f).

f c (Hz) = 250 500 1000 2000 4000 WN WN

t::.f(Hz) = 80 80 160 320 640 80 dB 50 dB

fc (Hz) = 250 1.77 20.11** 35.38** 49.15** 74.53** 133.11**
t::.f(Hz) = 80

500 7.41 ** 15.64** 23.63** 37.01** 68.61**
80

1000 1.52 4.66* 10.89** 29.91**
160

2000 0.88 4.16* 17.60**
320

4000 1.11 10.03**
640

WN 4.89*
80 dB

WN
50 dB

* and ** indicate 5% and 1% significant level, respectively; WN: white noise.
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5.4. Discussion

The duration sensations (DS) of bandpass-noise stimuli were found to be different

due to the difference of the center frequency. It was clearly seen that the DS became

gradually longer when the center frequencies belonging to a larger 'fl' The results of

analysis of variance (ANOYA) for the judged-durations are listed in Table 5.3. The

judged durations for each individual and the average for the durations of the five stimuli

of bandpass noises were found to be significantly longer (p < 0.01) than those of the

white-noise stimulus, as shown in Figure 5.5.

Center frequency (Hz)

200 1000 5000
77~....""')

~

Vl

8
'--" •c 200 ro •0.- 0-~

Vl 0C • 0iJ.)
Vl • 0c 0
0 175 • •.--~.... •:::l (a)a

(b)
150 I I I 1 I I II I I I I I I

5.0 1.0 0.2 White noises

't1 (ms)

Figure 5.6. Duration sensation obtained by cumulative frequencies on the
50% line of correct judgments in the paired-comparison test for the five
bandpass -noise and two white-noise stimuli. Black circle (e) indicates
reverberation condition while, white circle (0) indicates without
reverberation. (a): white noise 80 dB(A) and (b): white noise 50 dB(A).
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This result was significantly similar (p < 0.05) to those of the previous study of

Ando et al. (2000b) on the DS for the same stimuli of bandpass noises and white noise

without a reverberation condition (Chapter 4). In the Figure 5.6, the relation between

DS and T! is well described (for both studies) by

!1DS = a (logii) + {3,

here, a = 15 {3 =10.

The standard deviations of the individual responses for this study (21 subjects) was

found to be 17.19 ms, whereas, for the previous study (10 subjects) it was 10.55 ms.

Figure 5.6 shows that the DS of all the stimuli were found to be shorter under a

reverberation condition, except for two stimuli with center frequencies of 250 and 500

Hz, than the DS without reverberation. It is important to understand that the DS is

varied not by the effect of T e but by the effect of T)" This result was similar to that of

previous study of Ando et al. (2000b). In Table 5.2, the values of ¢! was found to have

almost the same tendency as that of the previous study.

Results of another experiment show that the white-noise duration is judged as a

longer sensation (p < 0.05) when presented under higher SPL or higher <P( 0) (80

dB(A» than that of the lower one (50 dB(A», compared with the same white-noise

durations (80 dB(A». It makes it clear that the T 1 and <P(O) of the ACF are the

approximate function of DS. That can be expressed by the below equation (5.1) in

which, DS can be recognized as the fourth primary sensation of sound stimuli in the

groups of loudness, pitch, and timbre.

(5.2)
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here, smaller symbol means minor effects on the DS.

5.5. Conclusions

The significant results of the study are cited briefly below.

1. The duration sensation (DS) of bandpass-noise stimuli (five center frequencies with

selected bandwidths) were judged to be longer than that of a white-noise stimulus

with the same sound-pressure level 80 dB(A) and duration under reverberation

conditions.

2. The DS of the bandpass-noise stimuli with lower center frequencies or lower pitch

(larger T j ) was judged to be longer than those stimuli with higher center

frequencies or higher pitches (smallter T j ) under reverberation conditions.

3. The DS of a white-noise stimulus was found to be a longer sensation for the higher

<1>(0) (SPL) than that of the lower one under reverberation conditions.

4. The DS of bandpass-noise stimuli of the five center frequencies 250, 500, 1000,

2000, and 4000 Hz with selected bandwidths of 80, 80, 160, 320 and 640 Hz,

respectively were found to exhibit similar tendencies for both the reverberation and

without reverberation conditions.

