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Abstract – Perceived externalization is a relevant feature to create an immersive acoustic environment with
headphone reproduction. In the present study, listener-specific acoustic transfer characteristics for an azimuth
angle of 90� were modified to investigate the role of monaural spectral cues, interaural level differences (ILDs),
and temporal fluctuations of ILDs on perceived externalization in anechoic and reverberant environments.
Listeners’ ratings suggested that each acoustic cue was important for perceived externalization. If only one
correct acoustic cue remained in the ear signals, the sound image could not be perceived as fully externalized.
Reverberation did reduce but not eliminate the influences of monaural spectral and ILD cues on perceived
externalization. Additionally, the spectral details of the ipsilateral ear signal were more important for perceived
externalization than those in the contralateral ear signal. A computational model was proposed to quantify
those relationships and predict externalization ratings by comparing the acoustic cues extracted from the target
(modified) and template (non-processed) binaural signals after several auditory processing steps. The accuracy
of predicted externalization ratings was higher than 90% under all experimental conditions.
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1 Introduction

Sound externalization describes the ability to attribute
auditory signals to external sources and perceive them
located at some distance [1]. Thanks to binaural technology,
it is possible to reproduce externalized virtual sound images
over headphones [2]. A standard method to generate binau-
ral sounds is by convolving an anechoic audio signal with a
pair of head-related impulse responses (HRIRs) [3], or bin-
aural room impulse responses (BRIRs) [4]. When the spatial
properties of virtual sound images do not match those of the
listener’s natural acoustic exposure, the externalization can
be easily distorted, leading to sound images being perceived
inside the head or close to the skull. Perceived externaliza-
tion is a matter of degree and considered to mediate the
perception of distance [5, 6]. Consequently, changes in per-
ceived distance can indicate changes in the ability to exter-
nalize the percept and are most commonly used for its
assessment. Over the years, various psychoacoustic experi-
ments have been conducted to investigate relevant cues
contained in head-related transfer functions or binaural
room transfer functions (HRTFs or BRTFs, frequency
domain representation of HRIRs or BRIRs) that are neces-
sary for creating externalized virtual sound images, but
their combined influences are still poorly understood.

In free-field conditions, synthesized virtual sound
sources could be perceived as well-externalized using indi-
vidually measured HRTFs. Hartmann and Wittenberg [6]
revealed that interaural time differences (ITDs)/interaural
phase differences (IPDs) at low frequencies and interaural
level differences (ILDs) at all frequencies were important
for perceived externalization. However, the virtual sound
could not be perceived as well-externalized if only the
correct ILDs were preserved, but the spectral information
in the ear signals was distorted. The listening test
performed by Kulkarni and Colburn [7] reported that
smoothing the magnitude spectra of HRTFs while scram-
bling intensities within third octave bands affected only
the perception of elevation but not externalization. In con-
trast, Baumgartner et al. [8] demonstrated both behav-
iorally and neurally that spectral flattening of HRTFs
reduced the degree of perceived externalization. In both
cases, the manipulation of the magnitude spectra of HRTFs
caused not only a change of the monaural but also the inter-
aural spectral information contained in HRTFs.

In reverberant conditions, the room acoustics also affect
perceived externalization [5, 9–11]. Several studies have
shown that the reverberation between 20 ms and 80 ms,
i.e., the early reflection part, had an influence on perceived
externalization; increasing the reverberant part to durations
longer than about 80 ms did not change perceived external-
ization further [12–15]. Werner et al. [10] demonstrated that*Corresponding author: song.li@ikt.uni-hannover.de
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the degree of perceived externalization was reduced when
the acoustics of the synthesized room differed from those
of the playback room. Catic et al. [14] studied the role of
monaural and binaural reverberation on perceived exter-
nalization. Their results pointed out that monaural
reverberation was sufficient to externalize lateral sound
images, while binaural reverberation was necessary for the
externalization of frontal sound sources. In addition, the
perceptual data were compared with the monaural direct-
to-reverberant energy ratio (DRR), and binaural cues, such
as ILD temporal fluctuations, interaural coherence (IC) and
IC temporal fluctuations. The change of externalization
ratings was highly correlated with all three reverberation-
related binaural cues over various experimental conditions
in their study. In contrast, listeners’ judgments were not well
reflected in the change in DRR. This means that the rever-
beration-related binaural cues could be utilized as indicators
to predict perceived externalization. Furthermore, Li et al.
[15] separately manipulated the reverberation heard by each
ear to investigate the relative influence of reverberation in
contralateral versus ipsilateral ear signals on the externaliza-
tion of a lateral sound source. The reverberation at the
contralateral ear was more important to externalization
than that at the ipsilateral ear. Additionally, various rever-
beration-related binaural cues were contrasted in that
study as being part of a quantitative model for predicting
the externalization results. The model based on ILD tempo-
ral fluctuations showed the best performance for their
experiments.

Reverberation reduces the relevance of spectral details
[16] but spectral details in the direct path component of
BRTFs remain important [17]. In contrast, the spectral
information contained in the reverberation part did not
noticeably affect the degree of externalization [17]. Li
et al. [18] smoothed the spectral magnitude of direct sounds
in each ear separately to investigate the role of spectral
information of direct parts in contralateral and ipsilateral
ear signals on perceived externalization. The results showed
that the spectral information in direct parts of the ipsilat-
eral ear had more influence on externalization than that
of the contralateral ear. It remains unclear to what degree
the experimental results in previous studies can be attribu-
ted to the degradation of spectral details, the ILD devia-
tions, or the combination of both cues. Hassager et al.
[17] proposed an ILD-based externalization model, which
was appropriate to explain the average experimental results
obtained in their study. However, they did not consider
other acoustic cues related to perceived externalization even
though it is already known that the correct ILD information
alone is not sufficient to well externalize virtual sound
images [6].

In most previous studies, monaural spectral cues,
ILDs and temporal fluctuations of ILDs were separately
investigated. The present study aimed at a quantitative
model explaining the interplay of these important acoustic
cues in perceived externalization by following a template-
matching procedure [17, 19]. The proposed model extends
previous approaches [15, 17, 19] by incorporating all three
relevant acoustic cues to jointly predict the degree of

externalization. The perceptual weights of the different
acoustic cues and the binaural weighting between ipsi-
and contralaterally processed cues were derived from
different externalization experiments under static listening
conditions. To this end, the model considers the reduced
relevance of spectral details for perceived externalization
with increasing amount of reverberation. Furthermore, we
investigated frequency dependence of ILDs for predicting
externalization results.

This paper is organized as follows. Section 2 describes
the proposed externalization model. To address open issues
in the design of this model and to parameterize it based on
listener-specific data we have designed a series of experi-
ments as described in Section 3. The calculation of the
weighting factor for each model parameter and the pre-
dicted externalization results are presented in Section 4.
The experimental results, as well as model components
and limitations are discussed in Section 5. Finally, conclu-
sions and directions for future work are summarized in
Section 6.

