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It is very important to understand quantitatively the relationship between the di!erence of
an audio signal from the external noise and the psychological impression of the noise, to
design a comfortable sound environment. In this paper, a method for predicting and/or
estimating the human psychological response to the external noise in the case of listening to
the audio signal, is proposed by using the fuzzy set theory. Concretely, when the persons
listening to the audio signal are exposed to meaningless random noise, bi-variate
membership functions, the supports of which are the spectral distance measure and
signal-to-noise ratio, are "rst established. Next, a method for evaluating the psychological
response is proposed by introducing the concept of the fuzzy probability. Finally, the
validity and the applicability of the proposed method are con"rmed experimentally by
applying to the actually observed data. The experimental results are in good agreement with
the theory.

( 2001 Academic Press
1. INTRODUCTION

The direct transmission of a speech is one of the most fundamental methods of
communication. Realization of a comfortable sound environment in which the listener can
concentrate on the speech without being distracted by external noise, is important. It is very
important to understand quantitatively the relationship between the di!erence of the audio
signal from the external noise and the psychological impression of the noise, to design
a comfortable sound environment. However, the psychological response of listeners to
external noise is strictly based on a subjective judgment as a human being. The ambiguity of
language expression should be considered fundamental to sensory response, and the
ambiguity of the subjective judgment of the human listener is unavoidable.

From these viewpoints, this paper is a further evolution of the discussions already
published [1, 2]. The psychological in#uence of non-white meaningless random noise on
humans engaged in psychological activities, such as listening to a lecture, is examined using
fuzzy set theory. That is, the di!erence between power spectral level forms of the speech and
meaningless random noise is re#ected to membership functions of the psychological
impression of the noise. A systematic method for predicting and/or estimating the human
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psychological response to the meaningless random noise, in the case of the speech and/or
noise with arbitrary power spectral level forms, is proposed. Speci"cally, bi-variate
membership functions of the psychological impression &annoyance' [3], the supports of
which are the spectral distance measure (the di!erence between power spectral
characteristic of the audio signal and that of the noise) and signal-to-noise ratio, are "rst
established. Next, the psychological response of the listeners to the meaningless random
noise with an arbitrary power spectral level form, in the case of listening to a speech by
a male or a female voice, is predicted by introducing the concept of the fuzzy probability
using the above bi-variate membership functions, which are set up beforehand. Finally, the
predicted value and the measured data obtained in the psychological experiment are
compared, and fairly good agreement was observed between the predicted value and the
measured data.

2. OUTLINE OF THE PSYCHOLOGICAL EXPERIMENT

An outline of the indoor psychological experiment that was conducted is shown below.

2.1. EXPERIMENT I

In order to establish the bi-variate membership functions of the psychological
impression, Experiment I was conducted.

[I-A] ¸ocation of experiment. A laboratory on campus having the following dimensions:
length 7)3 m, width 12)1 m, and height 2)6 m. The sound pressure level of the background
noise was in the range of approximately 44}45 dB.

[I-B] ¹ime and date of experiment. 10:00 a.m.}11:00 a.m. and 5:00 p.m.}9:00 p.m. in the last
part of September.

[I-C] Subjects. A total of "ve people, three male students and two female students, with
normal hearing.

[I-D] Presented sound
(I-D-1) Speech. A commercially available tape of lecture, by a male voice (lecture time:

80 min). The energy-mean value of sound pressure level is about 63 dB. Sounds on the tapes
other than voices, such as applause/sound e!ects/music, were removed. One sample path of
speech is shown in Figure 1(a).

(I-D-2) External noise. The white noise is passed through an octave band-path "lter,
and then is ampli"ed/attenuated by statistically independent random variables according to
a uniform distribution (duration: 10 s). Eight octave "lters with center frequencies 63,
125,2, 8000 Hz are used. The gain is adjusted such that the level variation range of the
noises is within 43}90 dB. One sample path of external noise is shown in Figure 1(b).

