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1. INTRODUCTION

At the beginning, the authors make clear thelr standpoint on the acoustical design of concert halls. Figure
1 indicates the evaluation system of a sound tield. The acouslic signal s(t} radiated from the sound source
ks atfecled by a room lransmission function r(f) and arrives at the pesition of a lislener. Then the acoustic
signal is expressed as s(t)°r{t). Asterisk denotes convolution. This acoustic signal is affected by head-
related transfer functionshir(t) and arrives at the enfrances of both ears as the input signals to the auditory
organ. The input signals are expressed as s{t} * r{t} * hir(t).

Then the lislener perceives a sound
image which includes various elemental
senses. These elemenial senses are
divided 1o three kinds of characteristics.
The first is temporal one, for instance, Room
reverberant, rhythm, durability and so on. Transfer Function, r{)
The second Is spatial ona, for instance, § ‘ s{ijsriy)

direction, distance, broadening, and so
on. The third is gualitative one, for g ?&ﬁ}gﬁ?ﬂgﬁm Pudt)

instance, loudness, pilch, timber and so

on.Then, the listener subjectively judges J} Entrance of Ear Canat

s()

each elemental sense, referring to his Puef) = sy (s hufy)
persenal taste, Finally, he has his overall
emotional response 1o the sound with
summing subjective judgment lo each

elemental sense welghted referring o his

personal taste again. Therelore, the m”“;ﬂ
overall emotional response includes
individual differences. On the other hand,.
the perception of elemental senses does Sutiocthve.
not include the individual diflerence. s mal

According to this system, it is clear that we
cannot design the acoustics of concer
halls for many and unspecific audience
basing on subjective prelerence, since it
is a typical overall emotional response Fig. ¥ Subjective evaluation system of a sound field
including Individua! differences [1]. We

should design each elemental sense.
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Among of many elemental senses, the spatial attribute, espacially broadening Is ons of the most important
characlerislics percelved in concert halls. One of the authors has shown that broadening comprises two
elemantal senses at least [2). One is auditory source width and the other is feeling of envelopment.
Auditory source width (ASW) is defined as the width of a sound image percelved to be fused iemporally
and spatially with the sound image of a direct sound. Envelopment is delined as the fullness of sound
image around a listener, excluding a sound image relating to auditory source width. '

In the past, ASW has been sludied by many researchers in terms of spatial impression, auditory
spaciousness and so on [3]. Well-kr »wn physical measures to estimate ASW are laleral efficiency [4] and “
degree of interaural crosscorrelation [S - 8]. According to tham, ASW increases as the energy of latera)
reflection increases. But, the relation between ASW and those physical measures Is not yet clear in case
that reflections do not satisfy the taw of the first wave front, that Is, they exceed the upper limit of the law
and a sound image spilits. Barron and Marshall [4] , who propose lateral efficiency, do not include reflections
which cause echo disturbance in calculating lateral efficlency and all researchers, who propose degree of
interaural crosseomelation, have no comment on the relation. |

In this paper, how 1o eslimale ASW is investigated, in case that reflections do not satisfy the law of the first
wave fronl. In this paper, hearing experiments were performed in an anechoic chamber using a simple
sound tield which consists of a direct sound and a single reflection. The music molif used in the
experiments is a 7 sac section from the beginning of Partita a-mell fur {I0te allein BWV 1013 by J.S_Bach.
This motif was played by a musical synthesizer.

2. EXPERIMENT 1: COMPARISON OF ASW BY A REFLECTION SATISFYING
AND NOT SATISFYING THE LAW OF THE FIRST WAVE FRONT

2.1 Experimental meihod
Figure 2 shows the loudspeaker arrangement and Fig. 3 shows the impulse response of stimulus. The
direct sound was radiated from the front and the reflection was radiated from the horizontal angle of 135
degree on the left side. Six kinds of stimull were used in this experiment according 10 the resulis of the
preliminary experiment. Namely, stimuli (a} and (b) completely satisfy the law of the first wave front and (¢)
and (d) do pot at all. The stimubi (e} and (1) consist of only a direct sound. The sound pressure levels of the
direct sound and the reflection in stimuli except (f) were equal to each other and the level of the direct
sound of stimulus (f) was higher than those of the other stimuli by 3 dB. The sound pressure level of 0 dB In
Fig. 3 was 69dBA (slow, peak), measured at the pesition corresponding to the center of a subject's head,

The complete paired comparison test of ASW was carried oul. Each subject responded to each pair eight
limes. Five studenls served as the subject, who were the same subjects as those in the preliminary
experiment.

