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Abstract: The ability of individuals with visual impairment to recognize an obstacle by hearing is
called “obstacle sense”. This ability is facilitated while they are moving, though the exact reason
remains unknown. This study aims to clarify which acoustical factors may contribute to obstacle sense,
especially obstacle distance perception. First, we conducted a comparative experiment regarding
obstacle distance localization by individuals who are blind (N = 5, five men with blindness aged
22-42 (average: 29.8)) while they were standing and walking. The results indicate that the localized
distance was more accurate while walking than while standing. Subsequently, the head rotation
angle while walking and acoustic characteristics with respect to obstacle distance and head rotation
angle were investigated. The peaks of the absolute head rotation angle during walking ranged from
2.78° to 11.11° (average: 6.55°, S.D.: 2.05°). Regarding acoustic characteristics, acoustic coloration
occurred, and spectral interaural differences and interaural intensity differences were observed in
the blind participants (N = 4, four men including two blind and two control sighted persons aged
25-38 (average: 30.8)). To determine which acoustic factors contribute, we examined the threshold
of changes for interaural differences in time (ITD) and intensity (IID) (N = 11, seven men and four
women with blindness aged 21-35 (average: 27.4)), as well as coloration (ICD) (N = 6, seven men and
a woman with blindness aged 21-38 (average: 29.9))—depending on the head rotation. Notably, ITD
and IID thresholds were 86.2 us and 1.28 dB; the corresponding head rotation angles were 23.5° and
9.17°, respectively. The angle of the ICD threshold was 6.30° on average. Consequently, IID might be
a contributing factor and ICD can be utilized as the cue facilitating the obstacle distance perception
while walking.

Keywords: visually impaired people; obstacle sense; interaural difference; coloration

1. Introduction

Various special support education and rehabilitation methods and assistive devices
have been proposed to support the daily lives of visually impaired persons [1-7]. Particu-
larly in gait training, which is carried out for them to acquire independent mobility, the
main focus is on orientation and mobility (O&M) [8-12]. Practice and research on O&M
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abilities have been conducted with congenitally and acquired visually impaired individuals
of various ages [13-22].

On the other hand, most individuals who are blind recognize the existence of objects
and even unreachable silent objects using auditory information [8,9,23-28]. The ability is
termed obstacle sense [24,25,28-30]. They may recognize these objects by acoustical changes,
such as the reflection [30-35], absorption, or insulation [34,36-38] of various sounds in
the real environment, e.g., traffic sound, voices of other people, and other continuous
noises [39].

Additionally, body movement may enable them to perceive obstacle distance more
accurately as well as source distance perception [35,40], similar to the improvement of
sound localization through head movements [41-43]. Rosenblum et al. conducted a study
on accuracy differences in obstacle distance when blindfolded sighted participants only
stood and also when they moved [40]. They found that their distance discrimination is
more accurate in the moving case than in the standing case. Miura et al. reported that
binaural listening with head rotation helps blind persons enhance their ability to accurately
perceive even the existence and distance of narrow obstacles [35]. However, it remains
unknown how acoustical cues are caused by body movement and head rotation as well
as how they can contribute to accurate obstacle distance perception. If the mechanism is
ascertained, the findings would be useful for a systematic rehabilitation method of auditory
orientation and for a design of blind mobility aids.

Therefore, this study aims to clarify which acoustical factors can contribute to obstacle
sense, especially obstacle distance perception. First, we conducted experiments on the accu-
racy of obstacle distance perception in two conditions: static condition, where participants
were just standing without head movement, and dynamic condition, where they were
walking toward a target. From the results, we assumed that higher accuracy in the dynamic
condjition is caused by the acoustic changes associated with approaching the obstacle, and
head rotation resulting in interaural differences. To assess the kind of interaural difference
that is used as the cue for obstacle distance perception, we observed angles of head rotation
while walking. Third, we conducted a discrimination task for interaural differences in time
(ITD), intensity (IID), and acoustic coloration (ICD). Finally, we assumed from the results
of the second and third experiments that the interaural difference caused by head rotation
while walking should be one of the cues of the obstacle distance perception by individuals
who are blind.

2. Obstacle Distance Perception in Static and Dynamic Condition

In this section, the localization accuracy of the obstacle distance in blind participants is
compared between the static and dynamic condition. Furthermore, we derive an assump-
tion regarding the mechanism of the superiority.

2.1. Participants

Three congenitally blind participants and two participants who developed blindness
of ages 22-42 years (average: 29.8) participated in the experiment. Three were totally
blind, while one could only recognize light stimuli. Although the number of participants in
the experiment is not large, some previous studies have included this number of partici-
pants [31,33,38,44]. All participants were male and had normal hearing (<20 dB in hearing
level), that is, within normal limits in pure-tone audiometry (Rion AA-75). Although they
had not undergone speech audiometry or otoacoustic emission testing just before the exper-
iment, they reported no medical history of hearing problems. Before the experiment, the
participants who could perceive light stimuli wore eye masks to block visual information.

2.2. Experimental Setup

The experimental environment is illustrated by Figure 1. A loudspeaker (Tannoy,
System 800) was set 3.0 m from the center of a silent simplified low-reflective room at
the University of Tokyo (size: 6 X 6 x 3 m, background noise level: 30 dB, reverberation
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time: 0.18 s), with the center height of loudspeaker body equal to the center height of each
participant’s head. Participants stood at the center of the chamber or started to walk from
the center in each trial. This experimental setup is made for the simple model of obstacle
distance perception by the cue of the interference between direct and obstacle-reflected
sounds, referring to previous studies [25,31,33].

