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Abstract

The physical properties of a sound evolve when traveling away from
its source. As an example, the sound pressure level at the listener’s
ears will vary according to their respective distance and azimuth. How-
ever, several studies have reported loudness to remain constant when
varying the distance between the source and the listener. This loud-
ness constancy has been reported to occur when the listener focused
attention on the sound as emitted by the source (namely the distal
stimulus). Instead, the listener can focus on the sound as reaching the
ears (namely the proximal stimulus). The instructions given to the lis-
tener when assessing loudness can drive focus toward the proximal or
distal stimulus. However, focusing on the distal stimulus requires to
have sufficient information about the sound source, which could be pro-
vided by either the environment or by the stimulus itself. The present
study gathers three experiments designed to assess loudness when driv-
ing listeners’ focus toward the proximal or distal stimuli. Listeners
were provided with different quality and quantity of information about
the source depending on the environment (visible or hidden sources,
free field or reverberant rooms) and on the stimulus itself (noise or
speech). The results show that listeners reported constant loudness when
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asked to focus on the distal stimulus only, provided enough information
about the source was available. These results highlight that loudness
relies on the way the listener focuses on the stimuli and emphasize
the importance of the instructions that are given in loudness studies.

1 Introduction

1.1 Loudness constancy

Perceptual constancy refers to the tendency to perceive an object as having
constant features despite changes in the properties of the presented stimulus
[1]. It is known to occur when the observer is familiar with the perceived object
[2] and has mainly been investigated in visual perception, in studies about size
[3] or shape [4] constancy.

Loudness constancy refers to a situation where the loudness produced by a
given sound remains constant despite changes in its physical properties. As an
example, the sound level decreases by 6 dB per doubling of the distance in free
field. However, loudness constancy has been observed with varying source dis-
tance [5-7]. In the same way, loudness constancy has been observed between
monaural and binaural presentations of same signals [8] despite the binaural
summation process [9]. In these studies, the sounds displayed at the listeners’
ears could differ according to the experimental conditions whereas the sounds
emitted by the sources were assumed to be constant. In studies focusing on
source distance, the sources emitted constant sounds but their varying distance
led to stronger at-ear sound pressure levels at the closest source distances. In
studies focusing on monaural versus binaural presentations, the signals emit-
ted by the source were constant but the signals reaching the listeners’ ears
were not, as one ear could be either open or occluded. A distinction can then

be made between the sound emitted by the source — the distal stimulus — and
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the sound reaching the receiver — the proximal stimulus [10]. In the afore-
mentioned experimental setups, whereas the distal stimuli were constant (the
sounds emitted by the source were unaltered by the experimental manipula-
tions), the proximal stimuli depended on the experimental conditions (i.e. the
sound source distance reduced the at-ear sound pressure level). The loudness
constancy observed in these situations revealed that loudness judgements fol-
lowed the consistency of the distal stimuli rather than the inconsistency of the
proximal stimuli.

The perception of the size of a familiar object can rely on the subject’s
past experience with this object (or similar objects). Bolles & Bailey [11] gath-
ered size estimates for familiar objects (e.g. an ashtray or a book) that were
verbally described first (with no reference to their size), and then visually pre-
sented to the subjects. The results highlight a strong correlation between the
estimates made in the two presentation methods, suggesting that the size esti-
mate of a familiar object does not exclusively rely on the visual cues to size,
but also comes from the subject’s past experience and learning. Mohrmann
[12] highlighted that loudness constancy was more likely to occur for familiar
stimuli (i.e. music or speech) than for non-familiar stimuli (i.e. pure tones or
noises). The past experience of the listeners with these familiar stimuli might
have allowed them to estimate loudness on the basis of additional cues. As
an example, the perceived distance of speech differ according to whether it is
whispered or shouted [13]. Such observation might be due to the ability for
the listeners to match the speech timbre to a specific vocal effort (and thus a
specific source power), which might provide information about the source dis-
tance. Such observation could not apply to non-familiar stimuli such as noises
or tones for which the timbre do not inform the listeners on their source’s

power.
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The assignation of a sound to a particular sound source forms a perceptual
construct named auditory object according to the definition of Bizley and
Cohen [14]. A sound can still be heard without being recognized [15] and
will subsequently not be assigned to a particular source. Since the “source
familiarity” is defined by Philbeck & Mershon [13] as the stored knowledge
upon which one might base an estimate of output power, loudness constancy
might be achieved only in cases where the listener perceives an auditory object
[16].

Since loudness is a subjective experience, it depends on the way a listener
interacts with an auditory object. Specifically, the perception of this auditory
object can be affected by the way the listener focuses on the stimulus. As
an example, in a cocktail party situation, a listener is able to devote more
processing resources when focusing on familiar sounds [17].

Several loudness studies use experimental setups that keep a consistent
distal stimulus while modifying the proximal stimulus, e.g. by modifying the
source location in directional loudness studies [10, 18, 19] or by occluding one
of the listener’s ears when investigating binaural loudness summation [8, 20].
Loudness estimates could therefore differ whether the listener focuses on the
variable proximal stimulus or on the constant distal stimulus, which could
account for significant interindividual differences observed in the literature [21].

The listener’s focus can be directly driven by explicit instructions toward
a particular stimulus [12]. However, the extent to which the listener focuses
on the proximal or distal stimulus appears to depend on the stimulus itself
[16]. In cases where the stimulus does not provide the listener with intrinsic
information about the sound source (i.e. for an anechoic noise or pure tone
displayed through headphones with no visual stimulus), loudness and distance

estimates rely solely on the at-ear sound pressure level [22], which could be
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due to the lack of information provided about the source [16]. In this way, the
environment in which the sounds are presented, the quantity and quality of
information available about the sound source or its familiarity to the listener
are likely to affect the focus.

In studies that investigate relationships between the source position and
the loudness of the emitted sound, any information about the source position
or power is likely to attract the listener’s focus toward the distal stimulus. The
reverberant energy depends on the source power and is almost constant with
the distance to the source, whereas the direct energy decreases linearly with
the square of distance. Thus, reverberation cues can give information about
the sound source distance and power [23], allowing loudness constancy across
distance [6]. Timbral cues of familiar sounds such as speech and music can
inform the listener on the source power [24] and distance [13, 25]. Visual cues
provide accurate distance and power information that could affect loudness

estimates [26].

1.2 Present experiments

Directional loudness sensitivity (the extent to which a sound reaching a listener
from the side is perceived louder than a frontal sound of same pressure level)
of narrow-band noises was studied in a previous experiment [27]. This past
study was conducted in two separate sessions, one where the sources were
visible loudspeakers and one where sounds were displayed through headphones
with no visible source. The results differed between the two sessions, reporting
lower directional loudness sensitivity when the sounds were displayed by visible
loudspeakers. These results led to hypothesizing that the visual cues to the
sound sources drove the listener’s focus on the distal stimuli, favoring constant

(or at least less varying) loudness with the source position. In this previous
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study, the listeners were not asked to explicitly focus on the distal stimuli. They
made pairwise comparisons between frontal and lateral sounds and were asked
to specify which of the two sounds was the louder. No further specification was
given about what their judgments should be based on.

Loudness studies that explicitly drive the listener’s focus thanks to direct
instructions are rather sparse, but highlight a strong influence of instructions
on loudness. Zahorik & Wightman [6] collected loudness estimates using “a
free-modulus magnitude estimation procedure in which listeners were carefully
instructed to make their judgments based on the sound source power”, high-
lighting a strong loudness constancy when instructing the listeners to focus on
the distal stimuli. Mohrmann [12] asked listeners to adjust the output levels of
two loudspeakers so that “the two sources — or else the two impacts — appeared
to be equally loud”, as translated by Brunswik [28]. The adjustments made
with regard to the “impacts” (the proximal stimuli) were highly dependent on
the source distance (and thus on the level of the proximal stimuli), which was
not the case for the adjustments made with regard to the sources (the distal
stimuli).

