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When reproducing sounds over headphones, the simulated source can be

externalized (i.e. perceived outside the head) or internalized (i.e. perceived within
the head). Is it because it is perceived as more or less distant? To investigate this
question, 18 participants evaluated distance and externalization for three types of

sound (speech, piano, helicopter) in 27 conditions using non-individualized stimuli.
Distance and externalization ratings were significantly correlated across conditions

and listeners, and when averaged across listeners or conditions. However, they were
also decoupled in some circumstances: (1) Sound type had different effects on distance
and externalization: the helicopter was evaluated as more distant, while speech was
judged as less externalized. (2) Distance estimations increased with simulated distan-
ces even for stimuli judged as internalized. (3) Diotic reverberation influenced distance
but not externalization. Overall, a source was not rated as externalized as soon as and
only if its perceived distance exceeded a threshold (e.g. the head radius). These results
suggest that distance and externalization are correlated but might not be aspects of a
single perceptual continuum. In particular, a virtual source might be judged as both
internalized and with a distance. Hence, it could be important to avoid using a scale

related to distance when evaluating externalization.

Keywords: spatial perception; hearing; virtual acoustics; localization
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56 INTRODUCTION
57
58

23 Usually, a sound is experienced as coming from a specific point in the space around the lis-
g; tener (the source position), with a direction (azimuth and elevation) and a distance. The use
gi of headphones often gives the impression that the simulated sound source is “internalized”,
gg perceived within the head (Jeffress and Taylor, 1961). Using binaural synthesis, it is

2&7; possible to create an externalized percept, simulating a source perceived outside of the head
5(9) (Blauert, 1997; Durlach ez al., 1992). A recent review discussed the subjective experience
77; of sound externalization, its definition and measurements (Best ¢ al., 2020). The authors

73
74 review a wealth of knowledge on sound externalization, but acknowledge that the link be-

75
76 tween auditory distance and externalization is not clearly established yet. Specifically, it is

77
78 not clear whether externalization arises simply because the sound source has a (simulated)

79
80 distance from the listener. The aim of the present study was to further investigate this link.

81

g; Some authors assume that the percepts of distance and externalization are aspects

gg of a single perceptual continuum (Durlach ez al., 1992; Hartmann and Wittenberg, 1996),

23 where the center of the head is internalized and is the 0-m reference used to evaluate dist-

22 ance (Best er al., 2020), and where a source is externalized as soon (and only if) its perceived

99? distance exceeds the head radius. The present study aimed to challenge this idea by systema-

g; tically comparing ratings of perceived distance and externalization. The conditions tested here

gg were not used to highlight any new effect on distance or externalization. They were chosen based
gg on the effects previously highlighted in the literature (which could reveal differences in behavior

32 between distance and externalization), in studies that measured either distance or externalization.
11(())? Here, they were measured in parallel by the same listeners on the same stimuli, so that they could be



102
103
104
105
106
107
108
109
110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

directly compared.

Overall, we expected that distance and externalization ratings would be correlated, as similar
activation patterns in the temporal gyri have been reported for distance and externalization tasks
(Callan er al., 2013; Kop to et al., 2012), even if the corresponding brain activations do not completely
overlap. However, we also expected that distance and externalization would not be perfectly
correlated, and that externalization would not just be a binary version of distance either, that is to
say that a sound source would not be rated as externalized as soon as and only if its perceived

distance exceeded a threshold (e.g. the head radius). This would indicate that, while distance and

externalization are not independent percepts, they might not be aspects of a single perceptual

continuum either. In accordance with this hypothesis, distance judgments seem possible when

the percept of externalization is weak, such as with diotic sounds or frontal sources (e.g., Bidart
and Lavandier, 2016; Kopt¢o et al., 2020; Prudhomme and Lavandier, 2020). Moreover,
it has been established that lateralizing the source enhances its externalization (Brimijoin
et al., 2013; Kates er al., 2018; Leclere er al., 2019), while distance perception appears
rather similar for frontal and lateral sources (Zahorik, 2002), except at short distance (<
1m; Brungart er al., 1999; Kop to et al., 2020). On the one hand, externalization ratings
seem to depend mainly on binaural cues (Best e7 al., 2020), in particular their reverberation-
induced variations (Catic ef al., 2013; Leclére er al., 2019; Li et al., 2019). Leclere er al. (2019)
showed that reverberation enhances externalization only if it creates signal differences across
the two ears, so that diotic reverberation does not improve externalization. On the other
hand, distance perception is dominated by monaural cues (Kolarik e7 al., 2016; Zahorik ez al.,
2005), in particular sound level and direct-to-reverberant ratio (DRR). While reverberation

produces monaural cues crucial for distance perception, it seems that the reverberation-
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induced variations in binaural cues do not influence distance judgments for frontal sources
(Bidart and Lavandier, 2016; Prud’homme and Lavandier, 2020). Interaural differences
seem to influence distance only for very close lateral sources (< 1 m; Brungart ez al., 1999).
Finally, the vastly different scales used to evaluate externalization further complicate the
issue, in particular when distance labels are used for the externalization scale (for a review

of externalization evaluations see Best er al., 2020).

While sound level is a strong distance cue, not much is known about its effect on exter-
nalization. Most externalization studies have used stimuli that did not vary in level, because
the sources were simulated at a unique distance from the listener (e.g., Brimijoin ez al., 2013;
Hendrickx er al., 2017; Kates er al., 2018) or because stimuli were equalized in level (e.g.,
Catic et al., 2015; Hartmann and Wittenberg, 1996; Lecl ére et al., 2019). Catic et al. (2013)
tested stimuli that varied in broadband level but also in bandwidth, so that it is not possible
to isolate the potential effect of level on externalization ratings. Hartmann and Wittenberg
(1996) mentioned a problem with varying level when evaluating externalization, at least for
random level variations that were informally reported as making the sounds “jump around
the room, sometimes jumping into the head”. When considering the influence of level on
distance, it is also important to keep in mind its potential interaction with the listeners’
experience and their level expectations depending on the type of source considered. Com-
paring whispered, conversational and shouted speech, Brungart and Scott (2001) showed
that speech type can have more influence on distance estimates than level (which had no
influence for whispered speech, perceived at a fixed close distance). Leclere er al. (2019) did

not highlight such strong effect of sound type on externalization ratings when comparing
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noise, speech, music and environmental sounds (clinking bottles).

The aim of the present study was to better understand the link between the percepts of
distance and externalization by comparing distance and externalization ratings on the same
set of stimuli. Participants were asked to judge the same 27 simulated auditory conditions on

distance and externalization tasks. These conditions varied in terms of source azimuth and
(simulated) distance, level of reverberation, and amount of binaural information present in the
stimuli. Three types of sound (speech, piano, helicopter) differing in terms of level expectations
were convolved with binaural room impulse responses (BRIRs) and anechoic head-related

transfer functions (HRTFs) corresponding to different simulated azimuths (and distances in

the room). Some BRIR-convolved stimuli were also averaged across ears to investigate diotic
reverberation. Finally, diotic anechoic stimuli were tested as reference of internalized sound

sources.

