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A interacdo humana diéria envolve um grande nimero de capacidades percetivas.
Por exemplo, a estimativa de tempo até um objecto contatar ou passar por nos €
informacdo essencial para iniciar e realizar uma ag¢do ou para evitar um objeto. Estudos
anteriores demonstraram que 0s participantes tendem a antecipar o tempo de passagem
de estimulos em aproximacdo (Mouta, Santos, & Lépez-Moliner, 2012; Neuhoff, 2001).
Contudo, pouco se sabe acerca do tempo de passagem de estimulos auditivos. Neste
estudo testimos o desempenho dos participantes em duas experiéncias principais.
Primeiramente, examinamos se 0s participantes sdo capazes de julgar se sons em
aproximacdo passam pelo plano do ouvido ou ndo. Em segundo lugar, queriamos avaliar
se era possivel estimar passagem de um som que ndo é interamente apresentado.
Resultados demonstram que os participantes mantém o mesmo nivel de desempenho, para
além da quantidade de informacédo disponivel. A exigéncia da tarefa leva a uma mudanca

da estratégia usada, que previne a deterioracdo do desempenho.
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Daily human interactions involve a great deal of perceptual abilities. For instance,
estimation of the time remaining for an object to contact or pass us is essential information
to initiate and perform an action or avoid an object. Previous studies have already
demonstrated that participants tend to anticipate the time of passage of approaching
stimuli (Mouta et al., 2012; Neuhoff, 2001). However, little is known about time to
passage of auditory stimuli. In this study we tested participants’ performance in two major
tasks. Firstly, we examined if participants were able to judge whether looming sounds
passed by their ear plane or not. Secondly, we wanted to evaluate if it is possible to
estimate passage of a sound that was not entirely presented. Our findings show that
participants maintained the same level of performance, despite the amount of information
available. The requirements of the task lead to a change of the perceptual strategy used,

which prevented the deterioration of performance.

Keywords: Time-to-Passage, auditory perception, looming sounds
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1. Introduction

In everyday life, our perception and interaction with the surrounding environment are
temporally influenced by the sensorial system. For instance, when perceiving cars getting
closer on a busy road, we usually make judgments of how long it would take for the
vehicles to pass us, and when it would be safe to cross the street (e.g. Winer, 1980 in
Rosenblum, Wuestefeld, & Saldana, 1993). Athletes also have to perform temporal
estimations, for instance: considering a ball’s trajectory, they must decide when to start
moving in order to catch it or step aside to avoid it.

Most looming studies have been centered in the visual modality (Lépez-Moliner,
Brenner, & Smeets, 2007; Mouta et al., 2012), and subsequently the body of literature in
the acoustic modality is scarce (Rosenblum et al., 1993; Schiff & Oldak, 1990). Neuhoff
(1998) studied the perception of auditory stimuli with rising and falling intensities,
reporting that sounds increasing in intensity are usually perceived as louder than they
physically are. Interestingly, this perceptual bias only occurs for stimuli increasing in
loudness, not for the opposite. Furthermore, this phenomenon is stronger for higher
intensity sounds, suggesting that this could be more evident when the sound is perceived
as closer to the observer (Neuhoff, 1998, 2001; Teghtsoonian, Teghtsoonian, & Canévet,
2005). This phenomenon of overestimation of looming sounds has been studied in a wide
range of tasks, from discrete measures of loudness change (Neuhoff, 2001) and the
amount of dynamic change (Teghtsoonian et al., 2005) to Time-to-Arrival (TTA)
(Rosenblum et al., 1993). In the acoustic community, the term overestimation is used
when a stimulus rising in intensity is perceived as changing more in loudness than a
compared stimulus.

This phenomenon could be interpreted not as an error the subject made but, according
to the psychoacoustic ecological perspective, as an adaptive response given in order to
ensure a safety time margin to act (Poper, & Fay, 1997 in Neuhoff, 2001). Regardless of
why, the auditory system does not seem to provide exact estimates of the sound’s loudness
or location, but rather information that could improve the subjects’ survival chances. This
could be viewed as an auditory warning mechanism that prepares and gives the listener
time to act (Guski, 1992).

It should be noted that in these studies, intensity magnitude of the auditory stimuli

was the main variable manipulated, mostly because it is regarded as the dominant variable
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for perceiving motion in acoustic signals (Bach, Neuhoff, Perrig, & Seifritz, 2009).
Several studies have shown that increased intensity is the most prominent cue for
perceiving an approaching sound source (Rosenblum, Carello, & Pastore, 1987 in Bach
et al., 2009; Schaw, McGowan, & Turvey, 1991 in Guski, 1992). Notwithstanding, time-
varying variables, such as position, velocity, and other temporal variables are also
important for a more reliable representation and detection of auditory motion. This
empirical evidence corroborates what Gibson (1966) termed high order variables and
their contribution to the modeling of the environment (Jenison, 1997).

