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Introduction

Human auditory distance perception relies on several
cues, such as intensity, the direct-to-reverberant ra-
tio, spectral, and binaural cues. Moreover, in enclosed
spaces, distance perception is highly affected by early re-
flections and reverberation. Different studies in the field
of lateral and vertical reflections indicated a particular in-
fluence of the floor reflection on sound source localization
and distance perception. Reflection pattern has influence
on timbre of a sound signal. Especially the interferences
of strong single reflections cause comb filter effects which
change the perception significantly [1]. Guski [2] for ex-
ample, suggested that the floor reflection improves lo-
calization accuracy. Furthermore Bech [3, 4] has shown
that the natural signal level of some early reflections, in-
cluding the floor reflection, exceed the human threshold
of detection (TD). In a more recent study, Gourévitch
and Brette [5] analyzed the influence of floor reflections
on binaural cues by means of numerical models. They
came to the similar hypothesis that the floor reflection
may potentially provide additional cues for distance and
elevation estimation. However, investigations on the in-
fluence of a single floor reflection on distance perception
are very rare. Therefore, we decided to examine this issue
by means of a listening experiment in a headphone-based
virtual acoustic environment ( VAE). Subjects compared
a reflection-free sound signal (reference signal) to a super-
imposed one comprising a direct sound with a single floor
reflection (comparison signal). The subjects’ task was to
rate relative perceived distances between both stimuli.
Our results reveal that the floor reflection has a signifi-
cant influence on distance perception.

Materials

We generated binaural room impulse responses (BRIRs),
which are basically the superimposition of direct sound
and one floor reflection. Thus, perceived acoustic infor-
mation resulted from sound incidence of the direct sig-
nal and the first-order floor reflection exclusively. We
summed up two single head related impulse responses
(HRIRs), according to the angle of the incident direct
signal and reflection. Indicated in black, Figure 1 dis-
plays the binaural room transfer function (BRTF') with
At = 0.25 ms, dg = —30°. The first dip is clearly visi-
ble at 2 kHz and the first peak at about 4 kHz. In the
range < 1 kHz a general level increase appears. The
interference pattern, or comb filtering, influences tim-
bre of a perceived sound signal. With increasing time
difference, not only the number of peaks and dips in-
creases, they also become more extensive towards lower

frequency ranges, as shown in Figure 2. For comparison,
the graphic display also shows the head related transfer
function (HRTF') of the reference signal drawn in grey.
We used HRIRs based on a full-spherical HRIR dataset
by artificial head measurements [6]. We applied a first-
order high shelf filter (fc = 1 kHz, G = -6 dB) to the
reflection, according to slight absorption properties. The
signal processing caused a slight fluctuating direct signal
above 1 kHz (£ 0.5 dB). To avoid distance perception
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Figure 1: BRTF — comparison signal (At = 0.25 ms, dr =
—30°, black). HRTF — reference signal (¢ = 0°, dr = 0°,
grey).
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Figure 2: BRTF — comparison signal (At =5 ms, g = -50°,
black). HRTF — reference signal (¢ = 0°, 0r = 0°, grey).

based on level differences between both stimuli, due to
energy increases summing up two coherent sound signals,
we matched the energies of the two incident signals. The
generated BRIRs were based on non-individual HRTF's
of a Neumann KU100 dummy head. The source signal
was white noise with a duration of 750 ms (10 ms linear
on- and offset ramp).

We defined a virtual sound source according to its di-
rect signal and one reflection on the basis of their time
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of incidence, elevation and intensity. Due to different
sound paths shown in Figure 3 we shifted the HRIR
from the floor direction in time. Therefore, we graduated
the influencing factor time difference At between direct
signal and floor reflection to simulate different sender-
receiver distances. To add another factor we also grad-
uated the reflection angle dg. Furthermore, we reduced
the floor reflection’s intensity to gain a fixed level differ-
ence AL = —1.5dB between direct signal and reflection.
We also defined the angle of the incident direct signal ¢
to a fixed value of 0° according to frontal sound incidence.
This procedure was carried out for every horizontal head
orientation in graduations of 1° in order to gain a 360°
BRIR dataset for each virtual sound source. These pa-
rameters served as basis to create appropriate conditions
for an estimation method applying the listening experi-
ment.
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Figure 3: Geometric model of reflections. Spatial definition
of an artificial BRIR. hs — height sender, h. — height receiver,
dse — sender-receiver distance, dr — reflection angle.

Environment

Listeners performed the experiment in an anechoic cham-
ber, which provides low background noise. For head-
tracking, we used the Polhemus FASTRAK system. The
SoundScape Renderer [7] was used for binaural render-
ing. The listening experiment was implemented and con-
trolled with the MATLAB based software Scale [8]. Sub-
jects entered their answers on a tablet PC (iPad).

Procedure

Within each trial, two different stimuli were presented
successively. Received signals represented a direct sig-
nal free from reflections (HRIR) or rather one consist-
ing of the same direct signal superimposed by a certain
floor reflection (BRIR). The subjects’ task was to spec-
ify whether the second auditory event was perceived as
closer or further away than the first one. Presented at
random order, the first stimulus was either an auralisa-
tion based on a HRIR (direct signal only) or a BRIR
(same direct signal superimposed with floor reflection).
The presented stimuli-pair was repeated twice before the
subject was forced to make a choice.

