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SUMMARY

The use of a virtual environmental display system
enabled the construction of a psychophysical experimental
system to measure subjectively straight lines running phe-
nomenally parallel to the median plane, the parallel alley,
and subjectively straight lines running phenomenally equi-
distant from the median plane, the equidistance alley, in
binaural auditory space. Experiments were conducted using
the constructed experimental system, to measure the paral-
lel alley and the equidistance alley in binaural auditory
space. The following results were confirmed: (1) The
parallel alley and the equidistance alley in auditory space
in a virtual environment are not always straight in the
physical sense, and their forms depend on the distance from
the median plane. (2) The parallel alley lies inside the
equidistance alley. These tendencies are the same as those
between the parallel alley and the equidistance alley in
visual space and/or tactile space in the real world. More-
over, by employing sound intensity and binaural time dif-
ferences as- parameters, space perception models were
constructed to explain the parallel alley and the equidis-
tance alley in auditory space. Based on the results of the
simulation performed using the models, it was confirmed
that the models successfully explain the results obtained in
psychophysical experiments performed using the virtual
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1. Introduction

As the characteristics of space perception, the phe-
nomena of subjectively straight lines such as Helmholtz’s
horopter, and the parallel alley and equidistance alley are
well known in binocular visual space. Helmholtz’s horopter
is explained on the basis of the following phenomenon:
Assuming that the x axis is the intersection of the horizontal
plane at eye level and the median plane of the observer, and
the y axis is the intersection of the same horizontal plane
and the frontoparallel plane passing through both eyes of
the observer (points L. and R) as shown in Fig. 1, horizontal
lines which appear to be parallel to the y axis (subjectively
frontoparallel lines) are not always parallel in the physical
sense [1]. It is known that the physical form of the perceived
frontoparallel lines depends on the distance between the
observer and the parallel lines on the x axis; that is, the form
coincides with the physically parallel lines at a certain
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Fig. 1. Helmbholtz’s horopter.

distance, becomes concave when the observer is at nearer
distances, and becomes convex at farther distances. On the
other hand, the parallel alley and the equidistance alley
represent the concept of subjectively parallel to the median
plane. In Fig. 2, assuming that the x axis is the intersection
of the horizontal plane at eye level and the median plane of
the observer, and the y axis is the intersection of the same
horizontal plane and the frontoparallel plane passing
through both eyes of the observer (points L and R), a pair
of lines p denotes the parallel alley and a pair of lines d
denotes the equidistance alley. The parallel alley is a pair of
perceived straight lines obtained when two rows of lumi-
nous points on the horizontal plane at eye level are arranged
symmetrically to appear straight and parallel to the median
plane. Physically, the two lines should be straight and
parallel to each other, butin actuality they are not; their form
depends on the distance from the median plane (the distance
from the x axis). The equidistance alley is a pair of perceived
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Fig. 2. Parallel and equidistance alley.
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straight lines obtained when two rows of luminous points
on the horizontal plane at eye level are arranged symmetri-
cally to appear straight and laterally equidistant from the
median plane. Physically, the two lines should be straight
and equidistant, but in actuality they are not; their form
depends on the distance from the median plane [2]. The
physical forms of these two types of subjectively straight
lines have such a general tendency that the parallel alley lies
inside the equidistance alley as shown in Fig. 2 [3]. Con-
cerning the disagreement between these subjectively
straight lines and physically straight lines, a similar phe-
nomenon based on the sensation of upper limb movement
has been observed for tactile space [4, 5].

A basic experiment for sound localization with dis-
tance was conducted by the authors, and a similar phenome-
non to that of Helmholtz’s horopter was observed in
binaural auditory space. That is, it was confirmed that the
forms of the lines subjectively parallel to a frontoparallel
plane are not always straight in the physical sense and
depend on the distance between the sound source and the
subject [6]. In this experiment, sound intensity and binaural
time differences are considered to be very important cues
for the subjects to judge the position of the sound sources.
Thus, these two cues were employed as parameters to
formulate a mathematical model for space perception to
explain the auditory horopter, and the formulated model
was examined by simulation. From the results, it was con-
firmed that the model successfully explained the distance
dependency of the forms of the auditory horopter [7].