Looming sounds have also been studied within temporal estimation tasks, although in
a lesser extent than visual looming. Essentially, these studies are concerned with knowing
whether participants are able to anticipate the moment of contact or collision of the object
moving towards them, given the information included in the stimulus. The time-to-
contact or Time-to-collision (TTC) theory was adapted from Lee (1976) concept of
optical tau. The tau (T) was first conceptualized as a function of the simplest form of
visual information available in the environment that is important for the subject to start a
behavior of collision avoidance, like a driver starting to brake if a certain object is moving
towards him (Jenison, 1997; Lee, 1976). This hypothesis aimed to explain how observers
could extract the TTC information from moving object(s) and how this would be relevant
for estimating contact and engaging in avoidant behavior. In his practical example, a
driver could extract the tau from the dilatation of the retinal image of the approaching car,
since it informs us about its spatial proximity and velocity. The relation between these
variables could designate the tau as the inverse of the rate of expansion. If the observer
computes these variables correctly, he will be able to temporally estimate the moment to
start braking in order to avoid a collision. However, it has been shown that observers may
not always use the tau in TTC tasks, but rather other variable combinations (DeLucia,
Kaiser, Bush, Meyer, & Sweet, 2003; Lopez-Moliner & Bonnet, 2002; Wann, 1996 in
Mouta et al., 2012; Tresilian, 1999). This could be related with the instruction given in
the experiment. For instance, for TTC judgments, participants are usually instructed to
answer when they estimate that the stimulus contacts their front, whereas in Time-to-
Passage (TTP) they are asked to judge if the stimulus has passed by a plane defined by
the subject. In this line, as TTC is related to the rate of expansion in vision studies, TTP
is more straightforwardly linked to variables extracted from binocular vision and angular
velocity (Bootsma & Craig, 2002; Lee, Georgopoulos, Clark, Craig, & Port, 2001 in
Mouta et al., 2012; Regan, 2002).



Schiff and Oldak (1990) were the first to adjust T to the auditory modality, and to
psychophysically test the acoustic tau (Ta). These authors aimed to investigate if listeners
could estimate passage regarding looming sounds. Stimuli presentation was interrupted
from 1.5 to 6.5 seconds (occlusion period). Subjects were instructed to press a key when
they estimated the sound source would reach them, thus judging TTA. These authors
demonstrated that sighted listeners could perform the audio TTA task, although
overestimating the sounds’ proximity 40 to 77% of the times (Schiff, & Oldak, 1992 in
Guski, 1992). Interestingly, blind participants were as accurate estimating TTA with
acoustic stimuli as sighted participants were with visual information (Schiff & Oldak,
1990). In the same research line, Rosenblum et al. (1993) wanted to investigate the
amount of information that listeners needed in order to accurately estimate the looming
sounds’ arrival. They were interested in the duration of the occluded period, the duration
of the audio signal, and whether hearing the passage would improve performance.
Participants were instructed to indicate when a recording of a car sound would reach them,
assuming that it remained at constant speed. Results indicated that participants
underestimated TTA in 84% of trials, meaning that they judged the sound as arriving
sooner than it actually did. Additionally, the longer the occluded period was, the greater
the amount of underestimations. Furthermore, hearing the time of passage did not seem
to have an effect on accuracy. In conclusion, it appears that participants judge arrival with
an anticipatory tendency, which does not differ from previous studies in the visual
modality (see McLeod & Ross, 1987).

Guski (1992) compared the T functions of vision and hearing regarding the
information needed for the computation of the acoustic tau. The tau is conceptualized as
the relation between traveled distance and velocity. Although in vision this could be
related to the rate of expansion, the closest approach in hearing could be the rate of
intensity or loudness growth (Shaw, McGowan, & Turvey, 1991). However, as mentioned
above, the rate of intensity growth seems an incomplete way of perceiving TTC, since
participants may be judging absolute loudness to determine the source’s position. In this
sense, as a way of preventing subjects from estimating distance instead of TTC, another
variable is needed to more reliably estimate the temporal moment of contact. As Guski
(1992) mentions, in an everyday life situation, subjects do not rely solely on one sensory
modality, but on all they can use for the specified situation. In accordance, Schiff and
Oldak (1990) showed that, performance-wise, there seems to be no advantage in

estimating arrival of auditory stimuli in comparison with the visual modality. However,
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the simple reaction times for auditory information are usually lower than for visual.
Despite the fact that hearing does not bring benefits to the estimation of contact, it seems
that the auditory system is prepared for an early action behavior. Indeed, a clear answer
is still needed to the question of whether precise estimations of TTC are necessary when
the main issue is to move away or to intercept an object.

From the above introduction we can see that detection of a moving sound source, its
perception of approach towards the observer, as well as the time estimate for that source
to arrive to the observer have been addressed in previous studies. In this sense, the aim of
this study is to understand how listeners perceive passage of looming sounds. Our first
goal is to understand whether participants are able to judge the passage of an approaching
sound source. Based on the tau literature on audiovisual studies and auditory TTA, we
assume that participants should be able to judge passage, even though an anticipation of
passage is expected, in congruence with the overestimation loudness change of looming
sounds (Neuhoff, 1998, 2001) and the anticipation of arrival time (Rosenblum et al.,
1993). If we achieve consistent TTP judgments, we intend to investigate if participants
are able to estimate passage when the stimulus is not completely presented, by inserting
an occlusion period. We expect to find a deterioration pattern on performance as the
occlusion period increases. We are also interested in understanding what the most relevant

variables for estimation of passage of looming sounds are.

