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Abstract In this study we evaluated whether a method of
direct location is an appropriate response method for measur-
ing auditory distance perception of far-field sound sources. We
designed an experimental set-up that allows participants to
indicate the distance at which they perceive the sound source
by moving a visual marker. We termed this method Cross-
Modal Direct Location (CMDL) since the response procedure
involves the visual modality while the stimulus is presented
through the auditory modality. Three experiments were con-
ducted with sound sources located from 1 to 6 m. The first one
compared the perceived distances obtained using either the
CMDL device or verbal report (VR), which is the response
method more frequently used for reporting auditory distance
in the far field, and found differences on response compression
and bias. In Experiment 2, participants reported visual distance
estimates to the visual marker that were found highly accurate.
Then, we asked the same group of participants to report VR
estimates of auditory distance and found that the spatial visual
information, obtained from the previous task, did not influence
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their reports. Finally, Experiment 3 compared the same re-
sponses that Experiment 1 but interleaving the methods, show-
ing a weak, but complex, mutual influence. However, the esti-
mates obtained with each method remained statistically differ-
ent. Our results show that the auditory distance psychophysical
functions obtained with the CMDL method are less susceptible
to previously reported underestimation for distances over 2 m.

Keywords Auditory perception - Distance perception -
Psychoacustics - Response methods - Cross-modal
information - Direct location - Verbal report

Introduction

Auditory distance perception (ADP) has been studied since
the early 20th century (Angell & Fite, 1901; Gamble, 1909;
Starch & Crawford, 1909) using different experimental meth-
odologies, acoustic environments (both real and virtual) and
stimuli. Today we know that ADP relies on the integration of a
number of different cues: sound level, direct-to-reverberant
energy ratio (DRR), spectral content, binaural differences
and previous knowledge of the sound source, among others
(see Fluitt, Mermagen, & Letowski, 2014; Kolarik, Moore,
Zahorik, Cirstea, & Pardhan, 2016a; Zahorik, Brungart, &
Bronkhorst, 2005, for a complete review).

In most ADP studies, participant’s distance reports display
large biases (i.e., departures from the true source location) and
high variability (i.e., inconsistency between responses in suc-
cessive trials). Typically the reported distances are
overestimated for sources located closer than 2 m, while they
are substantially and progressively underestimated for greater
distances (Bronkhorst & Houtgast, 1999; Fontana &
Rocchesso, 2008; Kearney, Gorzel, Rice, & Boland, 2012;
Loomis, Klatzky, Philbeck, & Golledge, 1998; Parseihian,
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Jouftrais, & Katz, 2014; Zahorik, 2001, 2002). The compres-
sive non-linear relationship between source location and re-
sponse is reflected in an exponent smaller than one when the
distance estimates are fitted by a power-law function (mean =
0.54, reported by Zahorik et al., 2005).

One consequence of this compressive behavior is that, in
reverberant environments, perceived distances can be discrim-
inated up to a certain threshold, which gives the maximum
limit for perceptual judgments of distance (the so-called
“auditory horizon”, see Bronkhorst & Houtgast, 1999;
Zahorik et al., 2005). One of the hypotheses posed by the
literature is that this compression has a perceptual origin
(Zahorik et al., 2005) rather than one related to the response
method. A candidate explanation is based on the flattening in
the decay of the DRR with the source distance (Larsen, Iyer,
Lansing, & Feng, 2008). This effect takes place when the
energy of the direct sound is small compared with that of the
reverberant sound (large negative values of the DRR) and
yields to compressive distance perception beyond the auditory
horizon. In support of this idea, Loomis et al. (1998) showed
this compressive nature using two different response methods:
verbal report (VR), in which the subject has to indicate ver-
bally the response using explicit distance scales, such as me-
ters or feets; and direct-location (DL), in which the subject
performs an action to indicate the perceived distance, such
as walking with eyes covered, pointing, throwing, etc.
Finally, experiments of visual distance perception (VDP) have
shown that perceived distance responses collected using sim-
ilar methods showed lower bias and variability than that ob-
served in ADP experiments, supporting the idea that the origin
of this effect is due to perceptual factors specific to the audi-
tory domain (Loomis et al., 1998; Loomis, Philbeck, &
Zahorik, 2002).

However, a number of recent studies suggest that the re-
sponse method influences the response obtained in both ADP
and VDP. For example, Andre and Rogers (2006) compared
VR and blind-walking estimates for VDP, and showed that the
latter are consistently more accurate than VRs. In addition,
Ashmead et al. (1995) used blind-walking estimates to mea-
sure ADP curves in the far field (distance > 1 m) and obtained
more accurate responses than those normally reported in other
studies using VR. Finally, Brungart et al. (2000) performed
both VDP and ADP experiments in the near field (distance < 1
m) comparing VR with three other direct- and indirect-
location methods. The DL method consisted of reporting the
perceived distance by placing an electromagnetically tracked
sensor, mounted on the tip of a wand, at the perceived location
of the target. The authors found the DL method to be superior
(showing smallest bias and variability) than VR in both mo-
dalities. They proposed that the DL method appears to be a
natural response, since no mental transformation of the target
location is required and subjects can use their own anatomical
reference points to determine the target’s location.
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Unlike the near field, where a variety of DL methods were
used, the most used method in far-field ADP experiments is
VR (Calcagno, Abregu, Eguia, & Vergara, 2012; Kolarik,
Pardhan, Cirstea, & Moore, 2013; Kolarik et al., 2016a;
Spiousas, Etchemendy, Eguia, Calcagno, Abregu, &
Vergara, 2017; Zahorik, 2001, 2002). The lack of use of DL
methods to measure ADP in the far field could be motivated
by the fact that the distances to be estimated are beyond hand
reach and, therefore, the procedure to measure the estimated
distance becomes more complicated and slower to implement
and perform, compared to the near field. Among DL methods,
a widely used method to measure distance perception in the
far field is blind-walking, in which participants view or hear a
target, then cover their eyes and attempt to walk without vi-
sion to the remembered target location (Ashmead et al., 1995;
Creem-Regehr, Willemsen, Gooch, & Thompson, 2005;
Loomis et al., 1998; Philbeck, Loomis, & Beall, 1997;
Rieser, Ashmead, Talor, & Youngquist, 1990; Thomson,
1983; Wu, Ooi, & He, 2004). Although performance mea-
sures with blind-walking show small average systematic er-
rors, this method is subject to certain limitations that make it
difficult to use. First, it requires space. In order to report the
distance to a real target in the far field, it is necessary to have
an experimental room of great dimensions, or an open space in
which to carry out the experiments, which can introduce other
logistical challenges, especially in ADP experiments (lack of
reverberation, excessive background noise, lack of electrical
infrastructure for plugging audio devices, among others).
Second, each response requires the completion of several
steps. The participant has to get up from the chair, walk to
the estimated distance, and then return to the origin with the
help of the experimenter. Moreover, in each trial the experi-
menter must move the target away from its position to prevent
the listener from colliding with it while responding. Finally,
the experimenter has to measure the distance traveled by the
participants which, in experiments performed in the dark, is a
cumbersome process. These drawbacks are maintained even
when virtual sources are used since, although virtual sources
can be located at different distances from the listener regard-
less of the actual experimental room, the subject requires
enough real space to report the source location, and the re-
sponse procedure remains the same.

