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Preface

This dissertation is submitted, for the Doctor of Philosophy degree, to Graduate

School of Science and Technology, Kobe University, Japan.

This dissertation attempts to describe about human auditory temporal window

for acoustical measurements, based on the model of auditory - brain system. The

temporal window is examined for autocorrelation function and interaural

crosscorrelation function models, respectively.

I assume responsibility for any errors which may occur in the pages which

follow.

Kiminori Mouri
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Chapter 1

Introduction

1.1. General Preface

Sound environment is strongly influenced to human life. We enjoy excellent

music as amusement while traffic noise and jet plane noise make us uncomfortable

feeling and often, serious damage is occurred. It is very important for estimating effects

of sound environment to realize the auditory mechanism. The auditory-brain model

proposed here consists of the autocorrelation mechanism, the interaural crosscorrelation

mechanism and the functional asymmetry of human cerebral hemisphere [1]. Subjective

attributes for sound fields can be assessed by the orthogonal physical factors extracted

from these mechanisms. Based on this model, some concert halls have been constructed

already, and their sound fields are considered to be excellent. Additionally, this model

gives a cue to approach the human subjective responses. The fmal goal of this study is

to clear the brain function, and this dissertation attempts to show the temporal window

which is fundamental parameter to calculate the autocorrelation and the interaural

crosscorrelation mechanisms.
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1.2. Previous studies of acoustical measurement

All physical factors to be evaluated are extracted from binaural impulse

responses at the left and right ears, hjl and hjr [2]. The index j indicates the sampled

elements of MLS (maximum length sequence signal), which is pseudo-random binary

signal, with time interval cr (j = 0, 1, ..., L-I). From binaural impulse responses,

following orthogonal factors (LL, ~t1, Tsub, lACC, 'tIACC, WlAcc) are extracted.

(1) LL (listening level)

The LL at listener's position is obtained relative to sound pressure of the reference

position. The LL at each ear is given by the autocorrelation function <1>1l,rr('t) at =0 of the

impulse responses hjl,r

L-l

<1> ll.rr =~h~.r
j=O

The relative LL in decibel scale is defmed by

(1.1)

where

if hjl,r *" 0, (1.2)

(1.3)

Here, <1>(ret)(O) is the geometrical mean of the autocorrelation functions of

binaural-impulse responses at 't =0 at the reference position as indicated by Eqn.(1.3).

Reference position is usually 1 m apart from a sound source.
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(2) Dotl (initial time delay gap between the direct sound and the fIrst reflection)

The Dotl is defmed as an initial time delay gap between the direct sound and the fIrst

reflection with the fIrst maximum amplitude. The Dotl is calculated by crosscorrelation

between the direct sound and its impulse response.

(3) Tsub (subsequent reverberation time)

The value of Tsub is defmed by the time interval for 60 dB attenuation for the

regression line of initial decay of reverberation curve. The decay curve is obtained by

squaring and integrating the impulse responses [3]. The Tsub is obtained by fItting the

regression line of the curves for the initial 15 dB decay after the arrival of the direct

sound.

(4) lACC

The normalized interaural crosscoorrelation function is given by

(1.4)

where the values of <Dn(O) and <Drr(O) represent the autocorrelation functions at 't = 0 of

impulse responses at both ears. The denominator means the geometrical mean of the

sound energies arriving at the two ears. The <Dlr(ja) is the crosscorrelation function of

impulse responses at both ears. The magnitude of interaural crosscorrelation function is

defmed by
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(5) 'tIACC

The 'tIACC is detennined as interaural delay, at which the lACC is detennined. This

factor corresponds to the horizontal sound localization.

(6) WIACC

The WIACC is defmed by the interval of delay time at a value 10 below the

orthogonalized lACe. WIACC is a significant factor related to the apparent source width

(ASW). It is worth noticing that this factor can be evaluated by use of lACC and WIACC

[4,5].

1.3. Model of auditory-brain system

A workable model of auditory brain system, involved hemispheric

specialization, is proposed by Ando, Y., as shown in Figure 1.1 [1]. ill this model, a

sound source pet) is located at fo in a three-dimensional space and a listener sitting at r is

defined by the location of the center of the head, h1ir I ro, t) being the impulse

responses between ro and the left and right ear-canal entrances. The impulse responses

of the external ear canal and the born chain are elit) and clit), respectively. The

velocities of the basilar membrane are expressed by V1ix, w), x being the position

along the membrane.
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The action potentlals from the hair cells are. conducted and transmitted to the

cochlea nuclei, the superior olivary complex including the medial superior olive, the

lateral superior olive and the trapezoid body, and to the higher level of two cerebral

hemispheres. According to the tuning of a single nerve fiber, the input power density

spectrum of the cochlea I(x') can roughly be mapped at a certain nerve position x' [6, 7].

This fact may be partially supported by the ABR waves ( I -N) which reflect the

sound-pressure levels as a function of the horizontal angle of incidence to a listener.

Such neural activities, in tum, include sufficient infonnation to attain the ACF

(autocorrelation function) at a higher level, probably near the lateral lemniscus, as

indicated by <Du(s) and <Drr(s). Also, the interaural cross-correlation mechanism may

exist at the inferior colliculus. It is concluded that the output signal of the interaural

cross-correlation mechanism including lACC and the loci of maxima may be

dominantly connected to the right hemisphere. Therefore, human physiological and

psychological attributes, relating to sound stimuli, can be described by ACF and IACF

(interaural cross-correlation function).

Sound
source

Sound
field

Medial Auditory
geniculate body cortex

Specialization
of human brain

Correlation
mechanisms

SharpeningI
I

I,
I I I

;VIbration; Travelling ~ Neural cord
wave

Sound wave

Figure 1.1 Model of auditory-brain system.
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1.4. Definition of the physical factors extracted from ACF and IACF

The physical factors, <1>(0), ~J, 'te, and 'tl were extracted from the ACF and IACC,

'tlACC, and WIACC were extracted from the IACF [1, 8, 9, 10]. The defmition of the ACF

and the IACF are expressed as follows:

cI>lr('t) = _1 rT
p'J./)P' r V+ r)tit (1.5)

2T T

Here p'(t) =p(t)*s(t) being the ear sensitivity. For convenience, set) may be chosen as

the impulse response of an A-weighted network.

<1>lr(n)('t) is the IACF of the nth reflection; <1>ll(n)(O), and <1>rr(n)(O) are the respective sound

energies arriving at the two ears from the nth reflection.

