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A theory of primary sensations and spatial sensations to environmental noise is proposed
here. The model of the auditory-brain system includes the autocorrelation function (ACF),
the interaural cross-correlation function (IACF) mechanisms and the specialization of the
human cerebral hemispheres [1]. In addition to primitive sensations to the noise
source-loudness, pitch and timbre-perception of duration is introduced here as a fourth.
They are described by the temporal factors extracted from the ACF. It is worth noting that
the information in the power density spectrum of a signal is identical to the ACF of the
signal. In order to describe spatial sensations to the noise field, the spatial factors extracted
from the TACF are taken into account. Timbre is defined as an overall sensation including
the primitive sensations and spatial sensations.

© 2001 Academic Press

1. INTRODUCTION

Fundamental subjective attributes for sound fields are well described by a model of the
auditory-brain system. It includes autocorrelation function (ACF) and interaural
cross-correlation function (IACF) mechanisms as shown in Figure 1 [1, 2]. Important
mechanisms in this model were discovered in relation to the auditory-brain activity [1]. It
is discussed that primitive and spatial sensations are described by temporal and spatial
factors extracted from the ACF and the IACF respectively. In addition to primitive
sensations to the noise source—loudness, pitch and timbre—perception of duration is
introduced here as a fourth.

The speech intelligibility of spoken syllable and the delay time of a single reflection of
sound fields can be expressed by temporal factors extracted from the ACF [3,4]. Based on
an auditory-brain system with two cerebral hemispheres, a theory of measuring
environmental noise may be proposed.

2. PRIMARY SENSATIONS ARE MUTUALLY INDEPENDENT?

Let ¢; (i=1,2,...,1) be physical factors representing cues influencing any primary
sensations S; (j = 1,2, ..., J < I), a sensation s; may then be expressed by
Sj:f(617025"'aci)7 ]:17277J (1)

If physical factors are orthogonal, then s; may be expressed by a linear combination such
that

sp=flc) +fc) + - +fle) j=12,....J. @

0022-460X/01/110003 + 16 $35.00/0 © 2001 Academic Press



4 Y. ANDO

Superior olivary

Sound Sound External Eardrum, Basilar Cochlear  complex, Medial Auditory
source field canal bone chain membrane nuclei lateral lemniscus geniculate body cortex
Hair
cell Inferior colliculus
R s Spatial - 9
h, (rlreN) e (0 [ ¢, (D V,(x.0) 1L (6P ¢, (9) criterion @ g
o
§
p @ 9, (v) @_L 2
S
2
, Temporal | 7 | B
hy (Flrt) P2 e, P, () P Vi) P (2] b (0) I e LG
Sharpening correlation Specialization
mechanisms of human brain

Sound wave ‘Vibration'Travelling'l Neural cord

wave

Figure 1. Model of the auditory-brain system with autocorrelation and interaural cross-correlation
mechanisms and specialization of human cerebral hemispheres [1].

Here a question arises as to whether or not the sensations are independent of each other.
For example, it is easily demonstrated by the simplest case, such as

s; = filer) + filca), s = filer) + filea), (3)

that the correlation coefficient between s; and s, is given by

Fie = 858 = f3(e0) fuler) + fi(ea) filea) + fiefilea) + fi(e2) filen), )

and is not zero, because the first and second terms on the right-hand side are not always
zero. Therefore, primitive sensations are subject to being not mutually independent.
Particularly, timbre may not be independent from the loudness and the pitch as discussed
below. Thus, timbre must be defined as an overall sensation, similar to the subjective
preference of the sound field [1].

3. PRIMARY SENSATIONS IN RELATION TO FACTORS EXTRACTED
FROM THE LONG-TERM ACF
3.1. THE LONG-TERM ACF AND FACTORS

Using the auditory-brain model (Figure 1), we now consider primary sensations of
a given source signal p(¢) located in front of a listener in a free field. The long-term ACF is
defined by

®,(t) = lim €L J+T pPpt+1)dt, (5)
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where p'(t) = p(t) * s(t), s(¢) being the ear sensitivity. For convenience, s(f) may be chosen as
the impulse response of an A-weighted network [1, 2]. The power density spectrum can also
be obtained from the ACF and is defined by

Py(w) = Jﬂo @,(r)e 1" dr, (6)

— o0

with

—o0

P,(7) = Jm Py(w)ei@ dt. 7

Thus, the ACF and the power density spectrum mathematically contain the same
information.