From the similarity of sensory modalities and the
phenomenon of the auditory horopter, the phenomenon of
the parallel alley and the equidistance alley in auditory
space which is similar to those in visual space and tactile
space is expected. However, no studies have been con-
ducted to verify this. In order to measure the form of the
subjectively parallel lines to the median plane in binaural
auditory space, several sound sources should be located
symmetrically with respect to the median plane as shown
in Fig. 3, and the sound from each sound source should be
outputted in order. However, such an experimental setup
requires a large space, and the physical existence of nearer
sound sources must occlude the sound from farther sound
sources from reaching the ears of the subjects. These diffi-
culties may prevent the performing of experiments for an
auditory alley. Thus, the authors attempted to realize the
psychophysical experimental system to measure the forms
of a parallel alley and an equidistance alley in auditory
space using a virtual environmental display system which
was constructed for the study of sound distance perception
[8, 9]. In this paper, the experimental setup, method, and
obtained results are explained.

Moreover, the mathematical models to explain the
parallel alley and the equidistance alley in auditory space
were formulated in a similar manner to the space perception
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Fig. 3. Setup for experiments of auditory alley.

model for an auditory horopter. Based on the model, the
results of the experiments conducted under the virtual en-
vironment were examined by simulation. This formulation
of the auditory space perception model and the results of
the simulation are also explained in this paper.

2. 'The Measurement of the Parallel Alley
and the Equidistance Alley in Auditory Space

2.1. The system setup

The schematic of the virtual environmental display
system used in this study is shown in Fig. 4. This system is
the same as that used in the study to clarify the role of some
cues for sound distance localization using a virtual environ-
ment [8, 9].

In order to construct the virtual environment, two
computers (IRIS Indigo) were used to generate computer
graphics images for both eyes based on the virtual environ-
mental model. These images served as the visual signals for
the subject through a calibrated see-through head-mounted
display (STHMD) worn by the subject [10]. The STHMD,
in which the virtual environment can be superimposed on
the real environment by a beam splitter, can be calibrated
to make the coordinates of the visual space for a virtual
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Fig. 4. Virtual environmental display system.

environment coincide with those of the visual space for a
real environment by the superimposition. A calibration
method was developed and applied to the visual parameters
of the STHMD to eliminate errors caused by mechanical
misalignments in the STHMD [11] and by individual dif-
ferences between actual and designed location of pupils of
eyes, which ensured the coincidence of the apparent dis-
tance in a virtual environment with that in the real environ-
ment [12]. Using one of the computers, auditory signals
were synthesized, output through DSP, and input through
headphones (Senheiser HD25SP) to both ears of the sub-
ject. The output rate was set at 48 kHz.

2.2. Experimental method

We designed the experiments to measure the parallel
alley and the equidistance alley in auditory space using the
method of constant stimuli. In this method, the stimulus
with a 50% probability of appearance in the obtained psy-
chometric function is considered as the subjective equiva-
lence when the method of two categories is employed [13).
The schematics of the experimental systems used to meas-
ure the parallel alley and the equidistance alley are shown
in Fig. 5. A pair of sound sources symmetrically positioned
with respect to the median plane of the subject is called a
“pair of sound sources” hereafter. Four virtual sound
sources are assumed, which consist of a standard pair of
sound sources and a comparison pair of sound sources; the
latter pair with various inner distances is located nearer to
the subject than the former pair.

As visual signals, the images of two sound sources
symmetrically positioned with respect to the median plane
on the horizontal plane at ear level of the subject are
displayed as the images of the standard pair of sound
sources. The auditory signal given to both ears of the subject
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Fi:g. 5. Experimental system of parallel alley and
equidistance alley.

is pseudorandom noise, and its intensity and binaural time
differences are controlled as follows:

Consider the sound stimuli which reach both ears of
the subject from a sound source located at the left side of
the median plane in Fig. 3. For the sound stimuli which
reach the left ear directly, the following notations are used:

P;: The intensity of the sound stimuli which reach the
left ear directly from the objective sound source

d: The distance between the objective sound source
and the subject

Py: The standard sound intensity

dy: The distance between the subject and the sound
source from which the sound stimuli directly reached the
left ear has the standard sound intensity.

As P; is inversely proportional to the distance from the
sound source {14, 15], the intensity of the sound stimuli
reaching the left ear of the subject is

P = %Po M
On the other hand, the sound stimuli reach the right ear via
the circumference of the head of the subject, as shown in
Fig. 6. Therefore, the difference between the distance from
the sound source to the right ear and the distance to the left
ear (Ad) is approximated as follows, where the radius of the
head of the subject is r [16]:

Ad =710 +rsinb (2)

The angle 8 is obtained using the distance from the sound
source (y) and the distance between the sound source and
the median plane (x):

- 0 = arcsin(z/y) (3)
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Therefore, the intensity of the sound stimuli which reach
the right ear (P,) is given by

do

Po= -
dog + Ad

By )

Also, the time difference between the sound stimuli which
reach the right ear and those which reach the left ear (Af) is
given as follows, where r is 8.75 cm and the sound velocity
(v) is 340 m/s:

At = Adfv = 257(6 + sin §) [us) 5)

The examples of the sound intensity ratios and the time
differences of both ears for various distances between the
subject and the sound sources and for various inner distances
between the sound sources are shown in Table 1, where the
binaural time differences are represented as the numbers of
shifts of data in 48 kHz, that is, 48,000 x A#/1000.