Four physical factors are obtained from the ACF:

(1) energy represented at the origin of the delay, <1>p(O);

(2) effective duration of the envelope of the nonnalized autocorrelation function, 'te

(which is defmed by the 10-percentile delay), representing a kind of repetitive

feature or reverberation containing the source signal itself;

(3, 4) fme structure, including peaks and dips with their delays: the delay time and

amplitude of the first peak-namely, 'tl and ~1.

lbree physical factors are obtained from the IACF:

(1) IACC is the maximum value of the IACF within the time delay of 1 ms;

(2) 't IACC corresponds to the interaural time delay for the horizontal angle;
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(3) WIACC corresponds to the apparent source width (ASW) mainly.

The physical factors, <1>(0), <Ph 'te, and 't1 were extracted from the ACF and IACC,

'tIACC, and W1ACC were extracted from the lACE The defmition of the ACF and the

IACF are illustrated in Figure 1.2 and 1.3.

1.0 ..--------,------.--------,,-------,

-1.0 L--__....l.-__--I....__---l .....J

o

---t. 0.0 1--+-----f---+-+-4-~~---I~-_+_--l

;:;:

200100

o..------.....,....----.------,r------,

-s

Delay time, '! [ms] Delay time, '! [ms]

Figure 1.2 Physical factors extracted from ACE

1.0os0.0-0.5

1.0r----,-----r-+---1-...-------.

-1.0L...- .L.- L- L-__-.I

-1.0

..
-e-

Left-ear signal delayed Right-ear signal delayed

'! [ms]

Figure 1.3 Physical factors extracted from lACE
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1.5. Aim of this study

The aim of this dissertation IS to identify the temporal window of the

autocorrelation and interaural crosscorrelation functions of auditory-brain system. In

chapter 2, the subjective and physiological effects of sound signal are examined to show

the importance of calculating physical factors extracted from autocorrelation function.

In chapter 3, the temporal window of the autocorrelation function is investigated

relating to physical factors. In chapter 4, the effects of sound for mental work are

researched relating to the recommended temporal window. In chapter 5, the temporal

window of the interaural crosscorrelation function is researched also.
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Chapter 2

EEG analyses relating to subjective preference and the temporal factor,

.1t1 of sound field, based on ACF system

2.1. Introduction

A workable model of the human auditory-brain system, which incorporates

hemispheric asymmetry, was proposed by Ando [1]. It contains autocorrelators and an

interaural crosscorrelator for processing acoustic infonnation [1, 2], as shown in Figure

1.1. It is found that the left cerebral·hemisphere is specialized for temporal factors such

as the initial time delay gap between the direct sound and the fIrst reflection sound CM!)

and reverberation time (Tsub) [3,4,5]. The right cerebral hemisphere is associated with

spatial acoustic factors: the sensation level (SL) and the magnitude of interaural

crosscorrelation (lACC) [3]. Thus, hemispheric specialization is considered to be one of

the most fundamental functions of the brain.

In the previous investigations, it was demonstrated that the most preferred ~t!

is determined by the minimum value of the effective duration ('te)min of the source

signal when the A-value is unity [6]. The value of ('te)min may be found in the most

rapid movement of the source signal, which may be considered to be the most sensitive

part for our brain. The A-value is defmed as total amplitude of reflections and

reverberation. The effective duration ('te) of ACF is obtained by the delay time such that
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the initial decay rate between 0 to -5 dB of the envelope of the normalized ACF

extrapolated at -10 dB, as shown in Figure 1.2. To obtain the running ACF, each 'te is

calculated by moving part of the integration interval (2T) at the running interval (100

ms), as shown in Figure 2.1.

1< ~ ••-----:.;:::=.==!..- .....
Runnin interval

Time

Figure 2.1 Relationship between 2T and running interval on calculating running 'te.

The temporal window (2T) of ACF, which is considered to correspond to the

psychological present [7], must be determined. The psychological present defined here

is a short-time duration of stimuli needed for subjective responses. The duration in this

study is defmed as 2T = 2.5 s, because it is found that this value typically corresponds to

the physiological response associated with subjective preference [4]. It has been

discovered that the value of 'te of alpha-brain waves from the left temporal area is

related to the scale value of subjective preference in change of both 80tl and

reverberation time [4, 5]. In this study, this method is utilized to demonstrate the

hypothesis described below.
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Namely, it is hypothesized that subjective preference is judged at the ('te)m.in of

a source signal, so that the value of 'te of alpha-brain waves is affected typically at that

part. Since .0.t\ is considered to be processed as a temporal factor, it is assumed that a

significant tendency on the left hemisphere exists.

2.2. Procedure

2.2.1. Experiment 1

The purpose of this experiment is to select the subjects whose subjective responses

are associated with ('te)min. 14 right-handed subjects (10 males and 4 females aged 25

to 35 years old with normal hearing ability) were investigated to evaluate the subjective

preference for 6tl. As shown in Figure 2.2, the source signal was the initial 3 s of the

vocal music motif S (Schubert, Die Forelle, performed by Ms. Mikiyo Setoguchi),

which was recorded in an anechoic chamber. The running 'te of the source signal was

calculated. The value of ('te)min obtained is about 3 ms (2T =2.5 s), as shown in Figure

2.3. The five sound fields where consisted of the direct sound and a single reflection

with change of .0.t\: 5, 10, 20, 40 and 80 ms were prepared. Two loudspeakers were

located at 1.5 m in front of the subject, and produced the direct (elevation 0 degree) and

reflection sound (elevation 17 degrees) keeping IACC =1.0. The A-value was fixed at 1,

and the total sound pressure level was 80 dBA at the peak level. Paired-comparison tests

were performed for all pairs of sound fields in the anechoic chamber, asking subjects to

select which of two sound fields they preferred to listen to. This test was repeated ten
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times for each subject. The scale value (SV) of individual subjective preference was

calculated by applying the law of comparative judgement (case V) [8], and was

reconfirmed by the goodness of fit [9].

Results of the scale values of subjective preference are shown in Figure 2.4.

The figure shows that almost subjects preferred sound fields in the range of ~tl less than

10 ms. It is worth noting that the most preferred calculated value of ~tl for A = 1.0

corresponds to the minimum value of 'te obtained by the running ACF of the music

signals used for subjective preference judgements, i.e.,

[~tdp for global subjects [6].