2 Externalization model
2.1 Concept and overview

Plenge [20] introduced a conceptual localization model
to explain the perception of externalization by humans,
consisting of a long-term and a short-term memory. In this
model, localization cues represented in HRIRs are stored in
the long-term memory. An adaptation to altered head-
related auditory localization cues can take several days
[21]. The short-term memory represents reverberation-
related acoustic cues. In contrast to the information stored
in the long-term memory, adaptation of the short-term
memory is required every time the listening environment
changes. A virtual sound source is expected to be perceived
as well-externalized if the target binaural sounds provide
“information” similar to that stored in both memories.

Figure 1 shows the structure of our proposed external-
ization model, which follows Plenge’s conceptual frame-
work. In this model, the magnitude spectra and ILDs are
represented as the long-term memory information, and
the ILD temporal fluctuations are used as an indicator of
the reverberation-related acoustic cues stored in the short-
term memory. In order to compare the information stored
in the long-term memory, the direct sound component
should be first extracted from the binaural signals. In this
study, the direct sound part (“target” and “template”) is
simulated by convolving the direct part extracted from
the BRIR and the input signal (white Gaussian noise).
Next, the obtained direct sound part is filtered through a
gammatone filter bank [22] with a spacing and bandwidth
of one equivalent rectangular bandwidth (ERB) [23], which
is a common approximation of the cochlear filtering process.
It is used to derive temporally long- or short-term averaged
“excitation patterns”, where the filtered signal in each chan-
nel is temporally averaged in terms of root mean square
(RMS). After that, the spectral gradients (SGs) [19, 24]
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and ILDs [17] of the target signal are calculated for each
frequency band and compared with those stored in the
long-term memory (“template”). The deviations are
weighted based on the local room acoustics to represent
the relevance of the SGs and ILDs on perceived externaliza-
tion with different listening environments. To compare the
information stored in the short-term memory, the ILD tem-
poral fluctuations are obtained from the echo-suppressed
reverberant signals in each frequency band and compared
with those stored in the short-term memory. The deviations
of these acoustic cues from the template signals are summed
up with different weighting factors and mapped to external-
ization ratings.

2.2 Processing stages

2.2.1 SG comparison

To quantify the spectral information of the sound source
in each ear, the SGs, defined as the excitation differences (in
dB) between neighboring pairs of frequency channels, nk(i),
are calculated as [19]:

nk ið Þ ¼ Mk fc;ið Þ �Mk fc;i�1ð Þ; for i ¼ 2; 3; :::;N ; ð1Þ
where the index k represents the side of the ear, i.e.,
k 2 {left, right}. Mk(fc,i) denotes the excitation in a single
frequency band centered at fc,i (center frequency of the ith
frequency channel), and N denotes the number of fre-
quency channels allocated from 0.2 to 16 kHz. Spectral
shapes are compared based on the absolute difference of
the SGs between the “target” (convolution of the stimulus

with modified HRTFs/BRTFs) and the “template”
(convolution of the stimulus with original HRTFs/
BRTFs), and the mean deviation over frequencies is
normalized by dividing through the averaged SG from
the template signals:

�nk ¼
PN
i¼2

jnk;targetðiÞ � nk;templateðiÞj
PN
i¼2

jnk;templateðiÞj
: ð2Þ

The normalization process is not performed within
frequency channels, since the zero gradient point is rather
arbitrary from a neural perspective and we do not want
to introduce any biases through normalization. The
SG-based comparison metrics calculated for each ear indi-
vidually are weighted by a binaural weighting factor, w,
determining the contribution of the spectral information
of the left and right ear to perceived externalization:

�nðwÞ ¼ w�nleft þ ð1� wÞ�nright; ð3Þ
where w is limited between zero and one.

2.2.2 ILD comparison

Because ILDs are naturally larger at high frequencies,
the same absolute ILD offset leads to a smaller relative
change in ILD when applied to a high as compared to a
low frequency sound. Thus, in the comparison stage, as
opposed to the normalization for SG deviations (cf.
Eq. (2)), normalized ILD deviations are calculated within

Figure 1. Structure of the proposed externalization model, consisting of a short-term and a long-term memory. In the long-term
memory, the spectral gradients and ILDs are extracted from the direct sound part of the target signal in each frequency channel of a
gammatone filter bank. In the short-term memory, the ILD temporal standard deviations are obtained from the echo-suppressed
reverberant signals in each frequency channel. The deviations of these three acoustic cues from the template signals are summed up
with different weighting factors and mapped to externalization ratings.
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each frequency band and averaged across frequency bands
according to [17]:

�ILD ¼ 1
N

XN
i¼1

jILDtargetðfc;iÞ � ILDtemplateðfc;iÞj
jILDtemplateðfc;iÞj ; ð4Þ

where ILDtarget(fc,i) and ILDtemplate(fc,i) denote the ILD of
target and template signals centered at fc,i, respectively.

2.2.3 Temporal fluctuation comparison

Li et al. [15] showed that ILD temporal fluctuations
corresponded well to externalization ratings in response to
modified reverberation level. Thus, the ILD temporal fluc-
tuations of the target binaural signals are extracted here
to compare the information stored in the short-term
memory (“template”). The target binaural signals are first
processed through an echo-suppression mechanism moti-
vated by the “precedence effect” [25, 26], which is achieved
by multiplying the BRIR with a time window that had a
value of one up to 2.5 ms (duration of the direct part),
followed by zeros up to 10 ms (echo-suppression) and a
transition from zero to one using a raised-cosine window
from 10 ms to 15 ms (for all measured BRIRs in this study)
[14, 15]. Catic et al. [14] demonstrated that this approxima-
tion of the “precedence effect” is important to predict
perceived externalization. Then, the echo-suppressed binau-
ral signals are filtered through a gammatone filter bank
with a bandwidth of one ERB. Afterwards, the short-term
values of ILDs are calculated in a 20 ms long Hann win-
dow with a 50% overlap over the duration of binaural
signals (99 windowed frames for a 1 s long signal) in each
frequency band. The ILD temporal fluctuations are defined
as the standard deviation across the short-term ILDs. In
each frequency band centered at fc, the ILD temporal
standard deviation (ILD TSD) is calculated as:

ILDTSDðfcÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N frame � 1

XN frame

n¼1

ðILDðfc; nÞ � ILDðfcÞÞ2
vuut ;

ð5Þ
where Nframe is the number of frames contained in the
binaural signals. ILD(fc, n) and ILDðfcÞ represent the
ILD in the nth frame and the averaged ILD across
the time frames, respectively.

In the present model, ILD TSDs are considered to
represent reverberation-related cues. However, also in
anechoic conditions, random fluctuations of the source
signal cause the ILD TSDs to be larger than zero. Hence,
if put in relation to the small values of template ILD TSDs,
minor changes in ILD TSDs caused by HRTF manipula-
tions would have the potential to lead to large unwanted
deviations. Instead, absolute ILD TSD deviations are calcu-
lated in the comparison stage, and an arbitrary scaling
factor is introduced for consistency reasons of unitless devi-
ation metrics. Hence, the absolute deviation is divided
through the averaged ILD TSDs over frequencies of a

reference acoustic environment, ILDTSD;reference. Here, the
listening room (cf. Experiment E) is considered as the refer-
ence acoustic environment:

�ILDTSD ¼
PN
i¼1

ILDTSD;targetðfc;iÞ � ILDTSD;templateðfc;iÞ
�� ��

ILDTSD;reference
;

ð6Þ
where ILDTSD,target(fc,i) and ILDTSD,template(fc,i) denote
the ILD TSDs of target and template signals centered at
fc,i, respectively.