Assuming the sound stimuli from the left sound
source, the auditory signal given to the right ear of the
subject is controlled to have a ratio and a binaural time
difference with the signal given to the left ear, as shown in
Table 1. Assuming the sound stimuli from the right sound
source, the auditory signals with the opposite ratio and the
opposite binaural time difference are given to both ears.

The head of the subject is fixed and visual parameters
of STHMD are calibrated individually prior to conducting
the experiments.

Each trial is carried out as follows:

(1) By assuming that the standard pair of virtual
sound sources is located at a certain distance from both ears
of the subject, parallel to the physical median plane, and



Table 1. Sound intensity ratios of sound source and
time differences for various distances and inner distances
between sound sources

Distance[m] 4.0
Inner distance[m] 0.0 0.4 0.8 1.2 1.6
Sound intensity ratio 1.0 1 0.912 { 0.832 [ 0.760 | 0.696
Time difference(f of shift]| 0 1 2 4 5
Distance[m] 42
Inner distance[m] 0.0 0.4 0.8 1.2 16
Sound intensity ratio 1.0 10937 0.878 | 0.823 | 0.772
Time difference[fi of shift]| 0 1 2 3 3
Distance[m] 8.0
Inner distance[m] 0.0 0.4 0.8 1.2 16
Sound intensity ratio 1.0 10955 0.912 | 0.871 | 0.832
Time differencelff of shift]| 0 1 1 2 2
Distance[m] 8v/2
Inner distance[m] 00| 04] 08 1.2 1.6
Sound intensity ratio 1.0 | 0.968 | 0.937 | 0.907 | 0.878
Time difference(tf of shift]| 0 0 1 1 2

symmetric with regard to the plane, the sound stimuli
supposed from the right source of the standard pair of sound
sources and the stimuli supposed from the left one are
repeatedly given to the subject in order for a duration of 500
ms at 500-ms intervals. The subject is instructed to move a
pair of visual markers of the virtual sound sources to the
position where they are perceived by using a mouse in order
to fix the subjective position of the standard pair of sound
sources. Hereafter, the positions of the pair of visual mark-
ers are fixed so that the subject can confirm the position
visually.

(2) Next, the sound stimuli assumed to originate
from the standard pair and the comparison pair of sound
sources are repeatedly given for a duration of 500 ms at
2500-ms intervals in order, and the subject is requested to
input the result of his/her judgment using one of two mouse
buttons. In the case of experiments for the parallel alley, the
assumed order of the virtual sound sources of sound stimuli
is the right standard sound source, the right comparison
sound source, the left standard sound source, and the left
comparison sound source, as shown in Fig. 7(a). The subject
judges whether the relationship between the line connecting
the former two sound sources and the line connecting the
latter two sound sources is type (b) or type (c) shown in Fig.
7. On the other hand, in the case of experiments for the
equidistance alley, the assumed order of the virtual sound
sources of sound stimuli is the right standard sound source,
the left standard sound source, the right comparison sound
source, and the left comparison sound source, as shown in
Fig. 8(a). The subject judges whether the inner distance of
the latter two sound sources is narrower or wider than that
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Fig. 7. Order of display and relations between two pairs
of virtual sound sources in experiments of parallel alley.

of the former two sound sources, as shown in Figs. 8(b) and
8(c).

The distance between a pair of sound sources is
defined as the distance between the midpoint of the line
connecting both sound sources of the pair, which is the
intersection of the line and the median plane, and the
midpoint of the line connecting both ears of the subject. The
assumed distance and inner distance of the standard pair of
sound sources are 4¥2 m and 0.4 m, respectively. The
assumed distance of the comparison pair of sound sources
is set as 2¥2 mor 4 m, and their assumed inner distance is
set as 0.0, 0.2, 0.4, 0.6, or 0.8 m.
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Fig. 8. Order of display and relations between two pairs
of virtual sound sources in experiments
of equidistance alley.