The obstacle was a 70 cm (height) x 50 cm (width) x 2.4 cm (thickness) wooden board
and was supported by a wheel-attached tripod with the obstacle’s center height equal to the
center height of each participant’s head. The distance of the obstacle from the participants
was variable. The positioning of the loudspeaker, the obstacle, and the participant in the
experiment was determined based on a similar experiment reported previously [25,28,33,35].

Participants could set the sound intensity of the loudspeaker at a comfortable level
(45 ~ 60 dB SPL (sound pressure level)) at the beginning of the experiment. The reason
for this setup was to examine their performance under the conditions that they could
most easily perceive obstacles, and also to make them feel psychologically safe, thereby
providing them with a safety measure during the experiment.

Simplified low-)

reflective room
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speaker ™
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Figure 1. Experimental environment for localization accuracy of obstacle distance.

2.3. Method

The experimental procedure is illustrated by Figure 2.

Before starting each trial, the participant was asked to stand at the center of the room
as presented in Figure 1 while wearing headphone to shut out environmental sounds. First,
the experimenter moved the obstacle to an arbitrary position (initial distance: d;): 50, 100,
150, 200, or 300 cm from the participant. Second, pink noise (frequency range: 20-20,000 Hz)
was generated from the loudspeaker because ambient noise in the real environment is
closer to pink noise than it is to white noise. Also, some studies regarding localizations
of sound sources and obstacles used pink noise as a sound source [35,45-48]. Then, the
participant listened to the sound after taking the headphones off. Third, the participant
performed the following tasks in either static or dynamic conditions:
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Static: the participant was asked to wear headphones again while the experimenter moved
the obstacle at the position of various distances (second distance: d, = dy x r;/100,"."
r4: percentage ratio between initial and second distances (= 25, 50, or 75)). Thereafter,
the participant listened to the sound and answered the perceived distance d, with cm
unit after taking the headphones off (see the left column of Figure 2).

Dynamic: the participant was asked to move to the position of r;(= 25,50, or 75) from
dy. The participants were allowed to move toward and away from the obstacle
but were asked not to utter any sound or produce the sound of footsteps while
moving. Thereafter, the experimenter checked the arrival distance (dp). Such a
method of giving them a distance ratio and asking them to move to the point where
the subjective distances match was based on a previous study [33] (see the right
column of Figure 2).

The experiment was composed of 5 (d1) x 3 (ry) x 2 (repeat count) = 30 times at each
conditions. Two participants carried out the static condition first.

a. Static condition b. Dynamic condition
. P_?r_i_ipant P e speaker
_Obstacle ' Headphone lLI Participant
) [ di @ di s
| _, | — @_.
i . _Obstacle “Headphone

dr: Initial distance, d.: Goal distance, r4: d2/d; x 100, dp: Perceived distance

Figure 2. Experimental procedures in static and dynamic conditions.

Static and dynamic conditions reflect the methods of the magnitude estimation and the
magnitude production, respectively. Although it may be unacceptable to simply compare
the results in these conditions, we did so because there is no superiority in these results
obtained in two conditions in general [49,50].

2.4. Analysis

The perceived obstacle distance (dj) and the ratio of perceived and goal obstacle
distances (d,/d>) were first plotted in the aforementioned static and dynamic conditions.
Then, an analysis of variance (ANOVA) was employed to identify significant differences
among responses to d, and d,/d, and to examine the main effects of conditions, initial
distances, and r; for these responses. Before the ANOVA was performed, aligned rank
transform (ART) [51,52] was conducted on the scales as the responses were non-normally
distributed. Then, the significance of the main effects was determined using post hoc
multiple comparison methods based on the least-square means and Tukey’s multiplicity
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adjustment [53,54]. Then, we calculated the effect sizes, such as partial 112 and Cohen’s d,
and determined the degree based on Cohen’s effect size indices [55].

2.5. Results
2.5.1. Perceived Distance of an Obstacle

The perceived distance (d) at each distance ratio of initial and goal distances (r;) in
static and dynamic conditions is illustrated by Figure 3.
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Figure 3. Perceived obstacle distance (dp) in static and dynamic conditions at each distance ratio (74)
of initial and goal distances (d). The dashed lines indicate the goal distance between the participant
and obstacle.

An ANOVA performed on changes in dj, confirmed a significant main effect for all
factors, including static/dynamic conditions, initial distance (d1), and r; (p < 0.05). The
statistical value of these significant factors in d, was as follows: static/dynamic condi-
tions: F(1,1) = 140.5,p < 0.001, partial 172 = 0.41 (large); dq: F(1,4) = 168.2,p < 0.001,
partial 42 = 0.77 (large); r4: F(1,2) = 76.2,p < 0.001, partial 7> = 0.43 (large). Also, the
interactions among all factors were significant or marginally significant: static/dynamic
conditions and dq: F(1,4) = 18.3,p < 0.001,partial > = 0.27 (large); static/dynamic
conditions and r;: F(1,2) = 3.24,p = 0.04 < 0.05, partial 72 = 0.03 (small); d; and r4:
F(1,7) = 6.26,p < 0.001, partial 772 = 0.18 (large); these three factors: F(1,7) = 1.76,
p = 0.097 < 0.10, partial 7% = 0.06 (middle).

The results of multiple comparisons illustrated that the value of d), was significantly
larger under dynamic conditions than with static conditions (£(168) = 10.367, p < 0.001,
d = 1.50 (large)). The perceived distances in static and dynamic conditions are significantly
different (p < 0.05,d > 1.0 (large)) in all sets of the combination of d; and r;, excluding the
cases d; = 100, where r; = 25 and 75. Also, Figure 3 indicates that perceived distances of
static and dynamic conditions are farther and nearer from the goal distance in every 4,
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respectively. As r; increases, d, of the dynamic condition becomes nearer to goal distance,
while that of the static condition is more independent of the change in 7.