As the influence of sound level on externalization was not known, all the stimuli were
equalized in level. Arend ez al. (2021) showed that level or loudness equalization does not
fully remove all level cues for distance. These cues could mask the influence of more subtle
cues, such as ILDs for nearby lateral sources, and even lead to distance ratings varying
inversely to the simulated distance in anechoic conditions where few other distance cues
were available. To eliminate the use of level cues, researchers can choose to rove the sound
level that thus varies randomly from trial to trial (Brungart ¢z al., 1999; Kop ¢o and Shinn-
Cunningham, 2011). Here, the aim was not to remove level cues for distance, but to avoid
level variations that could severely impair the evaluation of externalization (Hartmann and

Wittenberg, 1996), thus roving level was not an option. We chose to equalize the overall



238

239 broadband level of the stimuli, as previous studies have shown that it can still allow for
240

241 reliable distance ratings especially when reverberation provides for additional distance cues
242

2?1,3 (Akeroyd et al., 2007; Bidart and Lavandier, 2016; Mershon and Bowers, 1979; Prud’homme
244

245 and Lavandier, 2020). While overall level was equalized across conditions, this was not the
246

217 case for the direct and reverberated sound levels and the DRR that could still be used as
248

249 cues.

250

251 Even if early studies on externalization pointed to the importance of reproducing with
252

253 headphones the ear signals as they would be produced by real sources, the magnitude of the
254

255 effect of the individualization of the stimuli on externalization is still unclear. Some studies
256

257 mentioned some improvements in externalization when stimuli were individualized (using
258

259 the listeners own HRTFs) compare to generic (e.g. using measurements from a manikin),
260

261 in particular for less externalized frontal sources (Kim and Choi, 2005; Werner et al., 2016).
262

263 However, the individualization of stimuli improved only marginally the externalization

264

265 ratings measured by Cubick et al. (2015) and Leclere et al. (2019). Begault et al. (2001) did not
266

267 observe any significant effect of individualization when measuring externalization in anechoic
268

269 and reverberant conditions. This was also the case for Kates et al. (2018), who showed that a
270

271 generic binaural model was as effective as individualized stimuli to produce an externalized
272

273 image in reverberant conditions. Reviewing recent literature on externalization, Best et al.
274

275 (2020) concluded that individual spectral cues may not be critical for externalization in realistic
276

277 listening conditions. Concerning distance perception, Zahorik (2002b) showed that listeners’
278

279 performance in judging distance was not impaired (in terms of both the individual estimates



280

281 and their standard deviations) by using the HRTFs of another listener; while Prudhomme and
282

283 Lavandier (2020) did not find any significant difference in distance estimates for individualized
284

285 stimuli compared to stimuli based on manikin measurements. The present study only used such
286

287 non-individualized stimuli. Individualized measurements are not yet available to everybody,
288

289 and certainly not on a large scale, so any applications associated with externalization and virtual
290

201 distance could benefit from knowledge on the externalization and perceived distance of

292

203 non-individualized stimuli.

294

295

296 The distance and externalization ratings for all the stimuli were systematically compared
297

298 by computing their correlation. The hypothesis was also tested that externalization ratings

299
300 could result directly from the distance ratings, the source being rated as externalized as

301

302 soon as the distance rating exceeds a threshold (e.g. the head radius). Finally, distance

303

304 and externalization were compared by investigating their potential differences in behavior in

305

306 specific conditions: (1) One could expect an effect of sound type on distance estimates due

307
308 to a priori level expectations from the listeners (Brungart and Scott, 2001), e.g. the helicopter
309

310 might be judged at further distances to produce the same sound level as speech at the ears. No
311

312 such effect was expected on externalization ratings (Leclere er al., 2019). (2) We expected higher
313

314 externalization ratings for lateralized sources compared to frontal sources (Brimijoin ez al.,

315

316 2013; Kates er al., 2018), while the perception of distance was not expected to change much

317

318 with azimuth for the distances tested (above 1 m; Zahorik, 2002). (3) BRIRs measured

319

320 at different distances in the same room were expected to trigger differences in perceived

321

322 distance (Prud’homme and Lavandier, 2020; Zahorik, 2002), but a relatively fixed high level

323



324 of externalization compared to sounds convolved with anechoic HRTFs (in particular for

325

326 lateral sources; Leclere er al., 2019). (4) For the diotic versions of the BRIR stimuli, perceived
327

328 distance was still expected to vary with simulated distance (Bidart and Lavandier, 2016), but
329

330 externalization was not expected to be enhanced compared to the anechoic stimuli (Leclere
331

332 et al., 2019).

333

334

335

336

337

338
339 METHODS

340

341
342 Stimuli

343

344
345 Non-individualized BRIRs measured by Leclere ez al. (2019) in a gym (33.7 m X 44.5

346
347 m x10.5 m) at three azimuths (0°, -30°, and 60°) and three distances (1, 3, and 5 m) from a

348
349 manikin were used. They were measured using a log sine sweep technique (Farina, 2000),

350
351 with a 15-s sweep duration and 20Hz-20kHz frequency range. The signal was played through

352
353 a loudspeaker (Tannoy System 8 NFM 2) at the desired location and recorded at the simu-

354
355 lated listener position using a MK2/NCF1 dummy head (Neutrik Cortex Instrument). The

356
357 average broadband reverberation time was 1.35 s. Room acoustical characteristics further

358

359 describing the BRIRs can be found in the supplementary material (Suppl. table 1), while
360

361 the room layout and measurement details were presented by Leclere er al. (2019).

362

363 To simulate anechoic stimuli, HRTFs were used. They were measured with a KEMAR
364

365 manikin and a loudspeaker at 1.4 m by Gardner and Martin (1994). Different manikins and
366

367 loudspeakers were used for the BRIR and HRTF measurements, leading to differences in
368
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the spectrum of the corresponding direct sounds, while the spectrum of the whole BRIR
stimuli was further influenced by reverberation (Suppl. fig. 2). Due to a programming

error, the HRTFs used here were measured at different azimuths than the BRIRs: 0°, -60°, and
30°. The HRTFs are left/right symmetric, so that the lateral sources based on the
HRTFs were mirror images of what was intended. There is no reason to expect a
left/right asymmetry in the distance and externalization tasks (Begault et al., 2001; Parseihian et
al., 2014; Arend et al., 2021; Best and Roverud, 2024), as will be further discussed below. The
corresponding data were thus mirror-imaged (the data for the -60° stimuli were assigned to the
60° condition, and the data for the 30° stimuli were assigned to the -30° condition) to allow for a

comparison between the anechoic and reverberant conditions.

Three types of sound were considered: a short speech excerpt also used in previous
studies (“Toute la nuit” meaning “All night long”, duration 0.9 s; Bidart and Lavandier,
2016; Leclere er al., 2019), the sound of a piano from the NESSTI database (1 s; Hocking

et al., 2013), and the sound of a helicopter (1 s; Sound-Ideas-Series, 1992).

For each of these sounds, 27 processing conditions were considered, as summarized in
Table I. The original diotic anechoic signal was used as a reference for a source that should

be very internalized. Twelve signal versions were created through convolution with the nine
BRIRs (3 distances x 3 azimuths) and the three HRTFs (3 azimuths). Six diotic versions of
the BRIR signals were also created by averaging the left and right channels of the sound produced
by the lateral sources at the three distances. Finally, 8 lateralized versions of the diotic stimuli
were created by adding broadband interaural level /time differences (ILD/ITD) into the diotic

BRIR signals, as well as into diotic versions of the HRTF signals (lateral sources only). The
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broadband ILD/ITD values used in both cases were measured in the corresponding HRTFs.