In the ACF analysis, there are three significant items: (1) energy represented at the origin
of the delay, @,(0); (2) effective duration of the envelope of the normalized ACF, 7., which is
defined by the 10-percentile delay and which represents a repetitive feature or reverberation
containing the noise source itself as shown in Figure 2; the normalized ACF is defined by
¢,(1) = @,(1)/P,(0); (3) fine structure, including peaks and dips and delays (see Figure 2(a)):
for instance, t{ and ¢, are the delay time and the amplitude of the first peak of ACF, 7, and
¢, being the delay time and the amplitude of the nth peak. However, there are certain
correlations between 7, and 7, 1, and between ¢, and ¢, ;. Thus, orthogonal and temporal
factors that can be extracted from the ACF are ®,(0), 7;, ¢, and in addition, the effective
duration of ACF, 7. In a manner as shown in Figure 2(b), this value is obtained by fitting
a straight line for extrapolation of delay time at — 10 dB, if the initial envelope of ACF
decays exponentially.

3.2. LOUDNESS

Let us now consider primary sensations. Loudness s;, is given by [1, 5, 6]

sp = fL(P0), 71, 1, 7o), )

where the value of t; corresponds to pitch of the noise and/or the missing fundamental as
discussed below.

When p'(t) is measured with reference to the pressure 20 pPa leading to the level L(t), the
equivalent sound pressure level L,,, defined by

1 T
Le, = 10log— J 10E0/10 gy, ©)

0

corresponds to 10 log [®,(0)/®,.,(0)], @,.,(0) being the reference energy. Since the sampling
frequency of the sound wave is more than twice the maximum audio frequency, this value is
much more accurate than the L., which is measured by the usual sound level meter.

Scale values of loudness within the critical band that were obtained in paired-comparison
tests (with filters with the slope of 1080 dB/octave) under the condition of a constant @,(0)
are shown in Figure 3 [1, 5, 6]. Obviously, when a noise has a similar repetitive feature,
7, becomes a great value, as for a pure tone, and then greater loudness results. Thus, a plot
of loudness versus bandwidth is not flat in the critical band. This contradicts previous
results of the frequency range centered on 1 kHz [7].



6 Y. ANDO

1
(@)
¢ /\
S o 4
° \/
T
-1
0 Delay time ©
0
®
Z s
- A )
—_— A )
[ .
~ .
=
on
i)
c -10 |
-15
0 100 200

Delay time 7 (ms)

Figure 2. Definition of independent factors other than ®(0) extracted from the normalized ACF. Values of
7, and ¢, for the first peak (a); the effective duration of the ACFr,, which is defined by 10 percentile delay (at
—10 dB) and which is obtained practically by the extrapolation of the envelope of the normalized ACF during the
ecay, 5 dB initial (b).

3.3. PITCH

The second primary sensation relevant to the ACF is the pitch or the missing
fundamental of the noise. It is given by [6, 8-10]

sp = fp(t1, P1). (10)

When a sound signal contains only a number of harmonics without the fundamental
frequency, one hears the fundamental as a pitch [3, 4, 9, 10]. This phenomenon is well
explained by the delay time of the first peak in the ACF fine structure, 7,. Also, according to
experimental results on the pitch perceived when listening to bandpass noises without any
fundamental frequency, the pitch s, is also expressed by equation (10). The strength of the
pitch sensation is described by the magnitude of the first peak of the ACF, ¢, as mentioned
below.

The bandwidths of each partial noise, which consist of the bandpass white noise with
a cut-off slope of 1080 dB/Octave were changed. The center frequencies of the band noise
components were 600, 800, 1000, 1200 and 1400 Hz. Here, the complex signals including
bandpass noises with different center frequencies are called “complex noise”. The
bandwidths (4f) of the four components were 40, 80, 120, and 160 Hz (see Figure 4(a)).
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Figure 3. Scale values of the loudness of bandpass noises as a function of its bandwidth centered on 1 kHz. The
cut-off slope of the filter used was 1080 dB/Oct. Different symbols indicate the scale values obtained with different
subjects (six subjects).