Thus, the instructions given to the listeners seem to be able to drive their
focus towards the proximal or distal stimuli, and this focus is likely to affect
loudness. However, most loudness studies ask the participants to estimate loud-
ness without giving further specifications (e.g. by asking “How loud is this
sound?”) [16]. The present study compared loudness judgments gathered when
listeners focused on either the proximal or distal stimulus. The listeners’ focus
was driven through explicit instructions and the amount of information about
the source was controlled by manipulating auditory (namely reverberation and
timbre) and visual cues given to the listeners. Three experiments were set up,

in which consistent sound sources were located at different distances from the
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listeners so that the proximal stimuli had varying characteristics. The results
were then discussed in terms of loudness constancy, which describes whether
loudness was based on the constant distal stimuli or on the varying proximal

stimuli.

® The first experiment gathered loudness and distance estimates for noise
bursts played at several distances from the listening point. The sound source
was either visible or hidden and the experiment took place in both rever-
berant and anechoic environments. The aim was to observe whether visual
and auditory information about the source could affect loudness when ask-
ing the listeners to focus on the proximal stimulus. Distance estimates were
also collected to determine whether a potential effect could be explained by
a modification of the perceived sound source distance thanks to visual and
auditory cues (through reverberation). The use of noise bursts deprived the
listeners of timbral cues to the source power. The hypothesis behind this
experiment was that when instructed to focus on the proximal stimuli, lis-
teners would make loudness estimates that are strongly dependent on the
at-ear sound pressure level, and thus on the source distance, whatever the
quantity and quality of information about the source.

® The second experiment gathered loudness estimates for noise bursts played
in the same conditions as in the first experiment, but with explicitly driving
the listeners’ focus on the distal stimulus. The main hypothesis behind this
experiment was that when provided with information about the source (that
is when the environment is echoic and/or when the source is visible), listeners
that are instructed to focus on the distal stimuli would be able to report
constant loudness estimates with source distance.

® The third experiment gathered loudness estimates obtained when focusing

on (i) the proximal stimuli, (ii) the distal stimuli for speech spoken at several
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distances from the listening point. The speaker could also be either visible
or hidden and the stimuli were presented in reverberant or anechoic envi-
ronments. This experiment aimed at observing the evolution of the loudness
estimates with sound source distance in both focus situations in a case where
intrinsic source power cues were delivered by the stimuli though timbral and
visual cues. Two hypotheses were formulated for this experiment. First, it
was hypothesized that listeners would still report loudness estimates that
depend on the at-ear pressure level (and thus on the source distance) when
instructed to focus on the proximal stimuli. Then, it was hypothesized that
when instructed to focus on the distal stimuli, loudness constancy could be
achieved even in free field with no visual cue to the source thanks to the

timbral cues conveyed by the speech stimuli.

2 Experiment 1: proximal noise

2.1 Material and methods

Studying the relations between the distance of a visible sound source and
loudness requires the use of relatively complex experimental setups. As an
example, loudspeakers can be moved along a rail by using a motorized mount
[29]. This experimental design required additional loudspeakers to display noise
at high level during the main loudspeaker movement (which could be rather
intrusive) in order to mask it.

In the present study, virtual environments were created. This allowed
the experimenters to manipulate the source distance, the source level, the
source visibility and the room acoustics independently while providing the
participants with realistic audiovisual stimuli. The virtual environments were

rendered visually by a Head Mounted Display (HMD, model HTC Vive) and
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auditorily through headphones (Sennheiser HD 650). A loudspeaker repre-
senting the source was included in the virtual environments in front of the
participants.

Three different environments were studied in this first experiment : a free
field, a small concert hall and a large sports hall. The concert hall and sports
hall were virtual copies of real rooms.

A large panel was displayed in the environments, which could fully hide the
sound source if placed between the latter and the participant. This occlusion

was exclusively visual and did not modify the acoustic stimuli.

2.1.1 Visual stimuli

The visual virtual environments were created according to the recommen-
dations made by Renner et al. [30]. This consisted in providing binocular
disparity, using high quality of graphics, carefully adjusting the virtual camera
settings, displaying rich virtual environments containing a regularly struc-
tured ground texture and enhancing the user’s sense of presence. 3D models
were created in a 3D computer graphics software (Blender) and imported in a
game engine (Unity), in which the virtual environments were rendered. Three
distinct environments were created to provide congruent visual and auditory
environments favoring sound externalization [31]. For the two reverberant
rooms (the sports hall and the concert hall), the visual virtual environments
were rooms having the same size and shape as the real rooms. For the anechoic
environment (free field), no wall was displayed and the environment consisted
in an infinite ground with a check pattern texture forming squares with a
side length of 1m (the subjects were not informed of the size of the squares).
Additional depth information was provided by adding traffic cones each 5m in

the axis of the loudspeaker. Fig. 1 shows the three virtual environments from
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Fig. 1 Virtual environments representing the sports hall (a), the concert hall (b) and the
free field (c) as seen from an external point of view. The green square depicts the participant’s
position within the virtual environment. The panel could move along the blue path to
completely hide the source from the participant’s position. The source could be placed at
several positions along the red path. The square and paths were not displayed during the
experiment. (d) shows the source as seen from the participant’s position in the sports hall.

an external point of view along with a picture of the sports hall taken from
the subjects’ point of view. The sound source was depicted as a 3D-rendered

loudspeaker as shown in Fig. 1.

2.1.2 Auditory stimuli

During the experiment, binaural stimuli were displayed through headphones.
Sound sources were virtually placed at several distances from the participants
in the environments. The two reverberant rooms (the sports hall and the
concert hall) were captured by measuring Higher Order Ambisonics (HOA)
impulse responses of the rooms up to the 4" order. These Spatial Room
Impulse Responses (SRIR) were measured by displaying sine sweeps through
a loudspeaker (Genelec 8040A) located at 1m, 2m, 4m, 8m and 16 m from
a HOA microphone (Eigenmike EM32). These distances were chosen to pro-

vide a large variety of direct-to-reverberant energy ratios in the two rooms and
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provide distance doubling so that the direct level decreased linearly with the
distance represented on a logarithmic scale. Fig. 2 depicts drawings of the two
reverberant rooms with indications on the positions of the loudspeaker and
microphone during the recordings. Reverberation times of the two rooms were

measured according to ISO 3382-1 [32] specifications and displayed in Table 1.

Environment T30
Free field anechoic
Concert hall 0.5s
Sports hall 2s

Table 1 Reverberation times (T30) of the three environments.

443 m

14m

24 m

TS0 0 0 °

19.4m

a. b.

Fig. 2 Drawings of the large sports hall (a.) and small concert hall (b.) in which the
recordings were made. The filled circle depicts the microphone position, empty circles depict
the loudspeaker positions.

Each SRIR was de-noised using the procedure described by Cabrera et
al. [33] and the loudspeaker response was compensated for by using ane-
choic measurements made by Salmon et al. [34]. A 200 ms frozen white noise
was generated in MATLAB and was used as stimulus. It was then convolved
with these impulse responses. For the anechoic stimuli, the white noise was
directly encoded in ambisonics signals of the 4" order. Head-tracking of the
sound source location was carried out thanks to the ambiX Rotator plugin [35]
enabling a dynamic restitution of the stimuli. HOA signals were then decoded

into binaural signals thanks to the IEM BinauralDecoder plugin, according to
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the procedure described by Schérkhuber et al. [36]. The Head-Related Trans-
fer Functions (HRTF) used in the procedure were measured on a dummy head
(Neumann KU 100) by Bernschiitz [37].

The sounds could be played by the source at three different restitution
levels so that one given at-ear pressure level did not match one particular
sound source distance. These restitution levels were fixed at 0dB, —6dB and
—12dB relatively to a given reference level. This reference level was calibrated
by placing the headphones on the dummy head and measuring a sound pressure
level of 80 dB SPL at the entrance of the blocked ear canal when the source was
at 1m from the listening point. The dummy head was beforehand calibrated
with a sound calibrator (Briiel & Kjeer Type 4231) at 1kHz.