The ITDILD stimuli contain coarse binaural cues that are broadband and constant over time.
They were included to test whether lateral sources could be more externalized only because they
are simulated on the side, even in the absence of the time-varying frequency-dependent binaural
cues associated with reverberation (Catic er al., 2013; Leclere et al., 2019; Lier al., 2019).

Best et al. (2020) hypothesized such a lateralization bias when mentioning that “a listener may not

be inclined to give a rating of zero for the lateral sounds, which may introduce a bias toward

higher externalization ratings”.

All stimuli were equalized in overall level such that the average of the root-mean-square
(RMS) power of the left and right ear signals was set to the same level. The specific gains used
as a function of simulated distance for the BRIR stimuli are provided in Suppl. table 2. The
virtual source produced the same broadband (averaged across ears) level independently of
its distance and of the signal it reproduced. This equalization did not affect the variations in
DRR and source spectra associated with simulated distance, also preserving any ILD present
in the stimuli. Moreover, while the overall level was constant with simulated distance, the
direct and reverberated sound levels varied and could also be used as distance cues (Suppl.
fig. 1). Note that the variations in direct sound level were reduced by the equalization,
but the direct sound level of the equalized stimuli still decreased with simulated distance,
so it would not mislead the listeners by providing a cue varying inversely to what they
would expect (Arend er al., 2021). All stimuli were sampled at 44.1 kHz, D/A converted
and amplified using a Lynx TWO sound card and delivered through headphones (HD 650

Sennheiser; Wedemark, Germany) at 60 dB SPL (calibrated using the MK2 dummy head).
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TABLE I. Details of the 27 conditions tested for the 3 sound types (speech, piano, helicopter)

simulated | reverberation level/ | binaural information/
label azimuth simulated distance listening mode
REF anechoic, non-spatialized diotic
HRTF o 0’ anechoic at 1.4 m all binaural info
HRTFE 30 -30° anechoic at 1.4 m all binaural info
HRTFE 60 60’ anechoic at 1.4 m all binaural info
ITDILD _HRTE. 30 -30° anechoic at 1.4 m broadband ITD & ILD
ITDILD _ HRTE. 60 60° anechoic at 1.4 m broadband ITD & ILD
BRIR1m/3m/5m_o o’ room at 1, 3, or 5 m all binaural info
BRIR1m/3m/5m_30 300 room at 1, 3, or 5 m all binaural info
BRIR1m/3m/5m_60 60° room at 1, 3, or 5 m all binaural info
ITDILD._ BRIR1m/3m/5m_30 30 room at 1, 3, or 5 m broadband ITD & ILD
ITDILD _ BRIRIm/3m/5m_60 60° room at 1, 3, or 5 m broadband ITD & ILD

Dio_ BRIRIm/3m/5m_30

Dio_ BRIR1Im/3m/5m_60

room at 1, 3, or 5 m

room at 1, 3, or S m

diotic

diotic
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Procedure

Two experimental tasks were used, each in a different experimental session. In each
task, the participants were asked to imagine a loudspeaker that produces different types of
sound (speech, helicopter, and piano), to close their eyes while listening to the sound played,

and then open their eyes to respond to the question displayed on a screen in front of them.
The participants were told that each sound could be replayed as much as they liked. Only the

question changed between the two tasks.

For the distance task, listeners were asked to indicate the distance of the virtual source in
meters by entering a number (using decimals if needed). No reference was provided, except
that they were told to indicate a distance of 0 m when they perceived the sound to originate
from within their head. For the externalization task, they were asked to evaluate whether
the sound seemed to be originating from inside or outside their head (binary response, coded
as o for internalized and 1 for externalized), and were also asked to indicate their degree of
confidence in this answer using a slider on an horizontal line going from “not at all confident”
to “very confident”. The analyses associated with this degree of confidence are not presented
below, because confidence ratings were generally high and constant across conditions so that

their analysis did not add anything to the analysis of the binary ratings.



500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

531
532
533
534
535
536
537
538
539
540

A short practice session using six stimuli (the 3 REF and the 3 BRIR5m__60) was
included to familiarize the participants with the testing environment. All sessions were per-
formed in a double-walled soundproof booth, with a screen visible through a window and
access to a mouse and keyboard within the booth. The participant was always facing the
screen placed about 1 m away. The order of sessions was randomized across participants,
who did the two sessions the same day. For each session, the 27 processing conditions
were repeated twice for each sound type. Thus, participants responded to one question
for 162 sounds (27x3x2) during each of the two sessions. The experiment lasted on av-
erage 1.5 hours per participant (including breaks, practices, instructions and audiogram

measurement).

Listeners

Eighteen university students (mean age=22 years old, SD=3 years; 10 female) partici-
pated in this study. They had audiometric thresholds <20 dB hearing level (HL) at octave
frequencies between 125 and 8000 Hz. Note that 6000 Hz was also tested and a threshold of
25 dB HL only at this frequency for one listener in one ear was observed. All participants

signed a written informed consent and were compensated for their participation.
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Data analyses

Because perceived distance varies as a power function of simulated distance (Zahorik,
2002; Zahorik et al., 2005), distance ratings d were log-transformed before all analyses. The
transformation [n(1 + d) was used as 0 m was a valid response (Prud’homme and Lavandier,
2020). Statistical analysis and calculations of mean and standard error were done using
In(1 + d). The values of means and error bars presented in the figures correspond to the
inverse transform of [n(1 + d) applied to the mean, the mean plus the standard error and

the mean minus the standard error calculated with (n(1 + d).

The externalization and (log-transformed) distance ratings were systematically compared.

First, the raw data were analyzed. A logistic regression was used to evaluate the extent to which the
(binary) externalization ratings could be predicted from the distance ratings, while controlling
for the various effects of the experimental conditions. The externalization data were fitted with

a generalized linear mixed-effects model having the (log-transformed) perceived distance and the
experimental factors as fixed effects and the participants as a random effect (using lme4.:glmer in
R version 4.2.1). The point-biserial correlation between externalization and distance ratings was
also computed.

Correlation analyses were then performed on the data averaged across repetitions and
sound types, because the statistical analyses did not reveal any interaction between the effects of
sound type and processing conditions. This averaging allowed for the externalization ratings to be
more “continuous” rather than limited to 3 discrete values when averaged only across the 2
repetitions (0, 0.5 and 1), thus more suitable for Pearson correlation computation. The mean
externalization rating is informative of the proportion of externalized responses in a given
condition (Brimijoin ¢z al., 2013). The mean distance and externalization ratings were compared

by computing their Pearson and Spearman correlation coefficients (rp and r's) across processing



590
501
592
593
594

595
596
597
598
599
600
601

602
603
604
605
606
607
608
609
610

611
612
613
614
615
616
617
618
619
620
621
622

623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

conditions and listeners, or averaged across listeners or processing conditions. Because three
correlations were considered, the alpha value used to evaluate their significance was Bonferroni

corrected to 0.05/3 = 0.0166.

To test whether a source was rated as externalized as soon as and only if its distance
rating exceeded a distance threshold (e.g. the head radius), the distance ratings were also
used to create binary distance ratings. For each distance rating, the binary rating was set to
0 (inside the head) when the distance rating was below 10 cm, and 1 (outside the head) when
the distance rating was above 10 cm. The 10-cm threshold was chosen as an approximation
of a head radius and also because it corresponds to a dip in the distribution of the distance
ratings (see In(1 + d) = 0.15 in Suppl. fig. 3). After averaging across repetitions, the
binary distance ratings were directly compared to the externalization ratings by computing
their correlation (across listeners, conditions and types of sound, n = 18 * 27 * 3 = 1458),
and analyzing the percentage of the data for which they are 0, 0.5, and 1. To evaluate the
sensitivity of this analysis to the choice of distance threshold, it was also performed with
two other thresholds set at 20 or 1 cm, this latter arising from the distance task in which

listeners were told that 0 m should correspond to a source perceived inside their head.