2.5.2. The Ratio of the Perceived and Goal Distances of an Obstacle
The ratio of the perceived and goal distances (d, /d>) is illustrated by Figure 4.

a. Static condition b. Dynamic condition
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Figure 4. Ratio of perceived and goal obstacle distances in static and dynamic conditions at each
distance ratio of initial and goal distances. Marks for the static and dynamic conditions are plotted at
£0.02 m points from the goal distance transverse to each other to facilitate visualizations. The lines
with dots indicate the goal distance between the participant and obstacle.

An ANOVA performed on changes in dj,/d, confirmed a significant main effect
for the static/dynamic conditions, and r; (p < 0.05). The statistical value of these sig-
nificant factors in dp/ dy was as follows: static/dynamic conditions: F (1,1) = 1102,
p < 0.001, partial 72 = 0.36 (large); r;: F(1,2) = 22.5,p < 0.001,partial 72 = 0.19 (large).
The interaction between static/dynamic conditions and d; was significant for d,/d,
(F(1,4) = 4.87, p < 0.001, partial 7% = 0.09 (middle)).

The results of multiple comparisons illustrated that the value of d;,/d, was signif-
icantly larger under dynamic conditions than with static conditions (t(168) = 10.564,
p < 0.001,d = 1.52 (large)). The ratio of perceived and goal obstacle distances in static
and dynamic conditions was also significantly different (p < 0.05,d > 1.0 (large)) in all
sets of the combination of d; and r;, excluding the cases d; = 100, where r; = 25 and 75,
which is the same result as the perceived distance. In the static condition, the median of
dp/dy at rg = 25 is nearer to 1.0 than that at r; = 50 or 75; there is no significant difference
between r; = 50 and 75. On the contrary, in the dynamic condition, as r; increases, the
median of dy/d, tends to near 1.0; there are significant differences among r; = 25, 50, and
75 (p < 0.001,d > 1.0 (large)). Also, with the increase in r4, the interquartile range of d,, /d>
in the dynamic condition becomes lower than that in the static condition.
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2.6. Discussion

As presented in Figure 4, with a decreasing 7,4, d,/d; in the dynamic condition is
farther from the goal distance, and its interquartile range becomes larger. However, the
variability of the interquartile range of perceived distances presented in Figure 3 in the static
condition is larger than that in the dynamic condition. Additionally, the differences between
the standard deviation d,,/d; of the two conditions becomes smaller as r; decreases, as
shown in Figure 4. Thus, the differences in the distance localization of the obstacle between
the two conditions may become small when there is a large change in obstacle distance.

When 7, is higher (such as r; = 75), d,/d; is nearer to 1.0, and its interquartile
ranges become smaller in the dynamic condition. Rosenblum obtained that blindfolded
participants can perceive the obstacle distance more correctly during the moving condition
compared to the static condition [40]. The dynamic condition may be superior in obstacle
distance localization in the case of a moving small distance (such as the condition of r; = 75).
The participants also reported that the dynamic condition was better when determining
the obstacle distance because it allowed for moving heads back and forth and rotating
in order to listen to the acoustic circumstance during walking. The participants might
utilize the acoustic changes by walking, and the vestibular stimulation may be produced
by the self-motion. Pettorossi et al. assumed that quick localization with head rotation is
caused by vestibular stimulation [56]. Obstacle distance perception may also be improved
by self-motion.

The participants also stated that some kind of acoustic change can be perceived by
head rotation during walking. Further, some acoustic changes may occur in the intensity of
reflected sounds from the obstacle and the acoustic coloration (hereafter called ‘coloration’)
caused by the interference between direct and reflected sounds [32,33]. Moreover, the
head rotation while walking generates various kinds of interaural differences in, e.g., time,
intensity, coloration, and other sorts of acoustic changes. Continuous perception of these
differences, therefore, may help individuals who are blind to localize obstacles accurately.
Interaural difference is related to the accurate directional localization of the sound source
and the non-sounding obstacle [35,57]. This difference could also be related to our result of
accurate distance localization in the dynamic condition.

However, the extent of the head rotation while walking and the interaural difference
in head rotation are specifically unknown. Thus, in the following section, head rotation and
interaural differences are measured, with the assumption that head rotation can contribute
to more accurate distance obstacle localization.

3. Acoustic Change While Walking
3.1. Head Rotation While Walking
3.1.1. Participants

Two individuals who are blind (a congenitally blind male aged 35 and an acquired
blind male aged 38) and two control sighted persons (males aged 25) participated in
the experiment. The number of participants who consented to the experiment from the
previous section was reduced due to the restrictions on the clothing and the installation
of the reflective markers. None had problems walking and none had a history of cervical
disorders. We did not measure saccadic conditions such as vestibulo-ocular reflex (VOR)
with the video head impact test (vHIT) [58].

3.1.2. Method

Body movement was measured by a motion capture system (MAC3D, Motion Analysis
Corporation). Eight cameras were attached in the experimental room at the University
of Tokyo with a measurable range of 3 m x 3 m x 3 m, as presented in the left panel of
Figure 5. First, three markers were attached to each participant’s head and two markers to
their heels and toes, as illustrated in the right panel of Figure 5. Second, participants were
asked to walk in a straight line in a zone where at least three cameras could capture the
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attached markers. At that time, participants were asked to walk with the awareness that an
obstacle was located forward, though there was no obstacle in front of them.
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Figure 5. (Left) Experimental environment for measuring body movement. Participants were asked
to walk in the square area presented. (Right) Positions of attached markers for the motion capture
measurement of head rotation while walking.