2. Estimation of auditory Time-To-Passage
2.1. Pre-testl

2.1.1. Purpose of the study
This experiment aims to explore if participants are able to accurately estimate

passage of an approaching object in a fronto-parallel plane. Several studies have been
conducted with visual stimuli (Lopez-Moliner et al., 2007; Mouta et al., 2012), but none
reported the use of auditory stimuli within a TTP task. In this pre-test we intend to verify
if people rely on acoustic information to perceive passage of objects or even other people.
The term overestimation of looming sounds has been mainly used for intensity change.

In this study we will refer to this phenomenon as an anticipation of passage.
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2.1.2. Participants
Four participants (one male and three females, one of whom left-handed) between

22 and 29 years old (Mean = 25.75, SD = 2.87), with normal hearing took part in the
experiment. Only one was familiarized with this type of task. All participants gave

informed consent to take part in this experiment.

2.1.3. Stimuli and materials
The stimulus consisted of a binaural white noise (frequency rate = 44,1 KHz; intensity

from 77 to 89 dB) processed in free-field that allowed a good representation of the
perceived sound, given the stimulus’ trajectory and the participant’s position. White noise
is a type of noise with a randomized signal over time with constant power along the
spectrum. Accordingly, this wave holds all frequencies in the spectrum at equal
amplitude. For these reasons, the broadband sound wave is considered to be the most
parsimonious form of presentation, since it is not possible for the observer to relate it to
a familiar frequency, amplitude or pitch, or even to identify a repetition of a pattern or
cycle. Stimuli were generated in Matlab® using the MIT HRTF (head related transfer
function) database (http://sound.media.mit.edu/resourcessyKEMAR.html). HRTF is a
filter applied to the anechoic sound that represents its transformation from the source
position until it reaches the eardrum. HRTF takes into account the acoustic filtering of
the head, torso and pinnae structures, which makes it possible to simulate a sound coming
from a known position in space without compromising its related features. This database
has a full set of recordings of Impulse Responses (IR) — responses obtained at a fixed
position emitted from a static loudspeaker - in a wide range of azimuth and elevation
coordinates in an anechoic chamber. More specifically, an impulse sound that directly
arrives from the source position was recorded in both ears to obtain this HRTF. We divide
it in several portions along the trajectory and convolve it with the corresponding HRTF
for each position, obtaining a dynamic sound. This convolution of the HRTF with white-
noise maintains the Interaural-time-delay (ITD), temporally updated in order to
correspond to a new spatial location (Cheng & Wakefield, 1999) and Interaural-level-
difference (ILD). The distance at which the sound is presented to the observer is also an
important matter. As reported in the literature, there seems to be an effect of the sound
source’s distance in binaural cues, affecting therefore the spatial position at which that
sound source is perceived. For farther distances there seems to be no deformation of these
cues, although as the sound source approaches the participant, mainly below 1m, there
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appears to occur a distortion of the ILD for the corresponding spatial position
(Huopaniemi & Riederer, 1998).

Stimuli were generated at 0° elevation, allowing the observer to perceive the sound at
their height (defined by the projection’s configuration). The trajectory was orthogonally
disposed 0.40m from participants’ shoulder. Stimuli were processed by a Realtec Intel
8280 IBA sound card and presented through a set of Etymotic ER-4P MicroPro in-ear
headphones.

In order to test if subjects were able to judge Time-to-Passage (TTP) of audio looming
stimuli, we used the five intermediate distances and speed values already used in visual
TTP studies (Gray & Regan, 2006; Lopez-Moliner et al., 2007; Mouta et al., 2012). We
combined these five initial distances — 0.85, 0.93, 1.00, 1.09, 1.18m — and the five
constant speeds — 0.83, 0.91, 1.00, 1.10, 1.20 m/s —into 25 levels of TTP, 12 that passed
the observer before the 1s mark, one at 1s and 12 that passed after. TTP values ranged
from 0.59s to 1.69s. TTP is derived from the TTA equation (cf. Equation 1), which is the
relation between distance and its time derivative, velocity (Jenison, 1997; Shaw et al.,
1991).

distance
r —

I
— = - = Time — to — Arrival
velocity 1

Equation 1 - Ratio derived from the distance coordinates relative to their respective velocities.
In the auditory modality, 7 is related to the inverse of the relative intensity (I) change.

2.1.4. Procedure
Participants were seated in a dark room with their head on a chin-rest to prevent

movements. They were instructed to judge if the sound had passed by them or not by
pressing one of two response buttons (2 alternative forced-choice task — 2AFCT).
Participants were asked to answer as soon as the stimulus finished, and to take their right
ear as a referential of sound passage. All stimuli lasted 1s and had an inter-stimulus
interval (ISI) of 0.75s. The experiment was divided into 2 blocks of 10 repetitions each,

totaling 9 minutes.

2.1.5. Analysis
Cumulative Gaussian curves were fitted in order to provide distributions of the

proportion of trials in which auditory stimuli had “not passed” the participant’s plane
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during the stimulus’ presentation. We derived two parameters, point of subjective
simultaneity (PSS) and standard deviation (SD). PSS is defined as the point at which the
TTP value reaches the 50% of “not passed” responses. A PSS larger than 1s (curves
shifted to the right) means that the stimulus appeared to arrive earlier than what was
simulated, i.e. an anticipation of passage. SD is inversely related to the slope of the
function. We derived these two parameters both from single individual data and from
pooled data for all participants. The goodness of the fit was tested using the Deviance
Statistic, which follows a Chi-square distribution with degrees of freedom equal to the
number of data points minus the number of parameters on the model. Larger p-values
(>0.05) indicate that the model is a good descriptor of the data. Akaike Information
Criterion (AIC) is presented along with Deviance Statistic as a criteria for decision for
the preferred model (Moscatelli, Mezzetti, & Lacquaniti, 2012). The minimum value of

AIC is considered a good indicator of the model’s best fit.