45 stimuli were created, corresponding to the 3 restitution levels for a sound

source placed at 5 distances in each of the 3 environments.

2.1.3 Procedure

f (Hz) | 315 63 125 250 500 1k 2k 4k 8k 16k
BN (dBSPL) | 43.6 37.0 284 195 127 185 13.0 142 147 143
T30 (s) 028 022 022 015 008 0.1 014 0.15

Table 2 Background noise (BN) and reverberation time (73¢) measured in the
audiometric booth on octave bands of center frequencies f.

The experiment took place in a 2.2m x 1.85m x 2.1 m audiometric booth,
which background noise BN (RMS, slow [38]) and reverberation time T3y mea-
sured on octave bands with center frequencies f [39] are displayed in Table 2.
where participants sat on a chair. A response interface was available on a tablet
computer in front of them. This tablet computer was displayed within the vir-
tual environment by using the HMD built-in front-facing camera. After each
response, the sound source was hidden by the large panel before being placed

at its next position. A software implemented in Max/MSP ran the procedure
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and rendered the audio stimuli in real time, while communicating with Unity
thanks to the Open Sound Control (OSC) protocol for gathering head rotation
information and for moving the objects within the virtual visual environment.

The experiment was separated in 2 sessions, one gathering egocentric dis-
tance estimates and one gathering loudness estimates. Each session consisted
of 3 sub-sessions, corresponding to each of the 3 environments. In each sub-
session, every distance, restitution level and visibility condition of the sound
source (visible or hidden by the panel) was presented 4 times to each partici-
pant. This led to 120 trials (5 distances, 3 levels, 2 visibility conditions and 4
repetitions) per participant in each of the 3 sub-sessions (free field, sports hall
and concert hall) and in each of the 2 sessions (egocentric distance and loudness
estimate). The loudness estimates were gathered using an absolute magnitude
estimation protocol [40]. The instructions given to the participants explic-
itly asked to focus on the proximal stimulus (the sound reaching their ears)
by specifying “The louder you hear the sound, the higher the assigned num-
ber should be” (translated from french). The egocentric distance was directly
estimated in meters. Participants typed their answer on the tablet computer,
which was displayed in real time next to the word “Sensation:” (translated
from french) for loudness estimates and next to the word “Distance:” (trans-
lated from french) for egocentric distance estimates. 20 participants (5 women
and 15 men, aged 20 to 25 years) with self-reported normal hearing and nor-
mal or corrected to normal vision (the HMD was carefully adjusted so that
participants that wear prescription glasses could fit them inside the headset)
participated in this experiment and were remunerated for their participation.
Each sub-session began with a series of 10 pre-test estimates which responses
were not kept. Each session lasted around one hour. Participants attended

the two sessions on two separate weeks. One half of the participants began
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with the loudness estimate session and the other half began with the distance
estimate session. The sub-sessions and the trials within each sub-session were
carried out in a random order by each participant. A video recording of the

experiment can be found at the following url: https://youtu.be/V1ifR558VO4.

After the experiment, participants filled a 7-item questionnaire inspired
by statements from Rébillat et al. [41] in order to evaluate their sensation of
presence within the virtual environment. The participants rated each item on
a 7-points Likert scale [42]. Each answer was assigned a score between —3 and
3, —3 meaning a poor presence sensation and 3 meaning a strong presence
sensation. The scores were averaged across items and participants and showed
an overall positive score (u = 0.93, o = 0.63), showing that the sensation of

presence was globally satisfying within the virtual environment.

2.2 Results and discussion

2.2.1 Loudness

Loudness estimates were gathered using an absolute magnitude estimation
protocol. These results were subsequently normalized across participants prior
to statistical analysis, according to the procedure described by Altmann et al.
(7] :

1) Each single estimate was converted to its logarithm. 2) The arithmetic
mean x4, of these logarithm estimates was computed for each subject s and
for each experimental condition ¢ (across repetitions). 3) From each x. value,
a normalized ng. value was obtained : ng,. = x5, — X5 + X, where X is the
arithmetic mean of the logarithmic estimates of subject s across conditions
and X the grand mean of the logarithmic estimates for all subjects and all

conditions. X enabled to depict loudness estimates that are in the same order
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of magnitude as the participants’ estimates in the figures.

A repeated-measures ANalysis Of VAriance (ANOVA) was performed on
the normalized logarithms ng.. This analysis included 4 factors: the environ-
ment (3 levels), the source distance (5 levels), the source level (3 levels) and
the source visibility (2 levels). The residuals of the linear model were normally

distributed. The results of the ANOVA are presented in Table 3.

Loudness estimates made while focusing on the proximal stimuli

Cases SS DF MS F Sig.p
B 1.783 2 .892 9.879 < .001
D 36.354 1.125" 32.316 186.971 < .001
L 24.764 1.042" 23.759 217.212 < .001
\% .017 1 .017 2.125 .161
E xD 2.059 2.883" 714 37.202 < .001
E x L .055 2.451" .022 1.492 .233
D x L .269 4.077" .066 5.959 < .001
ExV .004 2 .002 .528 .594
DxV .014 2.362" .006 712 518
LxV .009 2 .004 1.230 .304
ExDXxL .051 6.806" .007 1.004 .430
ExDxV .010 4.611" .002 .408 .828
EXLxV .024 4 .006 1.888 121
DxLxV .025 4.379" .006 .838 514
ExDxLxYV .058 6.429" .009 1.219 299

The degree of freedom was adjusted with a Greenhouse-Geisser correction following a
violation of the assumption of sphericity.

Table 3 Results of the ANOVA conducted on the normalized logarithms of the loudness
estimates of noise made while focusing on the proximal stimuli. E stands for the
Environment, D for the virtual source Distance, L for the source Level and V for the
source Visibility.

On the one hand, the visibility factor did not prove to have any simple effect
or interaction effect on loudness. On the other hand, the distance factor proved
to have on significant effect on loudness (F(1.125,21.374) = 186.971, p < .001)
and significantly interacted with the environment factor (F(2.883!,54.774) =
37.202, p < .001). As can be noted in Fig. 3 which depicts? the loudness as

a function of the distance for each of the 3 environments, loudness decreased

!The degree of freedom was adjusted with a Greenhouse-Geisser correction because the
sphericity assumption of the results was violated.

2Here and for the rest of the paper, the results are displayed with geometric means (i.e. the
inverse logarithm of the ns. values).
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with the distance.

\
—+— Free field

Concert hall ||
-1- Sports hall

i

L el
.g = 6 b=-0.28
; o
8 .
c
©
3
- 5 b = -0.44

1 2 4 8 16

Virtual source distance (m)

Fig. 3 Geometric mean loudness estimate made when listeners were instructed to focus
on the proximal stimuli, as a function of the sound source distance in free field (solid line),
in the concert hall (dotted line) and in the sports hall (dashed line), with 95% confidence
intervals. The b exponent next to each curve depicts the steepness of the slope.

The loudness-distance functions depicted in Fig. 3 were obtained thanks to

a fitting of the data to power functions:

L=k (1)

where L is the loudness, r the distance and k& a constant. The b exponent
indicated in Eq. 1 represents the slope of the loudness-distance function and is
indicated next to its respective function in Fig. 3. A perfect loudness constancy
would thus be indicated by an exponent b = 0. The power fittings obtained
in the same way by Zahorik & Wightman [6] assumed loudness constancy
of broadband noise up to |[b| ~ 0.1. The only fitting that assumed failure of

loudness constancy in this study revealed b = —0.35.
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The exponents obtained in the present experiment were b = —0.28 in both
reverberant environments and b = —0.44 in the anechoic environment. There-
fore, the results do not show loudness constancy with sound source distance
when listeners were asked to focus on the proximal stimulus in any of the
three environments under investigation. The shallower slope in the reverber-
ant environments is likely to be caused by the reverberant energy, which made
the overall at-ear level to be higher in these environments than in the anechoic
one for distant stimuli. Indeed, while the at-ear level decreased by 6 dB each
doubling of the source distance in free field, the isotropy of the reverberant
energy caused the at-ear level to decrease by less than 6 dB each doubling of

the source distance in the echoic rooms.