2.2.4 Reverberation-related weighting

The influences of SGs and ILDs on perceived external-
ization are mainly studied in anechoic conditions. However,
the role of SGs and ILDs on externalization may be reduced
in the reverberant environment compared to that in the
anechoic environment, i.e., the influence of SGs and ILDs
decreases with the increasing reverberation. To represent
this effect, short- and long-term memory evaluation results
are weighted by a factor c depending on the presented
amount of reverberation-related features:

c ¼ 1� bc
ILDTSD;template

ILDTSD;reference
; ð7Þ

where c is limited between zero and one and bc is a weight-
ing factor. ILDTSD;template denotes the averaged ILD TSDs
over frequencies of the template signal, representing the
current acoustic environment. ILDTSD;reference represents
the averaged ILD TSDs over frequencies in a reference
acoustic environment as introduced in Equation (6). This
reduction term is applied for reducing the influences of
SGs and ILDs based on the current acoustic environment,
i.e., c is close to one for anechoic and smaller than one for
our most reverberant condition.

2.2.5 Mapping to externalization

After the comparison stage in both memories, the differ-
ences of SGs, ILDs, and ILD TSDs between the “target” and
the “template” are summed up with different weighting
factors, which can be expressed as [27]:

�m ¼ c bILD�ILDþ bn�nðwÞ� �þ bILDTSD�ILDTSD; ð8Þ

where bILD, bn and bILD TSD are weighting factors for
deviations of acoustic cues, respectively. The mapping
between the objective measures and the externalization
ratings is represented by an exponential function [15, 17]:

E ¼ ae��m þ c; ð9Þ
where a and c are two mapping parameters. In Section 3,
various psychoacoustic experiments are designed to deter-
mine the weighting parameters for the model components.
The derivation of the weighting parameters is described in
Section 4.
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3 Experiments
3.1 General methods

3.1.1 Measurement of individual impulse responses

Individual HRIRs and BRIRs were measured in an
anechoic room (4.7m� 4.3m� 3.5m, IACAcoustics, lower
frequency boundary around 200 Hz) and a listening room
(6.7 m � 4.8 m � 3.2 m, reverberation time about
260 ms) both located at the Institute of Communications
Technology (IKT) of Leibniz Universität Hannover. A loud-
speaker (Neumann KH 120 A) was placed at an azimuth
angle of 90� (left side) with a distance of 1.5 m from the
subject, and served as a sound source for the impulse
response recording. A pair of commercial binaural micro-
phones (Madness MM-BSM-8) was placed at the entrance
of each subject’s ear canals for themeasurement. TheHRIRs
and BRIRs were measured using a 5 s-long exponential
sweep [28], with 10 repetitions and a sampling frequency
of 44.1 kHz. In the case of the HRIR recording, the impulse
response measured was truncated by a 2.5 ms long time
window (after the propagation time from the loudspeaker
to the listener, i.e., onset delay) with a 0.5 ms long half
raised-cosine fall time. The HRIRs measured were equalized
by a reference measurement with the in-ear microphones
placed at the location of the center of the subject’s head
without the subject being present [29]. For the BRIR mea-
surement, the impulse responses measured were truncated
by a 260 ms long time window (after the onset delay) with
a 10 ms long half raised-cosine fall time [15].

3.1.2 Experimental paradigm

Five subjects (one female and four male) with normal
hearing and aged between 24 and 30 participated in the
experiments. Three of them (including the first author)
had participated in similar experiments before.

In a series of five experiments, we investigated how the
degree of perceived externalization was affected by (A)
changes in ILDs, (B) changes in spectral information while
maintaining original ILDs, (C) interaural reductions in
spectral details, (D) deviations in ILDs and spectral details,
and (E) deviations in ILDs, spectral information, and rever-
beration. These experiments were designed to determine the
model weightings of monaural spectral cues, ILDs, and the
ILD temporal fluctuations concerning perceived external-
ization while trying to isolate individual cues. Additionally,
some experiments/experimental conditions were only used
to evaluate the performance of the model. The experiments
focusing on the influence of the spectral information and
ILDs on perceived externalization were conducted in an
anechoic chamber, whereas the experiment about the role
of reverberation on externalization was performed in a
listening room. In this study, the HRIRs and the direct
parts of the BRIRs were represented as minimum-phase
components, followed by all-pass filters [17, 30]. In so doing,
the magnitude spectra of the minimum-phase components
could be manipulated while preserving the phase informa-
tion. The stimuli used in the experiments were generated

by the convolution of a 1-s long white Gaussian noise
(200 Hz–16 kHz) with modified HRIRs/BRIRs (the same
noise signal was used for generating different stimuli).
The audio signals were presented via headphones at a sound
pressure level (SPL) of about 67 dB.

Each listener sat in a chair, listened to the stimuli under
test with a pair of individually compensated Sennheiser
HD800 headphones according to Schärer and Lindau [31].
The headphone transfer function (HpTF) was measured
for each listener with 10 repetitions (headphones reposi-
tioned), and the corresponding compensation filter was
obtained by applying the least-squares inversion method
in combination with a frequency-dependent regularization
to the averaged HpTF [31]. To create smooth transitions
from the in-head localized sound source to the fully exter-
nalized sound source (at the position of the real sound
source), a distance-related measure is commonly applied
for externalization experiments. In this study, subjects were
asked to assess the degree of perceived externalization using
a subjective rating scale similar to that used in our previous
study [15], as shown in Table 1. They were asked to rate
each stimulus using a slider with a step-size of 0.1 between
0 and 3 and to ignore audible artifacts that do not affect
their externalization perception. In addition, listeners were
not allowed to turn their heads during each experiment.

Before each listening experiment, each subject was
asked to listen to the stimuli once in order to become
familiar with each stimulus presented in the experiment.
Each experiment was tested four times (the stimuli were
in random order), and the externalization score was taken
as the mean of these four scores. The loudspeaker was
always presented during each experiment. As anchors, sub-
jects listened to the original stimulus played back through
the loudspeaker and were informed that such stimulus
should act as a “fully-externalized” sound (externalization
rating = 3). The subjects had to put off the headphone
for listening to the reference anchor signals played back
by the loudspeaker. Additionally, diotic playback of the
source signal acted as a “fully-internalized” anchor sound
(externalization rating = 0). Subjects could listen to the
anchor sounds at any time during each experiment.

The present study focused on a virtual sound source
with an incidence angle of 90�. This extreme lateralization
allows to determine the range of the binaural weighting
factor applied to monaural information across different
azimuths. The weighting factor for a frontal sound source
is expected to be 0.5, and for other azimuth angles, it can
be interpolated [24]. In addition, only a 90� sound source
allows to manipulate broadband ILDs without affecting
perceived lateralization (see Experiment A). Further, the
externalization of a lateral sound source is hardly affected
by potential head movements we were not able to control
with our setup [32].