Many of these practical limitations may be avoided by
asking participants to provide VRs of perceived distance.
VR reduces time consumption since the task is relatively sim-
ple and, under certain conditions (targets located at distances
<~3 mand up to ~5 m in the presence of multiple visual cues),
is a precise method for estimating distances (Calcagno et al.,
2012; Philbeck & Loomis, 1997). VR also significantly re-
duces the resource requirements since it can be implemented,
in its simplest version, with only a loudspeaker and an audio
player. Another great advantage of VR compared to DL
methods is that the response is not limited by the boundaries
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of the environment where the task is performed, avoiding
biases or distortions in reported judgments introduced by floor
and ceiling effects. This last aspect makes VR a well-suited
alternative for both VDP and ADP experiments carried out in
virtual environments, as it allows testing virtual sources locat-
ed at large distances without the need for a large real space to
report the perceived distance. However, VR has some disad-
vantages with respect to DL methods. First, as we mentioned
previously, VDP and ADP experiments showed less accurate
responses with VRs (Andre & Rogers, 2006; Brungart et al.,
2000; Loomis, Da Silva, Fujita, & Fukusima, 1992; Thomson,
1983), especially for distances greater than ~3 m, for which
VRs are typically underestimated (Anderson & Zahorik 2014;
Andre & Rogers, 2006; Cutting & Vishton, 1995; Kelly,
Loomis, & Beall, 2004; Loomis et al., 1998; Toye, 1986;
Zahorik, 2001, 2002). Second, VRs were shown to be more
affected by the environmental context (Andre & Rogers,
2006; Tosa, Fusco, Morone, & Paolucci, 2012). For example,
a comparative study by Andre and Rogers (2006) showed that
blind-walking estimates of visual egocentric distance are con-
sistently more accurate than VRs, and that the type of envi-
ronment (indoor vs. outdoor) selectively influences VRs but
not blind-walking. Finally, VRs require number manipulation,
which may render the method unfit for the study of perception
in certain populations (e.g., children).

In this work, we tested a DL method that bypasses many
of the above-described disadvantages of its kind. In the pro-
posed method, participants use a hand-held control to move
a visual marker (made of two green LEDs) along a line
parallel to the line joining the listener and the sound source,
in order to report the perceived distance (Fig. 1). We termed
this method Cross-Modal Direct Location (CMDL) since
the response procedure involves the visual modality while
the stimulus is presented through the auditory modality. The
CMDL method is very similar to that used in a previous
ADP study carried out by Fontana and Rocchesso (2008).
However, we introduced several changes that in our view
facilitate and quicken the task for both the participant and
the experimenter: the visual marker is illuminated, it is
moved by an electric motor, and the data are automatically
collected and stored by a personal computer, allowing us to
carry out experiments in complete darkness (see General
methods). In contrast, in Fontana and Rocchesso (2008)
the response marker (a blue napkin) had to be moved man-
ually by means of a pulley system and the reported distance
was measured by the experimenters using a measuring tape;
because of these reasons, experiments had to be carried out
in a lit environment. Unfortunately, Fontana and Rocchesso
(2008) studied the effect of exaggerating the acoustical cue
of reverberation while keeping the intensity cue practically
constant with source distance, making it difficult to com-
pare their results with previous results obtained by other
methods.

As shown above, several VDP studies have shown that ver-
bal estimates tend to underestimate distances greater than ~3 m
(Cutting & Vishton, 1995; Kelly et al., 2004; Loomis et al.,
1998; Toye, 1986), yet DL methods seem to be more accurate
(Thomson, 1983; Loomis et al., 1992). Given this background,
we expect that using CMDL to measure ADP will decrease the
response biases (underestimation for sources farther than ~3 m)
typically obtained using VRs. In order to test this hypothesis,
we conducted a series of experiments comparing the ADP re-
sponse obtained using the classical VR versus the proposed
CMDL method under natural listening conditions.

General methods
Testing environment

All experiments were performed in a semi-reverberant room
(length: 12 m; width: 7 m; height: 3 m) with walls covered by
sound-absorbing panels (pyramid polyurethane acoustic
foam, 50 mm), the floor by carpet, and the ceiling by fiber-
glass acoustic panels. The participant was comfortably seated
at 2 m distance from one of the short walls, and slightly offset
from the central line of the room in the perpendicular direc-
tion. His/her ears were at a height of approximately 1.2 m. The
average reverberation time of the room (73), A-weighting
measured with the MLS method) was 0.45 s at the partici-
pant’s position. The background noise of the room at that
position was 19 dBA (measured with a RION NL-32 sound
level meter).