Stimulus sound for the experiment 1
Stimulus sound for the experiment 2

In ei . nero Bachlcin hel • Ie. da

~--------------------------------~

III(

--

I' ~)t J\ S.:1 :; ... ", i j ··i V V r b
b~ • • ( • • -

scho~ in fro· her Eil die lau ni sche Fa reI Ie

'>-

Figure 2.2 Musical score of motif S (Schubert, Die Forelle).
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Figure 2.3 Values of -ce obtained by analysis of the running ACF (2T=2.5 s with the

running interval of 100 ms) of vocal music.
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Figure 2.4 Scale values of subjective preference as a ftmction of ~tl for 14 subjects.

2.2.2. Experiment 2

The ten subjects (A, B, C, D, E, F, J, K, M, N: 7 males and 3 females), were

selected for the second experiment because others did not prefer the ~tl which is less

than 10 ms. And the relationship between the running 't e of the source signal and the 1: e

of the range of alpha-brain waves for two sound fields, which was preferred and less

preferred conditions of ~t\, was investigated. Prior to this research, all subjects were
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instructed not to drink any alcohol and to refrain from smoking for the three days before

the recording of the continuous brain wave (CBW). The block diagram of the

experimental set up is shown in Figure 2.5. The source signal, which was a piece of the

music motif S with the duration of 10 s (see Figure 2.2), was given at the sound pressure

level of 80 dBA. According to the results of the selected ten subjects (Figure 2.4), the

value of Lltl of the preferred sound field was selected at 10 ms, and that of the less

_preferred sound field was 80 ms.

Anechoic chamber

1.5 m

Sampling
frequency

0.5 - 30 Hz 100 Hz

ACF analysis of
a -wave ranges

PC

Figure 2.5 Block diagram of analyzing alpha waves from T3 and T4.

Each subject sat in the anechoic chamber and listened to the two sound fields

alternatively. The CBWs from the left and right cerebral scalps were picked up by silver

electrodes at T3 and T4 (International 10 / 20 Standards[lOD. The reference electrodes

were positioned on both the left and right earlobes. The ground electrode was placed on

the forehead. The sampling rate was 100 Hz after the low-pass filter of 30 Hz
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simultaneously. The alpha-wave range of CBW signals was analyzed by the running

ACF similar to music signals after passing through a digital band-pass filter with cut-off

frequencies (140 dB/octave slopes) of 8 to 13 Hz (see Figure 2.6). The amplitude of the

first-reflection sound corresponded to that of the direct sound, keeping A = 1.

2.3. Results and discussion

The effects of the difference of ~t}, and the difference between the left and

right hemispheres (LR) were examined for all ten subjects using the three-way ANOVA,

as shown in Table 2.1. The effects of the individual differences (Subject) ~tl and LR are

all significant (p < 0.01). In addition, there are significant interference effects among

Subject, ~tl and LR (p < 0.01), but the interference effect between ~tl and LR is not

significant (p < 0.10). As shown in Figure 2.7, it is found that the value of 'te in the

alpha-wave range for the sound field of ~tl = 10 ms is significantly greater than that of

~tl = 80 ms only in the left hemisphere (t-test: p < 0.005). No significant difference is

found in the right hemisphere. The effects of ~tl and the music parts (a, b, c, d, e) were

examined for T3 and T4, separately. As shown in Tables 2.2 and 2.3, the significant

effect of ~tl and the interference effect between the music part and ~tl are obtained on

the left hemisphere (T3), but are not obtained on the right (T4). Thus, it is reconfirmed

that the left hemisphere is associated with the temporal factors of sound fields such as

~tl. This result supports the model [1, 2], and is consistent with those ·of the previous

investigations [4, 5]. Also, it agrees well with hemispheric specialization [3]. Hereafter,

we focus on the left hemisphere.
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Figure 2.6 Example of brain wave (upper) and alpha-brain waves (lower).

Table 2.1 Analysis of variance for all 'te in the alpha-brain waves

Factor df F-value p

Subject 9 1062·5 < 0·01
LIt! 1 9·0 < 0·01
Subject LIt! 9 23·1 < 0·01
LR 1 314·0 < 0-01
Subject LR 9 114·2 <0-01
LIt! LR 1 3·6 < 0·10
Subject LIt! LR 9 14·2 < 0·01
Error 59700
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Figure 2.7 Averaged values of'teobtained by analysis of running ACF.

10 and 80 ms were calculated for each part (a, b, c, d, e) separately, as shown in Figure

2.8. It is remarkable that the ratio is maximum at the part of d, and this part is in accord

with the ('te)min of the source signal, as shown in Figure 2.9.

As shown in Figure 2.8 (d), the averaged value of'te of the alpha-brain waves

for the sound field with ~tl = 10 ms at the part of d is significantly greater than that of

~tl = 80 ms only in the left hemisphere (t-test: p < 0.0001). This result reveals that

subjective preference is closely associated with the ('te)min of the music signal. At the

part (d), this tendency is typically reconfirmed for almost all subjects (Sign test: p <

0.05), as shown in Figure 2.10.
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Table 2.2 Analysis of variance of 'te in the alpha-brain waves for L\.tl at T3

with the factors: pars (a-e), ~tl

Factor df F-value p

Part 4 57·4 < 0·01
L1t1 1 7·5 < 0·01
Part L1t 1 4 9·6 < 0·01
Error 29481

Table 2.3 Analysis of variance of 'te in the alpha-brain waves for ~tl at T4

with the factors: pars (a-e), ~tl

Factor df F-value p

Part 4 62·9 < 0·01
L1t 1 1 2·8 0·10
Part L1t 1 4 1·3 0·28
Error 30239
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Figure 2.8 Averaged values of'te in the alpha-wave range from T3 and T4 for music

piece of a to d~ 0: ~tl =10 ms, .: Ml =80 ms.
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Figure 2.3.
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at T3 (left hemisphere): [("te value at 10 ms) I ("te value at 80 ms)], obtained for each

individual.