3.2 Experiment A: influence of ILDs

Experiment A aimed to investigate the influence of ILDs
on perceived externalization, and further to obtain the
weighting factor of the ILD cue while maximally isolating
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spectral changes. It is not possible to manipulate the fre-
quency-dependent ILD information, i.e., the ILD contrast
over frequencies, without changing the spectral information
of the HRTF at each ear. A feasible way to manipulate the
ILD information without changing the magnitude spectra
in HRTFs was to independently control the level of the
sounds delivered to each ear, i.e., manipulating only the
broadband ILD [33]. By attenuating the sound level at
the ipsilateral ear (left ear), i.e., reducing the ILD magni-
tude, the sound source might be perceived at a more central
lateral angle, or subjects could even hear two split sound
images due to the contradictory ITD and ILD information.
Hence, we expanded the ILD by attenuating the signal
delivered to the contralateral ear (right ear) in order to
maintain perceived lateralization of the sound image at
90�. In Experiment A, the sound level at the right
(contralateral) ear was attenuated by 0, 5, 10, 15, and
20 dB at the broadband (BB: 0.2–16 kHz), only at the
low frequency range (LO: 0.2–3 kHz) and the high
frequency range (HI: 3–16 kHz), while the SPL of the left
(ipsilateral) ear signal remained unchanged. The spectrum
of the modified HRTF in the right ear (contralateral ear),
|HRTFright,mod(f)|, can be expressed as:

HRTFright;mod fð Þ�� �� ¼ HRTFright fð Þ�� ��
10

A
20

; for f 2 BB;LO;HIf g;

ð10Þ
where A denotes different attenuations in dB. This exper-
iment was divided into three blocks based on the three
manipulated frequency ranges. Five stimuli with different
attenuations were presented in each section. A total of 60
stimuli (including repetitions) were assessed by each
listener.

Figure 2 shows the externalization ratings for ILD
expansions in the three frequency ranges. For comparison,
the simulation results calculated according to our proposed
externalization model (refer to Sect. 4) are also plotted.
Overall, the degree of externalization ratings decreased with
increasing ILD difference in all three frequency ranges.
Both, the ILD expansions (Friedman test: v2(4) = 55.6,
p = 0.01) and the manipulated frequency ranges (Friedman
test: v2(2) = 32.1, p = 0.01) had significant effects on per-
ceived externalization. The externalization ratings were
noticeably reduced by an ILD increase of 5 dB at the low
and the whole frequency ranges. The sound image was per-
ceived as being at the ear (externalization ratings � 1) by
further increasing the ILD, and there were no significant

differences in externalization ratings between the low and
the whole frequency range being modified (Friedman test:
v2(1) = 0.89, p = 0.4). In contrast, the decrease in external-
ization ratings was smaller when the ILD at high frequen-
cies increased. The sound source was still perceived as
externalized even with an increase of 20 dB ILD at high
frequencies.

3.3 Experiment B: influence of spectral details
with unchanged ILDs

Experiment B aimed to investigate the influence of the
spectral information contained in HRTFs on perceived
externalization. The spectral ILD remained unchanged,
while the magnitude spectrum of the HRTF in the ipsilat-
eral ear (left ear) was smoothed by using a 4th-order
gammatone filter, |H(f, fc)|, at the center frequency of fc
with the bandwidth of b(fc) [17, 18]:

jHRTFleft;modðfcÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR 1

0 jHRTFleftðf Þj2 jHðf ; fcÞj2dfR 1
0 jHðf ; fcÞj2df

vuut :

ð11Þ
The magnitude spectrum of the 4th-order gammatone filter
was approximated as [34]:

jHðf ; fcÞj ¼ bðfcÞ
jðf � fcÞ þ bðfcÞ

� �4
�����

����� with j ¼
ffiffiffiffiffiffiffi
�1

p
: ð12Þ

The smoothing level of the magnitude spectrum was
achieved by controlling the bandwidth b(fc) of the gamma-
tone filter [6]:

bðfcÞ ¼ B� 24:7 ð0:00437� fcÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
21=4 � 1

p ¼ 0:1241B� fc; ð13Þ

where B represents the bandwidth factor relative to
a value of one ERB. In this experiment, the spectral

Table 1. Subjective rating scale for perceived externalization.

Degree Meaning of the degree

3 The sound is externalized and at the position of
the loudspeaker.

2 The sound is externalized but not as far as the
loudspeaker.

1 The sound is not well-externalized. It is at my ear.
0 The sound is in my head.

0 5 10 15 20
ILD expansion [dB]
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1

2

3

E
xt

er
na

liz
at
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tin

g

BB
LO
HI

measured simulated

Figure 2. Median values of externalization ratings (solid lines)
and model simulations (dashed lines, open and filled symbols for
mapped and predicted results, respectively) with 95% confidence
intervals (CIs) for ILD expansions in three different frequency
ranges (“BB”, “LO” and “HI”).
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magnitude was smoothed with a bandwidth factor
B 2 {0, 1, 4, 16, 64}. B = 0 denotes the unprocessed spec-
tral magnitude. The magnitude spectrum of the HRTF in
the contralateral ear was adapted to maintain the spectral
ILD. In Experiment B, a total of 20 stimuli (including
repetitions) were evaluated by each listener.

Figure 3 shows the externalization results by smoothing
the spectral details in the HRTF of the ipsilateral ear while
maintaining the original ILD. The externalization ratings
reduced significantly with bandwidth above one ERB
(Friedman test: v2(4) = 20, p = 0.01). The median value
of the externalization rating was about 1.6 for the most
severe smoothing. This means that maintaining the correct
spectral ILD information might be sufficient to externalize a
lateral sound source, but not enough to externalize it well.

3.4 Experiment C: influence of interaural
spectral details

Experiment C was designed to study the influence of
interaural (as opposed to monaural) spectral details in
HRTFs. However, one can not change the interaural spec-
tral contrast while maintaining the original magnitude spec-
tra in both ears. The spectral information in HRTFs is more
pronounced at high frequencies than at low frequencies due
to the reflections and diffractions caused by the pinnae.
Therefore, the spectral ILD contrast was compressed at high
frequencies with different compression factors, while the
magnitude spectrum of the HRTF was preserved in one
ear. The ILD between 3 kHz and 16 kHz in dB was modified:

ILDmodðf Þ ¼ ð1� CÞ ILDðf Þ þ C
1P

k2f
wðkÞ

X
k2f

wðkÞ ILDðf Þ;

ð14Þ
where C represents the compression factor, and w(k) is a
frequency-dependent weight that approaches the resolu-
tion of auditory filters by the across-frequency derivative

of ERBs frequencies (cf. [8]). The ILD spectral contrast
was compressed using compression factors, C, of 0%,
25%, 50%, 75%, and 100%. For C equal to 0%, the original
ILD was presented. In contrast, if C was equal to 100%,
the ILD was constant between 3 kHz and 16 kHz. Figure 4
illustrates an example of processed ILDs averaged across
subjects with compression factors of 0% (red solid line),
50% (blue dotted line) and 100% (green dashed line).
Two conditions were considered in this experiment:
(i) The spectral magnitude of the HRTF was changed
only at the contralateral ear while reducing the ILD con-
trast (condition “contra”). (ii) The spectral magnitude of
the HRTF was only changed in the ipsilateral ear while
the ILD contrast was reduced (condition “ipsi”). Five
stimuli with different ILD contrasts were generated by
modified HRTFs in each condition and presented over
headphones. In total, 40 stimuli (including repetitions)
were assessed by each listener.