To test for potential differences in behavior between externalization and (continuous)

distance ratings in specific conditions, different statistical analyses were used. The (binary)

externalization ratings were analyzed using logistic regressions, fitting the data with

generalized linear mixed-effects models having the experimental factors and their interactions as
fixed effects and the participants as a random effect. The significant effects were then assessed
using analyses of deviance and Tukey pairwise comparisons of estimated marginal means (with
car::Anova and emmeans). The (continuous log-transformed) distance ratings (averaged across

repetitions) were analyzed using within-subject two-way analyses of variance and Tukey pairwise
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comparisons (with aov and TukeyHSD). The hypotheses stated at the end of the Introduction were

tested by applying the statistical analyses to three specific subsets of the data depending on the

particular experimental factors considered. Because the three analyses were conducted on

partially overlapping data, the alpha value used to evaluate significance in these analyses was
Bonferroni corrected to 0.0166.
Hierarchical clustering was performed for each session in order to assess the homogeneity

of the listeners ratings (Gordon, 1999; Prud’homme and Lavandier, 2020). This was done using

a matrix of dissimilarities across participants, with dissimilarity between two participants
being calculated as 1 minus the Pearson’s correlation of their distance/externalization
estimates across all conditions in the session (after averaging across repetitions). The par-

ticipants’ ratings were found to be homogeneous for the two sessions.

RESULTS

Overall comparisons of distance and externalization estimates

Figure 1 presents the scatter plot of the raw externalization and distance ratings. The
logistic regression controlling for the effects of sound type and processing conditions indicated a
significant effect of perceived distance on externalization (¥(1) = 80.9, p<0.001). The point-
biserial correlation between externalization and distance ratings is 0.36. When averaging across
repetitions, among the 112 distance ratings at 0 m, 86.6% have an externalization rating at o,

9.8% at 0.5 and 3.6% at 1. Among the 567 sources rated as internalized for the two repetitions
(externalization ratings at 0), 17.1% have a distance at 0 m while the remaining 82.9% have a

distance different from o (up to 125 m): 72.8% above 10 c¢m, 70.9% above 20 cm, 59.8% above

50 cm, 48.3% above 1 m.



686
687

688

689

690

691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

1.00- oo eeNEe 0 0:00000:0:010 COMINENENINEIEID D 00 © © ©

=out)

0.759

=in, 1

0.50

0.25+

Estimated externalization (0

0.00 (X casce e@wo®  © 0o

0 2 4
Log-transformed estimated distance

FIG. 1. Scatter plots of the raw externalization and log-transformed distance ratings. The data

symbols are partly transparent, so that they appear darker when data overlap.

Figure 2 presents scatter plots of the data averaged across repetitions and sound
types, displaying the externalization and distance ratings across processing conditions and
listeners (panel A), or averaged across listeners (panel B) or processing conditions (panel C).
Distance and externalization ratings are significantly correlated in these three cases. The Pearson

and Spearman correlation coefficients are rp = rs = 0.51 across processing conditions and
listeners, rp = 0.69 and r's = 0.62 across processing conditions (averaging across listeners), rp =

0.66 and r's = 0.65 across listeners (averaging across processing conditions).
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FIG. 2. Scatter plots of the mean (across repetitions and sound types) externalization and log-
transformed distance ratings across the 27 processing conditions and 18 listeners (panel A), or
averaged across listeners (panel B) or processing conditions (panel C). The data symbols are
partly transparent, so that they appear darker when data overlap increases, highlighting the data
distribution. The corresponding Pearson and Spearman correlatidn coefficients (rp and rs) are

presented in each panel. All correlations are significant.
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To test whether a source was rated as externalized as soon as its distance rating exceeded
10 cm, the binary distance ratings were compared to the externalization ratings (after aver-
aging across repetitions but not sound types). Their correlation across listeners, conditions
and types of sound is significant with rp = 0.44 and rs = 0.46. There is a match between
binary distance and externalization for 51.3% of responses: for 40.3% of responses the source
was rated as externalized and with a “distance outside the head”; for 10% of responses the
source was rated as internalized and with a “distance inside the head”; for 1% of responses
the ratings are both 0.5. There is a first type of mismatch between binary distance and ex-
ternalization for 22.1% of responses: 0.4% of the sources were externalized with a distance
inside the head, while 21.7% were internalized with a distance outside the head. There is a
second type of mismatch for 26.6% of responses: one rating is at 0.5 while the other is at
0 or 1 (mostly the externalization at 0.5 and binary distance at 1, in 17.8% of responses,
or the externalization at 0 and binary distance at 0.5, in 7.1% of responses), indicating a

mismatch at one of the two sound presentations.

These analyses detailed by processing conditions are presented in Suppl. table 3. The
mismatch where an internalized source is rated with a distance outside the head is observed
more in the diotic conditions (Dio, REF), with proportions ranging from 25.9% to 37%
of the responses, and also for the frontal sources (HRTF 0, BRIR 0), with proportions
between 16.7% and 38.9% of the responses. The proportions and correlations remain broadly
unchanged with a distance threshold set at 1 or 20 cm (Suppl. table 4; rp = 0.40 and

rs = 0.43 for 1 cm, rp = 0.45 and rs = 0.46 for 20 cm).
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Specific comparisons of distance and externalization estimates

Distance and externalization were also compared by investigating potential differences in
behavior in specific conditions. Our hypotheses concerned the effects of (1) sound type, (2)

simulated azimuth, (3) simulated distance and reverberation, (4) listening mode and diotic

reverberation.

Sound type

To investigate the effect of sound type on distance and externalization estimates, a main
analysis was applied to the whole dataset considering the factors sound type (3 levels)
and processing condition (27 levels). It revealed significant main effects of sound type
(distance: F(2,1377) = 129.1, p<0.001; externalization: y%(2) = 9.7, p<0.01) and processing
condition (distance: F(26,1377) = 5.1, p<0.001; externalization: ¥*(26) = 130.2, p<0.001).
To highlight the effect of sound type, Figure 3 presents the externalization (bottom panel)
and distance (top panel) estimates averaged across processing types and listeners. Pairwise
comparisons on externalization indicated that the speech was perceived less externalized
than both the piano and helicopter. These comparisons on distance estimates indicated
that the helicopter was perceived at a significantly larger distance than both the piano
and speech. Distance ratings (averaged across repetitions) varied between 0 and 200 m; 90

ratings (6.1% of ratings) were at 35 m or more, 8 were speech (from 2 listeners), 1 was piano
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Simulated azimuth, distance and reverberation