2.2.2 Perceived distance

The distance estimates were gathered in order to explain potentials effects of
visibility on the loudness estimates. Since distance estimates are approximately
normally distributed along a logarithmic scale [43], each distance estimate was
converted to its logarithm before being statistically analyzed. The values were
not normalized across participants, since each participant was assumed to use
the same scale (meter unit). A repeated-measures ANOVA was conducted on
the distance estimates, including the same factors as the one performed on
the loudness results: the environment (3 levels), the source distance (5 levels),
the source level (3 levels) and the source visibility (2 levels). The residuals of
the linear model were normally distributed. The results of the ANOVA are
presented in Table 4.

The distance estimates varied differently with the virtual source distance
in the three environments. Fig. 4 shows that distance estimates were overall

smaller in the anechoic environment than in the reverberant environments,



Springer Nature 2023 BTEX template

18 Loudness constancy with sound source distance

Distance estimates

Cases SS DF MS F Sig.p
E 9.165 1.1327 8.097 14.602 .001
D 163.111 1.136" 143.526 244.124 < .001
L 16.564 1.183" 14.002 235.614 < .001
\Y% 170 1 .170 3.543 .075
E x D .693 2.423" .286 3.948 .020
E x L .807 2.070" .390 11.130 < .001
D x L 1.799 2.562" .702 21.463 < .001
E xV .294 1.374" 214 7.659 .006
DxV 1.531 1.610" .951 13.737 < .001
LxV 1.476 1.075" 1.373 14.996 < .001
ExDxL .196 4.846" .040 1.525 .191
ExDxV .062 8 .008 .910 510
ExLxV .005 2.595" .002 170 .893
DxLxV .098 3.446" .028 1.631 .184
ExDxLxV .091 7.430" .012 .848 .556

The degree of freedom was adjusted with a Greenhouse-Geisser correction following a
violation of the assumption of sphericity.

Table 4 Results of the ANOVA conducted on the logarithms of the distance estimates. E
stands for the Environment, D for the virtual source Distance, L for the source Level and
V for the source Visibility.

as confirmed by the simple environment effect (F(1.1321,21.505) = 14.602,
p < .001), and that distance estimates increased more steeply with distance

in the sports hall than in the concert hall, as confirmed by the interaction

between distance and environment (F(2.423',46.037) = 3.948, p = .02).
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Fig. 4 Geometric mean distance estimate as a function of the virtual sound source distance
in free field (solid line), in the concert hall (dotted line) and in the sports hall (dashed line),
with 95% confidence intervals.
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The visibility factor did not prove to have a significant effect on distance
estimates, but significantly interacted with the three other factors. Distance
estimates were closer to the actual distance values when the source was visible
than when it was hidden (Fig. 5), as confirmed by the interaction between dis-
tance and visibility (F(1.61%,30.581) = 13.737, p < .001). Distance estimates
depended less on the sound source level when the latter was visible that when
it was hidden (not shown here), as confirmed by the interaction between level
and visibility (F(1.075%,20.424) = 14.996, p < .001). Distance estimates were
less different across environments when the source was visible than when it
was hidden (not shown here), as confirmed by the interaction between environ-
ment and visibility (F(1.374%,26.097) = 7.659, p = .006). These interactions
are in agreement with the literature and show an increase in accuracy when
visual cues are available [29]. In the presence of visual cues, which provided
the participants with absolute and accurate distance cues [44], the relative
distance cues (such as the source level [45]) or the less accurate distance cues
(such as the direct-to-reverberant energy ratio) then had a weaker influence

on distance estimates than when the source was hidden.

2.2.3 Discussion

While the perceived distance of the sound source depended on its visibility,
the estimates made with and without visual cues to the source appeared to be
closer from each other than what could be expected based on the literature.
Listeners usually tend to overestimate the distance to sources closer than 1m
and to underestimate that of remote sources [43]. While these biases can be
observed in Fig. 5, the source distance beyond which listeners underestimated

the distance was about 4 m. While such biases were not reported to occur in
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Fig. 5 Geometric mean distance estimate as a function of the virtual sound source distance
for a visible (solid line) or hidden (dotted line) source, with 95% confidence intervals, along
with the actual source distance (dashed line).

visual depth perception [46], Fig. 5 shows a relatively small but existing over-
estimation of close visible source distances and an underestimation of farther
visible source distances. Lastly, auditory distance estimates usually tend to be
more variable than visual distance estimates [45], while Fig. 5 exhibits simi-
lar variances in distance estimates to visible or hidden sources. However, the
comparisons made in the literature usually involve distance estimates made in
separate studies, with either visible or hidden sources (but not both). In the
present study, estimates were gathered within blocks mixing both visible and
hidden sources. The observed better-than-usual performances in auditory dis-
tance estimate might then have resulted from a carryover across visible and
hidden source presentations, where participants could have matched the (pre-
cise) visually-determined distances of audiovisual stimuli with the auditory
stimuli, enhancing their performances when presented with the auditory stim-
uli only. Similar carryover have been reported in the literature [47] between

distance estimates made for visual or auditory targets in separate blocks.
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However, the results of this experiment show that the loudness estimates of
white noise bursts gathered when asking the listeners to focus on the proximal
stimuli were identical whether the sound source was visible or hidden in every
experimental conditions under investigation, while the distance estimates sta-
tistically depended on the source visibility. The loudness of the white noises
displayed by the source thus followed the at-ear sound pressure level decrease,
regardless of the distance at which the sound source was perceived. These
results are in accordance with previous studies that did not find any loudness
constancy with source distance for non-familiar stimuli [7, 48], for which the
perceptual construct of auditory object (and therefore of source distance) may
be irrelevant. Consequently, the following experiment will study interactions
between visual distance cues and loudness estimate when asking the listeners

to focus on the distal stimulus, in both reverberant and anechoic environments.

3 Experiment 2: distal noise

3.1 Materials and methods

The protocol of this experiment was similar to that of the experiment 1 (see
section 2.1). The same stimulus was used and was displayed either in an ane-
choic environment (free field), or in the most reverberant environment from
experiment 1 (the large sports hall). Thus, 30 auditory stimuli were cre-
ated, corresponding to a white noise displayed at 3 restitution levels by a
sound source placed at 5 different distances in 2 environments (anechoic or

reverberant).
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3.1.1 Procedure

This experiment aimed at collecting loudness estimates by using a similar pro-
cedure as the one used in the loudness session of experiment 1. The experiment
was done in one session consisting of 2 sub-sessions corresponding to each of
the 2 environments. 120 trials (5 distances, 3 levels, 2 visibility conditions and
4 repetitions) were carried out in random order by each participant within
each of the 2 sub-sessions (free field and sports hall). The loudness estimates
were obtained by using the same absolute magnitude estimation protocol as
in experiment 1. The participant’s attention was explicitly focused on the dis-
tal stimulus by specifying “The louder the sound is played by the source, the
higher the assigned number should be” (translated from french). Participants
typed their answer on the tablet computer. Since the strength of the sound
displayed by a source relates to its power, their answer was displayed in real
time next to the word “Power:” (translated from french). 17 participants (3
women and 14 men, aged 20 to 27 years) with self-reported normal hearing and
normal or corrected to normal vision participated in this experiment and were
remunerated for their participation. They were not involved in experiment 1.

Each session lasted about 45 minutes.