2.1.6. Results and discussion
Results demonstrated that participants were able to judge TTP. Participants were

considerably accurate (PSS = 1.01s) judging passage of auditory stimuli, although less
precise (SD = 0.21) when compared with visual TTP studies for rigid objects (Mouta et
al., 2012). However, we could not find consistent patterns for individual results. More
specifically, P2 and P4 anticipated passage, while P1 presented an opposite pattern of
results. P3 was relatively accurate (PSS = 1.02s). Precision did not vary significantly

along participants.

=)

o
™

Proportion of “not passed™ responses

PSS =0.82 o . PSS =1.07 . y PSS =1.02 i PSS=1.10
SD=0.22 » SD=0.16 e SD=0.20 ¢ SD=0.19
0.0+ . o o o .
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
08 09 10 11 12 13 14 08 09 10 11 12 13 14 08 09 10 11 12 13 14 08 09 10 11 12 13 14

TTP (s)

Figure 1 - Cumulative Gaussian curves fitted to the proportion of trials in which participants
judged the stimulus has having "not passed” by them, as a function of TTP. Individual parameters
of PSS and SD are presented for each participant.
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Overall, participants were able to judge passage of looming sounds with this kind of
task. Therefore, we decided to increase the range of TTP values to evaluate if, with a
wider range of TTP values and participants, the anticipation of looming sounds would

emerge.

2.2. Experiment 1

2.2.1. Purpose of the study
Once participants were able to judge passage of looming sounds, we conducted

the same experiment with 49 TTP values. In accordance with the reported phenomenon
of overestimation of looming sounds, we expected that this perceptive bias would also be
evident with this kind of task. According to this hypothesis, we expect a shifting of the
psychophysical curve to the right, meaning that subjects would be judging stimuli that
had not passed their ear plane as having already passed. Furthermore, we would like to

analyze the role of different variables in the estimation of passage with auditory stimuli.

2.2.2. Participants
Six participants (three males and three females, one of whom left-handed)

between 22 and 33 years old (Mean = 27, SD = 3.90), with normal hearing participated
in the experiment. Only one was familiarized with this type of task. All participants gave

informed consent to take part in this experiment.

2.2.3. Stimuli and materials
49 looming sounds were generated in Matlab® with the same features as in the

previous pre-test. Seven simulated initial distances — 0.78, 0.85, 0.93, 1, 1.09, 1.18, 1.29
m — were combined with seven simulated constant velocities — 0.76, 0.83, 0.91, 1, 1.1,
1.2, 1.32 m/s — resulting in 49 total TTP, 24 that passed the subject before 1s, one at 1s
and 24 that passed after 1s. The shortest TTP value was 0.59s, which passed by the
observer, and the longest was 1.70s, which did not. As in the pre-test, all stimuli had the
same duration of 1s, with this being considered the point of physical simultaneity.

We used Etymotic ER-4S MicroPro in-ear headphones, which compensate for

high frequencies, thus providing a more accurate reproduction of the dynamic sounds.
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2.2.4. Analysis
We followed the same data analysis procedure described in section 2.1.5. We

plotted data as a function of the theoretical initial TTP (TTPt) provided by the physical
stimuli (directly computed from initial distance and velocity), final TTP (TTPf) at the end

of the auditory presentation, initial distance (iDist), final distance (fDist) and speed.

2.2.5. Procedure
Stimuli were pseudo-randomly presented with the same fixed duration of 1s. The

same procedure of the pre-test was implemented. The experiment was divided in 2 blocks
of 10 trials each, with a duration of approximately 15 minutes per session. Prior to the
experiment, each participant underwent a training session with 14 stimuli, the extreme

values of TTP from each velocity and initial distance.

2.2.6. Results and discussion
By looking at Figure 2A, which depicts the proportion of “not passed” responses

as a function of TTPt, we can report that participants were able to judge Time-to-Passage
of looming sounds. However, we did not find a clear pattern of anticipation among
participants, and consequently our hypothesis was not supported. As in the pre-test, not
all participants anticipated the passage, and therefore we have PSS values both below and
above the 1s mark. On the one hand, P1, P5 and P6 slightly anticipated the passage of the
approaching sounds, meaning that they judged sounds that had not passed by them as
having already passed, and thus shifting the psychophysical curve to the right. P3, on the
other hand, seemed to be judging stimuli that “passed” as having not passed by his ear
plane. P2 and P4 were the most accurate (PSS closer to 1s) and P3 and P4 the most precise

(lower SD values).
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Pooled Data PSS SD
TTPt 1,04 0,21
iDist 1,03 0,23
Speed 1,04 0,25
fDist 0,02 0,21
TTPf 0,04 0,21

Table 1 - Estimated parameters (PSS and SD) for each variable, extracted from the pooled data
fit.