Figure 5 shows the externalization ratings by reducing
the ILD contrast at high frequencies while manipulating
the spectral details in the ipsilateral (circles) or the con-
tralateral ear (squares). Both the ILD contrast (Friedman
test: v2(4) = 38.1, p = 0.01) and the side of the modified
ear (Friedman test: v2(1) = 14.4, p = 0.01) had significant
effects on externalization results. The externalization
ratings decreased substantially for compression factors
above 25%. Furthermore, the degree of externalization
reduced more for the “ipsi” condition than the “contra” con-
dition, meaning that the spectral information contained in
the HRTF of the ipsilateral ear was more important for
perceived externalization than that of the contralateral ear.

3.5 Experiment D: influences of ILDs and spectral
details

Experiment D was designed to target the additive influ-
ences of monaural spectral and ILD cues on perceived exter-
nalization. To this end, the same smoothing method as
described in Experiment B was applied, but in contrast to
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Figure 3. Median values of externalization ratings and mapped
results for smoothed spectral magnitude in the HRTF of the
ipsilateral ear while maintaining the original ILD. All other
conventions are as in Figure 2.

Figure 4. Averaged ILD across subjects with 0% (red solid
line), 50% (blue dotted line) and 100% (green dashed line)
compression factors. Shaded areas denote 95% CIs of means.
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Experiment B, spectral ILDs were not maintained by
spectral compensation in the other ear. The magnitude
spectra were smoothed by different smoothing factors,
B 2 {0, 1, 4, 16, 64}, in HRTFs of (i) both ears (condition
“bi”), (ii) the ipsilateral ear (condition “ipsi”) and (iii) the
contralateral ear (condition “contra”). The five different
smoothing factors were applied for each condition, and each
listener evaluated a total of 60 audio sequences (including
repetitions).

Figure 6 shows the externalization ratings by reducing
the spectral details in the HRTF of both ears (circles), the
ipsilateral ear (squares), and the contralateral ear
(diamonds). Results of statistical tests showed that both
the spectral smoothing levels (Friedman test: v2(4) = 64.6,
p = 0.01) and the smoothing conditions (Friedman test:
v2(2) = 15.8, p = 0.01) had significant effects on perceived
externalization. The externalization ratings were noticeably
reduced with bandwidths above one ERB for all three con-
ditions. For bandwidths larger than one ERB, the degree
of externalization decreased dramatically with increasing
bandwidths for all three conditions. Furthermore, the
ratings for “bi” and “ipsi” conditions reached a low level of
about 1.5 earlier than those for the “contra” condition. This
result indicated that smoothing the magnitude spectra of
HRTFs at the ipsilateral ear was more effective than at
the contralateral ear to reduce externalization.

3.6 Experiment E: influences of ILDs, spectral
information and reverberation

Experiment E aimed to investigate the interaction
among reverberation, ILDs and the monaural spectral cues
on perceived externalization. For that, the spectral magni-
tude of the direct part in the BRIR was smoothed with
different smoothing factors, B 2 {0, 1, 4, 16, 64}, applied
bilaterally using the same method as in Experiment D.
The direct part was extracted with a 2.5 ms long window

[14, 15] with a 0.5 ms long half raised-cosine fall time.
The reverberant part was obtained by subtracting the
direct part from the BRIR. Additionally, the level of the
reverberation was reduced by multiplying the reverberant
part with a scaling factor a (0 < a < 1) in the time domain:

BRIRmodðtÞ ¼ BRIRdirect;modðtÞ þ ð1� aÞBRIRreverbðtÞ:
ð15Þ

The modified direct part, BRIRdirect,mod(t), was calculated
according to Equation (11). The amount of reverberation
was reduced with scaling factors of 0%, 25%, 50%, 75%,
and 100%. a = 0% stands for the non-processed reverberant
part. The reverberation was not present if a was equal to
100%. The BRIRs measured were manipulated with differ-
ent smoothing and reverberation reduction levels. This
experiment was divided into five sections, and in each sec-
tion, five stimuli generated by modified BRIRs with the
same smoothing factor but different reverberation reduc-
tion levels were presented. In total, 100 audio sequences
(including repetitions) should be evaluated by each listener.

Figure 7 shows the externalization ratings for different
spectral smoothing (B 2 {0, 1, 4, 16, 64}) and reverberation
reduction (0%, 25%, 50%, 75%, and 100%) levels across
subjects. Compressing the reverberant part (Friedman test:
v2(4) = 106.2, p = 0.01) and smoothing the spectral details
(Friedman test: v2(4) = 90.1, p = 0.01) significantly
affected perceived externalization. If the reverberation was
left unchanged (0% reduction), the externalization ratings
decreased noticeably with increasing smoothing bandwidth
above one ERB. In the case of most severe smoothing
(B = 64), the median value of the externalization rating
was about 1.4, corresponding to the sound image perceived
as little externalized. When the reverberation was absent
(100% reduction), the externalization ratings were low for
all smoothing factors; only minor differences in externaliza-
tion could be observed by reducing the spectral details in
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Figure 5. Median values of externalization ratings and the
mapped results for reduced ILD contrasts with ipsilateral
(condition “ipsi”) versus contralateral (condition “contra”) spec-
tral distortions. All other conventions are as in Figure 2.
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Figure 6. Median values of externalization ratings and pre-
dicted results by reducing spectral details in HRTFs of both ears
(condition “bi”), the ipsilateral ear (condition “ipsi”) or the
contralateral ear (condition “contra”). All other conventions are
as in Figure 2.
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the direct part. Note that the playback signals for this
experimental condition (reverberation reduction factor of
100%) was the same as for the “bi” condition in Experiment
D. Hence, the differences in externalization results were
caused by the different experimental contexts with refer-
ence sounds either containing reverberation or not.

4 Model fitting and assessment
4.1 Fitting

The results of subjective measurements from a set of
listening experiments confirmed that all three acoustic cues,
i.e., spectral information, ILDs and reverberation did affect
the degree of externalization. The sound could not be
perceived as well-externalized when one of these cues was
distorted. Part of the experimental results was used to
calculate the weighted parameters in the externalization
model (see Fig. 1), and the remaining experimental results
were applied to evaluate the performance of the obtained
externalized model.

If there is no deviation of acoustic cues between target
and template signals, i.e., �ILD, �nðwÞ and �ILDTSD are
all zero, the externalization rating of this target signal
should be 3. Therefore, the sum of coefficients a and c in
the externalization mapping function (Eq. (9)) should be
equal to 3. To further simplify the mapping function, the
coefficient c was defined as the minimal externalization rat-
ing from our five experiments, i.e., c was equal to 1 (the
sound was perceived as being at the ipsilateral ear). There-
fore, the mapping parameters a and c were set to 2 and 1,
respectively. The subjective results obtained in Experi-
ments A (BB condition), B, C, and E (“B = 0” and “0%
reverberation reduction” conditions) were used to adjust
the weighting factors for these cues by fitting the model out-
comes to the individual externalization ratings using the
least-squares method (minimization of the summed square
of residuals, MATLAB function lsqnonlin).