3.2 Results and discussion

The loudness estimates were normalized the same way as the loudness
estimates gathered in the experiment 1 (see section 2.2).

A repeated-measures ANOVA was conducted on the loudness estimates
obtained in this experiment. 4 factors were included: the environment (2 lev-
els), the distance (5 levels), the sound source level (3 levels) and the source
visibility (2 levels). The residuals of the linear model were normally distributed.

The results of the ANOVA are presented in Table 5.
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Cases SS DF MS F Sig.p
E 007 1 007 037 851
D 3.240 1.091" 2.971 5.938 .024
L 11.049 1.094" 10.103 71.034 < .001
Y4 .003 1 .003 167 .688
E x D 2.340 4 .585 60.862 < .001
E x L 119 2 .059 4.533 .018
DxL .036 3.204" .011 589 .636
ExXV 217 1 217 10.666 .005
D xV 1.634 1.647" .992 21.641 < .001
LxV .001 2 {.001 118 .889
ExDxL .040 3.342" .012 .892 .460
ExDxV .369 2.422" .152 14.645 < .001
ExLxV .004 2 .002 .325 725
DxLxV 126 3.773" .034 3.878 .008
ExDxLxV .025 8 .003 .865 .548

The degree of freedom was adjusted with a Greenhouse-Geisser correction following a

violation of the assumption of sphericity.

Table 5 Results of the ANOVA conducted on the normalized logarithms of the loudness
estimates of noise made while focusing on the distal stimuli. E stands for the Environment,

D for the virtual source Distance, L for the source Level and V for the source Visibility.

Loudness-distance functions obtained in further analyses were subsequently

fitted to power functions as described in Eq. 1. The corresponding b exponents

are indicated next to their respective functions in the following figures.

3.2.1 Distance

The distance factor proved to have a significant effect on the loudness

(F(1.0911,17.449) = 5.938, p = .024), which does not support the loudness

constancy hypothesis for the overall results. However, several significant inter-

actions involving the distance factor give more in-depth information about the

loudness constancy of these estimates.

3.2.2 Environment X Distance

The loudness estimates did not depend on the distance in the same way

whether the environment was anechoic or reverberant (F(4,64) = 60.862,

p < .001). As can be seen in Fig. 6, loudness estimates were less dependent

on the sound source distance in the sports hall (the reverberant environment,
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in dotted line, with an exponent b = —0.02) than in free field (anechoic envi-
ronment, in solid line, with an exponent b = —0.24). This observation is in
accordance with the hypothesis made by Zahorik & Wightman [6], as loudness
estimates gathered while focusing on the distal stimulus are less dependent on
sound source distance (and thus on the at-ear sound level) when power and

distance cues supplied by the reverberant field are available to the listeners.
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Fig. 6 Geometric mean loudness estimate made when listeners were instructed to focus on
the distal stimuli, as a function of the sound source distance in free field (solid line) and the
sports hall (dotted line), with 95% confidence intervals.

3.2.3 Distance X Visibility

The loudness estimates did not depend on the distance in the same way
whether the sound source was visible or hidden (F(1.647',26.356) = 21.641,
p < .001). As can be seen in Fig. 7, the loudness was less dependent on the
source distance when it was visible (solid line, with an exponent b = —0.04)
than when it was hidden (dotted line, with an exponent b = —0.22). The com-

parison between Fig. 6 and Fig. 7 and between the b exponents obtained on
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each loudness-distance function shows that the reverberant field and the vis-
ibility affected loudness estimate in a similar way when listeners focused on

the distal stimulus.
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Fig. 7 Geometric mean loudness estimate made when listeners were instructed to focus on
the distal stimuli, as a function of the sound source distance when the source was visible
(solid line) or hidden (dotted line), with 95% confidence intervals.

3.2.4 Environment X Distance X Visibility

This significant interaction (F(2.4221,38.759) = 14.645, p < .001) is illustrated
in Fig. 8. Loudness estimates made in the anechoic environment (a) and in the
sports hall (b) are depicted as a function of the sound source distance when
the latter was visible (solid line) or hidden (dotted line).

The power fitting made on the loudness estimates gathered in the ane-
choic environment when the source was hidden reveals an exponent b = —0.37.
Thus, the obtained loudness-distance functions had a similar slope as the
loudness-distance functions obtained in experiment 1 where listeners focused

on the proximal stimulus (Fig. 3). This is due to the only cue available to
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Fig. 8 Geometric mean loudness estimate made when listeners were instructed to focus on
the distal stimuli, as a function of the sound source distance in free field (a) and the sports
hall (b) when the source was visible (solid line) or hidden (dotted line), with 95% confidence
intervals. The b exponent next to each curve depicts the steepness of the slope.

the participants being the at-ear sound level, which depended on the source
distance.

In the reverberant environment, the exponents b = —0.07 (hidden source)
and b = 0.03 (visible source) are both close to zero. In the anechoic envi-
ronment, the estimates depended less on the sound source distance when the
source was visible than when it was hidden. The visible source led to an
exponent b = —0.11, which is slightly higher (in absolute value) than the b
exponents obtained by Zahorik & Wightman [6]. However, Bonferroni post-
hoc tests showed that each pairwise comparison of the results obtained at the
five distances when the source as visible (b = —0.11) revealed no significant
difference. In comparison, each pairwise comparison for the results obtained
when the source was hidden in this environment (b = —0.37) led to a sig-
nificant difference. Cohen’s d were computed on these significant differences,
highlighting medium to large effects (d = 0.681 for the smallest effect, which

was found between the results obtained at 1m and 2m).

3.2.5 Discussion

The results of this experiment show that when focusing on the distal stimulus:
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® The loudness estimates gathered in the anechoic environment were constant
with the source distance when the latter was visible.

® The loudness estimates gathered in the reverberant environment were
constant with the source distance whether the latter was visible or hidden.

® The reverberant field (which provides the participant with distance and
power information) and the visual cues (which provide the participant with
distance information) both led to a similar extent of loudness constancy of

white noise bursts with their source distance.

In agreement with the results obtained by Zahorik & Wightman [6], the
present experiment observes loudness estimates that do not depend on the
source distance in a reverberant environment when listeners were asked to
focus on the distal stimulus. According to the authors, the loudness estimates
might be based on the reverberant energy, which provides the listener with
direct information about the sound source power. The results of the present
experiment do not contradict this hypothesis but also reveal a loudness con-
stancy with source distance in an anechoic environment, provided that the
sound source was visible. This observation highlights the ability to gather the
perceived at-ear sound level and distance in order to estimate the loudness
of a distal stimulus. According to this statement, listeners might be able to
accurately deduct to what extent the source is powerful even when they hear
a quiet sound but see a distant source.

The following experiment will study loudness of speech in anechoic and
reverberant environments when listeners are asked to focus on the proximal or
distal stimulus. This sound signal, contrarily to the white noise studied so far,
provides the listener with information about the sound source power (through
the vocal effort), which might affect the relationships between loudness and

distance [49, 50].
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4 Experiment 3: proximal and distal speech

4.1 Materials and methods

The protocol of this experiment was close to that of experiments 1 and 2 (see
section 2.1). However, the auditory and visual stimuli were not the same. Here,
a speaker pronounced words with several vocal efforts whereas in the precedent

experiments a loudspeaker displayed white noise bursts at several levels.

