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1. INTRODUCTION

At the beginning. the authors make clear their standpoint on the acoustical design oi concert halls. Figure
t indicates the evaluation system oi a sound lield. The acoustic signal stii radiated irom the sound source
is attecled by a room transmission iunction r(t) and arrives at the position at a listener. Then the acoustic
signal is expressed as stii'rtt). Asterisk denotes convolution. This acoustic signal is aliected by head-
related transier tunctionshlrtt) and arrives at the entrances at both ears as the Input signals to the auditory
organ. The input signals are expressed as stt) ' r(t) ‘ h It(t).

Then the listener perceives a sound
Image which Includes various elemental
senses. These elemental senses are
divided to three kinds oi characteristics. 5")
The iirst is temporal one. ior instance. Room
reverberant. rhythm. durability and so on. Transter Function. r(t)
The second Is spatial one. tor instance. . s(l}‘l(i)
direction. distance. broadening, and so “Gangland

Transier Function. fit-(t)

Emeline/5116a”!

on. The third Is qualitative one. tor

ill-(I) = Sill-NIP hnil)

   
     Instance. loudness. pitch. timber and so

on.Then. the listener subjectively ludges
each elemental sense, reierring to his

personal taste. Finally. he has his overall
emotional response to the sound with

summing subjective [udgment to each a
elemental sense weighted rater-ring to his
personal taste again. Thereiore. the
overall emotional response includes

Individual ditterences. On the other hand.

  
the perception oi elemental senses does

not Include the Individual ditterence. to not
According to this system. it is clear that we

cannot design the acoustics oi concert
halls tor many and unspecitlc audience
basing on sublective preterenoe. since It
is a typical overall emotional response Fig.1 Subjective evaluation system at a sound field
including individual dliterences (1]. We
should design each elemental sense.
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Among oi many elemental senses, the spatial attribute. especially broadening Is one oi the most important
characteristics perceived in concert halls. One of the authors has shown that broadening comprises two
elemental senses at least [2]. One is auditory source width and the other ls leeling ot envelopment.
Auditory source width (ASW) Is deilned as the width ol a sound Image perceived to be iused temporally
and spatially with the sound Image oi a direct sound. Envelopment is dellned as the fullness oi sound
image around a listener: excluding a sound Image relating to auditory source width. ‘

In the past. ASW has been studied by many researchers In terms oi spatial Impression. auditory
spaciousness and so on [3]. Well—k1 IWII physical measures to estimate Asw are lateral eiilclency [4] and
degree at imeraural crosscorrelation [5 - 8]. According to them. ASW Increases as the energy oi lateral
reflection increases. But. the relation between ASW and those physical measures Is not yet clear In case
that reflections do not satisfy the law oi the first wave iront. that is. they exceed the upper limit oi the law
and a sound Image splits. Barron and Marshall [4] . who propose lateral elliciency. do not include reiletaions
which cause echo disturbance In calculating lateral eiliclency and all researchers. who propose degree oi
Inleraural crossoonelatlon. have no comment on the relation.

in this paper, now to estimate ASW is investigated. in case that reflections do not satisty the law oi the ttrst
wave ironi. In this paper. hearing experiments were periormed in an anechoic chamber using a simple
sound Iield which consists oi a direct sound and a single reiiectlon. The music molit used In the
experiments is a 7 sec section Irom the beginning oi Partita a-mell iur iltlte allein BWV 1013 by J.S.Bach.
This rnotil was played by a musical synthesizer.

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

2.1 Experimental method

Figure 2 shows the loudspeaker arrangement and Fig. 3 shows the Impulse response oi stimulus. The
direct sound was radiated trom the tram and the reflection was radiated Irom the horizontal angle oi 135
degree on the left side. Six kinds ot stimuli were used in this experiment according to the results oi the
preliminary experiment. Namely, stimuli (a) and (b) completely satisfy the law oi the ilrst wave trout and (c)
and (d) do not at all. The stimuli (e) and (i) consist oi only a aired sound. The sound pressure levels oi the
direct sound and the reflection in stimuli except (i) were equal to each other and the level atthe direct

sound oi stimulus (I) was higher than those oi the other stimuli by 3 dB. The sound pressure level oi 0 dB In

Fig. 3 was SSdBA (slow. peak), measured at the position corresponding to the center oi a subiect‘s head.