The motion capture system simultaneously recorded all markers’ trajectories [59]. The
head rotation was transformed to the angle formed by two markers on a line crossing the
front and rear of the head, and the reference axis. In the case of a deficit of markers at the
front or rear of the head, a marker on top of the head was used. When coordinate values of
the marker positions are defined as presented in the right panel of Figure 5, the temporal
head angle 6(t) is calculated as follows:

1 Fhead,y (t) - Rhead,y (t)
Fheud,x (t> - Rhead,x (t)

t
0(t) = / fan~ dt (1)
0
where subscripts such as x and y are the coordinate values of x and y. The positive value of
6(t) means counterclockwise rotation from the top view.
Additionally, the movement of both legs while walking was measured by the altitude
of heel-attached markers.

3.1.3. Results

An example of head rotation while walking is presented in Figure 6. The results
for both participants who are blind and sighted were not significant (£(16.39) = —0.75,
p = 0.465 > 0.10, Welch test). The direction of head rotation is opposite to the leg direction
in the swing phase. It was ascertained that the head rotation increased, and the peak-to-
peak head rotating angle varied in the range of 2.78°-11.11° (average: 6.55°, S.D.: 2.05°,
median: 6.78°).

3.2. Acoustic Changes in Relation to the Obstacle Distance and Head Rotation Angle
3.2.1. Method

Acoustic measurement was performed in the experimental environment as presented
in Figure 1. First, the dummy head mounting microphones at both ears (B&K 4128 HATS)
was placed at the center (the location of “participant”) of the silent simplified low-reflective
room. Second, the obstacle was located at the distance of 12.5, 25, 37.5, 50, 75, 100, 150,
and 200 cm from the center of the interaural axis of the dummy head, with the obstacle’s
center height equal to the center height of the head part of the dummy head. At that time,
the angles of the line connecting the ears of the dummy head to the horizontal surface of
the obstacle were 3, 6, and 11 degrees, based on the head rotation angles obtained in the
previous section.
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Figure 6. An example of head rotation while walking by a blind participant. Upper left graph
represents the head rotation angle 6(t) in relation to time. The positive value of 6(f) means counter-
clockwise rotation from the top view, as shown in the right diagram. Lower left graph represents
footsteps at the same time; the vertical coordinate is the heel height from the floor.

Thereafter, the measurement signal was fed to the loudspeaker from a computer
via an audio unit (FA-66) and amplifier (Time Domain YA1). As the signal, swept-sine
(known as time-stretched pulse, TSP) [60-62] with a duration of 1.49 s (65,536 points) was
employed. The signal from the loudspeaker was detected by the microphones at HATS and
was recorded into the memory of the computer via the audio unit. The sampling frequency
and quantization bit rate in both the input and output of the laptop were 44.1 kHz and
16 bit, respectively.

The measurement items were as follows: spectral difference between acoustic transfer
functions with and without obstacle in relation to the obstacle distance and head rotation
angle, interaural spectral difference between spectral differences in left and right ear when
an obstacle existed, and interaural intensity difference (IID) (also known as interaural level
difference (ILD)). IID is calculated by the maximum intensity value of impulse responses.

3.2.2. Result

Examples of spectral differences and interaural spectral differences in relation to
obstacle distance are presented in Figure 7 (head rotation angle 6 was set to 3° or 6°). The
spectral differences in the upper figures of Figure 7 were obtained by the subtraction of
acoustic transfer functions between with and without the obstacle measured by the dummy
head (left ear). These lines were smoothed by a triangular filter (50 points). Figure 7
presents the interaural spectral differences obtained through the subtraction between the
spectral differences measured at left and right ears.

As presented in the left figure of Figure 7, spectral differences have successive comb-
and-dip characteristics; this effect is also reported by Seki et al. [32,33]. The absolute values
of spectral differences decreased with the increase in obstacle distance. When the head
rotation angle is 3°, the average peak-to-peak amplitude differences at combs and dips
under 1000 Hz at 12.5, 25, 37.5, 50, 75, 10, 125, 150, and 200 cm of obstacle distance are
approximately 20.4, 20.8, 20.4, 14, 12.4, 11.6, 8.8, 7.6, and 4.0 dB, respectively.
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Figure 7. Examples of (Left) spectral difference and (Right) interaural spectral difference. Labels
near each lines suggest obstacle distance.

Additionally, interaural spectral differences illustrated by the below Figure 7 are larger
as the head rotation angle increases. The absolute values of interaural differences become
decreased with an increase in obstacle distance. When the head rotation angle is 3°, the
average peak-to-peak at combs and dips under 1000 Hz at 12.5, 25, 37.5, 50, 75, 10, 125, 150,
and 200 cm of obstacle distance is 15.6, 14.8, 12.4, 8.4,7.2, 3.6, 2.4, 2, and 1.6 dB, respectively.

Interaural intensity differences in relation to obstacle distance are presented in Figure 8.
In this graph, lines are plotted for every head rotation angle. The IID varied by —0.55~0.57,
—1.35~1.05 and —1.07~2.11 dB in 3°, 6° and 11° of the head rotation angle, respectively.
At over 50 cm in obstacle distance, IIDs are almost constant with obstacle distance. The
mean IID at over 50 cm of distance presented in Figure 9 monotonically increases with an
increase in the observed range of head rotation angle. The absolute value of IID is higher
when the head rotation angle is larger. However, the distance where positive and negative
values of IID are reversed varies in head rotation angle: almost 25 cm in 3° while almost
12.5 cm in 6° and 11°.
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Figure 8. Interaural intensity differences in relation to obstacle distance at each head rotation angle.
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Figure 9. Mean interaural intensity differences at over 50 cm of obstacle distance in relation to head
rotation angle.