Table 2 shows the iterative steps applied to determine
all the five model weightings (bILD TSD, bILD, bn, w and bc)
based on different experimental results. At each iterative
step, the externalization results were used to determine
the weighting factors individually for every subject, so that
the confidence intervals for generic weighting factors could
be estimated (see Table 3). Finally, the weighting factors
were then averaged over the subjects and those generic
values were applied during model assessment.

In the first step, the weighting factor bILD TSD was
determined based on the results from Experiment E for
different reverberation reductions and unmodified spectral
details (“B = 0”, 5 data points per subject and parameter).
Since the ILD TSD was the only acoustic cue that changed
in this experimental condition (ILD and SGs were
unchanged) and bILD TSD can be decoupled from other four
weighting factors (refer to Eq. (8)), the obtained factor bILD
TSD did not have to be re-optimized in the final step.

In Experiments A, B, and C, affected acoustic cue were
coupled, at least weakly. Further, the reverberation-related
weighting c was unknown. Hence, bILD, bn and w were first
pre-optimized based on the externalization results in
anechoic conditions (steps 2–4), where it can be assumed
that �ILDTSD was small and c was therefore close to one.
These pre-optimal weightings obtained were then used as
initial values to finally obtain the optimal weightings jointly
(step 6).

In the second step, the bILD was calculated by fitting the
�ILD to the subjects’ results of Experiment A under the
condition “BB” (5 data points) without considering the
reverberation-related weighting and SGs (c and �nðwÞ
were set to one and zero, respectively).

In the third and fourth steps, the bn and w were jointly
optimized based on the externalization results in
Experiments B and C: first, the weighting factors bn were
optimized for a predefined set of binaural weighting factors
w 2 {0.5, 0.6, 0.7, 0.8, 0.9, 1} based on the externalization
results from Experiment B (5 data points) without
considering the reverberation-related weighting (c = 1);
then, the best pair of w and bn was selected as the argument
for which the summed square of errors between the
simulated and individually measured results across experi-
mental conditions in Experiment C reached its minimum
(10 data points).

In the fifth step, the weighting factor bc was adjusted
based on the results in Experiment E under the “0% rever-
beration reduction” condition (5) data points) combined
with pre-optimized weightings bILD, w and bn.

Finally, the weighting factors, bILD, w, bn, and bc were
jointly re-optimized by minimizing the simulated and
measured results (25 data points) from Experiments A
(“BB” condition), B, C, and E (“0% reverberation reduction”
conditions). The pre-optimized weighting factors were used
as the initial values for the final optimization process.

The averaged weighting parameters across subjects
and with their corresponding 95% CIs are calculated
and listed in Table 3. Overall, the weighting factors
obtained do not show large individual differences, especially
the w and bc.
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Figure 7. Median values of externalization ratings and the
model predictions for different bilateral spectral smoothing (“B”)
and reverberation reduction levels across subjects. All other
conventions are as in Figure 2.
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4.2 Assessment

The averaged simulated results for each experiment are
plotted with dashed lines in Figures 2–7. The mapped
results are represented by open symbols. Experiments B
(“LO” and “HI” conditions), D (all three conditions) and E
(“B = 1”, “B = 4”, “B = 16”, and “B = 64” conditions except
for the 0% reverberation reduction) were used to test the
performance of the model. To quantify how well the
predicted results matched the measured externalization
ratings, the normalized root mean square deviation
(NRMSD) was calculated for each experimental condition
and each subject [15]:

NRMSD ¼ 1
Orange

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPK
i¼1

ðP i � OiÞ2

K

vuuut
; ð16Þ

where Pi, and Oi denote predicted and measured external-
ization ratings for each condition, respectively. K is the
number of experimental conditions. Orange is a normaliza-
tion factor that was considered the maximal range of
ratings in the experiment, i.e., Orange was equal to 3.
The averaged NRMSD across subjects are presented in
Table 4. The mapping and prediction errors of calculated
results are shown in italic and bold, respectively. Overall,
the averaged prediction errors were smaller than 10% (the
overall accuracy was higher than 90%) for all experi-
ments, corresponding to the high accuracy of the proposed
externalization model.

5 Discussion

Five psychoacoustic experiments were conducted to
show the relevance of three important acoustic cues in
perceived externalization, and the experimental results were
well predicted by our proposed model. Although no explicit
control conditions were incorporated in the experimental
design to rule out the inclusion of audible artifacts not
related to externalization perception in the listeners’

ratings, the following reasons strengthen our believe that
ratings were at least primarily based on perceived external-
ization. First, listeners were clearly instructed on how to use
the response scale and to ignore audible artifacts that do
not affect their externalization perception. Second, part of
experimental results are qualitatively consistent with
previous studies, which did validate the effect of external-
ization loss by means of behavioral and neural (measured
using electroencephalography) biases known to be elicited
by approaching sounds [8]. Third, the model explaining
the experimental results requires processing stages, such
as imbalanced binaural weighting of spectral cues that are
not clearly related to mere audibility.

In the following, each model component, interpretation
of individual externalization results, and model limitations
are discussed in details.

5.1 Model components

The subjective results of Experiment A revealed that
the virtual sound source could not be perceived as well-
externalized by maintaining only the correct spectral infor-
mation of sound sources at each ear. Furthermore, the ILD
expansion at low frequencies had more influences on
perceived externalization than that at high frequencies.
Thus, the deviation of the broadband ILD over the whole
frequency range might not be appropriated to explain the
externalization results by increasing the ILD at high
frequencies. To demonstrate that, the deviation of broad-
band ILD was used to model the externalization result
instead of the frequency-dependent relative ILD. As
expected and despite re-optimization of bILD, high predic-
tion errors were obtained for “LO” (NRMSD = 11.5%)
and “HI” conditions (12.2%). Hence, the broadband ILD is

Table 3. Mean weighting factors with ±95% CIs for different
acoustic cues.

Factors bILD bn w bILD TSD bc

Values 2.5 ± 1.1 1.7 ± 0.3 0.9 ± 0.1 2.8 ± 0.4 0.6 ± 0.1

Table 2. The iterative steps of model fitting for each subject. Nd represents the number of data points per subject. Model variables
and parameters are explained in Section 2. The results of obtained weighting factors are listed in Table 3.