Figure 4 presents the distance (top panel) and externalization (bottom panel) estimates

averaged across sound types and listeners. To investigate the effects of simulated azimuth

and distance/reverberation, sub-analysis 1 considered a subset of 12 processing

conditions (black filled symbols): the HRTF conditions at the 3 simulated azimuths and

the BRIR conditions at the 3 simulated azimuths and distances. They involved four
reverberation levels (one anechoic and one for each simulated distance). Sub-analysis 1
thus tested for three experimental factors: source azimuth (3 levels), reverberation level
(4 levels), and sound type (3 levels). On distance estimates, it revealed significant main
effects of source azimuth (F(2,612) = 7.8, p<0.001), reverberation level (F(3,612) = 19.5,
Pp<0.001), and sound type (F(2,612) = 62, p<0.001). Pairwise comparisons indicated that
the frontal sources (black triangles, top panel of Fig. 4) were judged significantly closer
than the two lateral sources (black squares and circles). All reverberation levels led

to significant differences in distance estimates, apart from the BRIRs at 3 and 5 m. Perceived
distance increased when going from anechoic (HRTF) to reverberant (BRIR), and further
increased when simulating the source further away in the room at 3 m compared to 1 m.
The analysis on externalization indicated significant main effects of source azimuth (}%(2)
= 12.4, p<0.01) and sound type (}%(2) = 9.3, p<0.01). Pairwise comparisons revealed that
the frontal sources (black triangles, bottom panel of Fig. 4) were judged significantly less
externalized than the two lateral sources (black squares and circles). The effects

of sound type were identical to those already described (Fig. 3).
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FIG. 4. Mean distance (top) and externalization (bottom) estimates with standard errors across
listeners and sound types in the 27 tested conditions grouped by processing type: the categories
REF (original unprocessed diotic signal), HRTF (anechoic signals), and BRIR (reverberated sig-
nals convolved with a BRIR at one of the 3 simulated distances: 1, 3 or 5 m) are displayed on the
x-axis, while the symbols code for the categories 0/30/60 (signals convolved with the BRIR/HRTF
at 0", -30°, and 60’, respectively), Dio_30/6Q (diotic versions of the BRIR signals at -30° and 60"), and
ITDILD_30/60 (broadband ITD and ILD added to the diotic versions of the BRIR/HRTF signals at

-30° and 60°). A small horizontal o § 9et has been added to the data to reduce symbol overlap. For

figure readability, significant differences are reported only in the text.
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Diotic reverberation and listening mode

To investigate the effects of listening mode and diotic reverberation, sub-analysis 2 con-
sidered a subset of 18 processing conditions (all the BRIR data in Fig. 4 apart from the

black triangles of the frontal conditions): the BRIR conditions at the 3 simulated distances

(1, 3 and 5 m), for the lateral sources, in 3 listening modes (signals convolved with
the BRIRs 30/60, diotic versions of these signals Dio_ 30/60, and signals with broadband

ITD and ILD added to the diotic versions of the BRIR signals ITDILD_30/60).

Sub-analysis 2 thus tested for four experimental factors: listening mode (3 levels), as well
as sound type (3 levels), source azimuth (2 levels), and reverberation level/simulated dis-

tance (3 levels). On distance estimates, it revealed significant main effects of listening mode
(F(2,918) = 13.8, p<0.001), sound type (F(2,918) = 71.3, p<0.001) and simulated distance
(F(2,918) = 11.6, p<0.001). Pairwise comparisons indicated that the BRIR sources (black
filled circles and squares in the top panel of Fig. 4) were perceived further away than their

Dio and ITDILD versions (open and gray symbols). The sources simulated at 1 m were
perceived significantly closer than the sources simulated at 3 and 5 m. The effect of sound
type was identical to the one already described (Fig. 3). The analysis on externalization
indicated a significant main effect of listening mode (y%(2) = 14.1, p<0.001). Pairwise com-
parisons revealed that the 3 listening modes led to externalization estimates that were all
significantly different from each other, in particular the ITDILD signals (gray filled symbols
in the bottom panel of Fig. 4) led to more externalized sources than the Dio signals (open

symbols).
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The original diotic anechoic signals (REF) were used as a reference for sources that
should be very internalized. Figure 4 confirms that this condition provided for the lowest
externalization ratings, along with the frontal anechoic source (HRTF o, which was diotic

and anechoic like REF).

DISCUSSION

The present study aimed at comparing evaluations of perceived distance and externalization
by the same listeners for the same source simulations. A logistic regression indicated that
externalization ratings could be partly predicted from the distance ratings. The results confirmed
that ratings averaged across repetitions and sound types were significantly correlated, r» and rs
varying between 0.51 and 0.69 when considering comparisons across listeners and/or conditions.
They also indicated that a source was not rated as externalized as soon as and only if its
perceived distance exceeded a threshold: using a 10-cm threshold, only 51.3% of responses are

consistent with this hypothesis. The ratings were also compared in specific subsets of conditions
chosen to test our hypotheses concerning potential differences in behavior between distance and

externalization. These conditions were not used to highlight any new effect. Most of
the effects previously highlighted in the literature were replicated here. As discussed below,

while the present study cannot conclude concerning a potential difference for the effect of
source azimuth on distance and externalization, it highlights differences for the effects of

sound type, simulated distance, and diotic reverberation.
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Overall comparisons of distance and externalization

The 0.36 point-biserial correlation between the raw externalization and distance ratings
indicates that the variance in the distance ratings can account for 13% of the variance in the
externalization ratings. When averaging ratings across repetitions and sound types, Figure 2
confirms that distance and externalization are not independent percepts: the corresponding
ratings are correlated across processing conditions and listeners (panel A), with rp = rs = 0.51.
These correlations coefficients indicate that the variance in distance ratings/rankings

explains 26% of the variance in externalization ratings/rankings (and reciprocally).

The ratings are also correlated when averaged across listeners (panel B, rr = 0.69

and rs = 0.62), so that conditions in which sources were perceived as far/near tended to
be conditions in which the sources were perceived as externalized/internalized, with the
variance in distance ratings/rankings explaining 47.6% and 38.4% of the variance in the
externalization ratings/rankings, respectively. The ratings are correlated when averaged
across conditions (panel C, rp = 0.66 and rs = 0.65), so that listeners who judged a
source as far/near also tended to judge it as externalized/internalized, with the variance
in distance ratings/rankings explaining 43.6% and 42.2% of the variance in externalization
ratings/rankings, respectively.

One could argue that the limited amounts of explained variance could result from the

hypothesis that externalization is expected to be constant when perceived distance increases
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above the head radius, the source being perceived inside the head when perceived distance
is below this threshold. The binary distance ratings (0 for d < 10 cm; 1 otherwise) are
significantly correlated with the externalization ratings (rp = 0.44 and s = 0.46) and 51.3%
of responses support this hypothesis. However, a mismatch is observed across repetitions in
22.1% of responses, mostly associated with sources rated as internalized but with a distance
outside the head (21.7% of responses), in particular in the diotic conditions and for the
frontal sources. For the remaining 26.6% of responses, one of the two sound presentations
also led to a mismatch.  Overall, these results indicate that a source was not rated as
externalized as soon as and only if its perceived distance exceeded a threshold. This was

further confirmed by analyses setting the threshold just above 0 or at 20 cm.