3.3. Discussion

As presented in the result of spectral differences presented in the left graphs in Figure 7,
combs and dips whose intervals changed as the obstacle distance changed are observed.
Seki et al. reported on the possibility of the contribution of acoustic coloration caused by
the interference between the direct and reflected sounds to obstacle distance perception by
individuals who are blind [31,32]. Additionally, Kates et al. found that a noticeable spectral
ripple caused by the interference between the sound and the sound with delay varied by
2.15-3.05 dB in peak-to-peak when the delay varied by 1.8-17.5 ms [63], which responds
to 30-300 cm in obstacle distance. Consequently, participants could determine the obstacle
distance by the cue of this acoustic change. The interaural difference in spectral differences
illustrated by the below figures of Figure 7 increases with the increase in head rotation angle.
These interaural differences can be one of the criteria for the high accuracy of obstacle distance
localization. This assumption is discussed in the subsequent section.

As presented in Figure 8, the reverse change of the positive and negative value in IID
is over 1.0 dB in measured head rotation angle. Hartmann reported that the just noticeable
level (JND) of IID in white noise is, at largest, 1 dB [64]. Consequently, when the JND of IID
in individuals who are blind is the same as that in those who are sighted, as reported, there
is no significant difference in the peripheral nervous system between them [33], while head
rotation can be perceived and used to localize obstacle distances less than approximately
25~50 cm: this range includes the “final appraisal”, which is reported by Supa et al. [25,30].
The difference limen (DL) of IID is investigated in the subsequent section.

Additionally, the positive and negative values of IID are reversed depending on
the combination of obstacle distance and head rotation angle. The intensity relationship
between the direct and reflected sounds is changed as the head rotation angle changes.
Thereafter, the intensity of reflected sound may be larger than that of direct sound at
particular obstacle distances, which is decided by the head rotation angle. The IID in 3° of
head rotation angle at 12.5 cm of distance is almost the same as IIDs at 50 cm. This may be
because the intensity of reflected sounds at both ears shows little difference.

Walking with head rotation, as shown in Figure 6, results in intermittent acoustic
changes with or without interaural differences. Such acoustic changes could be used for
obstacle localization in combination with ambiguous visual information in people with
severe low vision. Notably, when such people approach a thin object such as a utility pole,
intermittent perception of visual and auditory symmetries [65,66] and asymmetries may
improve efficiency in continuing to localize the object. Such experience and training prior
to acquired total blindness may improve the ability to perceive obstacles with hearing in
combination with visual experience. However, to ascertain the feasibility of this discussion,
it is necessary to confirm whether the interaural differences during walking are perceivable.
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4. Discrimination Experiment for Interaural Differences

To assess which interaural differences can be used as cues of obstacle distance percep-
tion during walking, discrimination thresholds of interaural differences were investigated
in blind participants. Surveyed interaural differences involved interaural differences in
time (ITD), intensity (IID), and dip-frequency interval in coloration (ICD). ITD was checked
to see whether only reflected sound can contribute to the obstacle distance perception.

4.1. ITD and IID
4.1.1. Participants

Eight congenitally blind and three acquired blind participants aged 21-35 years (aver-
age: 27.4) participated in the experiment. Seven were males and four were females. All
participants had normal hearing, within normal limits in pure-tone audiometry. Moreover,
although they had not undergone speech audiometry or otoacoustic emissions testing just
before the experiment, they reported no medical history of hearing problems.

4.1.2. Sound Stimuli
ITD varied as follows: 0 us, 7.5 us, 15.0 us, 37.6 us, 74.8 us, 147.5 us, 215.7 us, and
305.3 pus, which corresponds to 0°,1°,2°,5°,10°,20°,30°, and 45°, respectively, in head
rotation angle 6 calculated by the following equations.
da(0) —dq1(0) |

At = | )

- c
- d(6) =\/d + 1 4+ (—1)2drsiné (k= 1,2)
where At, d, and r represent ITD, the distance between the obstacle and head center (set

as 1.0 m), and head radius (set as 7.43 cm; this value is calculated by half of the bitragion
breadth presented in [67]), respectively, as presented in Figure 10.

e,

Sound
i Source
" Participant

Figure 10. Simulation condition of sound stimuli with interaural differences in time, intensity, and
coloration.

IID varied as follows: 1.0, 0.95, 0.90, 0.85, and 0.80 in ratio, which corresponds to 0,
—0.44, —0.92, —1.42, and —1.94 in dB. These sounds were generated from pink noise, as
employed in the previous sections.

4.1.3. Method

The experiment was performed in a silent soundproof chamber (Rion, AT-81) at the
University of Tokyo. Before the experiment started, the experimenter asked the partic-
ipants to wear headphones (Sony, MDR-Z600) on their ears and to adjust the sound to
a comfortable level (45~60 dB SPL). First, two successive sounds were presented at the
time sequence. The sound duration of both ITD and IID was 1.5 s. The first sound did not
include the interaural difference, and the second sound included either IID or ITD.

Participants were asked to answer whether or not the two sounds were the same by
pressing 1 or 2 on a keyboard. Additionally, the participants were asked to inform the experi-
menters when they mistyped so that typing errors could be corrected by the experimenter.

The training session comprised 5 trials in both ITD and IID conditions, while actual
tests of each condition were composed of 96 and 100 trials, respectively. In ITD or IID
conditions, the aforementioned eight or five parameters recorded 2 times (left or right ear
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lateralized) were repeated 8 or 10 times, respectively, and each presentation order was
randomized. All participants firstly responded to the training session and actual test of
ITD, and then those of IID.