4.1.1 Auditory stimuli

The environments under investigation were the same as in experiment 2 (the
free field and the sports hall). The auditory stimuli used in this experiment
were words pronounced by a speaker. These words were recorded in a record-
ing booth by an omnidirectional microphone (DPA 4006A) placed close to
the speaker’s mouth (15cm). During the recording, the speaker had to pro-
nounce the words at 3 different levels, which produced 68 dB SPL, 74dB SPL
and 80dB SPL at 1m from him, creating stimuli with 3 different vocal efforts
(producing the same levels as the 3 restitution levels of experiments 1 and 2).
A reference omnidirectional microphone (DPA 4006A) was placed at 1 m from
the listener’s mouth in the axis of the recording microphone. This microphone
was calibrated with a sound calibrator (Briiel & Kjeer Type 4231) at 1kHz.
The output of this microphone was analyzed in a software implemented in
Max/MSP. The sound pressure level was computed on a 1s-long sliding win-
dow (with 50 ms-long steps) and a graphical interface provided the speaker
with a real-time indication on whether the words had been pronounced at
the desired level or not. The level was considered as correct if it was mea-
sured within a +1dB tolerance margin. Moreover, the dynamic range of the
pronounced words was measured and needed to be < 10dB for the recorded

words to be considered valid. 3 disyllabic french words close to the spondees
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used by Epstein and Florentine [8] were recorded so that different spectral
contents were taken into account. These 3 words, “Réchaud”, “Normand” and
“Caveau”, were picked in disyllabic lists used in vocal audiometry [51]. The
speaker was then virtually positioned in the virtual environments thanks to
the same HOA encoding process as explained in the description of experiment
1,at 1, 2, 4, 8 and 16 m from the listening point. 90 auditory stimuli were cre-
ated this way, corresponding to each of the 3 words spoken at 3 different levels

from 5 different distances in the 2 environments.

4.1.2 Visual stimuli

Expression of the face and body of a speaker depends on the produced vocal
effort, which could have an effect on the perceived loudness of speech [24].
A visual representation of the speaker was therefore displayed in the virtual
environment. The speaker was filmed (Blackmagic URSA Mini Pro camera)
in front of a blue screen while he pronounced the 3 words at the 3 required
vocal efforts. 9 videos were recorded this way, corresponding to each of the
3 words pronounced with the 3 vocal efforts. The videos of the speaker were
then displayed in the virtual environment at the required distance from the

listening point (see Fig. 9), synchronized with the auditory stimuli.

4.1.3 Procedure

This experiment collected loudness estimates by using a similar procedure
as the one used in the loudness session of experiment 1 and in experiment
2 (see section 2.1). The experiment was separated in 2 sessions, one where
listeners were asked to focus on the proximal stimuli and one where listeners
were asked to focus on the distal stimuli. Each session consisted in 2 sub-

sessions, corresponding to each of the 2 environments (the sports hall and
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Fig. 9 Speaker located 4 m away from the participant’s position within a visual environ-
ment.

the free field). In each sub-session, every distance, word, restitution level and
visibility condition of the speaker was presented 2 times to each participant
in a random order. This led to 180 trials (5 distances, 3 words, 3 levels, 2
visibility conditions and 2 repetitions) per participant in each of the 2 sub-
sessions (free field and sports hall) of the 2 sessions (focus on the proximal
or on the distal stimuli). Both estimates were obtained by using an absolute
magnitude estimation protocol. In the former session, the instructions given to
the participants explicitly asked to focus on the proximal stimuli by specifying
“The louder you hear the sound, the higher the assigned number should be”
(translated from french). In the latter session, the participants’ attention was
explicitly focused on the distal stimuli by specifying “The louder the person
spoke, the higher the assigned number should be” (translated from french).
Participants typed their answer on the tablet computer, which was displayed
in real time next to the word “Sensation:” (translated from french) for loudness
estimates gathered when focusing on the proximal stimuli and next to the word
“Vocal effort:” (translated from french) for loudness estimates gathered when
focusing on the distal stimuli. 17 participants (6 women and 11 men, aged

20 to 26 years) with self-reported normal hearing and normal or corrected to



Springer Nature 2023 BTEX template

Loudness constancy with sound source distance 31

normal vision participated in the experiment and were remunerated for their
participation. They were not involved in experiments 1 and 2. Each session
lasted around one hour. A video recording of the experiment can be found at

the following url: https://youtu.be/F3xAx jOYZw.

4.2 Results and discussion about loudness estimates

gathered when focusing on the proximal stimuli

Loudness estimates were normalized according to the same procedure as in
experiments 1 and 2 (see section 2.2). A repeated-measures ANOVA was con-
ducted on the normalized logarithms of the results. 5 factors were included
in this analysis: the environment (2 levels), the speaker distance (5 levels),
the pronounced word (3 levels), the word production level (3 levels) and the
speaker visibility (2 levels). The residuals of the linear model were normally

distributed. The results of the ANOVA are presented in Table 6.

4.2.1 Visibility

The visibility factor proved to have a significant effect on the loudness esti-
mates (F(1,16) = 12.613, p = .003). As can be seen in Fig. 10, the overall
estimates were slightly larger when the speaker was hidden than when he was
visible. The visibility factor did not significantly interact with any of the other

factors.

4.2.2 Distance

The loudness estimates were globally larger when the speaker was close to the
participants than when he was remote (not shown here) as confirmed by the

significant effect of the distance factor (F(1.0961,17.541) = 69.480, p < .001).


https://youtu.be/F3xAx_j0YZw
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Loudness estimates made while focusing on the proximal stimuli

Cases SS DF MS F Sig.p
E 9.873 1 0.873 1.867 - < .001
10%0
D 44.402 1.096” 40.502 69.480 < .001
W 214 2 .107 17.132 < .001
L 21.653 1.090" 19.872 86.924 < .001
v 0.59 1 .059 12.613 .003
E x D 4.750 1.493" 3.181 39.470 < .001
E x W .063 2 .031 5.831 .007
ExL .255 2 128 9.275 < .001
E xV .004 1 .004 .338 .569
DX W .101 4.444" .023 2.013 .095
DxL .310 3.603" .086 3.071 .027
DxV .032 4 .008 1.016 406
W x L 036 4 .009 1.173 331
W x V .025 2 012 3.224 053
LxV .001 2 .001 .136 873
ExDxW .064 3.522" .018 1.105 .360
ExDXxL .084 3.953" .021 1.422 .237
ExDxV 059 015 1.467 223
E X W x L .047 2.542" .018 2.186 114
EXx W xV .019 2 .009 2.155 .132
EXLxXV .006 1.366" .005 .528 .530
Dx WXL 124 6.611" .019 1.205 .308
Dx WXV .059 3.934" .015 1.228 .308
DxLxV .055 3.795" 014 727 570
W xLxV .012 4 .003 .520 721
ExDXWXxL .058 5.775" .010 677 .663
ExDxW xV .031 3.884" .008 .558 .689
ExDxLxV .037 3.966" .009 787 537
EXxWXxLxV .005 4 .001 .266 .899
DxWXLxV .056 4.916" .011 .453 .807
EXDXWXLXV .133 6.106" .022 1.265 .280

The degree of freedom was adjusted with a Greenhouse-Geisser correction following a
violation of the assumption of sphericity.
Table 6 Results of the ANOVA conducted on the normalized logarithms of the loudness

estimates of speech made while focusing on the proximal stimuli. E stands for the
Environment, D for the virtual source Distance, W for the spoken Word, L for the source
Level and V for the source Visibility.

4.2.3 Environment X Distance

The loudness estimates did not depend on the speaker distance in the same
way in the two environments under investigation (F(1.493!,23.896) = 39.470,
p < .001). The loudness-distance functions related to these two environments
were fitted to power functions as described in Eq. 1. The corresponding b

exponents are indicated next to their respective functions depicted in Fig. 11.

The two b exponents revealed by the power fittings (b = —0.37 in the

anechoic environment and b = —0.2 in the reverberant environment) are higher



Springer Nature 2023 BTEX template

Loudness constancy with sound source distance 33

9
[0}
©
E
3 8
7]
v
C
©
=}
o
-

7

Visible Hidden

Speaker Visibility

Fig. 10 Geometric mean loudness estimate made when listeners were instructed to focus
on the proximal stimuli, as a function of the speaker visibility, with 95% confidence intervals.