2.4. Conclusions

The value of ("te)min of a source signal is the most important for the brain

which affects subjective preference with changing temporal factor ~tl. It is

demonstrated that subjective preference judged at the ("te)min of a source signal is

closely related to the value of "te of the alpha-brain waves obtained from the left

hemisphere. These results mean that the human left hemisphere is sensitive to the most

rapid movement of a source signal.
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Chapter 3

Preliminary study on recommended temporal window of source signals

to be analyzed, in relation to its effective duration ofACF

3.1. Introduction

Subjective evaluations for the environmental sound should be considered to

design the sound environment for each office worker. In the concert hall acoustics, the

human auditory - brain system characterized by the autocorrelation function (ACF) and

the interaural cross - correlation function (IACF) and the specialization of cerebral

hemispheres has been well accepted for the subjective evaluations [1, 2, 3,4]. In order

to calculate the running ACF of music and speech signal for subjective preference

judgement, the integration time duration (2T) has been selected as 2.0 s. In this paper,

we discuss a suitable 2T of noise and other sounds evaluating the loudness and the pitch.

Such a duration of (2T) is considered as a time window of our auditory - brain system

because it is regarded as minimum unit for analyzing sound sources.

The purpose of this study is to research the 2T relating to the loudness and the

pitch of noise sources in an office. In this research, <D(O) is associated with the loudness

and the pitch is considered to be consisted by ~l and "ri.
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3.2. Procedure

ill this research, telephone ring, the fan noise of the air conditioner, the sound of

key - punch, the fan noise of the personal computer, voice, music H (Beethoven,

Symphonie No.6, F - dur, op. 68, Pastrale Andante molto mosso) and music I (Mozart,

String quintets, No.4, 1st mov.) were chosen as the sound sources. Music H has slow

tempo while music I has fast tempo.

50 r---------------------,

45

40

35

1 2

Running time [s]

3 4

Figure 3.1 Running <1>(0) of music H (Beethoven, Symphonie No.6, F - dur, op. 68,

Pastrale Andante molto mosso) relating to 2T: D, 2T=0.1 s; 0, 2T=0.2 s; ~, 2T=OA

s; x, 2T=1.0 s; *, 2T=2.0 s.

The running evaluated physical factors of the ACF and the IACF of music H was

calculated for 2T = 0.1, 0.2, 0.4, 1.0 and 2.0 s with the running interval of 0.1 s, as

shown in Figures 3.1 because the frequency information up to 10 Hz is included when

2T is up to 0.1 s.
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Figure 3.2 Analysis of the running ACF and the running IACF of telephone ringing

with 2T=0.2 s: (a) <D(O); (b) ~l; (c) 'te; (d) 'tj; (e) IACC; (f) WIAcc.

31



80 1·0

S-60
0,8

::s?-
A -0·6

0 40
"$- 0·4'-'

'$I 20
0·2

0
0 001 2 3 4 1 2 3

(a) Running time (8) (b) Running time (8)

350
300

-.250 -.
8200 !'-'
..." 150 ~

100
50

00 1 2 3 4 1 2 3
(c) Running time (8) (d) Running time (8)

1·0 0·3
0,8 ,-..

CI.l

u 0·6 e 0·2......-
u tl~ 0·4 ~ 0·1

0·2 ~

00 1 2 3 4 00 1 2 3 4
(e) Running time (8) (f) Running time (8)

Figure 3.3 Analysis of the running ACF and the running IACF of the noise of air

conditioner with 2T=0.1 s: (a) <D(O); (b) ~l; (c) 'te; (d) 'tl; (e) IACC; (f) WlAcc.
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Figure 3.4 Analysis of the running ACF and the running IACF of fan noise of

personal computer with 2T=0.1 s: (a) <1>(0); (b) $1; (c) 'te; (d) 't\; (e) IACC; (f) WIAcc.
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Figure 3.5 Analysis of the running ACF and the running lACF of the noise of

key-punch with 2T=0.1 s: (a) <P(O); (b) ~1; (c) 1:e; (d) 1:1; (e) lACC; (f) WIAcc.
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Figure 3.6 Analysis of the running ACF and the running IACF of voice with 2T=0.1

s: (a) <1>(0); (b) ~l; (c) 'te; (d) 'tl; (e) lACC; (f) WIAcc.
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Figure 3.7 Analysis of the running ACF and the running IACF of music I with 2T=0.2

s: (a) <p(O); (b) ~l; (c) 'te; (d) 'tl; (e) IACC; (f) WIAcc.
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Firstly, the correlation coefficients among each physical factors (<1>(0), ~h (['e, and

"CI) were investigated. Secondly, the wave fonns of <1>(0), ~h "Ce, and 'tl for each 2T was

compared to its hearing impression respectively, and the 2Ts, which corresponded to the

hearing impression of the wave fonn, were selected for each sound sources. Thirdly, the

2Ts were investigated according to the minimum value of effective duration ("Ce)min

because ('te)min is considered to be one of the most important factors for perception of

timbre (1]. This 2T is expressed as (2T)r.

These analysis were carried out by use of the Real time sound analyzer (Yoshimasa

electronic inc.). Data was recorded from two microphones fIxed at left and right ear of

real head with the sampling rate of 44.1 kHz.

3.4. Results and discussion

First of all, the correlation coefficients of <P(O), ~h 'te, and 'tl of voice and fan noise

of the air conditioner and personal computer are low, because the factors are

theoretically orthogonal with each other. But, those of key - punch, telephone ring,

music H and music I are apparently high, for example, the value of music I between

<1>(0) and ~I is 0.82. These may be resulted by a rhythmical sound, particularly relating

to 'te and 'tl (see Table 1). The relationship between wave fonn and hearing impression

was observed in the <1>(0) and "CJ, but was not found in ~I and 'te, because these factors

might be masked by <1>(0) and "CI. The typical example is shown in Figure 3.1 and Table

3.2. Additionally, the recommended 2Ts of <1>(0) and 'tl was correspondent with each

other. For the fan noise of the air conditioner, the key - punch noise, the fan noise of the
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personal computer and the human voice, the value of (2T)r is recommended as 0.1 s.

The telephone ring and music I, 2T = 0.2 s, and for music H it is 0.4 s. Each waveform

of the running ACF and IACF is shown in Figures 3.2 to 3.7. The value of'tIACC of

telephone ring has some variance resulting from the movement of the head, because the

microphones were fIxed at the ear - entrances of the real head, but those of other sound

sources are almost o. The relationship between values of (2T)r and ('te)min is illustrated

in Figure 3.8. Obviously, linear relation is observed between the log 2T and log ('te)min,

and its regression line is approximately expressed as following equation.