Participants

A total of 32 volunteers (26 men, age range 1835 years;
mean age = 28.8 years) participated in the study. Sixteen sub-
jects participated in Experiment 1, eight in Experiment 2, and
the remaining eight in Experiment 3. None of them took part
in more than one experiment. The majority of the volunteers
(~75%) were undergraduate or graduate music students at the
Universidad Nacional de Quilmes. All participants reported
normal or corrected-to-normal vision and normal hearing.
None of the participants had prior knowledge of the testing
room nor its dimensions.

Experimental set-up, auditory and visual stimulus

The experimental set-up is shown in Fig. 1. The sound source
(Genelec 8020B bi-amplified SOW, Fig. 1 A) was located in front
of the participant, 1.2 m above floor level. The source was free to
move suspended along a 6-m long metal rail. The displacement
of the source was done manually by one experimenter, allowing
the stimulus to be played at different distances from the
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Fig. 1 Three-dimensional model of the experimental set-up. (A) Mobile
speaker suspended from a metal rail, (B) masking system, (C) visual
mobile marker formed by a pair of green LEDs (standard, 3 mm)
located vertically 4 cm apart from each other, remotely controlled by

participant (D = 1, 2, 3, 4, 5, and 6 m). The speaker was con-
trolled by a stereo soundcard (PreSonus AudioBox 2x2 USB).

Auditory stimulus consisted of 500-ms white noise clips
(measured bandwidth 0.05-20 kHz) with onset and offset
ramped by a 50-ms raised cosine. The stimulus bandwidth
(white noise) was chosen to maximize the availability of acous-
tical distance cues yielding to more accurate responses (Spiousas
et al., 2017). The duration of the sound clips was set on 500 ms
to have a temporally limited clip (in order to reduce the duration
of'the procedure and prevent subject fatigue), but long enough to
minimize the onset and offset influence. This value is above the
duration for which the perceived loudness is dependent on the
stimulus duration (the so-called “critical duration”, approxi-
mately 150 ms; Stévens & Hall, 1966), making the results of
this study comparable with studies carried out using longer stim-
uli. The sound level of the stimulus was fixed to a comfortable
level of approximately 70 dBA measured at the participant’s
position with the sound source located at D = 1 m.

Between trials, a masking sound was presented through
two loudspeakers located at both sides of the participant
(Fig. 1B) at a similar level to that of the stimulus. This masker
served the purpose of masking any possible noise related to
the speaker movement procedure. Participants reported that
these sounds were properly masked by the masker sound.
Two seconds after the end of the masking sound, the auditory
stimulus was presented through the test speaker. See Calcagno
etal. (2012) and Spiousas et al. (2017) for a thorough descrip-
tion of the experimental set-up.

The CMDL response method consisted of a system where-
by the participant could move (using a hand-held remote con-
trol) a visual marker that runs parallel to the possible positions
of the loudspeaker (20 cm to the right) at the height of the
listener's head (Fig. 1C). The possible maximum value of the
response was 8.5 m measured from the listener. The visual
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the subject, and (D) optical encoder for the mobile marker position. The
set of source distances are indicated in meters above the metal rail. The
mobile marker could be displaced to a maximum distance of 8.5 m
measured from the listener seat

marker consisted of a pair of green LEDs (standard, 3 mm)
located vertically, and separated 4 cm from each other. The
distance from the participant to the visual marker was mea-
sured with an optical encoder (Fig. 1D) connected directly to
an Arduino Duemilanove micro-controller interface. The sys-
tem allowed a spatial resolution of approximately 5 mm.

It is worth highlighting that all the experiments were per-
formed in complete darkness and that participants could not
see any object in the room (walls, ceiling, floor, sound source,
etc.) during the procedure. The intensity of the LEDs was
adjusted to prevent illumination of the room surfaces. In ad-
dition, in order to avoid reflections from the target speaker, the
speaker was covered with a non-reflective opaque material,
and the LEDs were covered with a sheath that ensured illumi-
nation only towards the participant’s position.

Experiment 1
Procedure

The purpose of this experiment was to compare VR and
CMDL as response methods to measure ADP in the far field.
Sixteen subjects participated in this experiment. One half of
the participants (Group A) employed VR as response method,
using a scale of meters with a precision of one decimal. The
other half (Group B) employed the CMDL method previously
described. Before entering the test room, each participant was
instructed on the task to be performed. Then, the participant
was blindfolded and led into the test room, where s’he was
seated in a chair located at the zero point. Finally, the lights
were turned off and the blindfold was removed.

The procedure consisted of presenting the auditory stimulus
(500-ms long, white noise clips) at one of the six distances (D
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=1, 2, 3,4, 5 and 6 m), and then asking the participant to
indicate the apparent distance from the listener to the sound
source. The exact wording used for the instructions (translated
from Spanish) was “The task consists of reporting the distance
between you and the sound source, as you perceive it. This
means that you do not have to guess the real location of the
source, but instead the distance at which you sense the source
is located”. We also emphasised the fact that there were no
correct or wrong responses. We checked that the subjects un-
derstood the task by asking them whether they had any doubt
or question. In the case of Group B (CMDL), subjects were
also instructed to move the visual marker from the zero point to
the distance where they perceived the sound source. After each
trial, the participants were instructed to move the visual marker
back to the zero point. Before performing the test, the subject
was asked to explore the complete range of positions (8.5 m)
for the visual marker. Each testing distance was repeated three
times in random order, giving a total of 18 trials per block.
Only one response was collected per trial, and the participants
did not receive any feedback regarding their responses. The
experiment lasted approximately 9 min for each group.