Their waveforms without any specific periodical envelopes are shown in Figure 4(b)—4(e).
The ACFs for four conditions are shown in Figure 4(b')-4(e’). The amplitude of the peak
(indicated by arrows in the figures) in the ACF increases with decreasing Af. Five musicians
(two male and three female, 20-25 years old) participated as subjects in this experiment.

The probabilities of the matching data counted for each 1/12-octave band are shown in
Figure 5(a)-5(d). All histograms show that there is a strong tendency to perceive a pitch of
200 Hz for any stimulus. This agrees with the prediction based on the value of 7,. The results
in Figure 5(a)-5(d) indicate that a stimulus with a narrow bandwidth gives a stronger pitch
corresponding to 200 Hz than does a stimulus with a wide bandwidth. The standard
deviation (SD) for the perceived pitches increased because the value of ¢; decreased as Af
increased. The probabilities matched to 400 Hz (one octave higher than 200 Hz) keep
increasing as the bandwidth becomes narrow. This is caused by the similarity of the octave
relation under the pitch perception which also appears in the previous experiment with the
complex tone [3]. The probability of a pitch around 200 Hz being identified is plotted in
Figure 6 as a function of ¢. In this figure, the pitch-matching result from the previous
experiment is also plotted at ¢ = 1-0. For narrower-band noise, the probability of a pitch
of the fundamental frequency increases as the magnitude of the 5-ms peaks in the ACF
increases. Thus, as the ¢, increases the pitch strength increases (r = 0-98). This result also
supports Wightman’s theory [8].

Of particular interest is a discovery in the vision research that the pitch or subjective
flicker rate with frequency components above 30 Hz can be described by the value of 7,
also [11].

3.4. TIMBRE

The third primary sensation, timbre, is the most complicated, because it includes pitch
and loudness:

St :fT [dj(o)’ Tes (‘Cls ¢1)’ LR (Tn’ ¢n)] (11)
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Figure 4. “Complex noise” containing the center frequencies: 600, 800, 1000, 1200 and 1400 Hz (a); its
fundamental frequency is around 200 Hz. The 4f represents the bandwidth. Waveforms of the four complex noises
applied: Af = 40 Hz (b); Af = 80 Hz(c); 4f = 120 Hz(d); and 4f = 160 Hz (e). The ACF's of the stimuli: A4f = 40 Hz
(b'); Af =80 Hz (c); Af = 120 Hz (d'); and 4f = 160 Hz (¢').

since (t4, ¢4) are the most significant orthogonal factors in (z,, ¢,), n =1, 2, ..., equation
(11) is rewritten as

ST :fT [¢(0)’ Tes T1, (;bl] (12)

At present, there are no experimental results demonstrating timbre in relation to these
temporal factors.

3.5. DURATION SENSATION

The fourth primitive sensation, which is introduced here, is the perception of signal
duration, which is given by [12, 13]

Sp :fD [¢(0)’ Tes T1, (;bl] (13)
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Just for reference, the plot (M) at ¢; = 1-0 is the result of the first tests.
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Figure 7. Definition of independent factors IACC, t;4cc and Wy e extracted from the normalized IACF.

4. SPATIAL SENSATIONS IN RELATION TO FACTORS EXTRACTED
FROM THE LONG-TERM IACF

4.1. LOCALIZATION OF NOISE SOURCE
The long-term IACF is given by

: 1 o ’ ’
Dy(7) = Thm 2TJ pi(®) p(t + 7)dt, (14)
o _r

where p; .(t) = p(¢),,, * s(t), p(t),, being the sound pressure at the left- and right-ear entrances.
Spatial factors extracted from the TACF are defined in Figure 7 [1].