We further analyzed the best predictors of the TTP judgment by using the goodness
of fit as a function of each variable. As can be seen by Figure 2B and 2C, the goodness
of fit is lower when we plot the proportion of “not passed” responses as a function of iDist
(Deviance=0.002, p=1, AIC =-29.98) and Speed (Deviance= 0.001, p=1, AlC=-33.92).
It seems that participants consider fDist (Deviance = 0.382, p=1, AIC = -69.33), TTPt
(Deviance = 0.544, p=1, AIC =-75.47) and TTPf (Deviance = 0.544, p=1, AIC = -75.47)
as the most relevant cues for judgment. Therefore, we can say that for these variables, the
model that fits the data explains a great deal of the performance’s variability.
Additionally, participants were more precise when relying on these cues (lower SD
values, see Table 1). We ran a repeated-measures ANOVA and compared SD values
extracted from fits as function of each independent variable. A significant effect of
variable on SD was found, F(4, 25) = 3.47, p<.005. Tukey’s post-hoc comparisons with
95% confidence intervals showed that SD as a function of Speed was significantly
different from SD as a function of fDist (p<.005), TTPt (p<.005) and TTPf (p<.005).

We conclude that, although participants did not demonstrate tendency towards
anticipation, each individual seems to use a consistent strategy to perform the task.
Despite the fact that our main hypothesis was not verified we can say that firstly,
participants were able to judge TTP; and secondly, the most relevant cues for judging
auditory TTP are common to all participants. In this sense, since we obtained better
adjustments for fDist, TTPt and TTPf for every participant, we will attend to these

variables in greater detail from now on.
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3. Estimation of auditory Time-To-Passage with occlusion

3.1.  Control study — Discrete auditory localization task

3.1.1. Purpose of the study
We aimed to understand if the lack of a consistent pattern of results between

participants in the TTP task would be better explained by a sound localization difficulty
inherent to them. More specifically, we wanted to understand if the variation of the PSS

was due to poor performance in an auditory localization task.

3.1.2. Participants
Seven participants took part in this experiment (four males and three females),

with ages between 24 and 33 years old (Mean = 28.5, SD = 6.37). All had normal hearing

and gave informed consent to participate in this experiments.

3.1.3. Stimuli and materials
Stimuli were binaural white noise sounds (frequency rate = 44.1 KHz) auralized in

free-field. We kept azimuth and elevation parameters as in the previous experiments, as
well as the distance of the sound source from participants shoulder.

We defined the first static position at 0° azimuth and varied the angle in 10°
increments until we reached the nearest and farthest distances used in the previous
experiments. Therefore, as can be seen from Figure 3, we obtained seven static sounds
1m to the right of participants’ shoulder along the orthogonally displaced trajectory: four
sounds in front of the participants’ ear plane (0.84, 0.58, 0.36, 0.18m), one at exactly the
ear plane (Om) and two behind the participants’ ear plane (-0.18 and -0.36m).

A touchscreen Touch 10 SAW (HR) (800x600 resolution, 10.4”’ screen size and 10ms
delay time) was used with the participants’ head representation and a line drawn at the

right side with the seven positions marked.
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Figure 3 - Schematic representation of the touchscreen display for the audio localization task.
The simulated position of each sound burst, represented in boxes, was placed as it was presented
Im from participants’ shoulder.

3.1.4. Procedure
Participants were seated in a dark room with the head positioned in a chin rest to

prevent head movements and with the touchscreen at a comfortable distance in front of
them. The experiment was composed of two stages. In the first stage, participants heard
the stimuli four times ordered by approaching distance, from 0.84 until -0.36m. In the
second stage, participants performed the sound localization task. Stimuli were pseudo-
randomized and presented in one block of 10 trials. Participants had to listen to the
stimulus for 3s and then had 2s (ISI) to press one of the seven positions in the screen. The

experiment lasted for approximately 6min.

3.1.5. Results and discussion
We plotted the mean error of the localization discrimination as a function of

distance (see Figure 4). Individual data is presented, since we intended to achieve good
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performance levels in the localization task for each participant before running the TTP

experlments.
® El Distance Mean Error DesvPad 3] B2 Distance Mean Error DesvPad
a 40 1 3,16 w] | 40 23 20,58
30 2 422 _ 30 26 10,75
e 20 1 11,07 g "] ) 20 27 8,23
8 a . 10 8 6,67 S ‘ 10 14 9,66
£ ‘ 0 5 527 | o 0 2 422
1 T -10 10 8,16 £ I =10 & .
o -20 10 11,55 o -20 6 5,16
m average 6,71 7,29 m average 14,86 9,11
IR P S S
Distances (degrees) Distances (degrees)
"] P3 Distance Mean Error DesvPad ] P4 Distance Mean Error DesvPad
“ 40 6 18,97 ) 40 3 483
) 30 11 18,53 [ 10 17 21,11
g 20 1 11,97 i 13 12,52
]
g ‘ 10 14 9,66 £l 6 8,43
£ o 0 2 422 £ 6 12,65
3. -10 7,78 441 5] 8 9,19
20 17 20,03 o 17 16,36
*1 ﬂ average 9,83 12,54 m average 10 12,16
M TR )

Distances (degrees) Dmmxs (a.g:m)

PS Distance Mean Error DesvPad Distance Mean Seron Desvtad

“ 40 15 24,15

40 60 0
30 10 14,14 - 80 2 2
: g 20 25 11,79
. - = 75 ) 10 10 6,67
) = 1 699 g 10 10,54
| -10 15 7,07 i a8 212
20 16 15,06 . ’T‘ m ~45 L8l
m average 11,29 12,69 Average 20.23 843
. % PR

20 12 13,17
Distances (degrees)

MeanError (degrees)
H

" o Distance Mean Error DesvPad
5 40 0 0
o 30 9 15,24
§ 20 11 13,70
g i 10 13 11,60
En 0 4 5,16
g i ) ) -10 3 483
: m ’T‘ ‘ 20 37 14,94
I:I [| D average 11 9.35
“ 0 20 10 -10 20
Distances (degrees)

Figure 4 - Mean Error as a function of distance, both in degrees, are presented for each participant.
40° corresponds to the 0.84m position, while -20° refers to -0.36m. Error bars represent the SD
regarding each distance.