Results

Figure 2a displays the mean subjective distance judgments
(+SEM) obtained with both response methods, as a function of
the physical distance (mean values and confidence intervals are
shown in Table S1, Experiment 1 CMDL and VR). Data from
one participant of Group B were excluded from the analysis due
to a failure in the recollection of responses during the experi-
ment. The perceived distance under both response conditions
shows minor differences for D < 3 m that increase progressively
for farther targets. Furthermore, the response with VR shows a
plateau for targets located at D > 3 m while for CMDL the
response is linear for the full range of target positions.

We analyzed the differences between both curves by means
of a split-plot ANOVA' applied to the response, with “target
distance” (six levels, within-subjects) and “response method”
(two levels, between-subjects) as fixed factors. Consistently
with the visual inspection of the results, the test yielded a
significant effect of both factors [distance: F(2.86, 37.2) =
70.6, p = 3.5 x 107", 2 = 0.85; response method: F(1, 13)
=10.0,p=7.4x10", 17127 = 0.44] and their interaction [F(2.86,
37.2)=10.6,p=4.5 % 107>, 77[27 = 0.45]. Due to the presence of

a strong interaction among factors, we also tested the differ-
ence for each distance separately; we found significant differ-
ences among methods for the two farthest targets [two-tailed,
two-sample #-test with sequential Holm-Bonferroni correction
for six comparisons; D =5 m: #13) =3.60, p = 0.0032 < 0.01,

! Throughout the paper, the Greenhouse-Geiser correction was employed to
correct sphericity violations. In those cases we reported the corrected degrees
of freedom for the F-statistic along with the corresponding p-value.
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Fig. 2 Results of Experiment 1. (a) Auditory distance perception mean
subjective responses (SEM) obtained with CMDL (red) and VR (cyan)
methods, as a function of source distance. Black dashed line indicates
perfect performance (response = true distance). (b) Between-subjects av-
erage (+SEM) of the individual standard deviation for each distance and
response method

Cohen’s d;=1.86; D=6 m: #13)=3.89,p=0.0018 < 0.0083,
Cohen’s d, = 2.02].

In order to further explore these differences, we calculated
the percentage response range (see Table 1), defined as the
difference between the maximum and minimum mean indi-
vidual reported distances, normalized by the physical distance
range. We analyzed three physical distance ranges: 1-6 m, 1—
3 m, and 3—6 m. These ranges were chosen based on the
apparent change with distance of the slope in the VR response
curve, and are in line with previous studies on ADP that
showed increased underestimation after 3 m (Calcagno et al.,
2012). We found significant differences (two-sample #-test,
Holm-Bonferroni corrected for three comparisons) for the full
response range (1-6 m) [#13) =3.96,p = 1.6 x 10 < 0.025,
Cohen’s d, = 2.05], with wider response ranges for CMDL
than for VR (M = 95.1% vs. M = 52.0%). Regarding the two
shorter ranges (1-3 m and 3—-6 m), we found significant dif-
ferences for the 3-6 m range [#(13) = 5.85, p = 5.7 x 10> <
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Table 1  Percentage response range

Experiment 1-6 m: M (CI) (%) 1-3 m: M (CD) (%) 3-6 m: M (CI) (%)
Exp. 1 VR 52.0 (35.6-68.3) 94.3 (65.1-123.4) 37.2(27.347.2)
Exp. 1 CMDL 95.1 (82.0-108.1) 113.9 (96.2-131.7) 84.6 (72.0-97.3)
Exp.2 VR 55.3(37.2-73.5) 74.1 (39.4-108.7) 59.7 (40.9-78.6)
Exp.3 VR 62.0 (29.9-94.0) 75.6 (37.4-113.9) 57.5(30.2-84.8)
Exp. 3 CMDL 95.4 (72.0-118.9) 104.7 (73.7-135.7) 92.1 (64.9-119.2)

CI 95% confidence interval

0.017, Cohen’s d; = 3.03], with a wider response range for
CMDL than for VR (M = 84.6% vs. M = 37.2%), but not for
1-3 m [#(13) = 1.09, p = 0.30, Cohen’s d, = 0.56]. These
results support the observation that the differences in accuracy
for both methods increase largely after 3 m, evidencing differ-
ences in response compression.

The compression of the response can be addressed by
fitting the individual responses with a power function of the
form Y = aX?, where X is the physical distance, Y the perceived
distance, and the exponent b accounts for the compression
rate. The individual values were averaged across subjects
(see Table 2). For the VR method, we obtained a highly com-
pressive relation between response and source distance (R* =
0.857; a = 1.114 and b = 0.654). On the other hand, the
CMDL data resulted in a more linear, yet slightly compres-
sive, relationship (R2 = 0.969; a = 1.306 and b = 0.875).
Interestingly, both methods differed in the compression of
the response [#(13) = 2.86, p = 0.013, Cohen’s d, = 1.50].

We also measured the signed and unsigned percentage er-
ror (SPE and UPE, respectively), which are defined as: SPE
= (Y/X—1) x 100% and: UPE = abs(SPE). The sign of the
SPE is an indicator of overall overestimation (SPE > 0) or
underestimation (SPE < 0) in the response. The UPE, on the
other hand, is a positive-definite magnitude, which measures
the degree of consistency of the bias. A value of UPE greater
than SPE indicates that subjects combined overestimation and
underestimation in the response. We first computed the indi-
vidual mean errors averaged across distance, and then

Table 2 Power function parameters

Experiment a (CI b (CI R

Exp. 1 VR 1.114 (0.886-1.342)  0.654 (0.539-0.770)  0.857
Exp. 1 CMDL  1.306 (1.042-1.571)  0.875 (0.788-0.962)  0.969
Exp.2 VR 1.111 (0.804-1.418)  0.670 (0.518-0.821)  0.878
Exp.3 VR 1.263 (0.685-1.840)  0.728 (0.456-1.000) 0917
Exp.3CMDL 1916 (1.191-2.641)  0.737 (0.546-0.928)  0.968