Step Experiment Condition Nd Fitting
parameters

Initial value Fixed parameters

1 E “B = 0” 5 bILD TSD Random bILD = bn(w) = bc = 0
2 A “BB” 5 bILD Random bILD TSD (step 1),

bn(w) = 0, bc = 1
3 B – 5 bn & w bn is random;

w 2 {0.5,0.6,0.7,0.8,0.9,1}
bILD TSD (step 1),

bILD (step 2), bc = 1
4 C “ipsi” &”contra” 10 bn & w Taken from step 3 bILD TSD (step 1),

bILD (step 2), bc =1
5 E “0% reverb. reduction” 5 bc Random bILD TSD (step 1), bILD (step 2),

bn(w) (step 4)
6 A, B, C, E “BB”, “ipsi”, “contra” &

“0% reverb. reduction”
25 bILD, bn, w and bc Taken from steps 2, 3 and 4 bILD TSD (step 1)
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not appropriate for predicting the effect of frequency-
specific ILD expansion on externalization.

In Experiment B, the magnitude spectra of HRTFs at
both ears were changed, i.e., magnitude spectra of HRTFs
at the ipsilateral ear were smoothed, and at the contralat-
eral ear were adapted to keep the ILD constant within
every frequency band. The results indicated that the spec-
tral information of binaural sounds in each ear was relevant
for perceived externalization. The degree of externalization
was degraded by the deterioration of the spectral details in
HRTFs, although the correct ILD information was main-
tained. This deterioration was generally consistent with
previous studies [6] but more moderate in absolute terms
presumably because the present experiment tested a more
lateral sound source. Experiments C and D further investi-
gated the relative influence of the spectral magnitude in
HRTFs of the contralateral versus ipsilateral ear on per-
ceived externalization. Hence, the contribution of the spec-
tral information in HRTFs of the ipsilateral ear was more
relevant for perceived externalization than that of the con-
tralateral ear. The binaural weighting found here was more
moderate than previously defined [24], such that the weight
for the contralateral spectrum remained larger than zero
even at the most extreme lateralization. In other words,
the contralateral spectral details in HRTFs seem not to
become negligible to reproduce well-externalized sound
images.

The externalization results in Experiment D also
showed that the degree of externalization was reduced by
smoothing the spectral magnitude with bandwidths above
one ERB. Smoothing the spectral magnitude of HRTFs
caused not only a change of ILDs but also of spectral details
in HRTFs. The calculated externalization ratings matched
well to the measured externalization results. In order to test
whether both cues were important to explain the results or
whether a single cue would be sufficient, the externalization
results were also simulated with using only one acoustic cue,
i.e., only one cue weight was optimized and the other was
forced to zero. For the SG-based model, the weighting

factor for SG deviations, bn, and the binaural weighting fac-
tor, w, were re-optimized based on the externalization
results from Experiment C, since the influence of ILDs
should not be taken into account for calculating these two
factors. As a result, the re-calculated averages of bn and w
were 2.0 and 0.8, respectively. For the ILD-based model,
the averaged bILD was equal to 2.4.

Figure 8 shows the predicted results for Experiment D
based on either ILD deviations (dashed lines) or SG devia-
tions (dash-dotted lines). For the SG-based model, the
calculated externalization results for both “bi” and “ipsi”
conditions matched well to the measured data with increas-
ing bandwidths. However, the predicted results for the
“contra” condition decreased only slightly across experimen-
tal conditions due to the low binaural weighting factor for
contralateral SGs (cf. Experiment C). In the case of the
ILD-based model, the trend of externalization results was
comparable to the measured data with increasing band-
widths, but the relative externalization results between
the “ipsi” and “contra” conditions were not consistent with
the measured data. Additionally, the overall computed
results were higher than the subjective data. These simula-
tion results show that both monaural and interaural spec-
tral cues are required to predict externalization results by
smoothing the spectral magnitude of HRTFs. Additionally,
the calculated weighting factors indicate that both cues
contribute almost equally to externalization, since the
values of bILD and bn do not show large differences.

In Experiment E, if the reverberation was completely
present (0% reverberation reduction condition), the degree
of externalization depended on the smoothing levels (SG
and ILD deviations) of the direct sound part, i.e., the exter-
nalization ratings decreased with increasing SG and ILD
deviations. In contrast, if the reverberation was absent
(100% reverberation reduction condition), the externaliza-
tion ratings were low, even when the direct sound part
was unmodified. This means that all three cues, SGs, ILDs,
and ILD TSDs were relevant to perceived externaliza-
tion, but only one of them alone was not sufficient to well

Table 4. Averaged prediction error (NRMSD) between the predicted and perceptual data. The mapping and prediction errors of
calculated results are shown in italic and bold, respectively.

Experiment Modification Condition Fitting parameter NRMSD

A ILD expansion BB bILD 4.5%
LO 4.8%
HI 7.8%

B Spectral magnitude smoothing ipsilateral, constant ILD bn & w 4.9%
C ILD contrast compression ipsi bn & w 4.0%

contra bn & w 4.0%
D Spectral magnitude smoothing bi 4.8%

ipsi 3.7%
contra 4.2%

E Reverberation reduction
and spectral

magnitude smoothing

High spectral detail (B = 0) bILD TSD & bc 3.3%
B = 1 4.7%
B = 4 6.4%
B = 16 3.1%

Low spectral detail (B = 64) 3.0%

S. Li et al.: Acta Acustica 2020, 4, 21 11



externalize sound images. Thus, the combination of these
three cues was applied to build the externalization model,
and the predicted results were well consistent with the
measured externalization ratings.

In the present model, the influence of SG and ILD
deviations was reduced by increasing the amount of rever-
beration-related cues. To point out how the influences of
SGs and ILDs on modeled externalization ratings changed
from an anechoic to a reverberant environment, the exter-
nalization for Experiment E was calculated without this
reduction term (c = 1), i.e., all other weighting factors were
re-optimized without considering c. Figure 9 shows the
simulated externalization ratings for several experimental
conditions (“B = 1”, “B = 4”, and “B = 16”) with and with-
out the reduction term. Such model prediction clearly
underestimated the perceptual data for bandwidths above
one ERB, especially when the reverberation was completely
present (0% compressed reverberation). The NRMSDs
increased to 5.8%, 12.8%, 8.3% and 5.2% for “B = 1”,
“B = 4”, “B = 16”, and “B = 64” conditions, respectively.
This prediction degradation illustrates that the influences
of spectral details and ILDs on perceived externalization
are reduced when reverberation is present, and demon-
strates that the proposed implementation is effective.
Moreover, the values of the reduction term c indicate that
the contribution of spectral details to externalization in
reverberant environments (c = 0.6, refer to Eq. (7))
decreases by about 30% compared to anechoic environ-
ments (c is about 0.9).

5.2 Individual differences

Due to listener-specific acoustics, applied modification
procedures may differently affect the acoustic cues. For
instance, smoothing the spectral magnitude of individual

HRTFs caused different amounts of changes in ILDs and
monaural spectral information. Consequently, the ILD
could change more than the monaural spectral information
for one subject and less for the other subject. As an
example, the externalization ratings for “contra” and “ipsi”
conditions in Experiment D are plotted in Figure 10 for
exemplary subjects 2 and 3. Interestingly, they rated those
two conditions qualitatively different. The median value of
externalization results of subject 2 were higher for the
“contra” condition than for the “ipsi” condition, whereas
subject 3 rated both conditions as equivalent.