The perceived direction of a noise source in the horizontal plane is assumed to be
described as

s = f(LL, IACC, tr4¢cs Wiace)s (15)
where

LL = 10 loglo {@n(o), ¢rr(0)} (16)

The symbol { } signifies a set, @;,(0) and ®,,(0) being ACFs at © = 0 (sound energies), of the
signals arriving at the left- and right-ear entrances. Mathematically, LL is expressed by the
geometrical mean of the energies of sound signals arriving at both the ear entrances. The
listening level is given by

LL = 101og10w (dB). (17)

In these four orthogonal factors in equation (15), the t;4¢¢ defined within the possible
interaural delay time is a significant factor in determining the perceived horizontal direction
of the source. A well-defined direction is perceived when the normalized interaural
cross-correlation function has one sharp maximum, a high value of the IACC and a narrow
value of the Wj cc, due to high-frequency components. On the other hand, subjective
diffuseness or no spatial directional impression corresponds to a low value of IACC
(< 0-15) [14].
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Figure 8. Evidence for auditory brainstem responses related to the IACF. L: @,(0) measured at the left-ear;
R: @,,(0) measured at the right-ear (a); @: Maximum interaural cross-correlation, |®,(t)| ., [t] < 1 ms. Averaged
amplitudes of waves IV, (I) and IV,(r), and averaged amplitudes of waves V; and V,(V) normalized to the
amplitudes at the frontal incidence, four subjects (b).

For the perception of a noise source located in the median plane, the temporal factors
extracted from the long-term ACF of sound signal arriving at the ear entrances should be
added into equation (15) [15].

As shown in Figure 8, a remarkable finding is that there are neural activities at the
inferior colliculus corresponding to the TACC and sound energies for sound signals that
arrive at the two ear entrances [16]. Also, it is discovered that the LL and the TACC are
dominantly associated with the right cerebral hemisphere, and the temporal factors, At; and
T, the sound field in a room are associated with the left [2]. These support the model
shown in Figure 1.

4.2. SUBJECTIVE DIFFUSENESS OF NOISE FIELD

The scale value of subjective diffuseness is assumed to be given by equation (15) also. In
order to obtain the scale value of subjective diffuseness, paired-comparison tests with



12 Y. ANDO

1 10 1 1-0
(@ IACC (measured) 0 Subjective diffuseness 1
v 1 08 jr—— 408
/{o,/ o ~~-.._\Q‘vr:—0.71 106 /c,»' “ 1 06
0F ,.vc’/Subjective diffuseness ™, 0F » 7
/ Y 104 r=-09% 04
02 ./j‘ \\ 1 02 N -4 02
2 4 © / % 7
'3? —1 PR RS RTRN N U N R 0 _1 .c/ | O. 0 o
3 g
é ] 10 1 7 1-0 =
g 108 408
o _
§ 106 =4 06
0 -
1 04 ' +4 04
do2  f o 102
Subjective diffseness 1
_2 L L L n L n L L L n O _1 1 1 1 1 n 1 L 1 n 1 n O
0 30 60 90 120 150 180 0 30 60 90 120 150 180
@ 1 1-0
Q
g 1 08
£
= 106y
To 2
E 1 04 =
g
© e 02
= Subjective diffuseness
73] . 1 1 1 . 1 . 1 A 0

0 30 60 90 120 150 180
Horizontal angle of reflection (deg)

Figure 9. Scale values of subjective diffuseness and the IACC as a function of the horizontal angle of incidence to
a listener, with § octave band noise of center frequencies. 250 Hz (a); 500 Hz (b); 1 kHz (c); 2 kHz (d); and 4 kHz (e).

bandpass Gaussian noise, varying the horizontal angle of two symmetric reflections have
been conducted. Listeners judged which of two sound fields were perceived as more diffuse,
under the constant conditions of LL, 17 4¢¢, and W; 4¢c [17]. The strong negative correlation
between the scale value and the TACC can be found in the results with frequency bands
between 250 Hz and 4 kHz, as shown in Figure 9. Scale values of subjective diffuseness are
inversely proportional to the IACC as shown in Figure 10. The scale value of subjective
diffuseness may be well formulated in terms of the 3 power of the IACC in a manner similar
to the subjective preference for the sound field, i.e.,

Sdiffuseness ~ OC(IACC)I}, (18)

where coefficients « = 29 and f§ = 3.