The training session included three stimuli that had no ITD and no IID in two suc-
cessive sounds. In the training session, participants practiced only the way to respond to
stimuli and were not informed about the correct answers.

The results of participants who responded “not same” over 75% of the time compared
to declaring no difference between the first and second sounds were excluded from the
summary: one participant was excluded.

The logistic regression model was employed to calculate the adjusted odds ratio (OR)
with a 95% confidence interval (CI) for the participants” responses to the ITD and IID
presentation associated with two factors: the head rotation angle corresponding to ITD
and IID, and the lateralization condition corresponding to the left or right ears. Then, the
logistic regression curve was plotted and the difference limen (DL) was determined at the
75% point of correct rates [68].

4.1.4. Results

The left and right figures in Figure 11 show the results of ITD and IID discrimination
results, respectively. A logistic regression analysis performed on the responses to ITD and
IID changes confirmed a significant main effect for the head rotation angle corresponding to
ITD (OR: 1.17 (95%CI: 1.14-1.20), p < 0.001) and IID (OR: 1.68 (95%CI: 1.54-1.83), p < 0.001),
respectively. Also, there were no significant main effects of the responses to ITD and
IID changes for the lateralization conditions (p > 0.75 in either cases) and no significant
interaction between the head rotation angle corresponding to ITD/IID and lateralization
conditions (p > 0.77 in either cases).

The ITD discrimination result indicated that ITD DL is 86.2 us, which corresponds to
23.5° in head rotating angle.

Corresponding ITD [ps] Corresponding IID [dB]
0 37 74 110 145 0 037 064 097 1.43
100{ oo e o 3 o } 1.00 . o "
@ o
- :
3 075 % 075
f= f=
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Figure 11. (Left) ITD and (Right) IID discrimination result as a function of head rotation angles
corresponding to ITD and IID, respectively, by participants who are blind. The density of the dots
indicates the frequency of responses, and logistic curves were drawn based on these responses.

On the other hand, the IID DL was 0.847 (1.28 dB), which corresponds to 9.17° in head
rotating angle.

4.1.5. Discussion

Regarding the ITD threshold of noise, Klumpp et al. reported that the ITD DL of
broadband noise ranged from 5 to 18 us (average: 10 pus) [69]. They also reported that the
mean ITD DL of bandpass noises varied from 9 to 62 s, e.g., 9 pus of 150-1700 Hz, 14 ps of
425-600 Hz, 44 ps of 2400-3400 Hz, 62 ps of 3056-3344 Hz. Henning reported that ITD DL
in bandpass noise tends to change bandwidth-dependently—approximately 20-40, 5-10,
20-50, and 60-70 us in 100, 600, 1200, and 2500 Hz of bandwidth—when each band was
centered on 3900 Hz [70]. Our result, 86.2 pus, was larger than these reported values, which
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may be due to the fact that the stimulus of the experiment was broadband noise, whose
frequency range was 20-20,000 Hz.

Various studies reported that the IID discrimination threshold in noise is, at most,
2.0 dB [64,71,72]. Our result, i.e., 1.28 dB, was consistent with the results of these studies.

From these results, IID may be easier than ITD to perceive from the perspective of
head rotation angle and could be used as the cue to perceive the existence and distance
of an obstacle when head rotation occurs while accompanying the blind person walking
toward an obstacle.

4.2. ICD
4.2.1. Participants

Six congenitally blind and two acquired blind participants aged 21-38 years (average:
29.9) participated in the experiment. Seven were males and one was female. All participants
had normal hearing, within normal limits in pure-tone audiometry. Moreover, although
they had not undergone speech audiometry or otoacoustic emissions testing just before the
experiment, they reported no medical history of hearing problems.

4.2.2. Sound Stimuli

A timbre by coloration is caused by the interference between two surrounding sounds
around a participant [32,33,73]. One is a surrounding sound directly transmitted to the
participant’s ears, and the other is a reflected sound from obstacles in the same surroundings.
A time delay between the two sound waves at the participant’s ears forms a comb-like
spectral pattern with dips as presented in Figure 7. The frequency difference between the
dips is a reciprocal of the time delay. Therefore, the coloration is an important information
cue for identifying the distance from the obstacle to the participant.

Here, the dip-to-dip interval in the spectrum of coloration is defined as the dip-
frequency interval f;, where the relation between f; and the distance from obstacle d is

as follows: c

fa= 2 ®3)
where ¢ stands for sound velocity [33].

Sound stimuli were synthesized by the direct sound from the sound source and
reflected sounds from the obstacle. When the distance between both ears and the obstacle,
defined as (d + cAt) or (d — cAt), in the head rotation angle occurs, ICD is formulated by
the following equation in the case where direct sound is broadband noise.

2f7At
1 - (faAt)?

Consequently, the relation between the head rotation angle 6 and ICD is calculated by
(2) and (4). In the experiments described below, we focused on the discrimination threshold
of changes in f; for identifying the corresponding thresholds of sound changes in head
rotation angle.

ICD = 4)

4.2.3. Method

The experiment was conducted in a silent soundproof chamber (Rion, AT-81) at the
University of Tokyo. Before the experiment, the participants were asked to wear head-
phones (STAX, SRM-1/MK2 and SR-A) on their ears and adjust the sound to a comfortable
level (45~60 dB SPL). This experiment is based on PEST (parameter estimation by sequen-
tial testing) [74,75].