The reference sources for internalization (REF) were on average rated at 2 m by the
listeners (despite being instructed to rate at 0 m a source perceived in their head), while
still providing among the lowest externalization ratings. This is surprising, even when taking
into account that distance estimations are less reliable when measured in a listening booth

(Cubick et al., 2015). Three main reasons could explain this result. First, sound level was
the only distance cue available for these stimuli (while DRR was another cue for
the reverberated sounds) and the listeners were faced with the difficult task of making
absolute judgments for sounds equalized in level, a situation which would not be expected in
natural environments. Second, spatial perception is dependent on the stimulus context, in
particular the perceived location of the preceding stimuli, as highlighted for noise bursts
(Andrejkova er al., 2023; Carlile ef al., 2001), band-limited noises (Laback, 2023) and tones
(Lingner et al., 2018). Here, the distance estimate in a given condition was influenced by the

other distances simulated in the experiment. The non-spatialized sources REF would have
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certainly been rated at much shorter distances if the other sources had been simulated only at

distances between 15 and 100 cm, instead of 1 to 5 m. Third, the distance ratings have most

probably been influenced also by source level expectations from the listeners (see the discussion

below on the effect of sound type), such that the helicopter was perceived much farther than

the speech and piano. The distance ratings for the helicopter were large in all conditions, in
particular also in the REF condition, contributing to the average rating of this condition being at
2m. Although this 2-m value is surprising, it is reassuring to note that the REF sources still led to
the lowest distance ratings in the experiment. This confirms that the interpretations of absolute
distance judgments need to account for the multiple possible influences of context (task, stimuli,

instructions), as suggested by Lingner er al. (2018) for absolute spatial perception in general.

Specific comparisons of distance and externalization

Sound type

Similar trends across processing conditions were obtained for the three types of sound.
However, the main effects of sound type on distance and externalization ratings were dif-
ferent: while the helicopter was evaluated at further distances than the piano and speech,
speech was judged as less externalized than the helicopter and piano. Another way of for-
mulating this differential role of sound type on distance and externalization is that, while
the relationship between the helicopter and speech was identical in the two measures (the
helicopter was rated as more distant and more externalized compared to the speech), the
piano was found more externalized but not more distant than the speech, and found less

distant but not less externalized than the helicopter.
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While the stimuli equalized in level were not equalized in loudness (across sound types
with different spectra), the very large distance estimates obtained for the helicopter indi-
cate that factors other than loudness were probably involved, including cognitive factors.
Philbeck and Mershon (2002) suggested that, in an experimental context, distance percep-
tion can be affected by past experience independently from the comparison with previous
stimuli in the experiment. A helicopter is generally not a source experienced at short dis-
tances by most listeners, but more critically they would probably expect it to be very loud,
and thus could consider that it should be far away to produce the same sound level as speech
at the ears. Equalizing the ear level removed a strong distance cue for each source type, but
it potentially reinforced or introduced an across-type cue due to different level expectations
from the listeners depending on the source. The present study points toward level expec-
tations having a strong effect on absolute distance ratings, generalizing the conclusions of
Brungart and Scott (2001) to stimuli other than (whispered, conversational and shouted)

speech.

It is important to note that the present study used convolutions with BRIRs and HRTFs
to simulate a loudspeaker (the one used in the BRIR/HRTF measurements) reproducing
different types of sound, in agreement with the instructions given to the listeners who were
asked to imagine such a quite common situation in real life (e.g. when watching a movie).
The observed effect of level expectations could indicate that listeners might have imagined
real sources rather than a loudspeaker. The convolutions used would not be appropriate to
simulate such a situation: at distances of 1 to 5 m, a helicopter and even a piano cannot be

approximated by a point source. This approximation would only be realistic if these sources



1133 were simulated far away. This could have further contributed to the large distance estimates

1134
1135 obtained for the helicopter.

1136

1137 The speech was found less externalized than the helicopter and piano, consistent with
1138

1139 the results of Leclere er al. (2019) who found speech slightly less externalized than music
1140

1141 in part of their experiments. Speech might be more internalized because internal speech is
1142

1143 not uncommon as people can hear their own voice (at least partly) inside their head when

1144

1145 talking and are also quite familiar with phone conservations with earphones that generally
1146

1147 also produce internal speech. However, no strong effect of sound type on externalization
1148

1149 was found here nor in the study of Leclere e al. (2019), contrary to the strong effect found
1150

1151 here for distance.

1152

1153

1154
1155

1156
1157 Frontal vs. lateralized sources
1158

1159

1160 Externalization ratings were expected to be higher for lateral sources compared to frontal

1161
1162 sources (Brimijoin ef al., 2013; Kates et al., 2018; Leclere er al., 2019). This was true here.

1163
1164 The lateral sources were more externalized than the frontal sources, both in

1165
1166 anechoic and reverberant conditions. This effect can be further understood by considering

1167
1168 the ITDILD sources. They tested whether lateral sources could be more externalized only

1169
1170 because they are simulated on the side, even in the absence of the time-varying frequency-
1171
1172 dependent binaural cues associated with reverberation that have been shown to enhance

1173
1174 externalization (Catic er al., 2013; Leclere et al., 2019; Li et al., 2019). These cues explain

1175
1176 here that the ITDILD sources were less externalized than the sources with full binaural cues.

1177
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However, the fact that the ITDILD sources were more externalized than the corresponding
diotic sources indicates that there is something in addition to the time/frequency-dependent
binaural cues that enhances externalization for lateral sources. It gives support to the
existence of a bias in which listeners might not rate a source as internalized as soon as it is
lateralized, even if it might still be inside the head, because it tends to be perceived on the

side of the head, closer to the surface of the skull (Best e al., 2020).

Contrary to externalization, perceived distance was not expected to change much with
azimuth for simulated distances above 1 m. Zahorik (2002) did not find a direct influence
of source direction on perceived distance while comparing the parameters of power func-
tions fitted to distance estimates. Here, the direct comparison of such estimates showed
that frontal sources were perceived closer than lateral sources. The discrepancy might be
explained by the fact that in the present study stimuli were equalized in sound level, while
level was kept as a distance cue in Zahorik’s study, who also showed that the relative weights
given by listeners to the level and reverberation cues depended on source direction. The
present study indicates that, when overall level is kept constant, distance perception can
depend on source direction even for distances above 1 m. The fact that the diotic versions
of the lateral sources were perceived at the same shorter distances as the frontal sources
indicates that the difference in perceived distance between lateral and frontal sources proba-
bly relies on additional binaural information available for the lateral sources (this is further

discussed below).



1222 Even if Figure 4 indicates that the effect of source azimuth could be larger for external-
1223

1224 ization than for distance, the magnitude of the differences in ratings between frontal and
1225

1226 lateral sources is difficult to compare on different scales. Moreover, the statistical analyses
1227

1228 point to a significant effect of source azimuth for both externalization and distance. Thus
1229

1230 it cannot be concluded here that this effect was different for distance and externalization.
1231

1232

1233

1234 Simulated distance and reverberation

1235

1236

1237 Reverberation was expected to enhance externalization (Catic er al., 2013; Leclere et al.,
1238

1239 2019; Li er al., 2019). Figure 4 shows that sources simulated in the room tended to be
1240

1241 perceived as more externalized than the anechoic sources, but this trend was not statistically
1242

1243 significant (with a p-value of 0.0447 in sub-analysis 1, the effect was above the Bonferroni-
1244

1245 corrected significance level at 0.0166). This is probably due to a lack of statistical power.
1246

1247 More listeners or repetitions would have been necessary to confirm this effect highlighted in
1248

1249 the literature.