4.3. APPARENT SOURCE WIDTH OF NOISE FIELD

It is considered that the scale value of apparent source width (ASW) is given by equation
(15) as well. For a noise field with a predominate low-frequency range, the long-term IACF
has no sharp peaks for the delay range of || < 1 ms, and W, 4cc becomes wider. The values
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are theoretically calculated by the equation [1, 3, 4]

1
24 X~ ——COS ] —— 19
race A (OF €08 < IACC) (S)’ ( )

where Aw, = 27(f; + f2), and f; and f, are the lower and upper frequencies of an ideal filter.
For simplicity, ¢ is defined by 0-1(IACC).

Of particular interest is that a wider ASW may be perceived with low-frequency bands
and by decreasing the IACC. More clearly, the ASW may be well described by both factors,
TACC and Wy cc [3, 4], under the conditions of a constant LL and t;4c¢ = 0. The scale
values of ASW were obtained by paired-comparison tests with ten subjects. In order to
control the values of W ¢, the center frequencies of 3 octave bandpass noises were
changed. Its center frequencies were 250, 500 Hz, 1, and 2 kHz. The values of IACC were
adjusted by controlling the sound pressure ratio of the reflections to the level of the direct
sound. The listening level affects ASW [18]: therefore, the total sound pressure levels at the
ear canal entrances of all noise fields were kept constant at a peak of 75 dB(A). Listeners
judged which of two noise sources they perceived to be wider. The results of the analysis of
variance for the scale values s gy indicate that both of the factors IACC and W, ¢ are
significant (p < 0-01), and contribute to the s,y independently; thus,

Sasw & a(IACC)*?* + b(Wyacc)'?, (20)

where coefficients a &~ — 1-64 and b ~ 2-44 are obtained by regressions of the scale values
with ten subjects as shown in Figure 11(a) and 11(b) respectively. Calculated scale values
S4sw Dy equation (20) and measured scale values are in good agreement (see Figure 12;
r =097, p <001).



14 Y. ANDO

(a)

|
@
w
T

Scale value of ASW

|
—_
w
T

2.0 ! I I I I ] ] 1 ]
0 02 0-4 06 08 10 0 01 02 03 04 05 0-6
IACC Wiace (ms)

Figure 11. Average scale values of ASW for 4 octave-bandpass noises with 95% reliability, as a function of the
IACC (a). The regression curve is expressed by the first term of equation (20) with a & — 1-:64. Average scale values
of ASW for § octave-bandpass noises with 95% reliability, as a function of Wj ¢ (b). The regression curve is
expressed by the second term of equation (20) with b ~ 2-44.

1-5

10

05

_05 -

Measured scale value of ASW
=}
T

_15 | | | L |
-1'5 -1-0 -0-5 0 05 1-0 1-5
Calculated scale value of ASW

Figure 12. Relation between the measured scale values of ASW and the scale values calculated by equation (20)
for the noise (r = 097, p < 0-01).

5. PRIMARY SENSATIONS OF THE FLUCTUATING-ENVIRONMENTAL NOISE

5.1. SHORT-TERM ACF

To assess fluctuating-environmental noise, we use the running short-time ACF as well as
the short-time IACF. Running short-time spatial and temporal factors extracted in a similar

manner to the above are used to describe the primitive sensations of a fluctuating-noise
field.

The short-time ACF is defined by

P,(1) = i JJrT p'@)p(+ 7)dt, (21
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where 2T is determined by the signal duration to be analyzed. This duration 2T should be
selected covering at least the minimum value of effective duration, (t,),.;,, of the running
ACF [19]. The noise piece indicating (z,),,;, contains the most rapid movement in the signal;
thus, this particular piece influences most greatly the subjective responses.