2.3. Experimental results and their analysis

In one trial run of the experiments, five different inner 6
distances of the comparison pair of sound sources were
assumed four times in random order with a certain distance
assumed for the pair, and the relative position between the
pair and the standard pair of sound sources or the width of
the inner distance of the comparison pair was judged by the
subject. Thus, the number of judgments for each trial was
20. For both the parallel alley and the equidistance alley,
trials with two different assumed distances were conducted,
that is, a set of experiments consisted of four trials. After
confirming the phenomena by preparatory experiments,
experiments for detailed data acquisition were conducted o parallel alley
for three subjects.  equi-distance alley

As aresult of each trial, psychometric functions were
obtained, and probit analysis [17] was applied to estimate % 0 20 30
the equivalence of the inner distance of the comparison pair Distance from frontoparalle! plane [cm]
of sound sources, which was perceived to be parallel to or
equidistant from the standard pair of sound sources. Exam- Fig. 9. Results of analysis.
ples of the results of the analysis are shown in Table 2.

Figure 9 shows the results of the second example in the table
with the position of the standard pair of sound sources,
where open circles indicate the experimental results of the
measurement of the parallel alley, solid circles indicate the space are not always parallel in the physical sense, and
experimental results of the measurement of the equidis- depend on the distance from the subject, and that the
tance alley, and each central point indicates the estimated parallel alley lies inside the equidistance alley in auditory
average of the distance of the comparison pair of sound space. These tendencies are similar to those between the
sources from the median plane with standard deviation. parallel alley and the equidistance alley in visual space or

From the results of the analysis, the following general tactile space obtained in a real environment.

tendencies are observed:

Distance from subject [m]

(1) Both the parallel alley and the equidistance alley 3. Mathematical Model For Space

in auditory space have forms different from those of the Perception to Explain Auditory Alleys
physically parallel line to the median plane.

(2) The auditory parallel alley lies inside the audi- ~
tory equidistance alley in physical space. 3.1. Formulation of the mathematical model

for space perception
Thus, it was confirmed that the forms of the subjectively

straight lines parallel to the median plane (parallel alley) | We have constructed a neural network model called
and the subjectively straight lines equidistant from the the ISLES (Independent Scalar Learning Element Summa-
median plane (equidistance alley) in binaural auditory tion) model using biological information and constraints,

Table 2. Subjective distance from frontoparallel plane [cm]

Example 1 2 3
Alley(p:parallel,d:equidistance) P d p d p d
4 average 18.1 1 20.0 | 19.0 | 21.1 | 26.9 | 32.9
distance standard deviation | 2.7 | 22| 16 18| 33| 39
[m] 22 average 151 | 181} 159 | 19.3 | 182 | 19.0
_ standard deviation | 29| 27| 14| 12} 3.1 1.6
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and the model has successfully been used to explain the
distance dependency of the forms of the horopter and alleys
in visual space and in tactile space as a gap generated by
the constraint of the learning process of space perception
[18]. That is, in various types of space perception, invariant
sensory information is set to be the standard function. Thus,
the learning of the ISLES model, the neural network model
with a scalar learning rule and with the constraint based on
the physiological knowledge, has a limitation which pro-
duces a specific error between the model and the standard
function. This error causes the distance dependency of the
forms of horopters and alleys in perceptional space.

Moreover, it was confirmed that the distance depend-
ency of the auditory horopter can be successfully explained
by the ISLES model constructed using sound intensity and
binaural time difference as parameters [7].

Therefore, an attempt is made to construct the ISLES
model which explains auditory alleys using sound intensity
and binaural time difference as parameters. That is, assum-
ing the ISLES model is the model for space perception to
generate auditory alleys, sound intensity and binaural time
difference are considered to be the input signals for the
model. Based on Ref. 19, sound intensity & is defined as the
product of the sound intensity reaching the right ear 7, and
the sound intensity reaching the left ear 7,

k=14 -Ip (6)

Then, the origin of a coordinate system in the physical space
is set to be the midpoint of both ears, the x axis is set to be
the line passing through both ears, and the y axis is set to
be the horizontal line perpendicular to the x axis. The sound
intensity k of a certain position (x, y) in the coordinate
system is represented as follows:

I3

(e +9" +a*)" = 4a’a® + 5 ™)

where /s is the intensity of the sound source, and a is the
distance from the origin to both ears [19]. Also, as for
binaural time differences At, the following equation is
obtained from the equation of phase difference described in
Ref. 19:

_ Va2 -3/l —a)?+y?

v

At (8)

where v is the sound velocity. The graph of Eq. (8) with a
= 8 cm and v = 340 m/s is shown in Fig. 10. The line
indicating the value of 20 in Fig. 10 is given by

At =20 ps ©)
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Fig. 10. Interaural time difference = constant.

which shows that the sound stimuli from the sound source
located on the line reaches the left ear 20 ps after reaching
the right ear.