The complete paired comparison test oi Asw was carried out. Each subject responded to each pair eight
times. Five students served as the sublect, who were the same subjects as those in the preliminary
experiment

22 Experimental results and discussion

The psychological scale oi ASW were obtained using the Thurstone case V model [9]. But the
psychological scale at ASW lor the stimulus is) could not be obtained because all subleds' perceived It
narrower thanASW tor all other stimuli. Figure 4 shows the psychological scaleoi ASW tor stimuli except

stimulus (e).
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First let us consider ASW tor the stimuli (a). (b). (c) and (a). ASW tor
stlnutus (a) and (b) satlstylng the law are almost equal to each other. ASW
tor stimuli to) and (d) not satlslylng are almost equal to each other. too.

But the tormer are wider than the latter. The difference at psychological
scale oi ASW between them is 1.59 on the average. This means that the

probability that the tormer Is wider than the latter Is 94% and the

probability that the latter is wider than the toner Is 6%. As a result, Asw

tor stimulus satisfying the law oi the llrst wave lront can be considered
cleany to be wider than that tor a stimulus notsatlstylng the law. even it
the lateral elliclency or the degree oi Interaural crosswrrelatlon ls kept

constant.

Next. let us compare the average Asw tor the stimun (c) and (d) with ASW
tor the stimulus (t). It a reflection which exceeds the upper limit at the law

oi the tlrst wave iroht does not contribute to create ASW as a lateral

reflection. Asw tor those stimuli should be equal. because their sound

pressure levels are equal. The iorrner is, however. wider than the latter.

The difference oi psychological scale oi ASW between them is 0.92. This

means that the probability that the iormer ls wider than the latter is 82%
and the probability that the latter is wider than the tormer is 18%. As a

result. ASW tor the stimuli (c) and (d) can be considered clearly to be
wider than the stimuli (i). This result suggests that even It a reflection

exceeds the upper llrnlt oi the law. it contributes to create ASW partially as
a lateral reflection. ' ‘
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Fig. 4 Psychological scale at Asw relating to the law oi

the first wave iront
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3. INVESTIGATION OF METHOD OF ESTIMATING ASW BY A REFLECTION

NOT SATISF‘IING THE LAW OFTHE FIRST WAVE FRONT

In this section. a hypothesis on ASW by a reflection which does not satisiy the law oi the lirst wave tront Is

built up and verilied by twohearing experiments.

3.1 Hypothesis

Figure 5 shows a sound lield which consists oi a direct

sound D and a single refledion R. The dotted line Is the

upper limit oi the law oi the lirst wave ircnt tor the direct

sound D. The reilectlon R exceeds it. The intuitive

hypothesis derived lrom the result oi the lirst

experiment is as Iollows: A part (indicated by adot-dash

linetoi a reflection under the upper limit oi the law

   

  

 

\ .

\‘ Upper limit of the law oi
the first wave irontS

P
L

contributes to create ASW as a lateral reflection, when a Tlme

reilection exceeds the upper limit at the law. Fig. 5 Schematic explanation oithe hypothesis on
ASW by a reflection not satislying the law oi

3.2 Experimental method "'8 "'3‘ “VB "0m

3.2.1 Experiment Ila: The upper limit oi the law oi the first wave item. The purpose at this experiment was

to obtain the upper limit oi the reflection level which satisfied the law oi the lirst wave tront. The experiment

. was perionned by using the constant method, keeping the time delay at a single rellection constant. and

changing the sound pressure level oi the reflection.

Figure 6 shows the loudspeaker arrangement and the Impulse response at stimulus. The tlme delay oi the

reflection was constant at 80 ms. The sound pressure level oi the direct sound was constant at GSdBA

(slow. peak). measured at the position corresponding to the center cl a subject's head. The relative level oi

the reflection to the direct sound. ALsp was changed In eleven steps ol 1 dB ircm -5 dB to -15dB.

Each stimulus was presented to each subject iilly times In a random order. The mapping method was

adopted to avoid the sublect being too sensitive to the reflection. Namely, the sublects' task was to mark

down the direction and the range oi the sound image on a circle on the recording sheet ior each stimulus.

When the sublect perceived plural sound images, he was requested to mark down all these directions and

ranges on the same circle. Three male students sewed as a sublect. They were dillerertl irom the subjects

in the lirst experiment.

3.2.3 Experiment Ilb: ASW by areflection not satislying the law oi the first wave treat. The purpose ol this

experiment was to obtain the sound pressure level oi the reilectlon satisiying the law which created the

same ASW as the reflection not satistying the law created. The experiment was periormed by using the

constant method. comparing cl ASW by a reflection sailslying and not satlstying the law.