2.2 Experimental results and discussion
The psychological scale of ASW were obtained using the Thurstone Case V model [9]. Bul the
psychological scale of ASW for Ihe stimulus (g) could not be obtained because all subjects percelved it
narrower than ASW for all other siimuli. Figure 4 shows the psychological scale of ASW for stimuli except
stimulus (e).
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First Iat us consider ASW for the stimuli {a), (b}, (¢) and {d). ASW for
stimulus (a) and (b) satisfying the law are almost equal to each other. ASW
for stimull {c) and {d) not satistying are almost equal to each other, too.
But the former are wider than the latter, The difference of psychological
scale of ASW between them is 1.59 on the average. This means thal the
probabliity that the former is wider than the latter Is 94% and the
prohability that the latter Is wider than the former Is 6%. As a result, ASW
for stimulus satisfying the law of the first wave Iront can be considered
clearly 1o be wider than that for 2 stimulus not satistying the law, even i
the lateral efficiency or the degree of inleraural crosscormelation 13 kepl
constant.

Next, kel us compara the average ASW for the stimuli {c) and (d) with ASW
for the stimulus {1). I a reflection which exceeds the upper limit of the law
of the first wave front does hot contribule to creale ASW as a laleral
reflaction, ASW for those stimuli should be equal, because their sound
pressure levels arg equal. The former is, however, wider than the fatter.
The difference of psychological scale of ASW between them is 0.92. This
means that the probability that the former is wider than the latter is 82%
and the probabilily that the latter is wider than the former is 18%. As a
result, ASW for the stimull (c) and (d) can be considered claarly to be
wider than the stimuli {f). This result suggests that even if a reflection
exceeds the upper limit of the law, iR contributes to create ASW partially as
a lateral reflection. ’ ’
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3. INVESTIGATION OF METHOD OF ESTIMATING ASW BY A REFLECTION
NOT SATISFYING THE LAW OF THE FIRST WAVE FRONT

In this section, a hypolhesis on ASW by a reflection which does not satisfy the law of the first wave front is
built up and veritied by two hearing experiments.
3.1 Hypothesis : . D - R )
Figure 5 shows a sound field which consists of a direct N ;

nd a single reflection A. The dotted line is the
o ; *« J upper limit of the taw oI

upper limit of the law of the first wave front for the direct &

sgﬁﬁd D. The rellection R exceeds it. Tha inluilive s the first wave front

hypothesis derived from the resull of the first ! .

experiment is as follows: A par (indicated by a dot-dash 1 . -

lineJof a reflection under the upper limit of the law

contributes to create ASW as a lateral rellection, when a Time

reflection exceeds the upper limil of the law. Flg. 5 Schematic explanation of the hypothesis on
ASW by a reflection not satistying the law of

3.2 Experimental method tha first wave front

3.2.1 Experiment 1fa: The upper limit of the law of the first wave front.  The purpose of this exparimenl was
1o obtain tha upper limit of the reflection level which satisfied the faw of the first wave front. The experiment

.was performed by using the consiant method, keeping the time delay of a single reflection constant, and
changing the sound pressure level of the reflection.

Figure 6 shows the loudspeaker arrangement and the impulse response of slimulus. The time delay of the
relleclion was constant at 80 ms. The sound prassure fevel of the direct sound was constant at 68dBA
(slow, peak), measured at lhe position corresponding to the center of a subject’s head. The relative level of
the reflection to the direct sound, Alsp was changed In eleven steps of 1 dB from -5 dB 1o -15dB.

Each slimulus was presented 1o each subject fifly times in a random order. The mapping method was
adoptad lo avoid the subject being too sensitive 10 the reflection. Namely, the subjects’ task was to mark
down the direction and the range of the sound image on a circle on the recording sheet for eéach slimulus.
When the subject perceived plural sound images, he was requested to mark down all those directions and
ranges on the same circle. Three male students served as a subject. They were diiferent irom the subjects
in the first experiment.