Overall, participants were accurate, according to the literature, although not so
much precise. Brungart, Durlach, and Rabinowitz (1999) used the same kind of stimuli
generated by the MIT HRTF database and demonstrated localization errors in the azimuth
axis between 13.3 and 13.7° with 0° elevation. Although our mean error increased at
certain angles, especially at those behind the participant, participants were fairly accurate
localizing bursts of noise in the horizontal plane. It should also be taken into account that
several studies exclude front-back confusions from analysis (Middlebrooks & Green,

1991). Therefore, the reported error in these studies could be inferior to the one obtained
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in other works. Furthermore, participants are usually trained in these kinds of tasks until
they reach a certain level of performance accuracy. In our study we did not have a training
session, for we wanted to understand their baseline performance.

Other studies, with 0° elevation and 1m distance from the observer, demonstrated
that, when participants are not submitted to previous training in sound localization, there
Is a greater error in discriminating the positions around 40 and 60° (corresponding to our
distances of 0.84 and 0.58m, respectively). Subjects usually misperceive the location of
the sound source in about 20-30° (Mendonga et al., 2010). This was clearly the case of
Participant 2 (maximum Mean Error = 26°). We excluded Participant 6 from the next
study due to his great variability of response and lower accuracy (maximum Mean Error
=60°).

3.2.  Pre-test 2 — Modality of the temporal marker

3.2.1. Purpose of the study
In Experiment 2 an occlusion period was presented between the stimuli

presentation and the judgment stage. The purpose of this pre-test was to evaluate the best
modality in which to present the temporal marker that signals the moment at which
participants had to respond. We intended to select the modality that caused less
interference with the judgment task. We used two criteria to verify the modality’s effect

on performance: reaction time and performance accuracy (PSS, SD).

3.2.2. Participants
Two participants from the previous TTP experiment (one male and one female)

took part in this pre-test.

3.2.3. Stimuli and materials
Stimuli were generated as described in previous sections. The same 49 levels of

TTP were used in this experiment, but were not presented in their entirety. Stimuli were
presented for 0.9s and the remaining 0.1s were silence.

The auditory marker consisted of a non-auralized binaural beep (frequency rate =
44.1 KHz) with a 0.75s duration. The visual marker was a flash lasting for 0.75s presented

in a screen placed 1m from the participants’ shoulder at their right side.
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The same materials from Experiment 1 were also used in this pre-test (see section
2.2.3).

3.2.4. Procedure
Stimuli were divided by 2 blocks, one for the auditory marker and the other for

the visual marker. Participants were instructed to listen to an approaching sound that
followed a linear trajectory 1m from their shoulder, at their right side. They were also
told that the stimuli were not going to be completely presented, and therefore they would
have to estimate, considering that the stimulus remained in the same trajectory and at a
constant speed, whether the sound had passed by their ear plane at the temporal marker.
They answered by pressing one of two response buttons (2AFCT). Each participant
performed 4 sessions, 2 for the beep and 2 for the flash, with 5 trials each, lasting a total
of approximately 16min. Before the experimental session participants underwent a

training session.

3.2.5. Results and discussion
Results showed that participants made equivalent judgments with markers from

both modalities. We found that the use of the flash leads to a slight anticipation in
comparison with the beep (see Figure 5).

P1 estimated passage more accurately with the flash (PSS = 1.00), although he
was less precise (SD = 0.28). In comparison, with the beep there was a slight shift of the
curve to the left (PSS = 0.96), although precision improved (SD = 0.24). P2 showed a
greater anticipation of passage with the flash (PSS = 1.17) in comparison with the beep
(PSS = 1.14), although the uncertainty was higher for the flash (SD = 0.22), than for the
beep (SD = 0.18). Considering that the SD is slightly lower for the auditory beep in
comparison with the flash, we considered the former as the appropriate modality for the
marker in the second study. Likewise, by opting for the beep, we maintain the experiment
within the same perceptual modality, ensuring that no mediation processes could be
influencing the judgment estimation of participants. Furthermore, an auditory marker
seems to be a more efficient temporal reference when compared with a visual one (Welch,
DutionHurt, & Warren, 1986).
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Figure 5 - Proportion of "'not passed" responses as a function of TTP plotted for each participant.
Separate fits are presented for each condition (beep and flash).

3.3.  Experiment 2 — Estimation of Time-to-Passage with stimulus occlusion

3.3.1. Purpose of the study
The aim of this experiment was to investigate whether participants could still

estimate passage with the deterioration of the stimuli. In order to evaluate this, we
interrupted the presentation of the stimuli and inserted a silence gap until the moment of
the TTP judgment. Therefore, we expected to find a deterioration pattern as the amount
of occlusion increased. More specifically, we expected to find higher anticipation (greater
values of PSS and thus, curve shifted to the right) for the maximum amount of occlusion
and a tendency towards a less precise estimation (higher SD) as the amount of occlusion

increased.