[I-E] Measurement method of psychological response. Figure 2 shows the setup of the
psychological experiment. Five subjects participated in the psychological experiment
simultaneously. The speech and the external noise were radiated from speakers to the
subjects simultaneously, and the psychological response of the subjects to the noise was
investigated. The band-pass "lters shown in the "gure were used to remove components
other than the frequency band-width [45, 11200] Hz for both the speech and the external
noise. It was con"rmed in advance that there was no di!erence in the radiation sound



Figure 1. Sample paths of speech and external noise. (a) speech, (b) external noise.

Figure 2. Setup of the psychological experiment.
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pressure level from the speakers with respect to the position of the subjects. We adopted the
following seven-category evaluation scale Fi (i"1, 2,2, 7) of annoyance [3]:

F1: Not at all annoying.
F2: Not annoying.
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F3: Not too annoying.
F4: Slightly annoying.
F5: Annoying.
F6: Very annoying.
F7: Extremely annoying.

Subjects listened to the speech and the noise simultaneously, judged the above
psychological evaluation Fi (i"1, 2,2, 7) of the noise every 10 s and input the result into
a computer by pushing buttons. A large clock with a second hand is placed where all
subjects can see it easily. The clock does not a!ect the acoustic propagation characteristic
between the speaker and the subjects so that the time passage of 10 s can be seen prior to the
decision of the psychological impression. In addition to this clock, a lamp placed near each
subject is lit after 10 s so that the subjects can make the psychological judgment for the prior
10 s immediately after the lighting of the lamp. The sound pressure levels of the speech and
the noise at that time were input into a computer simultaneously (sampling frequency:
10 Hz). Subjects were instructed to listen to the speech carefully and to try to understand the
content as much as possible. The degree to which each subject was able to understand the
content of the speech was not investigated. Before carrying out this experiment, subjects
practised beforehand in order to avoid confusion with respect to the judgment and the push
button operation. Judgment was continuously recorded every 10 s for 5 min, and these
operations were repeated 8 times for a combination of presented sounds while subjects were
given su$cient rest in order to avoid fatigue.

2.2. EXPERIMENT II

In order to compare the observed values of psychological response to external noise with
the predicted values, Experiment II was conducted.

[II-A] ¸ocation of experiment. A simple anechoic room on campus having the following
dimensions: length 4)6 m, width 4)5 m, and height 2)6 m. The sound pressure level of the
background noise was in the range of approximately 32}37 dB.

[II-B] ¹ime and date of experiment. 9:00 a.m.}6:00 p.m. in the last part of December.

[II-C] Subjects. A total of eight people, six male students and two female students, with
normal hearing.

[II-D] Presented sound
(II-D-1) Speech. Four commercially available tapes of lecture, by male voices (A, B, C, D)

and three commercially available tapes of lecture, by female voices (E, F, G).
(II-D-2) External noise. Eight octave band-limited white noises with center frequencies

63, 125,2, 8000 Hz, similar to I-D-2, are "rst made. Next, two octave band-limited white
noises with di!erent center frequencies ( f

c1
, f

c2
) are synthesized with power ratio 1 : 1 and

then they are ampli"ed/attenuated by statistically independent random variables according
to a uniform distribution (duration: 10 s). The gain is adjusted such that the level variation
range of the noises is within 43}90 dB. Seven combinations of center frequencies of the
octave band-limited white noises are listed below.

( f
c1

, f
c2

)"(63, 125), (125, 250), (250, 500), (4000, 8000) (Hz). (1)
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Speci"cally, we adopted the following seven combinations of the above speeches and
external noises at random.

A and (63, 125), B and (500, 1000), C and (1000, 2000), D and (4000, 8000),
E and (125, 250), F and (250, 500), G and (2000, 4000) (Hz).