Fifteen male and five female subjects aged from 19 to
34 with an average and median age of 25 participated

in the listening experiment. The binaural system sup-
ported horizontal head rotations whereas vertical head
movements were neglected. Subjects were encouraged to
perform head rotations during the experiment. Within
the experimental design, we defined the following condi-
tions. We graduated the factor time difference in steps
of At = 0.25 ms, 0.5 ms, 1 ms, 2 ms, 3 ms, 4 ms, 5 ms
and 8 ms. For the reflection angle we set the parameters
to 6p = —5°, —30° and —50°. Time differences of 1 —
4 ms represent typical delays for floor reflections, as does
an incident reflection angle of —30°. Greater distances
between source and receiver were represented by 0.25 ms
und 0.5 ms as well as the flat reflection angle of -5°. Pro-
viding observations about the behaviour of longer time
differences we added 5 ms and 8 ms along with a typ-
ical —=50° floor reflection angle for short sender-receiver
distances. Table 1 shows a summary of all factors and
their graduations. Resulting from the combination of all
factors, subjects completed all 24 conditions in 16 trials
(within-subject design). Three expert listeners appropri-
ately adjusted the overall playback level to a comfortable
audibility.

Table 1: Factors time difference At and reflection angle dr
with their factor steps.

Factor Factor steps Count

At [ms] 0.25/0.5/1/2/3/4/5/8 8

or [°] -5 /=30 / -50 3
Results

The two answer categories closer and further were trans-
lated into a metrically scaled numerical value between —1
and +1. In case of an inverse presented succession within
a stimuli-pair, the estimates were automatically inverted
as well. In a first step we averaged the subjects’ estima-
tions over the repeated conditions. Secondly we averaged
these subjects’ mean values over the number of subjects.
Thus we had a mean value per condition between —1 and
+1.

The statistical analysis involved a two-way repeated mea-
sures ANOVA (a = 0.05), which was GG-corrected for
tests with more than one degree of freedom in the numer-
ator (where GG is appropriate). The ANOVA showed
a main effect for time difference (F(7,133) = 72.41,
p < .001, e = .32, 77% = .80) as well as a significant
interaction effect among time difference and reflection
angle (F(14,266) = 3.42, p = .002, € = .50, 2 = .15).
The main effect of reflection angle was not significant
(F(2,38) = 2.24, p = .14). Further analysis revealed an
ordinal interaction; thus, the main effect of time differ-
ence can be interpreted. Moreover, the main effect of
time difference yielded a much higher effect size than the
interaction effect. Following the variance analysis, we ap-
plied a one-sample t-test per condition to test whether
the mean value was significantly different from zero. The
alpha level was corrected according to Hochberg [9]. The
evaluation shows 19 mean values, which are significantly
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different from zero for an alpha level of & = 0.05 as shown
in Figure 4. For perceived distances the plot shows three
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Figure 4: Mean values with their corresponding 95% confi-
dence intervals.

significantly closer estimations for the conditions with
At = 0.25 ms. Interestingly, the curve rises between
At = 0.5 ms and 2 ms showing two other conditions
with significantly further estimates with At = 1 ms. In
the range from At = 2 ms to 5 ms the 12 distances es-
timated as significantly further show an approximately
straight line. The curve falls slightly for At = 8 ms with
two other significantly further perceived distances.

Conclusion

We investigated auditory distance perception influenced
by the floor reflection. By conducting a listening ex-
periment subjects compared a reflection-free reference
signal with a reverberant comparison signal. Results
have shown that the distance perception is mainly in-
fluenced by the time difference between direct signal and
the floor reflection. Because of sound level adaptation,
distance perception was restricted to the auditory pro-
cess based on spectral cues of the superimposed direct
signal. The statistical analysis showed 16 conditions in
which sound sources were frequently perceived as fur-
ther away, whereas three conditions frequently caused a
perception of closer sound sources. It is interesting to
observe the mean values of evaluation increasing from
closer perceived distances with low time differences to
further perceived distances with larger time differences.
Subjects’ estimations were not significantly affected by
the graduated factor reflection angle. Therefore, spectral
changes relating to changes in the incident reflection an-
gle did not significantly affect distance perception. Only
the strong comb filter structure relating to the interfer-
ing floor reflection affected the perception significantly.
With increasing time differences the wave movements,
triggered by the reflection phase shift, clearly displace
towards lower frequency domains. Different reflection
delays affect timbre of the direct signal. Our results sug-
gest that this leads to most perceptions of increased dis-
tance in the range of At > 2 ms. Frequency patterns for
At = 0.5 ms and above 8 ms do not appear to be very
useful for auditory processes that determine distance un-
der preconditions presented in this study.
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Results are in agreement with Gourévitch und Brette’s
[5] hypothesis that monaural properties affect interau-
ral time differences and interaural level differences, in
particular through the floor reflection. These proper-
ties are used as binaural cues to determine distance.
Our results are in agreement with Bech’s [3, 4] find-
ings that the natural signal level of four early reflections
out of 17 (At < 22 ms), including the floor reflection
(At = 1.64 ms; AL = -1.36 dB; dr = —28°), exceed
the human TD unlikely, assuming the as further per-
ceived distances indicate a gain of spatial impression. He
postulated that the perceived spaciousness is affected in
particular by the floor reflection.

These scientific findings might thus be a useful contri-
bution in future virtual room design or rather in gen-
erating BRIRs. Additionally, they give an impetus for
other research questions relating to perception of abso-
lute distances based on the floor reflection’s influence.
Furthermore, there is a clear need for research on dis-
tance perception based on different elevated sound source
directions. The consistent effect of the floor reflection on
distance perception appears to play an important role
within familiar environments. Thus, by including a spe-
cific floor reflection into VAEs further cues for determin-
ing a sound source distance will be provided, whereby
the perceived position of a distant virtual sound source
could lead to improved stability.
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