(2T)r~O.03 ('te)min [s] (1)
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Table 3.1 Correlation coefficients above 0.7 among physical factors

Sound source Physical factors correlation coefficient

key - punch <1>(0) and ~1 0.75

musicH ~l and 1:1 0.79

~l and'te 0.86

music I <1>(0) and ~l 0.82

<1>(0) and 1:e 0.82

Telephone ring <1>(0) and 'te 0.77

~l and 1:1 0.78

Table 3.2 Example of judgement of hearing impression for several

2Ts (music I)

2T (s) 0·1

Viewpoint <11(0) /::,.

0·2

o
0·4 1·0

x

2·0

x

Note: (0), well matched; (L», mildly matched; ( x ), little matched.
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Sound and noise sources

Figure 3.9 Maximum range of IACC for the noise in an office.

This result suggests that the integration interval of human auditory - brain system

may be changed by the ('te)min of sound sources.

Additionally, according to the IACF, it was found that IACC is affected by the kind

of sound sources, as shown in Figure 3.9, but the fan noise of the personal computer

was eliminated from this figure because it was recorded in the office and others were

recorded in anechoic chamber. In the case of key - punch and telephone ring, the sound

is intermittent, so that IACC might be changed. On the other hand, the IAce of the

continuous noise of the air conditioner is changed because of its strong low frequency,
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as shown in Figure 3.3(d).

Thus, the minimum duration of hearing perception is closely associated with the

effective duration of the sound signal.
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Chapter 4

Effects of telephone ring on two mental tasks relative to an office

4.1. Introduction

There are many kinds of noise sources in an office, and telephone ring is often

considered as one of the most irritating sound for almost office workers. Prior to this

study, Ando [1,2,3] demonstrated that left hemispheric verbal task is interrupted by ipsi

- lateral sound and vice versa for right hemispheric task. But these effects have not been

described by the physical parameters of the sound signals yet. Recently, it is revealed

that subjective attributes have been well estimated by the autocorrelation function

(ACF) and the interaural cross - correlation function (IACF) [4].

The purpose of this study is to investigate the effects of telephone ring on two

mental works relating to the physical factors extracted from the sound signaL

In this study, the sound effects were evaluated by V - type relaxation which is

associated with hemispheric specialization. V - type relaxation is thought to be caused

by an abandonment of effort when mental functions are unbalanced or disordered [l, 2,

3].
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4.2. Procedure

Ten office workers were chosen as the experimental subjects. They were

approximately within the ages of 25 to 35 year old and right handed. Prior to this

research, they were confIrmed to have normal hearing ability.

They were separated in two groups (A, B). Each group had fIve subjects. The

subjects of the group A performed the adding task and those of the group B performed

the drawing task. In this investigation, the adding task was chosen as a left hemispheric

task and the drawing task was chosen as a right hemispheric task, as shown in Figure

4.1.

Each subject was required to carry out these tasks as fast as possible and to start

from the fIrst period (i = 1) when the 1 kHz signal of short duration was given and after

1 min. start a new set of problems (i = 2, 3, ..., N) as soon as the same signal was given.

Each task was divided into a fIrst and a second half and there was an interval of 5 min

for rest. The total time was 35 min for the adding and drawing tasks (2N = 30).

Telephone ring, which was recorded by the digital audio tape with the sampling

rate of 48 kHz, was given every two period with the sound pressure level of no - stimuli

(25dBA: background noise) 40 and 80 dBA in the anechoic chamber. These conditions

were selected randomly for each subject. The loudspeaker was placed at the distance of

1.5 m + 1 cm in front of the subject. The running ACF and IACF of telephone ring

were measured by the diagnostic syst~m of sound fields [5] with the integration interval

of 0.2 s.
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Figure 4.1 Mental task: (a) adding task; (b) drawing task.

4.3. Evaluation of mental task

First, the individual work produced in each period, which is called the "working

curve", was drawn for all test results. ill this investigation, the following scores were

calculated, based on the working curve.

1 N
M I = - l:Mj,

N i=I

1 ZN

Mz=-N l:Mi
i=N+l

The score of V - type relaxation is classified into two categories according to the

occurrence of a sudden large fall in the working curve during each half of the task, as

shown in Figure 4.2. V - type relaxation was assumed by

V1:Mi<M1-; WI (i=1,2, ...,N),

Vz:Mi<MZ-; Wz (i=N+1,N+2, ... ,2N),

where WI and W z, which are defmed here as the variances of the curve excluding the

periods of i =1 and N + I which usually give a large amount, may be calculated. Thus a

subject was regarded as showing relaxation if any period showed a fall in output below
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(3 / ,2)Wj (j = 1, 2).
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Figure 4.2 Example of "working curve" and V-type relaxation.

4.4. Results and discussion

As indicated in Table 4.1, V - type relaxation occurred during the drawing task only,

and the relaxed population was increased significantly under the conditions of both 40

and 80 dBA of the telephone ring (see Figure 4.3 also). However, a similar result was

not observed during the adding task. Considering the cerebral hemispheric

specialization, an interference effect may occur in the performance of hemispheric tasks

because the left and the right hemispheres are associated with the temporal and the

spatial factors of sound fields which are extracted from ACF and IACF, respectively [4].

In this experiment, the drawing task is regarded as right hemispheric spatial task.

According to the theory of the ACF and the IACF models, it is assumed that right
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hemisphere processes the spatial factors of the IACF of the telephone ring. Namely, it is

considered that·some features of IACC, LL (listening level), WlACC or 'tlACC influenced

to the drawing task typically because these physical parameters are extracted from

IACF [6].

Previously, IACC and LL have been demonstrated as right hemispheric parameter

by use of the physiological method [7]. Additionally, it was observed that variances of

the running IACC and LL of telephone ring were large, as shown in Figures 4.4 and 4.5.

Therefore, it might be concluded that the right hemispheric drawing task is affected by

rapid change of IACC and LL. On the other hand, the left hemispheric adding task was

not influenced by a minor change of running 'te and 'tl of the telephone ring, extracted

from ACF, because the noise did not contain any specific information activating the left

hemisphere.

Table 4.1 Significant differences of V-type relaxation obtained by Sign test for

each sound environment on two mental tasks.