5. The PD is found as the function of DS.
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CHAPTER 6

CONCLUDING REMARKS

6.1. Summary

Human sensations of the temporal duration were studied here. A series of

experiments was conducted to examine the auditory sensations of the temporal duration

using different sound stimuli. Most of the experiments were conducted in the sound

proof chamber except one experiment in a conventional concert hall (chapter 5).

Students as subject were taken part in these experiments. Psychological tests were

performed to examine the auditory sensitivity of temporal durations. The paired­

comparison method was used for the stimuli presentation and the response

measurements. Subjects had to compare the durations of the two stimuli in each pair.

The sound stimuli were selected on the basis of the measured factors of autocorrelation

function (ACF) as parameter. The factors are i p ie' ¢p ¢m and <P(O) explained in

the Chapter 1. Sound stimuli used in the whole studies were white noise, pure tone

(different frequencies), complex tone (different fundamental frequencies) and bandpass

noise (different center frequencies and bandwidths). The responses were analyzed to

examine whether or not the judged durations are effected by the factors of ACF. An

"auditory-brain model" and a "theory of primary sensation" are used to interpret the data.

The subjective judgments of the short-temporal durations are explained here as a
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primary sensation and indicated as duration sensation (DS). All of the experiments are

discussed in the Chapters 2 - 5. The significant findings of the results of the experiments

are cited briefly below.

1. The DSs of pure-tone stimuli with larger 7:1 (lower frequencies) were found as

longer than that of pure tone with smaller 7:1 (Chapter 2).

2. The DSs of the complex-tone stimuli with larger i 1 (lower fundamental

frequencies or lower pitch) were found to be longer than those stimuli with smaller

i
1

or higher fundamental frequency or higher pitches (Chapter 2).

3. The DSs were found almost same for the pure-tone and complex-tone stimuli with

three stimulus-durations (140, 150, 160 ms) when, the i 1 was 2 ms and found both

of the DSs different from the pure tone with the 7:1 of 0.33 ms (Chapter 2).

4. The effects of 7:1 extracted from the ACF on the DS are found as the same

tendency for the changing values of frequency, fundamental frequency, and center

frequency, respectively, of the pure-tone, complex-tone, and bandpass-noise stimuli

(Chapters 2, 4, 5).

5. The DSs of the mixed stimuli (pure tone and white noise) with higher values of

attenuation level (larger ¢m) of the envelope of ACF were found as shorter than that

of the smaller ¢m (Chapter 3).

6. The duration sensations (DS) of a white-noise stimulus were found to be longer

than that of pure-tone stimuli (1000 Hz) under the same sound pressure level (80

dB(A». That actually has the same duration (Chapter 3).

7. The DSs of bandpass-noise stimuli (combinations of six center frequencies and
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different bandwidths) were found to be longer than that of a white-noise stimulus

with the same sound pressure level and duration (Chapters 4, 5).

8. The DSs of bandpass-noise stimuli with lower center frequencies or lower pitch

(larger 7:"1) were found to be longer than those stimuli with higher center frequency

or higher pitch (Chapter 4).

9. The DSs of bandpass-noise stimuli (five center frequencies of 250, 500, 1000,

2000 and 4000 Hz, with selected bandwidths) were found to be longer than that of a

white-noise stimulus with the same sound-pressure level and duration under

reverberation conditions (Chapter 5).

10. The DSs of the bandpass-noise stimuli with lower center frequencies or lower pitch

(larger 7:"1) were found to be longer than those stimuli with higher center

frequencies or higher pitches under reverberation conditions (Chapter 5).

11. The DS s of a white-noise stimulus were found to be a longer sensation for the

larger values of <1>(0) extracted from the ACF than that of the smaller one under

reverberation conditions, in a room (Chapter 5).

12. The minor (non significant) effects of 7:"e and ¢1 in the ACF on the DS were found

(Chapters 4, 5)

13. The DSs of bandpass-noise stimuli of the five center frequencies 250, 500, 1000,

2000, and 4000 Hz with selected bandwidths of 80, 80, 160, 320 and 640 Hz,

respectively, were found to exhibit similar tendencies for both the reverberation and

without reverberation conditions (Chapters 4, 5).

14. Duration sensations (DS) of all the stimuli used in the study were found as
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dependent on its physical duration (PD) (Chapters 2, 3, 4, 5).