Figure 7 shows impulse responses oi the stimuli used In this experiment. The loudspeaker arrangement

was the same as In the experiment Ila. According to the result oi the lirst experiment. Figure 7(a) was the

impulse response tor the stimulus not satislylng the law. The time delay and the relative level 01 the

reflection to the direct sound were tixed at 80 ms and 0 dB. respectively. Figure 7(b) was the Impulse
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response tor the stltmlus not satlslylng the law. even it the relative sound pressure level or the reflection to
the direct sound was 0 dB. The little delay at the reflection was fixed at 20 ms. The relative sound pressure
level at the relleclion to the direct sound. ALasw was changed In eleven steps at 1 dB truth -5 dB to -15
dB. The total sound pressure level at the direct sound and the rellectlon at all stimuli was constant at 71.4
dBAtslow. peak), which was calculated by the equation to obtain blnaurel sutnmation ol loudness [101.
using the measured values at the lelt and the right ear entrances or KEMAR dummy head.

A pair of the stimulus not satisfying the law (Fig. 7(a)) and one 01 the eleven stimuli satistying the law (Fig.
7(b)) was delivered. The subject was requested to answer which ASW was wider. Each pair was presented
to each sublect titty times in a random order. The same three male students as in the experiment He served
as a subject.

0
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Fig. 8 Impulse response of stimulus is) and loudspeaker
' arrangement 0:) used in Exp Ila

Fig. 7 impulse responses oi stimuli used In Exp lib

3.3 Experimental results and discussion
The data analysis ot both experiments was done separately tor each subject. The percentage ol split at
sound Image was obtained item the result at the experiment Ila. And also. the percentage that ASW tor a
stimulus satistying the law was wider than ASW tor a stimulus not satistying the law was obtained truth the
result oi the experiment Ilb. Funhennore, z-lranslormatlons at those percentage were periormed and the
regression lines and the correlation ooefliclents were obtained neglecting data at 0 and 100 "/o. Figure 3
slows the results ol experiments tie and Ilb together.

All correlation coefllclents in the ligures are almost 1.0. This means that all expen'memat results show
nonnai distribution. The average value was obtained lrom each regression equation. The average value at
the experiment Ila, mp. is the relative sound pressure level at the reflection to the direct sound which
splits a sound image with the probability at 50 %. Namely it is the upper limit at a reflectlon level which
satisfies the law. The average value at the experiment Ilb. ALasiv. means that ASW by the reflection at
ALasw which satistles the law (Fig. 702)) is equal to ASW by the reflection which does not satlsly the law
(Fig. 7(a)). In other words, it can be considered that the energy at the part at the reflection. which exceeds
the upper limit at the law, underW contributes to create ASW, because ASW is independent of the
time delay of a reflection [4, 11)

Table 1 shows MS}: and AEasw tor each subject. Surprisingly. both values tor subject A are identical. The
maximum dillerence between ALsp and :3an is 0.7 dB lor subject B. From these reams. it can be
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concluded that Z'Ls—p Is equal tom. Consequently these results support the hypothesis that a part at
the reflection under the upper limll at the law contributes to create ASW as a lateral reflection. when a
reflection does not satisly the law

(Z) rt.) - as: (Z)
r(o) - 037

no) my: (7°)
1(0) - 0.80 90.9”

75    o a so

a

.2 -2

0.00!

"-16 All -I2 40 ~e -6 4 116 44 42 ~10 '8 -ti 4

Re SPL oi reflection to direct sound (dB) Rel SPL of reflection to direct sound (63)

4

(2) Fig. 5 Probability that a sound image splits (closed
circle) and probability that ASW tor a stimulus
satlslying the law oi the first wave itcnt is wider
than ASW tor a slimulus not utisiying the law

(open circle)

Table I Comparison at “3;: obtained In Exp Ila
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4. CONCLUSION

The auditory source width (ASW) was investigated under the condition that reflections do not satlsty the
law oi the tirst wave lront. that is, they exceed the upper limit ol the law and a sound image splits. The
results 01 hearing experiments show clearly that:

(1) ASW created by areflection which does not salisly the law is significantly nanower than ASW created by
a reflection which satisfies the law.
(2) When a reflection does not satisly the law. a part ol the reflection under the upper limit at the law
contributes to create ASW as a lateral reflection.
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