V - type relaxed subjects / Number of subjects

Task

Adding task

Drawing task

BN

0/5

2/5

40dBA

0/5

5/5*

80dBA

0/5

5/5*

BN: Background noise (25 dBA); *: p < 0.05.
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Figure 4.3 V-type relaxed people for the drawing tasks under the telephone ringing.
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Figure 4.4 Analysis of the running lACC of telephone ringing with 2T =0.2.
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Chapter 5

The role of the interaural cross-correlation function relating to the

moving sound image for the band noise

5.1. Introduction

A workable model of human auditory brain system, including hemispheric

specialization, is proposed by Ando [1]. This model consists of process in auditory

system of the autocorrelation function (ACF) and the interaural crosscorrelation

function (IACF) of sound signal, and the specialization of the left and right cerebral

hemisphere. Additionally, the information extracted from ACF and IACF mechanism

are processed on the left and right hemisphere, respectively. Both functions are shown

in chapter 1.

By using <1>(0), ~l, 'te, 't\, 'tIACC, IACC and WIACC, subjective attributes have been

well described [2, 3, 4, 5]. It is considered that the binaural system, relating to IACF

mechanism, plays important role for the spatial sensation of sound environment [6].

Subjective diffuseness, apparent source width and the sound localization on the

horizontal plane have been well described by the physical factors extracted from IACF

[6, 7, 8]. Recently, using Positron emission tomography (PET), Griffiths has identified

cortical areas (the right insula) that appeared to be selectively activated while human

subjects attended to the position of a moving sound image compared to when they
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attended to a stationary sound image [9]. Baumgart also suggested that right auditory

cortex processes the information of the moving sound image by using functional

magnetic resonance imaging (fMRI) [10]. Obviously, these fmdings support that the

infonnation of IACF mechanism is processed on the right hemisphere. Therefore, it is

important for explaining the relationship between sound stimuli and human subjective

responses to analyze ACF and IACF mechanism. This study focused on 2T (the

integration interval which is considered as temporal window in this study). Considering

the psychological present [11], the temporal window of ACF and IACF was fIxed at 2 s

approximately in the previous investigations. But, this defmition is not clearly. For this

reason, this paper attempts to determine the temporal window of IACF to be analyzed in

relation to the moving sound image. Mouri et al. described that the temporal window of

ACF mechanism is relating to the ('te)min (minimum value of 'te ) of sound signals, and

showed that the recommended temporal window of ACF mechanism is predicted by the

('te)min of the source signal [12]. This investigation reveals that human temporal

window of ACF mechanism is affected by the temporal properties extracted from the

sound source. Therefore, it is hypothesized that the temporal window of IACF also

associated with the factors relating to the temporal changes, ('te)min or the moving

properties of sound signal. In this study, an attempt is made to determine the temporal

window of IACF for sinusoidal moving sound image in the horizontal plane whose

source signal is band noise modulated in amplitude. It is considered that the sound

localization on the horizontal plane is well described by 'trACC. First of all, the

relationship between 'tIACC and the azimuth of sound source was measured. Then, the
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influence of the moving periods in terms of modulated signals produced by two

loudspeakers with bandpass noise centered on 500 Hz was examined by changing the

temporal window of IACF.

5.2. Preliminary study on localization for fixed source in azimuth

5.2.1. Measurement of'tlAcc

The relationship between the azimuth of incidence of sound source and 'tlACC has

not been defmed yet. Therefore, the relation was investigated for the static sound source

fIrst of all in this experiment. 'tIACC is defmed as the interaural time delay of IACF (see

Figure 1.3). The 1/3, 1 and 2 octave band noise of center frequency of 500 Hz with the

duration of 5 s, which were synthesized from white noise by use of Butterworth fIlter

with the order of 18, were utilized for sound sources. These sound were reproduced

from the loudspeaker (Fostex: FE-87E) located around the dummy head, whose

diameter was 0.2 m with two microphones, in the anechoic chamber where background

noise level was about 25 dBA. The distances between the loudspeaker and the dummy

head were 0.6 and 1.0 m. The sound pressure level was fixed at 70 dBA. The sound

signals were recorded with the sampling rate of 44.1 kHz by the special sound analyzing

system (Yoshimasa electro. file.), and 'tIACC was calculated through the A-weighted

network. As shown in Figure 5.1, it was found that the relationship between 'tIACC and

the azimuth was varied by the bandwidth, and the values of 'tlACC slightly tend to

decrease with increasing bandwidth. Generally, sound localization on the horizontal
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plane has been described by Duplex theory, in which sound localization is explained by

the interaural time difference (lTD) and interaural level difference (ILD), when the

sound source is pure tone [13, 14]. According to this theory, it is assumed that lTD is

dominant for the band noise of 500 Hz, and it is predicted that lTD has the maximum

value of about 0.75 ms, but 'tIACC is exceeded 0.8 ms. This value corresponds to the

traveling duration of direct sound from one microphone to another along the surface of

the dummy head, approximately. It is considered that 'tIACC contains the information of

lTD, ILD and some other characteristics like wave form. Therefore, the value of lTD is

not consistent with 'tIACC exactly. Feddersen researched the interaural time difference

relating to the direction of sound source by use of click sound through earphones, and

obtained the similar result [15]. This figure was utilized in next localization test.
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Figure 5.1 Relationship between 'tIAceS of sound sources and the azimuth on the

horizontal plane [the distance between dummy head and speaker is 1.0 m (upper) and
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5.2.2. Localization test

Secondly, subjective azimuth was estimated. Ten subjects with nonnal hearing

were participated in this experiment. The same sound sources were utilized for stimuli.

Each sound was reproduced by the computer system with the sampling rate of 44.1 kHz

through the same speaker. And the speaker's location was selected at the azimuth of

20° or 60° in front of the subject in the anechoic chamber. The height of the speaker

was fIxed at 1.1 m from the floor, and the distance from the subjects was 0.6 m. The

sound pressure level was fIxed at about 70 dBA. Subjective azimuths were estimated

fIve times for each condition (4 stimuli * 2 azimuths) with random order. Subjects were

required to point the direction where they feel the stimuli.

Result shows that the subjective azimuths are well correspond to the actual azimuths

for all source signals (see Figure 5.2). The effect of bandwidth was not signifIcant for

the subjective azimuth [see Table 5.1 (a) and (b)].
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Table 5.1 (a) Analysis of variance for bandwidth relating to subjective azimuth on
the actual azimuth of 20° .

Factor Degree of freedom

Bandwidth 3

Error 176

Sum of square F-value

127.78 2.50

3002,22
*: p < 0.05, **: p < 0.01

Table 5.1 (b) Analysis of variance for bandwidth relating to subjective azimuth on
the actual azimuth of 60° .