CI 95% confidence interval

R? is the goodness of fit of the individual responses by a power function
of the family ¥ = aX®, where X is the physical distance and Y the per-
ceived distance
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averaged them across subjects. The SPE for VR showed un-
derestimation in the response (M = —20.9%, 95% CI [-38.1,
—3.75]), while, for the CMDL method, the SPE showed a
minor overestimation (M = 13.8%, 95% CI [—4.34, 31.8]).
The SPE differed significantly across response methods
[two-sample t-test, #(13) = 2.72, p = 0.017, Cohen’s d; =
1.41]. Nevertheless, the UPE was similar in both cases [VR:
M=32.6%,95% CI[24.6,40.6]; CMDL: M =24.1%, 95% CI
[14.8, 33.4]; two-sample -test, #(13) = 1.37, p = 0.19, Cohen’s
dg = 0.71], indicating that both methods displayed the same
degree of consistency in bias across the whole target distance
range.

Finally, we analyzed the variability in the response across
trials. Fig. 2b displays the standard deviation averaged
across subjects (zSEM) as a function of source distance.
Although the number of trials per condition was low (three
trials), the number of subjects (eight) and experimental con-
ditions (six distances x two response methods) can compen-
sate for the low degrees of freedom in the measurement of
the SD for each target. The data shows a clear pattern, which
is confirmed by ANOVA (same test as with the mean re-
sponse): the intra-subject variability increases with distance
[F(5, 65) = 537, p = 3.4 x 10°%, 7712, = 0.29] and is not
statistically different across response methods [F(1, 13) =
0.081, p = 0.78, 12 = 6.2 x 10°°]. The variabilities show
no apparent interaction [F(5, 65) = 0.307, p = 091, nﬁ =
0.23]. In conclusion, the response with both methods result-
ed in the same intra-subject variability.

Discussion

The results obtained in Experiment 1 show that CMDL re-
sponses were more veridical (less biased and less compressed)
with respect to those obtained with VR (Fig. 2a). VRs were
consistent with previous results obtained in our laboratory un-
der the same experimental conditions (Calcagno et al., 2012),
with responses displaying a linear increase for short distances,
and then becoming almost constant when the source distance D
is increased beyond 3 m. The main difference between response
methods across methods is that, for D > 3 m, VRs showed a
strong negative bias whereas CMDL did not. This is reflected in



Behav Res

the significant effect of the interaction between response meth-
od and target distance on the response and, more specifically, in
the differences on the responses for D = 5 and 6 m. A possible
cause of this effect can be found in the decrease of the values of
both the 3—6 m response range and the power-function expo-
nent of VR compared to that obtained with CMDL (see
Table 1). The compression of the response observed with VR
was similar to that reported by Zahorik et al. (2005) in a meta-
analysis of 21 previous ADP studies (M = 0.65, vs. M = 0.54,
respectively), and also to that obtained in Calcagno et al. (2012)
(M =0.55, 95% CI [0.54, 0.56]). Conversely, CMDL showed
an average response with minimum bias and compression.
These results are compatible with many ADP (Ashmead
et al., 1995; Brungart et al., 2000) and VDP (Andre &
Rogers, 2006; Brungart et al., 2000) studies in which DL
methods produced more veridical responses than VR.

One aspect of the CMDL method should be considered
carefully. By imposing a maximum value on the response
(8.5 m in our experiments), the participants are constrained
to respond within a limited range of distances, potentially
limiting or distorting CMDL judgments for the farthest
sources. First, having an upper bound for the possible re-
sponses could induce participants to scale their CMDL judg-
ments across the full range of available distances, locating
the farthest perceived sounds close to the farthest available
response positions, and spreading their judgments for the
nearer sounds across the full range. Second and alternatively,
participants could have been unable to report perceived dis-
tances beyond the limit imposed by the upper bound of the
response range (so-called “ceiling effect”, see Kopco &
Shinn-Cunningham, 2011). This drawback is common to
most DL methods (since they are performed in real space)
and, therefore, in order to avoid it, it is necessary to perform
experiments in spaces whose maximum distance far exceeds
the maximum distance to which the target is located (Bidart
& Lavandier, 2016). This disadvantage is not present in VRs
since no limit is imposed on participants’ judgments, thus
avoiding the potential confound generated by the environ-
ment boundaries.

Although we cannot rule out that these effects have affected
the CMDL response in Experiment 1, we argue that, in case
they existed, their influence was weak. On the one hand, if the
participants scaled their perceived distances to the upper dis-
tance limit of the CMDL device, the maximum perceived dis-
tance would have been expected to be close to that limit (8.5
m). However, participants perceived, on average, the maxi-
mum distance near the actual distance of the sound source (6
m). In fact, the CMDL response shows a slight compression
for source distances greater than 4 m, and in no case were the
responses near the boundary imposed by the CMDL device.
On the other hand, if the participants overestimated the loca-
tion of the farthest source (6 m) beyond the boundary imposed
by the CMDL device, it would be expected the location of the

4-m and 5-m sources to be overestimated too. Had this hap-
pened, we would observe a clutter of responses for the farthest
sources near the 8.5-m limit, and therefore a strong compres-
sion in the overall pattern of CMDL responses, which did not
happen. Moreover, a previous study (Kopco & Shinn-
Cunningham, 2011) showed that a ceiling effect may induce
a reduction in the response variability near the farthest limit,
which was not observed in our data either (see Fig. 2b). Finally,
Bidart and Lavandier (2016) performed far-field ADP virtual
experiments employing a response method which imposed a
restricted range of possible auditory distances responses (sub-
jects had to move a cursor on a horizontal continuous linear
scale graduated and labelled with distance values every 1 m
between 0 and 15 m, displayed on a computer screen). Their
results showed that responses were not affected by a ceiling
effect. In their work, the farthest virtual source was located at
10 m, while the maximum allowed response was 15 m (a
relative difference of 50%). In our study, the relative difference
between both magnitudes (6 and 8.5 m, respectively) was sim-
ilar (42%), and therefore a similar result would be expected.
Another aspect to be considered is that far-field ADP is char-
acterized by underestimation of the perceived distance. For this
reason, it is unlikely that such a ceiling effect would arise as
long as the response range is larger than the target range. On
the contrary, this aspect should be carefully taken care of in
near-field ADP studies, as near-field responses have a tenden-
cy to be overestimated.