3.3.2. Participants
Six participants (four males and two females, one of whom left-handed) with ages

ranging from 24 to 33 years old (Mean = 27.17, SD = 3.13) took part in the experiment.
Four had already participated in the first TTP experiment (P2, P3, P4 and P6) and all had
participated in the control study of auditory localization. All subjects had normal hearing

and gave informed consent to take part in this experiment.
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3.3.3. Stimuli and materials
Stimuli were generated as described in sections 2.1.3. and 2.2.3.

All 49 levels of TTP were used in this experiment. Stimuli were blocked according
to the amount of occlusion. All stimuli lasted for 1s and differed only in the amount of
occlusion. The minimum was 0.1s when stimulus presentation was 0.9s (10%), the
intermediate was 0.3s when stimulus presentation was 0.7s (30%), and the maximum

amount was 0.5s when stimulus had the same presentation (50%) (see Figure 6).
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Figure 6 - Schematic representation of the stimuli's presentation with the insertion of the
occlusion period.

TTPt values were the same as described in section 2.1.3. TTPf values for the 10%
occlusion varied from -0.2 to 0.8s, from -0.1 to 0.85s for the 30% occlusion, and from
0.09 to 1.19s for the 50% occlusion (see Figure 7). Negative values of TTPf mean that
the stimulus had already passed the participants’ ear plane. This experiment consisted of
a total of 147 stimuli. Participants answered by pressing one of two response buttons
(2AFCT).
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3.3.4. Analysis
We followed the same data analysis procedure described in the previous

experiment. We used the parametric bootstrap method (Efron & Tibshirani, 1993) to
obtain the 95% Confidence Intervals of the two parameters of the cumulative Gaussian

functions for each occlusion condition.
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Figure 7 - Range of values of the variables used in Experiments 1 and 2 with the representation
of the Point of Objective Simultaneity (POS). Negative values indicate that the stimulus passed
the participants’ ear plane.

3.3.5. Procedure
Stimuli were pseudo-randomized by block and counterbalanced by participant. The

same procedure from the previous pre-test was implemented. Although stimuli had
different presentation times, the temporal marker was always presented 1s after the
beginning of the stimuli’s presentation (see Figure 6).

Before each block, subjects were submitted to a presentation of six stimuli with TTPs
ordered by approaching distance and a training session with the same TTPs randomized,
to ensure that participants understood the task. Responses from the training session were
discarded. Each participant performed 12 sessions with four trials each. Each session
lasted 6min. This experiment had a total duration of approximately 50 minutes per
participant.
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3.3.6. Results and discussion
As was previously done, we plotted the proportion of “not passed” responses as a

function of the TTPt, for each amount of occlusion.

Pooled data demonstrated no significant differences in the goodness of fit for the
three conditions regarding the estimation of passage of looming sounds (see Table 2).
TTPt was equally predictive of the judgment for all occlusions (see Figure 8A) as was
TTPf (see Figure 8B). Data was also explained by the use of fDist with the increase in the

amount of occlusion (see Figure 8C).

Pooled Data PSS SD Deviance AIC
10% occ 1,039 0,2 4,895 -74.,95
TTPt 30% occ 1,031 0,19 8,899 -74,85
50% occ 1,026 0,23 4,894 -74,98
10% occ 0,139 0,2 6,224 -39,65
TTPf 30% occ 0,33 0,19 8,948 -68.35
50% occ 0,526 0,23 6,022 -44.49
10% occ 0,135 0,17 4,575 -64,28
fDist 30% occ 0,32 0,11 8,03 -70.93
50% occ 0,513 0,13 4251 74,11

Table 2 - Estimated parameters (PSS and SD) extracted from pooled data for each occlusion
condition. Deviance (p=1) and AIC values are also presented.
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Overall, participants were able to estimate passage regardless of the amount of
occlusion. By looking at the shift from the expected point of simultaneity (1s) we can see
that there is no consistent bias on passage estimation among participants (see Figure 9).
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Figure 9 - Variation of the PSS parameter (extracted from individual fits as a function of TTPt)
for each occlusion condition.

Negative values mean that participants obtained higher values of PSS, indicating
anticipation of passage, whereas positive values mean that participants obtained lower
values of PSS, indicating that they perceived the stimulus as passing sooner than it
actually did. On the one hand, P1 and P4 showed a decrease of the anticipation as the
amount of occlusion increased, going in the opposite direction of our hypothesis. On the
other hand, P2, P3, P5 and P6 showed a greater variability of judgment. We did not find
significant effect of the amount of occlusion on accuracy. After bootstrapping the PSS
parameter, we obtained the following values with 95% CI [1.017, 1.060] for 10%
occlusion, [1.011, 1.050] for 30% occlusion and [1.003, 1.050] for 50% occlusion.

Additionally, we plotted the SD extracted from the individual fits as a function of
the TTPt for the different occlusions. Significant differences between the occlusions were
not found. Bootstrap with 95% CI revealed the values [0.173, 0.223] for 10% occlusion,
[0.163, 0.216] for 30% of occlusion and [0.201, 0.262] for 50% of occlusion.
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By looking at each of the SD values individually (see Figure 10), we can see that
both TTPt and TTPf seem to be more difficult to compute as the amount of occlusion
increases (greater SD values), whereas fDist appears to reduce the uncertainty of the

judgment (smaller SD values). This tendency is constant among participants.
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Figure 10 - SD values (extracted from fit as a function of TTPt, TTPf and fDist) presented for
no occlusion (Expl) and occlusion conditions (Exp2).