Factor Degree of freedom Sum of square F-value

Bandwidth 3 54.44 1.95
Error 176 163667

*: p < 0.05, **: p < 0.01
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5.3. Determining temporal window of IACF

The same subjects were participated in this experiment also. The amplitude

modulated band noise was used as stimulus sounds to investigate the relationship

between the image shift of sound and 'trACC. The stimulus sounds were the band noise of

center frequency of 500 Hz whose bandwidth was 1/3, 1 or 2 octave. The amplitude of

these stimuli was modulated to arise the image of moving of sound, and were

reproduced through the two loudspeakers (Fostex: FE-87E) located at the azimuth of +

PC

Speaker

I
I
I
I

\ I 1
\ 1

" I :
" i :
" 1",1\ . I

" ! " 20°\ I
\ • I

Figure 5.3 Location of speakers and block diagram.

The amplitude of the band noise was modulated to make subjects feel the

moving sound image on the horizontal plane. The sound pressure level of one speaker

was increased to 70 dBA and decreased to 0 dBA sinusoidally to another speaker,

alternatively (see Figure 5.4). The modulation frequencies were selected 0.1, 0.2, 1, 2

and 4 Hz in this investigation. Each sound was reproduced by the computer system with

the sampling rate of 44.1 kHz. Each subject was required to point the left and right sides
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where they can feel the moving image of the stimulus sound under the selected

condition with their left and right arms, and the angle between both arms was defmed as

subjective angle in this paper. These measurements were repeated five times for one

stimulus condition with random order. Then, subjective angle was obtained. Figure 5.1

was plotted again as Figure 5.5 to convert subjective angle into the range of 'tIACC

because subjective angle is strongly relating to the range of 'tIACC. The temporal window

of IACF mechanism was chosen for the range of'tIACC corresponds to subjective angle.

Speaker 1

Speaker 2

Figure 5.4 Modulated sound stimuli reproduced from two speakers system.
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Figure 5.5 Relationship between subjective angle and range of'tIAcc.
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5.4. Results

Prior to the analysis, the data of subject J was eliminated because of less

reliability. According to analysis of variance relating to the subjective angle, the effect

of bandwidth was significant (p < 0.05), and the subjective angle was largest when the

bandwidth was 2 octave. This tendency is observed from 5 subjects (n.s). The effect of

modulation frequency is highly significant (p < 0.01) also, but the interference effect

between bandwidth. and modulation frequency is not significant (see Table 5.2). As

shown in Figure 5.6, subjective angle of incidence of sound is increased when the

modulation frequency is decreased. This result is observed from almost subjects (see

Figure s 5.7 to 5.9). The subjective angle was largest (about 57° ) when the modulation

frequency is below 0.2 Hz. This angle corresponded to the range of 'tIACC of about 0.6

ms, as shown in Figure 5.5.

The range of 'tIACC was strongly influenced by the temporal window of IACE

It was confIrmed that the longer temporal window is increased, the narrower range of

'tIACC becomes, as shown in Figure 5.10. This tendency was summarized for each

modulation frequency in Figure 5.11. The range of'tIACC of 0.6 ms was obtained when

the temporal window is from about 0.03 to 1 s. When we focused on the subjective

angle with modulation frequency of below 0.2 Hz, it is found that the value of temporal

window of IACF is distributed from 0.03 to 1 s, approximately. And, the relationship

between temporal window and range of 'tIACC is similar for the different band noise,

whereas the ('te)min of the 1 / 3 octave band noise is .shorter than that of 1 and 2 octave

band noise, as shown in Figure 5.12.

60



T
ab

le
5.

2
A

na
ly

si
s

o
fv

ar
ia

nc
e

fo
r

ba
nd

w
id

th
an

d
m

od
ul

at
io

n
fr

eq
ue

nc
y

re
la

ti
ng

to
su

bj
ec

ti
ve

an
gl

e.

F
ac

to
r

B
an

dw
id

th

M
od

ul
at

io
n

fr
eq

ue
nc

y

B
an

dw
id

th
*

M
od

ul
at

io
n

fr
eq

ue
nc

y

E
rr

or

D
eg

re
e

o
ff

re
ed

om
Su

m
o

fs
qu

ar
e

2
63

9.
19

4
21

25
4.

95

8
47

9.
89

66
0

54
01

5.
82

F
-v

al
ue

3.
91

*

64
.9

3*
*

0.
73

0
\

.....
..

*:
p

<
0.

05
,

**
:

p
<

0.
01



70

Q)
Q)....
OJ)
Q) 60
~
Q)
OJ)
<'<l

.s
OJ)
t:
>
0 50E

<+-
0
Q)

on
t:
<'<l
Q)

.2:
U 40Q)

B
::l

CIJ

30
0.1 0.2

Modulation frequency [Hz]

2 4

Figure 5.6 Global results on the relationship between subjective angle and modulation

frequency (error bar means the standard deviation); +: I /3 octave, .: 1 octave, A:

2 octave.

62



Q) 90ll)
l-
OJ)
ll)

2. 80
ll)
OJ)
~ 70

.§
OJ)

60.:
>
0
E 50

e-
o
ll) 40On
c
~

30ll)

>
.~

u 20ll)

:0'
::l

en 0.1 0.2 1 2

Subject A

4

Modulation frequency [Hz]

Q) 90e,
OJ)
ll)

2. 80
ll)
OJ)
~ 70

.§
OJ)

60.:
>
0
E 50
e-
o
ll) 40On
c
~

30ll)

.~
U 20ll)

:0'
0.1 0.2~

en

Subject B

2 4

Modulation frequency [Hz]

Q) 90e
OJ)
ll)

80-0......
ll)
OJ)
~ 70E
OJ)

60c.;;
0
E 50
e-
o
ll) 40
~
~

30ll)

>
U 20ll)

:0'
::l 0.1 0.2en

Subject C

2 4

Modulation frequency [Hz]

Figure 5.7 Individual results on the relationship between subjective angle and

modulation frequency (Subject A - C).