(in absolute values) than 0.1 and the estimates should thus not be considered
constant with distance according to the literature [6], even if the loudness did
not depend on the speaker distance in the same way in the two environments.
The differences observed in the two environments are likely to be explained by
the at-ear sound level. The latter was stronger in the sports hall than in free
field at remote distances, since the reverberant energy decreases softly with

the distance.

4.2.4 Discussion

The loudness of speech was stronger when the speaker was hidden than when
he was visible. However, this factor did not significantly interact with the
distance of the speaker. This suggests that the loudness did not depend on the
distance at which the speaker was perceived, which is supported by the results
of Experiment 1 (see 2.2).

In the two visibility conditions, the loudness decreased with the sound

source distance. This decrease was about the same as the one observed for
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Fig. 11 Geometric mean loudness estimate made when listeners were instructed to focus
on the proximal stimuli, as a function of the speaker distance in free field (solid line) and
in the sports hall (dashed line), with 95% confidence intervals. The b exponent next to each
curve depicts the steepness of the slope.

white noises when asking the listeners to focus on the proximal stimuli in
the experiment 1. The loudness estimates were thereby directed by the at-
ear sound level, which varied with the sound source distance, and were not
affected by the timbre and perceived vocal effort. There is a discrepancy
between this result and those of Pollack [52] and Warren [50], according to
which the loudness of speech depended less on the at-ear level than the loud-
ness of non-familiar stimuli such as the white noise used in the experiment 1.
The experimental protocols and the instructions given to the participants were

yet different from those of the present experiment by several points:

® The participants’ focus was not explicitly led towards the proximal stimulus.
The instructions given by Warren [50] were notably “What number would
you use to describe the loudness of the fainter sound?”, without further

specifications.
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e The participants in the study of Pollack [52] were asked to adjust the out-
put level of a signal so that its loudness reached the loudness (or half the
loudness, or twice the loudness) of a reference signal. The participants in the
study of Warren [50] had to estimate the loudness of a signal by assigning
a score relative to that of an identical signal displayed at a stronger level,
which score was fixed to 100. These two methods gathered relative loud-
ness estimates, whereas the present experiment gathered absolute loudness

estimates.

4.3 Results and discussion about loudness estimates

gathered when focusing on the distal stimuli

The loudness estimates gathered when focusing on the distal stimuli were
normalized and analyzed in the same way as the estimates gathered when
focusing on the proximal stimuli (see section 4.2). 5 factors were included
in the ANOVA: the environment (2 levels), the speaker distance (5 levels),
the pronounced word (3 levels), the word production level (3 levels) and the
speaker visibility (2 levels). The residuals of the linear model were normally

distributed. The results of the ANOVA are presented in Table 7.

4.3.1 Distance

The overall loudness was significantly stronger when the speaker was close
to the participants than when he was remote (F(1.689%,27.024) = 29.126,
p < .001). The evolution of the estimates with the source distance will however

be analyzed in depth by looking at its interaction with visibility.
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Loudness estimates made while focusing on the distal stimuli

Cases SS DF MS F Sig.p
E 279 1 279 3.542- 10 < .001
D 2.344 1.689" 1.388 29.126 < .001
%% 1.131 1.414" .800 17.106 < .001
L 45.140 1.053" 42.861 104.642 < .001
v .011 1.000 .011 1.051 .321
E x D .043 1.811 .024 .909 .405
E x W .007 2 .003 .503 .610
E x L 167 1.309" 128 3.669 .059
ExV j.001 1 i.001 .030 .864
D x W .056 4.595" .012 2.034 .089
D x L .041 2.873" .014 .695 .554
DxV .103 4 .026 6.535 < .001
W x L 3.003 1.591" 1.887 31.807 < .001
W x V .047 2 .024 4.630 .017
LxV .038 1.433" .027 3.099 .079
ExDxW .051 8 .006 1.245 278
Ex DXL .027 3.578" .008 761 .542
ExDXxV .026 4 .007 2.110 .090
Ex WXL .020 2.153" .009 .489 .631
EXx WXV .008 1.442" .005 576 .516
ExXxLXV .006 2 .003 .663 522
DxWXxL .062 5.623" .011 .851 .528
DxWxV .055 3.258" .017 1.329 274
DxLxV .100 4.704" .021 3.015 .017
W x L xV .012 2.346" .005 .431 .685
ExDxWxL .062 5.886" .010 789 .579
ExDxWxV .040 3.438 .012 991 412
ExDXxLxV .020 3.314" .006 411 765
ExWXxLxV .060 2.726" .022 4.206 .013
DxWXxLxYV .071 4.898" .014 .730 .601
ExDxWXxLXxV .102 5.839" .018 1.367 .237

The degree of freedom was adjusted with a Greenhouse-Geisser correction following a
violation of the assumption of sphericity.
Table 7 Results of the ANOVA conducted on the normalized logarithms of the loudness
estimates of speech made while focusing on the distal stimuli. E stands for the
Environment, D for the virtual source Distance, W for the spoken Word, L for the source
Level and V for the source Visibility.

4.3.2 Distance X Visibility

The speaker visibility did not prove to have a significant simple effect on the
loudness estimates of speech but significantly interacted with the distance
factor.

The loudness estimates depended differently on the speaker distance
whether the latter was visible or hidden (F(4,64) = 6.535, p < .001). This sig-
nificant interaction is depicted in Fig. 12, which shows little difference between
the two curves at the closest distances. Bonferroni post-hoc tests highlighted

that the results significantly differed between the visible and hidden source
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when the latter was at 16m (p = .007), with a relatively small effect size
(d = .257). These loudness-distance functions were fitted to power functions
as described in Eq. 1. The fittings revealed b = —0.05 when the speaker was
visible and b = —0.08 when he was hidden.

—+— Visible speaker
15 Hidden speaker | |
[
g 10
g
» i i b = -0.05
7] \Y““‘ __________
2 I A s
]
S b = -0.08
5
1 2 4 8 16

Speaker distance (m)

Fig. 12 Geometric mean loudness estimate made when listeners were instructed to focus
on the distal stimuli, as a function of the speaker distance made when the speaker was visible
(solid line) or hidden (dashed line), with 95% confidence intervals. The b exponent next to
each curve depicts the steepness of the slope.

4.3.3 Distance X Level x Visibility

The loudness-distance functions depended on the speaker visibility differently
depending on the word production level (F(4.7041,75.258) = 3.015, p = .017).
This significant interaction is depicted in Fig. 13, which shows that at low level
only, the loudness-distance function obtained when the speaker was hidden is
steeper than the one obtained when the speaker was visible. The b exponents
depicting the steepness of each curve are presented in Table 8. Each loudness-
distance function satisfies [b| < 0.1 and the loudness estimates could thus be

considered constant in every condition according to the literature.
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Fig. 13 Geometric mean loudness estimate made when listeners were instructed to focus
on the distal stimuli, as a function of the speaker distance made when the speaker was
visible (solid line) or hidden (dashed line) for each word production level (0dB, —6 dB and
—12dB), with 95% confidence intervals. The b exponents depicting the steepness of each
slope are given in Table 8.

b
Level Visible Hidden
0dB —0.07 —0.06
—6dB —0.07 —0.08
—12dB —0.03 —0.09

Table 8 b exponents of the power functions L = k - rb resulting from the fitting of
loudness-distance functions obtained at each word production level and for each visibility
condition of the speaker.

4.3.4 Discussion

According to the significant effects involving the distance factor revealed by
the ANOVA, the loudness estimates of speech cannot be considered as strictly
constant with the speaker distance. The decrease of these estimates with the
distance was however weak even in absence of reverberation or visual cues, as
depicted in Fig. 12 considering the non-significance of the three way E x D
x V interaction (see Table 7), or as depicted in Fig. 13 considering the non-
significance of the four way E x D x L x V interaction (see Table 7). The

b exponents revealed by the power fittings are low enough to be considered



Springer Nature 2023 BTEX template

Loudness constancy with sound source distance 39

as describing loudness constancy according to the literature [6]. This can be
accounted for by the perceived speaker’s vocal effort, which can be deducted
from the timbral cues conveyed by speech. Such cues thus provided the lis-
teners with power cues allowing loudness constancy whatever the environment
or visibility conditions in which the sounds were presented. Such loudness
constancy was achieved whatever the vocal effort with which the words were
pronounced, as depicted in Fig. 13, along with the corresponding b exponents
given in Table 8.