First, two successive sounds were presented at the time sequence presented in Figure 12.
The sound duration of two sounds and transition between two sounds were 1.5s and 0.5 s,
respectively. As a stimulus, pink noise was used. The successive two sounds were cross-faded
in the transition interval because continuous sound can be perceived when individuals who
are blind localize obstacles auditorily while walking.
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Figure 12. Experimental protocol for discrimination of sound change.

The first sound was the reference sound and it included no interaural difference. The
first sounds were generated in the simulated conditions of 4.0, 3.0, 2.0, 1.5, 1.0, 0.75, 0.5, and
0.3 m of participant-to-obstacle distance, which correspond to 23.3, 17.5,11.7, 8.8, 5.8, 4.4,
2.9, and 1.8 ms of delay between direct and reflected sound. In these distance conditions,
the corresponding intensity of reflected sounds against direct sound was determined
as —5.35, —6.45, —7.60, —8.20, —8.65, —8.70, —8.95, and —9.10 dB, respectively, which
were calculated by twice the intensity ratio of the coloration threshold of reflected sound
reported by Kates [63]. In these cases, the corresponding peak-to-peak differences at combs
and peaks are 10.50, 8.99, 7.71, 7.13, 6.74, 6.70, 6.48, and 6.36 dB, respectively. Although
the intensities of reflected sounds generally become lower as the participant-to-obstacle
distance increases in the real environment, we investigated only ICD thresholds. Thus,
we set an equal intensity of reflected sound from the perceptual threshold. The second
sound included interaural coloration change. The quantity of ICD in a trial was adaptively
determined by the response of the precedent trial, starting with a randomly selected
initial ICD.

The stimulus was synthesized by direct and reflected sounds, which have interaural
time differences. The time difference between the right and left ear of direct and reflected
sounds is 2At and —2At¢, respectively. This sound generation technique simulated the
amplitude and phase characteristics of coloration.

The participants were asked to answer whether or not the two sounds were the
same by inputting 1 or 2 on the keyboard. The experiment consisted of 10 trials for
training and arbitrary times for actual tests because of the PEST scheme. In the training
session, participants practiced only the way to respond to stimuli, and correct answers
were not informed.

4.2.4. Results and Discussion

The ead rotation angle calculated by the threshold of ICD is illustrated by Figure 13.
The head rotation angle corresponding to ICDs is calculated by (2) and (4). An ANOVA
performed on the threshold of ICD confirmed no significant main effect for the simulated
participant-to-obstacle distance (F(1,7) = 1.66, p = 0.14 > 0.10). Consequently, since the
threshold of ICD could be considered as independent from the simulated distance, the
thresholds of ICD acquired for all distance conditions were averaged, yielding a mean of
6.30° and an SD of 2.70° (median: 5.97° and interquartile range: 3.52°) as the perceivable
angle of ICD.

Compared to the aforementioned results regarding ITD and IID, head rotation angles
that could discriminate ICD resulted in the smallest results. Therefore, in a situation where a
visually impaired person walks toward an obstacle with some head rotation, the interaural
difference in coloration should be one of the most useful clues for the presence and distance
of an obstacle, followed by IID and ITD.
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Figure 13. Thresholds of head rotation angle obtained by the threshold of ICD. Blue dashed line and
translucent area represent the mean and standard deviation of the thresholds, respectively.

5. General Discussion

A peak-to-peak head rotating angle occurs at 6.55° on average while walking, as
presented in Figure 6, and the head rotation angle corresponding to the threshold of
sound change in ITD, IID, and ICD is 23.5°,9.17°, and 6.30°, respectively, as presented in
Figures 11 and 13. Although these are different angles between peak-to-peak and frontal
angles, the former situation is generally considered to be easier to perceive because the
changes in interaural differences are larger [57]. Thus, individuals who are blind can
practically perceive the ICD caused by head rotation while walking, and it is possible to
use this interaural difference as a cue for obstacle distance perception.

The IID corresponding to head rotation angle depends on the distance of the obstacle,
as presented in Figure 8. When a blind participant is walking at a distance of over 50
cm from the obstacle, the perceivable head rotation angle of IID difference against 0° of
head rotation angle (frontal direction to an obstacle) is approximately 9.6° as compared
by Figure 9 and Section 4.1.4. This angle is out of range from the average head rotation
angle plus-minus standard deviation (4.50°-8.60°), but in the range of the measured head
rotation angle (2.78°-11.11°) mentioned in Section 3.1.3. Therefore, individuals who are
blind might use the IID as a cue for obstacle distance perception when they occasionally
rotate their head more.

The experiment in Section 2 aimed at comparing the accuracy of obstacle distance
perception in static and moving conditions, while the experiment in Section 4 aimed at
extracting which acoustic factors can be used as cues for obstacle distance perception.
The task of Section 2 included more cues for obstacle distance perception, such as self-
motion and accompanying vestibular sense. It is true that, as Lewald et al. reported, even
passive body rotation significantly influences sound lateralization [76]. They also stated
that neck-proprioceptive vibration affects left-right perception: when vibration is presented
at the neck on one side, lateralization shifts to the same side [77]. However, Pettorossi
et al. indicated that the participant could localize sound sources more quickly when the
head was actively rotated rather than passively rotated [56]. These results suggested that
self-active motion may sensitize the localization of obstacle position more than passive
head rotation associated with walking.