Previous studies showed that visual environmental infor-
mation reduces both bias and compression of verbal ADP
responses (Calcagno et al., 2012; Zahorik, 2001). In
Experiment 1, the participants who employed the CMDL
method obtained visual spatial information through the move-
ment of the visual marker. The presence of an upper bound for
the CMDL responses could have provided the subjects with
information related to the room dimensions, in particular, a
lower bound for the distance to the far wall. In contrast, the
participants of the VR group did not have any visual informa-
tion about the room dimensions. In this context, we do not
know how much of the improvement in the response accuracy
observed with the CMDL method is due to the response meth-
od itself, or to the additional spatial visual information avail-
able when using the CMDL device. Furthermore, we do not
know for sure how accurate listeners are at estimating the
distance to the mobile visual marker. That is, do listeners
know the actual distance to which the visual marker is
located when they respond with CMDL? We conducted a
second experiment in order to answer both questions.

Experiment 2

Experiment 2 was divided in two parts, each one aiming to
respond to each of the questions posited in the previous
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section. First, we studied the visual perception of distance to
the CMDL mobile target. To this end, participants were
instructed to move the visual marker to a distance indicated
verbally by the experimenter, allowing us to measure the re-
lationship between the physical distance indicated by the ex-
perimenter and the distance estimated by the participant using
the mobile visual marker. Immediately after completion of the
first task, participants performed an ADP task using VR as
response method. This second task aimed to reveal whether
the spatial visual information provided by the visual marker
(during the first task) can influence VR estimates of auditory
distances.

Procedure

Eight subjects participated in this experiment, none of which
took part in Experiment 1. Before entering the test room, each
participant was instructed on the task to be performed. Then, s/
he was blindfolded and led into the test room, in which s/he was
seated in a chair located at the zero point. The experiment was
conducted in complete darkness, and the participant kept his
eyes uncovered so that s/he could only see the visual mobile
marker (during the first task). Before the first test, the participant
was asked to employ the hand-held control to move the visual
marker along its full range (8.5 m). The first task consisted of
moving the visual marker from the zero point (D = 0) to a
distance verbally indicated by the experimenter (who was seated
at the right side of the participant, at a distance of 1 m). The
second task consisted of providing VR estimates of ADP, under

the same conditions as in Experiment 1, and was performed
immediately upon completion of the first task, without leaving
the seat. For both tasks, target distances were D=1, 2, 3, 4, 5,
and 6 m. Each target distance was repeated three times in ran-
dom order, giving a total of 18 trials per block. Both the exper-
imental set-up and the targets’ locations were the same as in the
previous experiment. Each block lasted approximately 9 min.

Results

In Fig. 3a the final positions of the visual markers are
displayed as a function of the distance indicated by the exper-
imenter. Each data point corresponds to the mean across sub-
jects (+SEM). The average response shows a minimal bias, as
can be confirmed by adjusting a power function of the form Y
= aX” to the data. The resulting parameters correspond closely
to the veridical relation: Y =X (R2 =0986;a=1242 and b =
0.909). This response was less biased than those obtained in
previous studies of visual perception of fixed objects located
in the dark (Calcagno et al., 2012; Philbeck & Loomis, 1997).
A possible cause for such a difference is that subjects
exploited some of the additional dynamic cues available when
the visual marker is moving directly away from or towards the
observer. Also, it is possible that the use of the hand-held
control has brought additional temporal information. The fact
that the velocity of the mobile marker was relatively constant
implies that the response duration was proportional to the
displacement of the marker. This temporal information may
have helped listeners to improve their performance by
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estimating the time needed to bring the visual marker to
shorter distances, where the response is more precise, and then
extrapolating to larger distances. If this was the case, subjects
may have required a certain number of trials in order to ac-
quire the information of the marker velocity, and, at the same
time, they may have improved the response as they became
familiar with the motion characteristics of the device. In turn,
this would have resulted in a change (recalibration) of the
response across trials. In order to test for this hypothesis, a
two-way, within-subjects ANOVA was applied to the re-
sponse, with fixed factors “target distance” (six levels) and
“trial number” (three levels). The test showed a non-
significant effect of neither “trial number” [F(2, 14) = 1.20,
p=0.33, nﬁ = 0.15] nor the interaction between “trial number”

and “target distance” [F(3.84, 26.9) = 0.995, p = 0.42, 77/27 =

0.12], suggesting that there was no recalibration of the re-
sponse during the experiment. Furthermore, a majority of sub-
jects responded by making several approaches (between three
and four) of the visual marker before reaching its final posi-
tion, which is in contradiction with a response governed pure-
ly by temporal information. Although we did not measure the
detailed structure of the response, this qualitative observation,
combined with the lack of an effect of “trial number” on the
response, argues in favor that visual (instead of temporal) cues
were the main source of information employed by the subjects
during the task.