[II-E] Measurement method of psychological response. Eight subjects were divided into two
groups. Four subjects participated in the psychological experiment simultaneously. The
speech and the external noise were radiated from speakers to the subjects simultaneously,
and the psychological response of the subjects to the noise was investigated. The speci"c
method of the psychological experiment is the same as that used in Experiment I. The
operations were repeated two times for a combination of presented sounds.

3. DETERMINATION OF BI-VARIATE MEMBERSHIP FUNCTIONS

Using the measured data of Experiment I, bi-variate membership functions:
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of the psychological impression Fi (i"1, 2,2, 7) to the external noise were set up, where
¸
S
(K) and ¸

N
(K) are sound pressure level values (sampling frequency: 10 Hz) for each

speech and external noise respectively. In the speci"c calculation of signal-to-noise ratio ¸,
average operation was carried out for the remaining 6 s after removing 1 s of the leading
times and 3 s of the trailing times from the 10 s of duration time presented for one
psychological judgment, in order to avoid the in#uence of errors in the transient part, in
which the sound pressure level value of the randomly ampli"ed/attenuated external noise
changes sharply (M"60 in equation (2)). U

S
(u) and U

N
(u) in equation (2) are relative

power spectral level forms of speech and external noise, respectively (log(:U
*
(u) du)"0;

*"S,N), and f
S

and f
N

are dominant frequencies of speech and external noise
(sgn[log

2
( f

S
/f
N
)]'0 ((0) means that dominant frequency of the speech is higher (lower)

than that of the noise). In the speci"c calculation of spectral distance S, power spectral level
forms of the speech and noise obtained for the above 6 s are used. The bi-variate
membership functions are set up by the following procedure: The measured data for
psychological impression Fi is totaled for each value of signal-to-noise ratio ¸ and spectral
distance S. Next, these data are displayed graphically on a computer, and a smoothing
operation is performed by watching.

The results of the seven bi-variate membership functions established for each
psychological impression Fi (i"1, 2,2, 7) are shown in Figure 3. This "gure reveals the
following: When the value of signal-to-noise ratio is increased (decreased), needless to say,
the psychological response to the noise becomes F1: Not at all annoying (F7: Extremely
annoying). When the value of spectral distance S is decreased (increased) so that the
frequency of the noise is higher (lower) than that of the speech, the signal-to-noise ratio of
the same psychological impression (for example, F4: Slightly annoying) becomes higher
(lower), the tendency is that the external noise becomes more (less) annoying. In order to



Figure 3. Bi-variate membership functions for psychological impression Fi (i"1, 2,2, 7).
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show this fact clearly, membership functions in the case of spectral distance S"!10, 0, 10
are shown in Figure 4.

4. PREDICTION OF PSYCHOLOGICAL RESPONSE TO NOISE

As an evaluation method of the psychological response to external noise, we adopted the
set of fuzzy probability:

P (Fi)"P
D1
P
D2

k
Fi

(¸, S)p (¸, S) d¸dS (i"1, 2,2, 7), (3)

for each psychological impression Fi (i"1, 2,2, 7) as a fuzzy event [4] (time ratio of the
occurrence of Fi ) and following average psychological impression:

SFT"
7
+
i/1

iP (i) (P (i)"P(Fi)). (4)

Bi-variate probability distributions p (¸, S) on signal-to-noise ratio and spectral distance
were obtained for each presented sound of Experiment II. As for the example of the result in
the case of speech C and noise (1000, 2000) ([¸

1
, ¸

2
] (the level variation range of

¸)"[!40, 40]) is shown in Figure 5.
The set of predicted time ratio P(Fi) (i"1, 2,2, 7) of the occurrence of each

psychological impression Fi obtained from equation (3) using the bi-variate membership
functions set up in 3 and Figure 5 ([¸

1
, ¸

2
]"[!40 : 40]) is shown as predicted value in

Figure 6. The value of P (Fi) (i"1, 2,2, 7) obtained directly from the measured data of
Experiment II is shown as the observed value in the same "gure. As for the example of the



Figure 4. Membership functions k
Fi

(¸, S) (i"1, 4, 7; S"!10, 0, 10). S"!10,**; S"0, . . . . . . ; S"10, } ) } )} .