The extrinsic power and distance information provided by the room acous-
tics did not prove to reinforce loudness constancy, as no significant interaction
involving both the environment and distance factors was revealed by the
ANOVA. A strong weight was therefore given to the timbral cues in these loud-
ness evaluation processes, accounting for the fact that this analysis revealed

few significant interactions.

5 General discussion and conclusion
The results of these three experiments show that:

When listeners were asked to focus on the proximal stimuli:

® The loudness of noises followed the at-ear sound pressure level and was
thus dependent on the sound source distance. It did not depend on the
source visibility and thus was not dependent on the perceived source distance
(which depended on the visibility).

® The loudness of speech signals depended on the at-ear sound pressure level
(and thus on the source distance) in a similar way as the loudness of white
noises. The timbre and the perceived vocal effort did therefore not have an

effect on the loudness.
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When listeners were asked to focus on the distal stimuli:

¢ The loudness of noises remained constant with the source distance (and thus
with the at-ear sound pressure level) providing distance or power cues were
available. These cues could be auditory (the direct-to-reverberant energy
ratio as a distance cue, the reverberant energy as a power cue) or visual.
Auditory and visual cues led to loudness-distance functions presenting
similar degrees of constancy.

® The loudness of speech signals was relatively constant with the source dis-
tance, even when the sounds were displayed in an anechoic environment
without visual cues to their source. In these conditions, participants based
their estimates mainly on the speaker’s vocal effort, which was perceived

through the voice timbre.

These results notably highlight the significance of the instructions given to
the participants in a loudness assessment task. When the instructions explic-
itly request to focus on the proximal stimuli, the listener evaluates loudness
in a similar way for noises or speech, despite the timbral cues provided by the
latter. When the instructions explicitly request to focus on the distal stimuli,
the process involves the perception of an auditory object [14] that relates to a
source. This might be irrelevant for non-familiar stimuli displayed in an envi-
ronment that does not provide information about the source. As an example,
for white noise bursts displayed by an invisible source in an anechoic environ-
ment, the listener is only able to evaluate loudness on the basis of the at-ear
level even when instructed to focus on the distal stimuli. In these conditions,
loudness estimates performed when asked to focus on the distal stimuli are
similar to those performed when asked to focus on the proximal stimuli, or
when no specific request towards focus is made [22]. When provided with suf-

ficient information about the sound source, the listener has the ability to focus
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on the distal stimuli and then to report constant loudness evaluation with dis-
tance if the sound source remains of constant power. Such information can be
provided through auditory or visual cues. The results of the second experiment
of the present study show that the information conveyed by the reverberant
field (about the source power [6] and distance [23]) and the visibility of the
source (about the source distance [44]) led to loudness constancy in a simi-
lar way, despite providing information on different aspects of the source. As
shown by the third experiment, the timbral cues conveyed by speech enable
loudness constancy with distance even in absence of other information about
the source. These results tend to show that when asked to focus on the distal
stimuli, listeners do not solely take into account the sounds that reach their
ears in order to evaluate loudness. Instead, they evaluate loudness by combin-
ing the information about the auditory object they have access to, even if no
direct information to the source power is provided (e.g. by combining the at-
ear sound level and the visually-determined distance of a source displaying a
white noise in free field).

The dichotomy between the perception led by the proximal stimulus and
the perception led by the distal stimulus has been studied in several domains
of perception. Most of this work has been carried out in visual perception,
with studies focusing on size [3], shape [2, 4] or color [53] constancy. Norman
[54] reviewed papers where this contrast has been reported as “sensory vs.
cognitive”; “proximal vs. algorithmic”; or “direct vs. indirect” theories. These
theories refer to a theory which assume the content of the proximal stimulus as
the determiner of what is perceived vs. a theory which assume interpretative
mechanisms in the perceiver, emphasizing the equivocality of the stimulus,
respectively. In visual perception, the equivocality of the stimulus can refer

to e.g. the distance-dependent size of the image that an object of constant
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size projects on the retina, or the orientation-dependent shape of the image
formed on the retina by a object of constant shape. Such equivocality could
similarly refer to the distance-dependent at-ear sound pressure level of the
sounds displayed by a source of constant power. Norman [54] asked observers
to evaluate which of two objects was the largest (thus, participants were asked
to focus on the distal stimuli), with the two objects being of various sizes and
placed at various distances from the observer. On the one hand, reaction times
were measured and showed that the more similar the two objects were in size,
the longer observers were to pinpoint the largest object. On the other hand,
the author observed that the extent to which the results depended on the
objects distance depended on the difficulty of the task (that is on the difference
between the two objects sizes). The author proposed a continuum with direct
size perception at one end and indirect size perception at the other rather than
a dichotomy between direct or indirect theories. For obvious comparisons, the
author assumed that observers based their judgment on direct size perception
(that is the size of the image on the retina, or the size of the proximal stimulus,
with no additional processing of stimulus information) and for more ambiguous
comparisons, the observers used an internalized representation of the stimuli,
which relies on a cognitive approach involving an interpretation of the distance
cues in order to perceive the size of the distal stimulus. The three experiments
presented in the current paper highlight the ability for listeners to process the
stimulus information in order to evaluate the loudness of the distal stimulus.
Such processing might involve different cognitive processes depending on the
stimulus itself. For determining the acoustic power of the sound source, one
could e.g. combine the visually-determined distance and the at-ear level of a
noise burst displayed in free field by a visible loudspeaker; or interpret the

timbre of a hidden speaker pronouncing words in free field by comparison with
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the past knowledge of the human voice. However, the proposal of Norman
[54] regarding a continuum with direct size perception at one end and indirect
size perception at the other could apply to loudness, with translating direct
size perception into the loudness as reported when focusing on the proximal
stimulus and translating indirect size perception into the loudness as reported
when focusing on the distal stimulus.

If a listener is asked to evaluate “whether a sound is loud” without addi-
tional specification, several interpretations of the instruction might coexist.
Pollack [52] established a comparison between his observations on the loudness
of spoken voice and observations made on “size constancy” in visual percep-
tion research. If an observer is asked to estimate the size of an object, without
additional specification (which could be assimilated to the loudness of a sound
in auditory research), it is likely that this observer would not solely estimate
the size of the image formed by this object on their retina (which could be
assimilated to the loudness evaluated when focusing on the proximal stimulus),
but would also take into account the “real” size of this object, as he perceives
it (which could be assimilated to the loudness evaluated when focusing on the
distal stimulus). On the other hand, if the same observer is specifically asked
to evaluate the size of the image formed by this object on their retina (the
proximal stimulus), this evaluation might be independent from the perception
of the real size of the object.

Loudness is often studied without specifically leading the participant’s
attention on the proximal or distal stimulus (e.g. “How loud is this sound?”).
In this experimental paradigm, the participant is free to interpret the instruc-
tions. If the sound is a distant shout, one could perceive it as either quiet
(because it is distant, hence the at-ear level is low) or loud (because it is iden-

tified as a shout, which means it is displayed loudly). The loudness evaluated
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this way might tend toward either the assessment obtained by instructing to
focus on the proximal stimulus or the assessment obtained by instructing to
focus on the distal one. Inter-individual differences could arise from listeners
having different interpretations of the instructions. As a result, the instruc-
tions provided to participants in loudness studies should be carefully chosen

and reported.

Open practices statement

None of the data or materials for the experiments reported here is available,

and none of the experiments was preregistered.
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