Moreover, although this study focused only on acoustic changes caused by head
rotation during walking, in a real environment, the perception of the presence and distance
of an obstacle is also based on the perception of the coloration caused by the change in
the distance due to the approach to the obstacle. In addition to these acoustic changes
caused by approaching and passive head movements, the active nature of these movements
can contribute to improving the accuracy of obstacle presence and distance perception.
Since this paper did not examine the relationship between these factors and the degree of
importance of these factors, this is a subject for future research.
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6. Limitations

In the experiments in this paper, the loudspeaker was placed only behind the blind
participant. However, in a real environment, sound sources are located at various angles
and distances, and have various directivity and frequency characteristics. The visually
impaired need to selectively listen to usable sounds from stationary or moving sound
sources in such conditions. These sounds may occasionally be difficult to distinguish from
ambient background noise due to the attenuation. Feierabend et al. reported that the ability
to localize frontal sound sources in a noisy environment was significantly lower in blind
participants than in sighted participants [78]. Note that the experimental design employed
in this study does not include such a process of selective listening, and that participants
certainly heard the reflected sound from the obstacle. Since the experiment by Feierabend
et al. [78] was a sound source localization task, the localization performance by blind
persons may differ in terms of selective listening to localize the distance and direction of
obstacles. Moreover, the changes in auditory information associated with head movements,
as described in this study, may also contribute to selective listening for sounds related to
obstacles. In addition, sound sources located on the listeners’ sides are generally more
perceivable than those located in their front or back [79]. It has also been reported that
obstacle perception can be achieved even when the sound source is occluded by an obstacle,
in addition to when the sound is reflected by the obstacle [34]. Therefore, obstacle sense may
still be successfully achieved even when the sound source position is somewhere other than
the back of the head, and may even improve with head movement, as shown in the present
results. To clarify this matter, further studies are needed to examine the performance of
selective listening for obstacle perception and the localization performance of obstacles
afterwards in real environments where there are sound sources with various characteristics.

Regarding the characteristics of sound sources, in particular, while the present study
examined only a single point-source emitted broadband noise, it should be noted that there
are various shapes of sound sources (point, line, and plane sources) with various frequency
components in a real environment. Visually impaired people in Japan answered that they
have used guide sounds for accessible environments in addition to traffic noise, store noise,
and the voices of surrounding people, and they also reported that they can auditorily
localize walls, telephones, and traffic poles [80]. Regarding frequency components of a
sound source, wideband sounds generally provide the easiest cue for perceiving obstacles
in principle [81]. Some researchers reported that the overtone components caused by
coloration are easier to perceive when the sound reflected from an obstacle is a broadband
sound, while an obstacle shielding sound is suppressed and maintained by diffraction in
the higher and lower frequency ranges, respectively [31,32,34,38]. However, the difference
in the ease of perceiving obstacles depending on the shape of the sound source remains
unexplored. Generally, the attenuation characteristics of point, line, and plane source
sounds suggest that the interaural differences tend to be larger for point sources than for
line or plane sources. Meanwhile, the interaural differences caused by the line and plane
sound sources may be useful as a cue to perceive an obstacle, depending on the positional
relationship between the listener, the obstacle, and the sound sources, as well as the way
the listeners moves their heads. To clarify the actual situation of acoustic cues related to
obstacle perception, further investigation is required because the present study did not
confirm differences among the types of sound sources.

Moreover, the SPL of the experimental sound from the loudspeaker was adjusted
to a level comfortable for the participants to listen to. While various studies on sound
source localization have attempted to suppress artifacts by fixing the SPL value, this study
employed no such control due to safety concerns as mentioned before. To clarify the effect
of sound pressure level, it is necessary to set up an experimental system that ensures safety
for visually impaired participants.

The number of participants was small compared to other psychological studies, despite
being comparable to the number of participants in other related studies [31,33,38,44]. The reason
for this was the limited number of blind people recruited for this study. Further studies are
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needed to explore the characteristics that may replicate the results of this study in a larger
population of visually impaired people, as well as their hearing experiences and gait training.

7. Conclusions

First, obstacle distance localization by individuals who are blind was conducted in
static and dynamic conditions. Consequently, the dynamic condition scores high accuracy
in localized obstacle distance. From the result, introspection of participants, and a review of
conventional studies, it was assumed that the interaural difference caused by head rotation
during walking sensitizes the obstacle sense.

Subsequently, head rotation angle while the participants are walking and acoustic
characteristics in relation to obstacle distance and head rotation angle were investigated. The
head rotation angle during walking ranged from 2.78° to 11.11° (average: 6.55°, S.D.: 2.05°).

Regarding acoustic characteristics, acoustic coloration occurred and spectral interaural
differences and interaural intensity differences were observed. Thereafter, the threshold of
interaural differences in time (ITD), intensity (IID), and coloration (ICD) was investigated
in blind participants. The results indicated that the corresponding head rotation angles
of the ITD, IID, and ICD threshold were 23.5°, 9.17°, and 6.30°, respectively. Therefore,
ICD was one of the most usable interaural difference cues facilitating the obstacle distance
perception while walking.

These results provide a practical implication that visually impaired people can more
accurately identify the distance to an obstacle by being aware not only of the sound changes
that occur when walking close to an obstacle but also the interaural intensity differences
(IIDs) and timbre change caused by interaural chromaticity differences (ICDs).

The remaining issue involves examining the relationship between acoustic changes
due to head proximity and passive head movements and those due to active movements,
and the importance of these factors in auditory obstacle localization by visually impaired
individuals. Particularly, since multiple acoustic changes occur simultaneously in real
environments, it is important to clarify which changes are mainly used by visually impaired
people to perceive obstacles. Also, although this study was limited to blind persons, future
work should also examine persons with severe low vision, who tend to rely on visual
information to perceive obstacles using both auditory and visual perception, as well as
the possibility of obstacle perception training using only auditory perception. We expect
that clarification of these issues will lead to the development of auditory training methods
and systems for improving the performance of obstacle sense in people with various
visual disabilities.
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