Considering the whole experimental findings it can be concluded that "duration

sensation (DS) of the sound stimuli is one of the primary sensations of the human-brain

neuron which, is more or less responsible for the factors 7:"1' 7:"e' ¢Jl , ¢Jm , and <1>( 0)

extracted from the autocorrelation function". That can be expressed by

(6.1)

Here, smaller '1' ¢1 and PD mean minor effects on the DS.

6.2. Applications

Information technology (IT) is become one of the most exiting output of science and

technology. The new century hopefully will be engaged with the process of

globalization and then 'IT' can playa vital-role on the key-point for the exchanges of

information. In this reality, "high-tech" environments have been providing as a way, or

even requiring us, to communicate with machines orally. In human-machine

communications, machines are unable to intuitively understand our oral information.

The machine has to learn the process of the human speech information. The oral

exchanging technology of the man-machine system needs material and digital

explanation of human speech. Autocorrelation function (ACF) can provide the effective

factors, which are well concerned with the characteristics of speech signals.

The concluded studies were conducted using such of stimuli are recognized as the

basic forms of sound signal (pure tone, complex tone, white noise, bandpass noise, etc.).
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However, the sound signals frequently used in the verbal communications of the

humans are supposed as the complex combinations of the basic forms. That is obviously

speech-signal which is important for the information processing technology.

The knowledge of the duration sensation in relation to the factors extracted from the

ACF can be used to develop technology of the speech signal processing. The basic

components of the speech signals are sequenced on the physical time domain. Such

physical duration can be varied for the auditory sensation in relation to the changing

factors of the ACF in the signal. However, for the technology of digital conversion

during out-put and in-put process of the signal such knowledge of the auditory duration

sensation can be applied.

6.3. Further studies

On the basis of the present studies, wide possibilities of the future-research can be

considered. One of the purposes of the future study is to find out the certain range of the

values of particular factor of ACF, which is mostly concerned with the most preferred

speech component. The four factors (7"1' 7"e'¢l'<P(O)) extracted from the ACF can be

measured for the speech signals. In this study, vowels, consonants and some standard

syllables can be examined as basic components of speech signals. To measure the

values of the factors with individual differences of the different vocal pronunciation,

speech signals can be recorded onto a digital-audio tape (DAT). Then the signals will be

reproduced through a D/A converter in the sound proof chamber. The microphone will
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receIve the signal and the then ACF can be analyzed. Most preferred vocal

pronunciation can be identified by using preference-judgment test. To identify the most

preferred vocal pronunciation of the components of the same speech signals; vowels,

consonants and syllables can be used in the sound proof chamber in front of the subject.

Last of all results from the measured ACF and psychological tests will be adjusted

whether the individual physical-score is related to that of the most preferred speech

stimuli.

Another important possibility of the future research is to find out the relationship

between the certain-individual value of perceived duration and most preferred judgment

of the particular speech signal. Considering all of the individual data whether or not the

most preferred signal is related to that of the certain perceived duration can be examined.

The factors of ACF of such speech signal can be measured in relation to that of the most

preferred one.

It is also important to conduct study on the duration sensation between the sound

duration and silent duration. The explanation of the sensation of silence duration could

be a very significant knowledge when compared with the physical time duration. In this

study the characteristics of markers of the particular silence duration can provide an

effects on the duration sensation.

The duration sensations were examined on the direct comparison between pure tone

and complex tone (chapter 2) with a fixed value of T 1 (T1 = 2 ms). The contemporary

study should be conducted using different values of T 1 (e.g.; T 1 = 4.0, 1.0, 0.5, 0.25 ms).
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APPENDIX-A

Ando and Singh (1996) developed a simple method of calculating scale values of

individual preference using a single observation for a set of stimuli. The method is

based on the law of comparative judgment of Thurstone (1927). It used the linear range

of cumulative normal distribution between the probability and the scale values (Z-value)

is shown in the Figure A.a. The method is used in the study (Chapter 2) to calculate the

scale values of the differential duration judgments of the sound stimuli.

1.0

>-.....
.­..-.-
.0 0.5
~

.0
o....

0..

o
-2 o

Z - value

2

Figure A.a. The cumulative distribution (normal ogive) between
the probability and scale value (Z - value). a: standard deviation.