The objective measures, i.e., normalized ILD and SG
deviations, were calculated for comparison with the subjec-
tive results and are shown in Figure 11. For subject 2 and
large smoothing bandwidths, the deviation of normalized
ILDs for the “contra” condition was slightly higher than
for the “ipsi” condition, while the normalized SG deviation
for the “ipsi” condition was much larger than for the “contra”
condition. The high contribution of SG deviations thus
dominated the opposed changes in ILD and resulted in
higher externalization ratings for the “contra” condition.
For subject 3, in contrast to subject 2, the deviations of nor-
malized ILDs and SGs were more similar in size while still
working in opposite directions, effectively equalizing the
two conditions.

Smoothing the spectral magnitude of individual
HRTFs led to different deviations in ILDs and spectral
information and thus to different individual externalization
ratings. Therefore, these two acoustic cues should be indi-
vidually considered for predicting externalization. Overall,
the individual prediction results (dashed lines in Fig. 10)
are well consistent with the externalization results for
both subjects. Hence, while idiosyncratic sensitivities may
have modulated the spatial percept [35], the individual
externalization results are highly correlated with the
deviations of individual acoustic cues. This simulation
result shows the importance of considering these marked
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Figure 9. Median values of simulated externalization ratings
with (dashed lines, “c < 1”) and without (dash-dotted lines,
“c = 1”) the reduction term in the model for different spectral
smoothing (“B”) and reverberation compression levels. All other
conventions are as in Figure 2.
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Figure 8. Median values of predicted externalization ratings
using a single acoustic cue (ILD or SG deviations) by reducing
the spectral details in HRTFs of both ears (condition “bi”), the
ipsilateral ear (condition “ipsi”) and the contralateral ear
(condition “contra”) across subjects. ILD- and SG-based predic-
tion results are plotted with dashed and dash-dotted lines,
respectively. All other conventions are as in Figure 2.
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differences in individual acoustics for accurate predictions of
externalization ratings.

5.3 Model limitations

A major limitation of the proposed model is that it does
not take into account the influence of the sound source
direction and different room acoustics. The weights for
acoustic cues were calculated based on the analysis of a
90� sound source and two rooms (anechoic chamber and lis-
tening room) in the present study. However, if the incidence
angle of the sound source would change, the absolute and
relative influences of these cues on externalization ratings
might be changed, as represented by the weights and the
mapping parameters in the model. The directional depen-
dence of the factor, w, for binaural weighting of monaural
spectral cues can be assumed to be similar to the one estab-
lished for sound localization in sagittal planes [24]. Baum-
gartner et al. [24] used a sigmoid function to determine
the binaural weighting factors for an azimuth angle of u:
w = (1 + e(�u/U))�1, where U is a scaling parameter, broad-
ening the curve. In that study, the U was chosen as 13� to
fit the outcomes of localization studies. For externalization

perception, our present results suggest a more shallow
dependence on the lateral angle (U = 41�), in line with
previous observations [18]. The offset, c, of the response
mapping function is also expected to show directional
dependency but this has not been formalized previously.
As a first approximation one could assume a simple geomet-
rical relationship based on a spherical head and internalized
lateralization between the two ears (e.g., c = |sin(u)|). The
validity of those interpolation methods needs to be tested in
future experiments. Furthermore, the weighting factor, bc
and bILD TSD, depend on the defined reference ILD TSD
in this study, and the existence of a general prior expecta-
tion of room acoustics is a matter of ongoing debate (c.f.
[10, 36]).

The weighting factors in the model were calculated
based on the subjective ratings, which are expected to be
highly task-specific. In our experimental design, the loud-
speaker was present at the measurement position to serve
as a reference position, and the reference sounds from the
loudspeaker were overtly presented to listeners. Calcagno
et al. [37] showed that the visual information can poten-
tially affect distance perception. Gil-Carvajal et al. [11]
demonstrated that the auditory room-related cues between
the recording and playback environment were more impor-
tant than the visual room-related cues regarding distance
perception. This issue may be critical for frontal sound

Figure 10. Median values of externalization ratings and the
predicted results of subject 2 (upper panel) and subject 3 (lower
panel) for smoothed spectral information in the HRTF (“contra”
and “ipsi” conditions in Experiment D). All other conventions are
as in Figure 2.

Figure 11. Deviation of normalized ILDs (solid lines) and SGs
(dashed lines) of the individually synthesized binaural signals for
subject 2 (upper panel) and subject 3 (lower panel) under
different conditions.
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sources, since lateral sources can be perceived as more
exterznalized than frontal sources even without real source
and visual cues as references [38].

Furthermore, our experiments and model investigations
did not cover different sound source characteristics. Noise
signal was chosen as the stimulus because it distributes
the energy uniformly over frequencies and time, which is
beneficial for the stable extraction of acoustic cues. Leclère
et al. [38] reported that stimulus type had a small but
significant influence on perceived externalization (speech
was perceived as less externalized than noise and music),
but it did not interact with BRIR individualization. Hence,
the stimulus type seems not to affect the relevance of spec-
tral details. However, it appears plausible to believe that
specific stimuli may reduce the accessibility of certain
acoustic cues for longer time periods and thus trigger an
adaptation of perceptual weights. The proposed model
may serve as a useful tool to analyze such potential adap-
tion processes in future investigations.

Finally, the present study focused only on static listen-
ing; dynamic scenarios with head or source movements were
not taken into account. Although the cues provided by
dynamic scenarios not noticeably influence perceived
externalization for a 90� sound source, they are highly rele-
vant for more frontal sound sources [32, 39]. Hence, future
model extensions should aim to incorporate the temporal
integration processes necessary to evaluate such dynamic
cues.

6 Conclusions

The present study investigated the role of monaural
spectral cues, ILDs, and temporal fluctuations of ILDs in
perceived externalization of a far-lateral sound source.
The experimental results demonstrated that all three cues
were perceptually relevant, and a single acoustic cue alone
was not sufficient to well externalize the virtual sound
image. Additionally, the contribution of the spectral infor-
mation in HRTFs of the ipsilateral ear was more relevant
for perceived externalization than that of the contralateral
ear, but the contralateral spectral details in HRTFs should
not be neglected to reproduce well-externalized sound
images. Moreover, the influences of monaural spectral cues
and ILDs on perceived externalization were reduced if
reverberation is present.

A quantitative model was proposed to predict the
degree of externalization based on the deviations between
acoustic cues extracted from the target signals and expected
templates. The predicted externalization ratings corre-
sponded well to the obtained results. In contrast to the
model proposed by Hassager et al. [17], not only fre-
quency-dependent ILDs, but also monaural spectral cues
and ILD temporal fluctuations were considered to predict
perceived externalization. In the model, ILDs needed to
be considered in a frequency-specific manner, and broad-
band ILDs were not sufficient for predicting perceived
externalization. Further, the acoustic idiosyncrasies caused
individual differences in the effects of spectral distortions on

perceived externalization. The proposed externalization
model can serve as a good starting point for further exten-
sions, e.g., addressing various incidence angles, listening
environments, and non-stationary scenes. Moreover, it
may be used to generate hypotheses for experimental
investigations in the future.

For the sake of open science, we incorporated the model
implementation and model simulations into the Auditory
Modeling Toolbox [40].
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