Figure 3b displays the mean subjective auditory distance
judgments (:SEM) obtained with VR (during the second task)
as a function of source distance (mean values and confidence
intervals are shown in Table S1, Exp. 2 VR). The response
follows closely that obtained with VR in Experiment 1. In
order to test whether the visual information available in the
first part of the experiment influenced the VRs, we compared
the results obtained with VRs in Exps. 1 and 2 (split-plot
ANOVA with “target distance” and “experiment” as within-
and between-subjects fixed factors, respectively). We found
no significant differences among experiments [experiment:
F(1, 14) = 0.002, p = 0.96, 1%, = 1.3 x 10™% experiment x
target distance: F(2.09, 29.3) = 1.40, p = 0.26, nzp =0.091],
indicating that the information provided by the previous cali-
bration task (both the visual cues and the calibration itself) did
not modify the ADP response obtained immediately after with
VR. We also analyzed the compression of the ADP response
by fitting power-law functions to the individual responses.
The resulting best estimates of the parameters were similar
to that obtained for the response in Experiment 1 (R? =
0.878; @ = 1.111 and b = 0.670). The exponent showed no
significant differences when compared to the one obtained in
Experiment 1 using VR [#(14) = 0.157, p = 0.88, Cohen’s d, =
0.078]. The only difference found (two-sample #-test, Holm-
Bonferroni corrected for three comparisons) between these
two conditions was for the percentage response range for
higher distances (3—6 m), where there was an increase in

Experiment 2 compared to Experiment | [M = 59.7% vs. M
=37.2%; 1(14)=3.23, p=0.0060 < 0.017, Cohen’s d; = 1.11].

Finally, we analyzed the intra-subject variability of the VRs
(by means of the individual SD). The pattern is very similar to
that obtained in the previous experiment, with the SD increas-
ing with distance in a seemingly linear fashion. We compared
the results with the VR of Experiment 1 (ANOVA with the
same characteristics as for the mean response). We found a
significant effect of the target distance [F(2.97,41.6) = 4.66, p
=69 x 1073, 77,2, = 0.25], but there were no significant differ-

ences across experiments [experiment: F(1, 14) = 0.87, p =
0.37, n; = 0.058); experiment x target distance: F(2.97, 41.6)
=0.117, p = 0.95, nﬁ = 8.3 x 10°]. Therefore, we conclude
that the information provided by the CMDL method during

the first task did not modify the intra-subject variability of the
VRs in the following ADP task.

Discussion

The results of the first task show that the CMDL device gives
the participants the necessary information to know how far the
visual marker is located. The participants were able to accu-
rately locate the visual mobile marker at a distance previously
indicated by the experimenter. A similar result was obtained
by Kolarik, Pardhan, Cirstea, and Moore (2016b) in a blind-
walking task, in which both sighted and blind subjects were
able to accurately walk to a distance previously indicated by
the experimenter.

Many previous studies have indicated that visual spatial
information can be stored in memory and then used in exper-
iments performed in the dark (Andre & Rogers, 2006;
Calcagno et al., 2012; Loomis et al., 1998). If the response
observed with CMDL in Experiment 1 was induced by visual
spatial information provided by the visual mobile marker, it
would be expected that the information obtained in the first
part of Experiment 2 would affect the VR response measured
in the following ADP task; however, this was not the case.

This result does not match what was reported in previous
studies where the stored environmental visual information in-
duced more accurate VR responses (Calcagno et al., 2012).
The main difference between the visual conditions used here
and in this previous study resides in the number and
complexity of the visual cues presented in each case.
Perhaps the increased amount of visual references in
Calcagno et al. (2012) facilitated the memorization of the vi-
sual context, creating a robust memory of the room where
events occurred. However, we do not know exactly what the
effect of such spatial memory on the visual information pro-
vided by the CMDL device is. The scarcity of visual refer-
ences during the manipulation of the mobile visual marker
could have made it more difficult to keep the spatial visual
information in memory throughout the whole experiment.
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In order to minimize the influence of memory on the VR
response, we performed a third experiment where, for each
trial, the participants performed a CMDL report immediately
followed by a VR.

Experiment 3

The goal of this experiment was to test whether the visual cues
provided by the CMDL method influence the VR responses
when each method is employed in subsequent trials. To this
end, we performed an ADP experiment in which the response
methods were interleaved, allowing us to study the influence
of the CMDL method on VRs more directly.

Procedure

Eight subjects participated in this experiment, none of which
took part in Experiments 1 or 2. Subjects performed an ADP
task employing successively the CMDL and VR methods; i.e.,
in a given trial, the subject responded with CMDL, and in the
next trial with VR. This design allowed us to minimize any
effects of memory from one response method to the other.
Under this constraint, each combination of position and
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Fig. 4 Results of Experiment 3. Average ADP responses obtained in
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response method was randomly presented three times, giving
a total of 36 trials (six positions x 2 response methods X three
trials = 36 trials). Both the experimental set-up and the targets’
locations were the same as in previous experiments. The ex-
periment lasted approximately 18 min.

Results

Figure 4 shows the average response (+SEM) obtained in
Experiment 3 with both methods (mean and confidence
intervals are shown in Table S1, Experiment 3 CMDL and
VR). Similar to Experiment 1, the range of the response is
greater using CMDL than using VR (VR: M = 3.10 m vs.
CMDL: M = 4.77 m). Although the participants used
CMDL and VR sequentially, the responses with both
methods show a pattern similar to that observed in
Experiment 1. However, CMDL responses appear more
overestimated, and VRs seem less compressive, compared
to the results of Experiment 1 (grey and black lines in
Fig. 4).

We started by analyzing the difference between response
methods by means of a repeated-measures ANOVA with
“target distance” and “response method” as fixed factors.
The analysis showed a significant effect of both main factors
[target distance: F(1.37, 9.60) = 26.9, p = 2.4 x 1074, 77[2, =
0.79; response method: F(1, 7) = 8.59, p = 0.022, 7712; =0.55]
and the interaction [F(5,35)=7.19,p=1.2 % 1074, 772 =0.51].
Due to the presence of a strong interaction, we compared the
response across methods for each distance separately. We ob-
tained significant differences for all but the target located at 2
m [one-tailed, paired-sample #-test with Holm-Bonferroni cor-
rection for six comparisons; D = 1 m: #(7) = 3.37, p = 0.0060;
D=3m:47)=257,p=0018; D=4m: «(7) =296, p =
0.011;D=5m:#7)=3.05,p=0.0092; D=6 m: t(7)=3.42,p
=0.0056], which is also a major difference with respect to the
results of Experiment 1.