In a perceptional signal system for auditory space, in
the case of learning to perceive the parallel alley and the
equidistance alley, the target for the learning (the plane
parallel to and equidistant from the median plane) is physi-
cally described as

T = Tc (10)
where x. is a constant. On the target plane for the learning,
the equations to render each of the three variables, Az, x, and
k, invariant may be considered as candidates for the stand-
ard functions, where the fourth variable y is excluded be-
cause of its apparent variability.

As the standard equation for the auditory parallel
alley, the following equation is assumed on the analogy of
the standard equation for an auditory horopter [7]:

Hp(k, At) = At + H, (k) (11)

where binaural time differences (Af) are compensated ad-

ditionally by the function of sound intensity (%), that is, At
is considered invariant.

The ISLES model of Eq. (11) is assumed as follows:

H,(k,At) = At + H, (k) (12)

The first term on the right-hand side, Az, lies on the line

paralle/:\] to the median plane described by k. The second
term, f,(k), is the scalar function obtained from the conver-



gence of the learning proceés for the perception of parallel
to the median plane.

/ p(At, k)Hy(k, At)ds
Hi(k) = *=
/p(At,k)ds

where the learning area is s, and density distribution func-
tion of the learning points in the area is p(At, k) [18].
Assuming the learning area for auditory space perception
is from xp,;, t0 X, in the direction of the distance from the
median plane (x), and the distribution of learning points is
uniform with regard to x, the following equation is obtained
by the substitution of Eq. (11) in Eq. (13) and by repre-
senting At by x and &:

(13)

/ At(z, k) dz
ﬁt(kﬁ) — _YTmin

:L‘Tn.G.ZE

(14

— Tmin

On the other hand, with regard /t\o the standard function for
the auditory equidistance alley H (k, A1), “distance” should
satisfy the additivity law so that x can be considered invari-
ant as follows: ‘

Ha(k, At) = Hu(k) + He(At) =z (15)

Then, the ISLES model of Eq. (15) is assumed as follows:

Ha(k, At) = Hu(k) + Ho(At) (16)
With regard to the first and second terms on the right-hand
side, the learning area in the acquiring process for distance
perception from the median plane is assumed from y,;, to
Ymax 1D the direction of the distance from the frontoparallel
plane passing through both ears (y), and the distribution of
learning points is assumed to be uniform with regard to y.
Then, the following equations are obtained, similar to Eq.
(14):

Ymazx
/ x(y, k) dy

H-u. k — Ymin ]7
( ) Ymaz — Ymin ( )
Ymax
/ z(y, At) dy
H'C(At) — Ymin (]8)

- Ymaxz — Ymin
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Fig. 11. An example of the results of simulation.

3.2. Examination of the experimental results

By executing Egs. (14), (17), and (18) for various
learning areas (areas for integration), the forms of Eq. (12)
(parallel array) and Eq. (16) (equidistance alley) are exam-
ined by simulation. From the results, it was confirmed, as
a general tendency independent of the learning area, that
these forms have tendencies similar to the experimental
results of auditory alleys using a virtual environment, that
is, the forms of the parallel alley and the equidistance alley
are not always parallel to the median plane in the physical
sense and the parallel alley lies inside the equidistance alley.

Examples of the results of simulation for both curves
through the standard pair of sound sources are shown in Fig.
11 (Xppin = 0 mm, xpn,, = 300 mm for the parallel alley, and
Ymin = 1000 mm, yp.x = 18,000 mm for the equidistance
alley).

4. Conclusions

Using a virtual environmental display system, an
experimental system to measure the parallel alley and the
equidistance alley in auditory space is realized.

From the results of the experiments performed using
the system, the following conclusions are drawn:

(1) The forms of the parallel alley and the equidis-
tance alley in auditory space are not always straight in the



physical sense, and depend on the distance from the median
plane.

(2) The auditory parallel alley lies inside the audi-
tory equidistance alley.

These results show similar tendencies to those shown by the
phenomena in binocular visual space and tactile space.

Employing sound intensity and binaural time differ-
ences as parameters, mathematical models were con-
structed to explain the parallel alley and the equidistance
alley in binaural auditory space. From the results of the
simulation, it was confirmed that the models successfully
explain the results obtained from the psychophysical ex-
periments using a virtual environmental system.
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