3.2.3 Experiment |lb; ASW by a reflection not satistying the [aw of the first wave front.  The purpose of this
experiment was 1o obtain the sound pressure level of the reflection satlisfying the law which created the
same ASW as the reflection not satisfying the law crealed. The experimeni was performed by using the
constant method, comparing of ASW by a reflection satistying and not satlsfying the law,

Figure 7 shows impulse responses of the stimuli used in this experiment. The loudspeaker amangement
was the same as in the experiment lla, According to the result of the first experiment, Figura 7(a) was the
impulse response for the stimulus not satislying the law. The time delay and the relalive level of the
reflection to the direct sound were fixed at 80 ms and 0 dB, respectively. Figure 7(b) was the impulse
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response for the stimulus not satistying the law, even { the relative sound pressure lavel of the reflection to
1he direct sound was 0 dB. The time delay of the reflection was fixed at 20 ms. The relative sound pressure
lavel of the reflection to the direct sound, ALasw was changed in elaven steps of 1 dB from -5 dB o -15
dB. The total sound pressure level of the direct sound and tha rellection of all stimuli was constant al71.4
dBA(slow, peak}, which was cakulated by the equation lo obtain binaural summalion of loudness [10],
using the measured values al the left and the right ear entrances of KEMAR dummy head.

A pair of the stimulus not satistying he law (Fig. 7(a)) and one of the eleven stimuli satisfying the law (Fig.
7{b)) was delivered. The subject was requested to answer which ASW was wider. Each pair was presented
to each subject fifty times in a random order. The same three male stucents as in the experiment lla served
as a subject.
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Fig. 8 Impulse response of stimulus (a) and loudspeaker  Fig. 7 Impuise responses of stimuli used in Exp Ilb
© arangemant (b) usad in Exp Ha

3.3 Experimental results and discussion

The data analysls of both experiments was done separately for aach subject. The percgntage of split of
sound Jmage was obtalned irom the result of the experimeni lla. And also, The percentaga that ASW for a
slimulus satislying the law was wider than ASW for a stimulus nol satistying the law was obtained from the
result of the experiment Iib. Funthermore, z-lranstormations of those percentage were performed and the
regression lines and the correlation coefficients were obtained neglecting data of 0 and 100 %. Figure 8
shows the resulls of experiments lla and Ilb together.

All correlation coefficlents in the figures are almost 1.0. This means that all experimenal results show
normal distribution. The average value was obtained from gach regression equalion. The average value of
the experiment lla, 3Lsp, is the relative sound pressure level of 1he raflection 1o the direct sound which
splits a sound image with the probability of 50 %. Namely it is the upper limit of a reflection level which
salisfies the law. The average value of the experiment IIb, ALasw, means that ASW by the reflection of
Alasw which satisties the law (Fig. 7(b]) Is equal to ASW by the reflection which does not satisfy the law
(Fig. 7(a)). in other words, it can be considered that the energy of the part of the reflection, which exceeds
tha upper limit of the Taw, under ATasw contributes 1o create ASW, because ASW is independent of the
time delay of a reflection [4, 11)

Table 1 shows ALsp and ALasw for each subject. Surprisingly, both values for subject A are identical, The
maximum diflerence between ALsp and ATasw is 0.7 dB for subject B. From these results, it can be
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concluded that LEp is equal to ALasw. Consaquently these results supper the hypothesis that a part of
the refiection under the upper limll of the law contributes to create ASW as a laleral reflection, when a
reflection does not satisty the law.
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4. CONCLUSION

The auditory source width (ASW) was investigated under the condition that reflections do not satisfy the
law of the first wave front, that is, they exceed the upper limit of the law and a sound image splits. The
results of hearing experiments show clearly that:

(1) ASW created by a reflection which does not satisfy the law is significantly narrower than ASW created by
a reflection which satisfies the law.

(2) When a reflection does not satisly the law, a part of the retlection under the upper limit of the law
contributes to create ASW as a lateral reflection.
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