To calculate scale values of the comparative judgments of sound durations the

method was used as an approximation for Case- V of Thurstone's law. Using linear
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range (0.05 s P s 0.95, P: probability) of nonnal ogive according to the Figure A.a.

The scale values of subjective judgments Si is obtained from the equation below.

s. = En (21; - N)
I 2N

(A.I)

where 1; is the total number of scores of the expected judgments for the stimulus and

N is the number of stimuli used in the paired-comparison tests.

A 'test of goodness of fit' also used in this method to justify the consistency of the

scale values with the individual sound fields. The test considers a quantity A as a ratio

specified by

osA sl (A.2)

Here SI and SI are the subsequent scale values; and p means poorness of the

consistency. So, considering an ordered pair such as (i,j), a solution for scale values

should be consistent under the fonnulation if

(A.3)

If SI >SI means no error attributable to the scale values. Whereas if

(A.4)

then (SI -Sf ) denotes the error. So that conditions (A.3) and (A.4) are the measures of

the goodness and poorness (p), respectively. The value of A corresponds to the

average error of the scale value which, should be smaller as less than 10%. If the value

of A is equal to zero, then the results are fitted consistantly.

The number of violations (poorness) is the k according to the condition expressed
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by the above equations. The percentage of violations d is defined by

d = 2k x100
N(N -1) ,

(A.5)

Thus, all values of d or k and A can be considered as the test of goodness of fit

in this method.
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APPENDIX -B

The procedure for calculation of the peak amplitudes of the ACF envelope rpm (m =

1, 2, 3, ... ) shown in Figure 3.1 is described here. The ACF of the sound stimuli

<P per) can be defined as

1 +T

ep (r) = lim-f p(t)p(t + r)dt. (B.1)
p T-002T -T

where r is the delay time.

In this study, the sound stimulus was pet) = set) +An(t); where s(t) is the pure tone,

net) is the white noise being incoherent with set) and coefficient A is the relative

amplitude of net) to set). Here, sound energies of set) and net) should be equal so as to

have a relation: 1> s (0) = 1>n (0). The integration interval 2T was 2.0 s. For such a

mixed stimulus, normalized amplitude of m-th peak rpm is given in the form

1 +T '1

ep(r) = lim-f [s(t)s(t + r) +a-n(t)n(t +r)]t.
T-002T -T

(B.2)

The normalized ACF ¢(r) becomes

r _ <P(r) _ <p.(r)+A2 <P n(r)
rp( ) - <P(O) - <P,.(0)+A 2 <Pn(0)

_ rpJr) + A2 rpn(r)
- ~

1 +AW

<P (r) ~
where we put rI. (r) =----l....L.L and rI. (r) =

'1',. <pJO) 'l'n <P n(O)'

When set) = sin UJt and net) is the white noise,

(B.3)
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where b(r) is the Dirac delta function. Thus, ¢eo) =1.

1
¢/TJ =10 loglO--2 '

l+A
m = 1,2,3, ... (B.4)

- 1.0
~

CO - 0.8"'0
~

E
-e- - 0.601)
0....-

0.......,

"'0 -0.4
Q)....
:::l
Vl
~

- 0.2Q)

2

0.0
0.0 - 0.2 -0.4 - 0.6 - 0.8 - 1.0

Calculated 10log epm (dB)

Figure B.a. The horizontal and vertical axies are, respectively, the
calculated and measured cj>m for the envelope of the autocorrelation

function for four stimuli.

Measured and calculated values of ¢/TJ for four of the stimuli used in this study are

listed in Table 3.1 and shown Figure B.a.
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APPENDIX· C

The autocorrelation function (ACF) of the bandpass noises after passing through an

ideal filter with a flat response between upper and lower frequencies 12 and II is given

by (Ando, 1982)

2 fiwr fiw T
¢J(T) = --sin(-)cos(-'-)

fiwr 2 2

The envelope of the ACF of the bandpass noises is

2/ fiWT sine fiWT /2), for 0 S fiWT s n

and 2 / fi(VT, for fi (!.li > n.

(C.1)

(C.2)

The calculated values of T
1

and T e as a function of the bandwidth and as a

parameter of the center frequency are shown in Figures 4.5 and 4.6, respectively.

Agreements between them are satisfactory, except for a few cases. Thus, we use

measured values hereafter.
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