1250

1251 Perceived distance was expected to increase with simulated distance in the room (Prud’homme
1252

1253 and Lavandier, 2020; Zahorik, 2002) and this was observed when simulated distance increased
1254

1255 from 1 to 3 m. Increasing this distance to 5 m did not further increase perceived distance,
1256

1257 maybe because of the existence of an auditory “horizon” observed in several previous studies
1258

1259 (Akeroyd et al., 2007; Bronkhorst and Houtgast, 1999; Mershon and Bowers, 1979; Zahorik,
1260

1261 2002). Contrary to perceived distance, externalization remained fixed while varying the
1262

1263 source distance in the room.

1264

1265

1266
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Diotic reverberation

Perceived distance was still expected to vary with simulated distance in diotic listening
(Bidart and Lavandier, 2016; Prud’homme and Lavandier, 2020) and this was verified: the
effect of simulated distance was significant and did not interact with the listening mode
(BRIR vs. Diotic vs. ITDILD). Significant differences in perceived distance were obtained
in the diotic conditions that were among the most internalized conditions. For the lateral
sources, the diotic stimuli led to shorter perceived distances than the BRIR stimuli with
full binaural information. This contrasts with previous results obtained for frontal sources,
in which diotic and dichotic listening led to very similar distance estimates (Bidart and
Lavandier, 2016; Prud’homme and Lavandier, 2020). Diotic listening was not tested here
for the frontal sources to limit the number of tested conditions. Nevertheless, the frontal
sources were perceived at about the same distances as the diotic and ITDILD versions
of the lateral sources, closer than the lateral sources with full binaural information. This
suggests that the difference in perceived distance between lateral and frontal sources could
be due to the time-varying frequency-dependent binaural differences available for the lateral
sources simulated in the room. The long-term broadband approximation of these binaural
differences (in the ITDILD stimuli) and the binaural differences created by reverberation
for the frontal sources do not seem sufficient to increase perceived distance, consistent with
the results of the aforementioned studies in which dichotic and diotic listening led to similar

distance estimates for frontal sources.

Contrary to its effect on distance, diotic reverberation was not expected to improve ex-
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ternalization (Catic e al., 2015; Leclere er al., 2019). Our results show a strong reduction in
externalization when reverberation was diotic (Dio_30/Dio_60) compared to dichotic (30/60).
The diotic conditions were the least externalized conditions with the anechoic frontal sources
and the REF conditions. Adding the broadband ITD and ILD to the diotic versions of the
BRIR and HRTF stimuli increased externalization (as discussed above), while this was not

observed for distance.

Limitations

Many studies on externalization have based their evaluation on an underlying measure
of distance (for a review see Best er al., 2020). The most commonly used externalization
scale is going from the center of the head towards a fixed point in the environment, usually
a (silent) loudspeaker used as a reference, often using adjectives such as “close/near” and
“far” (Catic et al., 2013; Gil-Carvajal et al., 2016; Hartmann and Wittenberg, 1996; Hassager
et al., 2016; Kim and Choi, 2005). Using such a scale is implicitly assuming that distance

and externalization are aspects of a single perceptual continuum. Here, such a distance-

related measure of externalization was replaced by a binary question, like previously used by
Brimijoin er al.(2013). To create a continuous scale for externalization without using distance
references, a question concerning the confidence in each externalization rating was included. It

varied continuously between 0 (not confident at all) and 1 (very confident). Through multiplication
of the externalization rating (changed to -1 for internalized, keeping 1 for externalized)
with the confidence rating, one can create a continuous scale between -1 for extremely
confident that the sound originated internally, to 1 for extremely confident that the sound

was externalized. However, in the present study, the confidence ratings were generally high
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and these continuous ratings showed highly similar results as the simpler binary ratings.

Stimuli were equalized in overall level in the present study, thus removing a strong dis-
tance cue for each sound type (but not the across-type cue associated with level expectations
discussed above, nor the variations in direct and reverberated sound levels that might have
been used as distance cues). If externalization were independent of level, then, because
distance is strongly dependent on level, when natural level variations are present one would
expect externalization and distance ratings to behave even more differently than what has
already been shown here. However, investigating the potential effect of level on external-
ization might not prove as trivial as one might think, Hartmann and Wittenberg (1996)

informally reporting sounds to “jump around” when testing roved levels.

The fact that non-individualized HRTFs/BRIRs were used here for all participants, regard-
less of their head size compared to the manikins used for the measurements, could have impai-
red their spatial perception compared to what they would have experienced listening with their
own ears. However, as pointed out in the Introduction, based on previous studies, no such im-
pairment was expected for distance perception (Zahorik, 2002b; Prudhomme and Lavandier,
2020) and, if any, the impairment was probably limited for externalization (Begault et al., 2001;
Cubick et al., 2015; Kates et al., 2018; Leclere et al., 2019). In particular, Leclere et al. (2019)
showed that individualization of their stimuli had a much smaller effect on externalization
ratings than the effects of reverberation and source azimuth (front vs. side), also smaller than
the already small effect of sound type. The effect of source azimuth on externalization was large
in the present study, but the effect of sound type was small and the effect of reverberation did
not reach significance. Thus, if tested, the effect of individualization would have probably been

very limited. Using non-individualized stimuli could still have slightly impaired externalization
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for the less externalized frontal sources (Werner et al., 2016), in particular in the anechoic
condition. This does not jeopardize the study conclusions, which might even generalize to

individualized stimuli, but this remains to be tested.

One of the limitations of the present study is the programming error that affected the

HRTF-based stimuli. The corresponding data had to be mirror-imaged assuming that the
distance and externalization tasks were not affected by any left-right asymmetry. The anechoic
non-individualized HRTFs used here are left/right symmetric, so any asymmetry
affecting the results would have been perceptual. Arend et al. (2021) measured the
perceived distance of nearby sources simulated between 0.25 m and 1.50 m, in anechoic
conditions, for three source azimuths: 30°, 150°, and -90°. A left/right asymmetry cannot be
evaluated directly because the sources on each side were tested at different azimuths, but already
the effect of azimuth was significant essentially at very short distances below 0.5 m, or for
conditions without level equalization in which the effect was interpreted as resulting from
azimuth-dependent loudness differences in the stimuli. Parseihian et al. (2014) also measured
the perceived distance of nearby sources, between 0.72 m and 1.08 m, but for a configuration of
sources placed on a tabletop surface. Sources were tested every 30° between +/- 60° and also at
+90° and +120°, in a low reverberant space, with stimuli equalized in loudness. Listeners had to
place their hand at the perceived position of the source and results were analyzed in terms of
errors in perceived localization. The error in distance was significantly smaller for the lateral
sources (60°/90°) compared to the other positions, but no significant differences between +/- 30°
or +/- 60° was found, indicating no sign of a left/right asymmetry despite the (non-anechoic)
room potentially introducing differences in the stimuli for the left/right sources. In the study of
Best and Roverud (2024), listeners wearing different types of hearing aids were seated in a large