63



Q) 90l1)
:...
OJ)

Subject Dl1)

80~
l1)
OJ)
o:l 70E
OJ)

60c.>
0
E 50
"-
0
l1) 40Oil
c
o:l

30l1)

.~
U 20l1)

:.0'
0.1 0.2 2 4a

Modulation frequency [Hz]

Q) 90l1)
:...
OJ)

Subject El1)

~ 80
l1)
OJ)
o:l 70.5
OJ)

60.5
>
0
E 50
"-
0
l1) 40Oil
c
o:l

30l1)

>
U 20l1)

:.0' 0.1 0.2 2 4::l
en

Modulation frequency [Hz]

Q) 90l1)
:...
OJ)
l1)

~ 80
l1)
OJ)
o:l 70.5
OJ)
c 60
>
0
E 50
"-
0
l1) 40Oil
c
o:l

30l1)

>.';:;
u 20l1)

:.0' 0.1 0.2
ri5

Subject F

2 4

Modulation frequency [Hz]

Figure 5.8 Individual results on the relationship between subjective angle and

modulation frequency (Subject D - F).

64



.........
Cl.> 90
~
OJ)
Cl.>

80:::::.
Cl.>
OJ)
ctl 70E
OJ)

60t::.;;;:
0
E 50
'-
0
Cl.> 40On
t::
ctl

30Cl.>

.E;
u 20Cl.>

B
:::l

r/J
0.1 0.2 1 2

Subject G

4

Modulation frequency [Hz]

.........
Cl.> 90Cl.>...
OJ)
Cl.>

80:::::.
Cl.>
OJ)
ctl 70

.§
OJ)

60t::
>
0
E 50
'-
0
Cl.> 40On
t::
ctl

30Cl.>
.~
t> 20Cl.>

B
r35

0.1 0.2 1 2

Subject H

4

Modulation frequency [Hz]

a:> 90
~
OJ)
Cl.>

80:::::.
Cl.>
OJ)
ctl 70E
OJ) 60.5
>
0
E 50
'-
0
Cl.> 40On
t::
ctl

30Cl.>
.~

t> 20Cl.>

B 0.1 0.2:::l
r/J

Subject I

2 4

Modulation frequency [Hz]

Figure 5.9 Individual results on the relationship between subjective angle and

modulation frequency (Subject G - I).

65



-0.6

0.6

0.3

'en'
E......
u
u
«:
p

-0.3

-0.6

0 2 3 4 5 6 7 8

Titre [s]

0.6

0.3

'en'
E
u 0
u:::
~

-0.3

o 1 2 3 4 5 6 7 8

Titre [s]

0.6

0.3

0 ...... - -- - .
..

- -
-0.3

8765321o
-0.6

4

Time [s]

Figure 5.10 Temporal changes of 'tIACC (top: 2T = 0.01 s, middle: 2T = 0.1 s, bottom: 2T

=1.0 s).

66



2T [s]
0.001 0.01 0.1 1 10

1.8

I

1.5 L____
I

J~ I
Vl

t

.§. 1.2 J
u !
u
-<
i=- 0.9
'-
0
v
eo 0.6t:

'"0::

0.3

0
-3 -2 -1 0 1

Log (2T)

2T [s]
1.8 0.001 0.01 0.1 1 10

i
I1.5 I

I
Cii' I

.§. 1.2
u
u
-<
i=- 0.9
'-
0
v ,
go 0.6 ;::----------+--_.-
o;l

0::
0.3

i
I
I

0 I

-3 -2 -1 1
Log (2T)

2T [s]
0.001 0.01 0.1 1 10

1.8

1.5 ----------
,......,
Vl

E...... 1.2 ------_ ..,---.
u
u
-<
i=- 0.9'-
0
v
eo 0.6t:
o;l

0::

0.3 -_._-------.

0

-3 -2 -1 0 1

Log (2T)

Figure 5.11 Relationship between 'tIACC and integration interval for the modulation

frequency (top: 1 / 3 octave, middle: 1 octave, bottom: 2 octave) ; .: 0.1 Hz, 0: 0.2

Hz, 6: 1 Hz, X: 2 Hz, *:4Hz.

67



9
8
7

~ 6
-S5

'""i: 4
.....::::

<>
~ 3

2 -
1
o

•

0.1

•

0.2

•

1

•

2

•

4

Modulation frequency [Hz]

Figure 5.12 Relationship between ("te)min for all modulation frequencies and bandwidths;

.: 1 / 3 octave, .: 1 octave, .A.: 2 octave.

5.5. Discussion and conclusions

For the static sound source, it is confrrmed that "tIACC becomes a useful factor in

judgement of the direction of the source signal in the horizontal plane. This study was

carried out to determine the temporal window of IACF mechanism relating to the

properties of moving sound image and the bandwidth of noise. It was shown that the

temporal window of IACF is found from 0.03 to 1 s, and the values of range of tIACC

obtained correspond well to the subjective angle of moving image, are obtained from

this range when the modulation frequency is below 0.2 Hz. The similar result is

obtained through the different investigations. Culling and Summerfield revealed that the

shape of the binaural temporal window was largely independent of frequency and level,

and the windows for individual listeners had equivalent rectangular durations ranging
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from 55 to 188 ms by using the notched-noise method [16]. On the other hand, Chandler

and Grantham reported that the minimum integration time was from 116 to 402 ms for

the tone signal of 500 Hz through the studying of minimum audible movement angle

[17]. It was assumed that the temporal window of IACF mechanism is affected by the

('te)min like that of ACF mechanism and modulation frequency, but this hypothesis was

not supported in this study.
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6. Summary and conclusions

In this dissertation, the following conclusions were obtained.

(1) It is revealed that subjective preference judged at the (1"e)min of a source signal is

closely related to the value of 1"e of the alpha-brain waves obtained from the left

hemisphere. These results mean that the human left hemisphere is sensitive to the most

rapid movement of a source signal, and show that the proposed model is acceptable.

(2) The temporal window of the autocorrelation mechanism was expressed as following

equation.

(2T)r~ 30 (1"e)min [ms] (r =0.95, p < 0.01)

It was found that the temporal window of the ACF mechanism is strongly influenced by

the source signal.

(3) It is revealed that the drawing task, which is processed in the right hemisphere, is

interrupted by telephone ringing.

(4) It was shown that the temporal window of the interaural crosscorrelation mechanism

is from 0.03 to 1 s when the modulation frequency is below 0.2 Hz.

These investigations showed that the proposed auditory-brain system is able to

explain subjective attributes and the productivity of mental work, effectively.

Additionally, the temporal window of the ACF mechanism is degraded when the

variance of the sound signal is fast or large. On the other hand, it was demonstrated that

the temporal window of the IACF mechanism for the band noise, whose center

frequency is 500 Hz, becomes 0.03 to 1 s approximately.
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