5.2. REMARKS OF PRIMARY SENSATIONS

(1) For the loudness s;, of each noise piece, equation (8) can be replaced by

st =fu(LL, 71, $1, Te). (22)

Here each factor is obtained for each noise piece, and the @(0) in equation (8) has been
replaced by LL.
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It is worth noticing that the temporal factors extracted from the ACF must be influenced
by repetitive reflections (A4ty, 4t,, ... ) and the subsequent reverberation time (T,;,) in
a room.

(i) In describing the pitch of the environmental noise field, the significant temporal
factors of the noise field are t; and ¢; thus, equation (10) holds.

(iii) The timbre of the environmental noise field may be expressed by all of the temporal
and spatial factors, so that

St = fr(te, 11, ¢1; LL, IACC, 11 4¢c, Wracce)- (23)

Considering the fact that the human cerebral hemispheres are specialized in such a way that
temporal factors are associated with the left hemisphere and spatial factors are associated
with the right hemisphere [1], one can rewrite equation (23) as

st = f1(Te, T1, ¢1)1efz + fr (LL, IACC, t14¢c WIACC)right~ (24)

(iv) Since the perceived duration of the noise field is the temporal sensation, equation (13)
may hold. To describe these primary sensations effectively for a certain duration of
fluctuating noise, it is assumed that 7, in equations (13) and (22-24) can be replaced by (z,)in
and its corresponding factors.

6. REMARKS

The ear sensitivity may be characterized by the physical system including the external ear
and the middle ear [1,2]. Before analyzing the sound signal, we can use an A-weighting
network for the sake of convenience.

The threshold of the weak reflection is shown in Figure 13 as a function of At;. The
spatial direction of reflection to the listener (IACC and t;4¢c) and the delay time of
reflection Atq, as included in equation (24), express this threshold [20].

It is worth noticing that the intelligibility of single syllables as a function of the delay time
of a single reflection is well calculated by the four orthogonal factors extracted from the
short-term ACF analyzed for the piece between consonant and vowel sounds [3, 4].
A recent investigation [21] clearly shows that timbre or dissimilarity judgment is an overall
subjective response similar for the subjective preference of sound fields in concert hall. The
subjective preference as well as timbre can be described by the use of the minimum value of
T, [22, 23; see also Appendix A]. Concerning a recommended short-term-integration time, it
is given in this special issue [19], such that

2T), = 30 (Te)min- (25)

Effects of noise on mental tasks can be interpreted as an interference phenomenon
between the task performance and the hemispheric dominance [24, 25]. Temporal factors
extracted from the ACF are associated with the left cerebral hemisphere and spatial factors
extracted from IACF are much concerned with the right [1]. The method of measuring
environmental noise based on this theory is proposed [26]. It is supplemented [27, 28], and
some of the measured examples are demonstrated in this special issue [29-32].
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APPENDIX A. THE MOST PREFERRED CONDITIONS FOR THE SOUND FIELD
IN A CONCERT HALL

For the reader’s information, the most preferred conditions for the sound field in
a concert hall are briefly described here by both temporal and spatial factors [2].

(1) The most preferred initial time delay gap between the direct sound and the first
reflection is expressed by

[Atl]p =~ [1 - IOgIOA](Te)mim (Al)

where (7,)min 1S the minimum value of the effective duration of the running ACF of the source
signal, and A is the total amplitude of reflections given by

A= { i Af}m, (A.2)

n=1

A, being the pressure amplitude of the nth reflection, n = 1,2, ... .
(2) The most preferred subsequent reverberation time is expressed by

[’Tsub]p ~ 23 (Te)min' (A3)

(3) One of the typical spatial factors is the IACC. The consensus preference is obtained at
a small value of the IACC, so that signals arriving at both ears should be dissimilar. But, the
peak value of the IACF must be maintained at the origin of the delay time, i.e.,

Tracc = 0, (A.4)

so that the sound field is well balanced.

(4) Concerning the listening level, LL, the sound power level is dependent upon the
musical notes and performance. It is recommended that each individual listener may easily
listen to music by use of the seat-selection system [1].

It is worth noticing that large individual differences in the subjective preferences were
observed for the temporal factors expressed by equations (A.1) and (A.2), and LL [1], but
not for the IACC. The IACC is called, therefore, the consensus factor [2,33].
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