sound-treated booth and presented with sound from one of seven loudspeakers at o, +/- 15°, +/-
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30°, +/- 90, at a fixed distance. Perceived distance was evaluated on a scale ranging from 10 (at
the loudspeaker ring) to o (in the head) to —10 (the furthest behind the listener). For normal-
hearing listeners, no significant effect of source azimuth was found. The authors also used the
distance ratings to compute binary internalization ratings and did not find a significant effect of
source azimuth. There was no evidence for a left/right asymmetry in perceived distance or
externalization, despite potential differences in the stimuli due to non-symmetric reverberation.
Begault et al. (2001) measured externalization for sources simulated in a room at 0°, +/- 45°, +/-
135°, and 180°. Again, while reverberation could have introduced differences in the stimuli for the
left/right sources, they did not find a significant effect of source azimuth, in particular no sign of
a left/right asymmetry. In their experiment 1, Brimijoin et al. (2013) measured externalization
while reproducing sound over loudspeakers placed at a fixed distance, every 30° symmetrically
around the listener, in a hemi-anechoic room. The signal was either fixed, reproduced on a single
loudspeaker, or it moved across the loudspeakers to follow the listener head movements
(simulating headphone listening). The pattern of externalization ratings appears very
symmetrical (see their Fig. 3), but the ratings of symmetric conditions are not identical, in
particular for the signals following head movements (though error bars almost always overlap).
The effect of source azimuth was significant but no post-hoc analyses were provided to test for an
effect of source laterality. A few other studies measured externalization for sources simulated on
both sides of the listeners, but the data were averaged across sides without mentioning/testing
for any left/right difference (Wenzel, 1995; experiment 2 of Brimijoin et al., 2013; Hendrickx et
al., 2017; Heine et al., 2021). Even if these studies point towards the absence of a left/right
asymmetry in perceived distance and externalization, none was specifically designed to
investigate such asymmetry. Previous studies have highlighted a left/right asymmetry in
perceived azimuth (Abel et al., 1999, 2000; Burke et al., 1994; Savel, 2009) and elevation (Butler,

1994), as well as in the build-up of the echo suppression (Grantham, 1996). Interestingly, Abel et
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al. (1999, 2000) and Burke et al. (1994) associated the asymmetry in azimuth perception with
more front-back confusions for the right sources, and thus to a difference in the treatment of
spectral cues, as it would be the case for the asymmetry in perceived elevation (Butler, 1994).
Therefore, it could be interesting to investigate the potential existence of a left/right asymmetry
for perceived distance and externalization, particularly in conditions in which they rely on
spectral cues (Zahorik et al., 2005; Kolarik et al., 2016; Best et al., 2020), while controlling for

any confounding effect that could be associated with non-symmetric reverberation.

The results of the present study are probably influenced by different contextual effects
associated with the tasks and stimuli. The distance and externalization tasks were done in
different experimental blocks. Listeners could report the source to be at a distance in one
block, and then in their head in the second block, without being challenged about that.
The tasks were blocked so that their results could be compared to those of experiments that
measured only distance or only externalization, but the results might have been different if
the tasks were done one just after the other for each sound presentation. The contextual
effects also concern the different type of stimuli that were mixed in the same experimental
block. It was already mentioned that the range of simulated distances influences all distance
estimates, even those of non-spatialized sounds (REF). There could be also contextual
effects associated with presenting a reverberated sound just after an anechoic one. The
effects of sound type and level expectations could have been reduced if the sound types were
tested in different experimental blocks. These contextual effects are impossible to assess
here, but they likely influenced the data. This question requires further investigation, e.g.

by designing an experiment in which the types of sound are blocked but the tasks are not.



1550

1551 The results of the present study are probably also influenced by the instructions given
1552

1553 to the listeners. Visual information may have affected judgments in both tasks. Even if the
1554

1555 listeners were asked to keep their eyes closed while listening, they were not monitored to
1556

1557 check that they obeyed this instruction. This could have impaired their ability to imagine a
1558

1559 loudspeaker at a certain distance producing sounds. If they had been explicitly told that a
1560

1561 source perceived at a distance had to be outside their head, and that they should monitor
1562

1563 their externalization responses as such, the data might be different. Listeners might make a
1564

1565 distinction between making judgments in virtual space where they might vary their distance
1566

1567 ratings (e.g. a source is rated farther away when it is more reverberated) even if the source
1568

1569 is internalized (no matter how reverberated it is), and real space where sources have to be
1570

1571 externalized to vary in distance.

1572

1573 In the present study, simulated distance varied from 1 to 5 m. Such distances allowed
1574

1575 to highlight that externalization does not arise simply because the source has a (simulated)
1576

1577 distance from the listener. However, if the aim were to get a better spatial resolution closer
1578

1579 to the head radius, smaller increments of distance below 1 m should be considered. Note
1580

1581 that then distance becomes more depend on binaural information (Brungart ez al., 1999),
1582

1583 like externalization is (Catic er al., 2013; Leclere er al., 2019; Li ef al., 2019), thus the
1584

1585 correlation between distance and externalization might be stronger. This warrants further
1586

1587 investigations.

1588

1589 In the distance task, listeners were told to use a source perceived in their head as the
1590

1591 reference for 0 m, as commonly done in distance studies (Best er al., 2020; Kolarik er al.,
1592

1593 2016). An externalization reference was thus used for a distance task. In the same way



1594

1595 than distance labels might not be the most appropriate for an externalization scale, we will
1596

1597 restrain from using an externalization reference to define the origin of a distance scale in the
1598

1599 future, keeping in mind that significant differences in perceived distance have been reported
1600

1601 in internalized conditions, such as the diotic conditions here and in previous studies (Bidart
1602

1603 and Lavandier, 2016; Prud’homme and Lavandier, 2020). Note that listeners might not
1604

1605 need to be provided with a reference to evaluate distance, and that their reference might be
1606

1607 different between virtual and real spaces.
1608

1609 Finally, one criticism that could be made is that participants did not spontaneously evoke
1610

1611 their subjective experience and were guided in the experience they had to report. They might
1612

1613 spontaneously not perceive externalization but, in experimental conditions when asked to
1614

1615 choose between externalized and internalized, they could develop cognitive strategies to
1616

1617 respond in a distributed manner between the two extremes, based on acoustic cues that are
1618

1619 unrelated to the externalization percept. The same could be said about distance.

1620

1621 Despite these limitations, it is reassuring to note that the cues that vary externalization
1622

1623 and distance in our study have already been reported as such in the literature (Best ez al.,
1624

1625 2020; Kolarik er al., 2016; Zahorik er al., 2005). The present study replicated several effects
1626

1627 highlighted in the literature in studies that measured either distance or externalization.
1628

1629

1630

1631 CONCLUSION

1632

1633

1634 Comparing evaluations of distance and externalization for the same stimuli by the same
1635

1636 listeners indicated that distance and externalization ratings were significantly correlated
1637

1638 across conditions and listeners, and when averaged across listeners or conditions. These



1639

1640 correlations indicated that the variations in perceived distance explained between 26% and
1641

1642 47.6% of the variations in externalization (and reciprocally; 13% in the raw data before
1643

1644 averaging across repetitions and sound types). It was also shown that a source was not
1645

1646 rated as externalized as soon as and only if its perceived distance exceeded a threshold,
1647

1648 e.g. the head radius. Important differences between externalization and distance were

1649

1650 highlighted. Diotic reverberation influenced distance but not externalization. Adding

1651

1652 broadband ITD and ILD to diotic sounds increased externalization but not distance. The
1653

1654 effects of sound type were different for distance and externalization: the helicopter was
1655

1656 evaluated as more distant, while speech was judged as less externalized (or the piano was
1657

1658 found more externalized but not more distant than speech, and found less distant but not
1659

1660 less externalized than the helicopter). Distance ratings increased with simulated distance
1661

1662 even for stimuli judged as internalized (diotic sounds, frontal sources). Taken together, these
1663

1664 results indicate that distance and externalization are correlated but might not be aspects of a
1665

1666 single perceptual continuum. As a consequence, future studies evaluating externalization could
1667

1668 consider not to use a scale related to distance.
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