An effect of the amount of occlusion on SD was found as a function of fDist.
Bootstrap revealed the following values with 95% CI [0.148, 0.196] for 10% of occlusion,
[0.097, 0.131] for 30% of occlusion and [0.116, 0.144] for 50% occlusion.

Overall, our hypothesis was not empirically verified, since performance did not
deteriorate with the amount of occlusion. Although we could not find a consistent trend
in terms of accuracy for all participants, precision results were quite consistent among
them. We stress that SD values for fDist are lower when stimuli were presented with 30%
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of occlusion or more. This indicates that participants seem to rely more on final distance
as an informative cue at this level of occlusion. Therefore, accuracy did not decrease with
increasing uncertainty, because participants relied on different cues to supply the stimuli’s
deterioration. Additionally, as shown in Table 2, the SD for TTPt and TTPf increases with
the amount of occlusion, whereas the opposite tendency is true for fDist. We can state
that participants change their strategy (the usage of the informative variable) as the

amount of occlusion varies.

4. General Discussion
This work stemmed from the need to understand how accurate and precise participants

were in perceiving approaching sounds. Indeed, both experiments demonstrate evidence
of how the perceptual system is able to extract information from an auditory event. Firstly,
we showed that participants were able to judge passage of looming sounds. Secondly, we
showed that, although there was an interruption in the sound’s presentation, participants
were still able to estimate passage at the fixed time.

Despite the fact that we could not verify an anticipatory tendency for all
participants, as previous experiments on auditory TTA and TTP have shown (Schiff &
Oldak, 1990; Rosenblum et al., 1993), we consider we have congruent results. We did
not find differences on accuracy in the judgment of TTP between participants, suggesting
that performance was not biased by an under or overestimation of sound. The accuracy
of participants in the estimation of the time remaining for the sound source to pass their
ear plane was the first intriguing finding of this study. We were expecting that, as the
amount of information available decreased, the uncertainty of the task lead to a greater
anticipation of sounds’ passage. Surprisingly, participants maintained the same level of
accuracy along experiments, rulling out the explanatory hypothesis of an adaptation
process. If participants were to answer based on safety, the greater the amount of
occlusion, the greater the tendency to anticipate the estimate of passage would be. Instead,
participants seemed to mantain the same performance level, while changing their
perceptual strategy.

Another relevant result was that of TTP not being the only information computed
by participants, as had been expected. In Experiment 1, TTPt, TTPf and fDist were
predictive of the judgment of passage among all participants. Moreover, in Experiment
2, as the amount of information provided by the stimuli was reduced, TTPt and TTPf lost
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predictive strength, while the use of fDist increased the precision of the estimation of
passage. These results seem to indicate a change in the perceptual strategy as a function
of the available information. Indeed, when stimuli were completely presented, TTPt and
TTPf were equaly predictive of performance along with fDist. This indicates that it is
possible to compute the tau variable when all the information is available. However, when
the task is more demanding and consequently leads to more uncertainty, participants seem
not to be able to compute the information provided by complex variables (such as TTP)
and rely on more simple ones that can be directly extracted (such as fDist). In visual
studies with rigid stimuli (Mouta et al., 2012), TTP continued to be predictive of subjects’
performance, despite the amount of occlusion (SD = 0.14s). Although for auditory TTP
participants do not use the same variable for different amounts of occlusion, they are able
to maintain the same level of precision (SD = 0.14s) with the use of different cues.

In this line, our data seems to demonstrate that participants do not act with a
strategy to ensure safety or according to an adaptative perspective, as previously stated in
the ecological approach of psychoacoustics (Guski, 1992; Neuhoff, 2001; 2004). We
should also note that in the present study we did not intend to simulate a naturalistic sound
source. Our main purpose was to create the simplest sound that could give a baseline
understanding of looming sounds judgment. It is important to stress that some parameters
do not allow a direct comparison among studies. For instance, Rosenblum and colleagues
(1993) had stimuli with 2.1s and an occlusion period of 2.5s, while Schiff and Oldak
(1990) presented 6s stimuli with 80 ms of occlusion. For this reason, there is a possiblity
that cognitive processes could be biasing judgments. In this sense, the anticipation of
arrival and passage time could be due to a long ISI instead of the dynamic features of the
stimuli. Natural or ecological features of stimuli like vehicles (Rosenblum, 1993) could
also contribute for a conservative performance, in the sense of anticipating arrival. In our
work, we presented white noise with no contextual information: in future work we might
consider increasing the complexity and contextual features of stimuli.

The tau hypothesis is a matter of great debate in the scientific community (Tresilian,
1999). We verifed that participants computed TTP for auditory looming sounds,
independently of its components (initial or final distance and velocity), at least with this

type of task.
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5. Conclusion
Although this is a preliminary study, we have provided empirical evidence of

performance within a TTP task in the auditory modality. Therefore, we have a preliminary
understanding of looming sounds estimations. For future consideration, we would like to

explore the role of auditory and visual modalities combined in the same task.
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