Considering that both the CMDL and VR responses appear
to differ from the respective results of Experiment 1, we also
searched for statistical differences between Experiments 1
(each method in isolation) and 3 (interleaved). We compared
each response method separately by means of two split-plot
ANOVAs with “target distance” (within-subjects) and
“response method” (between-subjects) as fixed factors. For
both response methods the test showed no significant differ-
ences across experiments [VR: distance: F(1.58,22.1) =25.7,
p=06.0x 107, experiment: F(1, 14) = 0.39, p = 0.54; inter-
action: F(1.58, 22.1) = 1.13, p = 0.33; CMDL: distance:
F(2.44,31.7) = 89.7, p = 1.2 x 10", experiment: F(1, 13)
= 1.09, p = 0.31; interaction: F(2.44, 31.7) = 0.30, p = 0.78].

Next, we analyzed the compression of the response. In this
experiment none of the percentage response ranges were sig-
nificantly different across methods [two-sided, paired #-test
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with Holm-Bonferroni correction for three comparisons; 1-6
m: (7)=2.93,p=0.022; 1-3m: «(7)=1.72,p=0.13; 3-6 m:
#(7) = 3.00, p = 0.020; the three comparisons result in no
significant differences after correcting for multiple compari-
sons] suggesting a smaller effect on the response compression.
Furthermore, both methods were well-fitted by power-law
functions of the form Y = aX” (CMDL.: R>=10.968; a: 1.916;
b: 0.737; VR: R? = 0.917; a: 1.263; b: 0.728) with non-
significant differences between exponents [#(7) = 0.120, p =
0.91].

Finally, we analyzed the response error. The SPE indicated
that the CMDL response was systematically overestimated,
while VRs were slightly underestimated [CMDL: M =
38.6%, 95% CI [6.64, 70.5]; VR: M = —9.04%, 95% CI
[-43.4, 25.3]; two-tailed, paired-sample #-test, #7) = 2.83, p
=0.025, Cohen’s d, = 0.99]. The UPE, on the other hand, was
very similar for both methods [CMDL: M = 48.2, 95% CI
[23.3, 73.1]; VR: M =49.1, 95% CI [41.6, 56.7]; two-tailed,
paired-sample #-test, #(7) = 0.084, p = 0.93].

Discussion

The results of Experiment 3 show that, although each response
method was employed in subsequent trials, their estimates
remained statistically different. Contrary to our initial hypoth-
esis, the visual references provided by the CMDL trials were
insufficient to eliminate the underestimation of the VR judg-
ments for distant sources. Although we did not find significant
differences between the estimates obtained in Experiments 1
and 3 for each response method, we unexpectedly found a few
evidences of mutual influence. Unlike Experiment 1, in
Experiment 3 neither the compression nor the response range
showed significant differences between methods. This result
may be due to the fact that, compared to Experiment 1, VRs
obtained in Experiment 3 appeared to be less compressive (M
=0.728 vs. M = 0.654, respectively), while CMDL estimates
were more compressive (M = 0.737 vs. M = 0.875 respective-
ly). We hypothesize that interleaving both response methods
in successive trials may have caused an association between
the acoustical cues related to the source distance (identical for
both response conditions) and the perceptual representation
inherent to each methodology, influencing the perceptual cal-
ibration of the other method (CMDL inducing less compres-
sive VRs, and VRs inducing more compressive CMDL esti-
mates). Another difference between Experiments | and 3 is
that, while in Experiment 1 only the two farthest sources (D =
5 and 6 m) were perceived farther away with CMDL com-
pared to VRs, in Experiment 3 this effect was observed for all
but one (D =2 m) of the tested physical distances. Considering
Fig. 2, this difference seems to be explained by a greater
overestimation of the source distance with CMDL (mainly at
close distances, D = 1 and 2 m) compared to the estimates
obtained when testing this method in isolation (Exp. 1). This

result suggests that, by interleaving the response methods,
VRs influenced the CMDL responses, inducing an overesti-
mation of the perceived distance for close sources. This be-
havior was an unexpected but interesting result.
Unfortunately, the present study does not allow us to be con-
clusive about the causes of this outcome. However, a specu-
lation based on previous studies might be posed.

The overestimation of the responses found in the CMDL
distance curves of Experiment 3 resembles that obtained in
three previous far-field ADP studies (Bidart & Lavandier,
2016; Cabrera & Gilfillan, 2002; Calcagno et al., 2012). A
common aspect of these studies is that all of them involved
some sort of visual map of the physical space. In Bidart and
Lavandier (2016) the participants indicated the distance by
moving a cursor on a horizontal continuous linear scale
displayed on a computer screen, In Calcagno et al. (2012)
visual markers were fixed at distances known by the partici-
pants (2, 4, 6 and 8 m). Finally, Cabrera and Gilfillan (2002)
employed a series of labeled pointers placed directly in front
of the participant at 1-m intervals, the farthest being 8-m dis-
tant. In the first study participants could only access a virtual
representation of the physical space while, in the latter, explic-
it visual anchors were placed in real space. Could the overes-
timation observed in Experiment 3 have been caused by the
internalization of some sort of spatial map? If this hypothesis
was true, in Experiment 3 the subjects would associate the VR
numerical estimates for the nearest sources (for which VRs
show minimum bias and variability) with the respective
acoustical distance cues, resulting in an auditory map analo-
gous to the explicit visual maps of the aforementioned studies.
If this was the case, these fixed landmarks could have influ-
enced the CDML responses, causing them to be
overestimated. However, this is only a speculation, and further
research is necessary in order to understand the observed ef-
fects presumably caused by the interaction between different
response methods in successive trials.

In summary, although in Experiment 3 both methods were
used in successive trials, we observed remarkable differences