Figure 5. Bi-variate probability distribution p(¸, S) (speech C and external noise (1000, 2000);
[¸

1
, ¸

2
]"[!40, 40]).
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result in the case of speech G and noise (2000, 4000) ([¸
1
, ¸

2
]"[!40 : 40]) is shown in

Figure 7 (results for the other cases are omitted). Good agreement is seen between the
predicted and observed values. On the other hand, the comparison between the predicted
and observed values for the average psychological impression for each of the seven



Figure 6. Comparison between predicted and observed values for P(Fi) (speech C and external noise (1000,
2000); [¸

1
, ¸

2
]"[!40, 40]). Observed value, **; Predicted value, - - - - - .

Figure 7. Comparison between predicted and observed values for P(Fi) (speech G and external noise (2000,
4000); [¸

1
, ¸

2
]"[!40, 40]). Observed value, **; Predicted value, - - - - - .
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Figure 8. Comparison between predicted and observed values for SFT. A-(63, 125), ]; B-(500, 1000), ; C-
(1000, 2000), ; D-(4000, 8000), ; E-(125, 250), ; F-(250, 500), ; G-(2000, 4000), .
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combinations of presented sounds ([¸
1
, ¸

2
]"[!40 : 40]) is shown in Figure 8. The results

of various level variation ranges of ¸([¸
1
, ¸

2
]"[!22, 14], [!13, 5], [!4, 4], [5, 13],

[14, 22]) are also shown in the same "gure (correlation coe$cient r"0)966). There is
a natural tendency for the external noise to become less annoying as the signal-to-noise
ratio value is increased. The following "ndings are revealed by Figures 6}8: The
psychological response of the other subjects can be predicted systematically, by using the
bi-variate membership functions proposed in the present paper, in the case of speech and/or
meaningless random noise with various power spectral level forms. Therefore, the bi-variate
membership functions in Figure 3 are almost stable. From this viewpoint, the psychological
impression for various di!erences of the audio signal from the external noise
(signal-to-noise ratio and spectral distance measure) is calculated. The relationship between
the average psychological impression SFT and signal-to-noise ratio ¸ for each spectral
distance S"!10,!5, 0, 5, 10, obtained from the bi-variate membership functions in
Figure 3, is shown in Figure 9.

5. CONCLUSION

We considered the prediction method of the psychological response to the meaningless
random noise in the case of listening to the speech. The psychological response in the case of
the speech and/or external noise with arbitrary power spectral level forms can be predicted
systematically using bi-variate membership functions on spectral distance (mutual
relationship between frequency characteristics of speech and noise) and signal-to-noise ratio
(mutual relationship between amplitude characteristics of speech and noise). The validity
and the applicability are con"rmed experimentally, reasonable results are obtained.



Figure 9. Relationship between psychological impression SFT and signal-to-noise ratio ¸ (S"!10,!5, 0, 5, 10).

214 S. YAMAGUCHI E¹ A¸.
In the present paper, the proof of validity of the evaluation method is emphasized, since
the proposed method is in an early stage of study. The primary subjects that should be
examined in future studies are listed below:

(1) It is necessary to accumulate the psychological experiment data by many subjects.
Especially, it is important to make the bi-variate membership functions which are the
basis of the prediction method stable. In order to establish stable membership functions
in many situations, it is reasonable to divide the situations of subjects into some
categories, such as the temporal factor (daytime, nighttime), the spatial circumstances
factor (sickroom, factory, house), and the activity factor (sleep, study, labor).

(2) The prediction method in many cases using actual noises and the case where a pure tone
is included in the external noise so that a line spectrum appears in the power spectral
level form should be considered experimentally.

(3) The applicability of the same method in the case where the external noise is meaningful
noise such as music and conversation should be con"rmed.
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