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Introduction

The validation of different acquisition methods for indi-
vidualized head-related transfer functions (HRTF) often
involves a direct comparison of HRTF spectra. Studies
introducing HRTF approximation methods, e.g., based
on anthropometric features of the listener [1], typically
examine the similarity between the output of the new
approach and a target data set. This data set is usu-
ally acquired in a more well-established method, such as
acoustical measurements performed on the listener. Dif-
ferent numerical descriptors allow for a direct compari-
son between the spectra, e.g. [2]. Yet, these descriptors
mainly provide relative information on the degree of dis-
tortion. They can, for instance, demonstrate a potential
improvement upon varying certain parameters in the ap-
proximation method, or examine the superiority of one
method compared to another. However, no standardized
description of a minimum required numerical similarity
has been established, that would predict perceptual sim-
ilarity. A direct link between typically used numerical
descriptors of spectral errors and their potential percep-
tibility, i.e., just noticeable differences (JNDs), is yet to
be introduced.

This work presents a listening test paradigm for exam-
ining the contribution of monaural cue differences to the
audibility of HRTF changes, as applied in a recent study
by the authors [3]. The concept of JNDs in the context of
HRTFs is discussed, relating to both a numerical descrip-
tion of HRTF changes as well as to the perceptual effect
of these changes on the listener. Different approaches for
signal presentation are presented, highlighting their im-
plications for perception and their feasibility for captur-
ing the desired JND. An overview is provided of measures
taken to enforce the selected presentation approach. Fi-
nally, notes are given on the applicability of a monaural
JND model derived from the experimental data.

Just noticeable HRTF changes

HRTF differences can be described on the level of under-
lying spectral deviations and on the level of the percep-
tual changes evoked by them. In a typical use case, where
a listener uses a non-individualized HRTF set in binau-
ral rendering, the switch from their own natural HRTF
entails changes to both monaural and binaural cue in-
formation. These changes can be described using vari-
ous numerical descriptors, capturing different degrees of
freedom in the spectral error space. Evidently, this free-
dom introduces complexity to the question of identifying
JNDs. E.g., a perceived difference may have resulted
from a change in monaural or binaural cues, possibly
even both. Therefore, it is of benefit, as a first step, to
examine the contributions of each independently - as far

as the redundancy between descriptors of both categories
allows for it. In the present study, the focus is laid on
monaural cue changes, which on their part, are described
by a set of several descriptors for each ear.

On the perceptual side, (supra-threshold) HRTF changes
are known to evoke a change in the perceived sound in-
cidence angle, virtual source distance or width, and/or
sound coloration. Arguably, it can be assumed that close
to the JND threshold, the listener may not be able to
consciously attribute the perceived change to a specific
perceptual property. Nonetheless, a study examining the
JND of HRTFs should per definition enable the percep-
tion of these changes, however minute. This leads to
requirements in signal presentation to preserve the pos-
sibility of spatial perception and related cognitive mech-
anisms.

Signal presentation methods

In the following, different approaches for playback of the
varied HRTF signals are presented, see Figure 1. In all
four cases, a “stimulus pair” refers to a triple pink noise
pulse train convolved with two different HRTFs. These
stimulus pairs are presented in a three-alternative forced
choice (3-AFC) experiment to determine their discrim-
inability.

i) As the goal is to model the detectability based on
numerical descriptors, the easiest approach is to
present a monaural signal at one ear only, with none
being presented at the averted ear. The transi-
tion within the stimulus pair can thus be described
by a single set of monaural descriptors. While
practical for modelling purposes, however, studies
have shown uni-lateral stimulation to have a differ-
ent cognitive representation [5], leading to higher
detection thresholds of signals and lower sensitiv-
ity to stimulus variation. Furthermore, the above-

Figure 1: Options for signal presentation. The two HRTF
sets to be compared are represented by the circle and triangle,
respectively.
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mentioned spatialization requirements are not met
by this presentation method.

ii) Diotic presentation, in contrast, enables virtual
source localization, though limited to the median
plane due to the lack of interaural differences. Ac-
cordingly, it is possible to perceive a change in source
location. Yet, as the same signal variation is pre-
sented at both ear, this redundancy can be expected
to exaggerate the audibility of changes due to the
so-called “diotic advantage” [4], which introduces a
bias to the acquired JND values.

iii) The most realistic case is presenting binaural sig-
nals with the stimulus varying at both ears within
the stimulus pair. This approach circumvents the
drawbacks of the first two methods. However, it
comes with an increased complexity for attempted
modeling. Two sets of descriptors for monaural cue
changes, in addition to binaural descriptors, would
need to be considered.

iv) The final approach represents a compromise. Two
sets of HRTFs are presented binaurally, while the
signal at one ear is kept constant within each trial.
Accordingly, the uni-lateral signal variation can be
described by a single set of monaural descriptors. In
order to avoid contributions of binaural cue changes
to the discrimination, the latter changes are mon-
itored, enforcing the assessment of monaural cue
changes in the experiment.

Enforcing monaural evaluation

In order to ensure that only monaural cues are exam-
ined in the experiment, binaural cue changes have to be
controlled for. Changes in inter-aural cross-correlation
(IACC), inter-aural time difference (ITD), and inter-
aural level difference (ILD) are considered.

In the process of stimulus selection, HRTF pairs are cho-
sen while ensuring that the transition in IACC within
the stimulus pair does not exceed the known JND values
for inter-aural noise cross-correlation [6]. The 50 % JND
threshold here serves as an absolute criterion, which is to
be fulfilled by the stimuli. Another attempt of minimiz-
ing the transition in IACC is of relative nature. Given
that during playback, one ear signal is kept constant, the
selection of one HRTF spectrum (among two available
spectra) to be fixed provides another degree of freedom.
The one HRTF spectrum is chosen that minimizes the
transition in IACC, compared to the other.

Complete control over ITD transitions is guaranteed by
manually applying an identical ITD to all HRTFs in use.
The imposed ITD phase corresponds to the respective
incidence direction of the stimulus pair, ruling out a dis-
crepancy between perceived ILD and ITD information.

In contrast, minute changes in ILD cannot be fully elim-
inated in the experiment. The inter-aural spectral shape
(i.e., the difference spectrum between left and right ear
HRTFs) is not only affected by head shadowing, but is
also strongly related to the difference between the pinna

shapes of the two ears. Accordingly, ILD spectra are
not fully independent from monaural cues, and some
redundancy between monaural and ILD-related binau-
ral descriptors must be accepted. On the downside, the
monaural descriptors in use may sufficiently capture this
residual ILD component - as would be the case for an
extended model integrating both monaural and binaural
changes. Therefore, the inevitable presence of this com-
ponent does not necessarily contradict the intended use
of the data.

Modeling and applicability

The listening experiment provides probabilities of dis-
crimination for each stimulus pair. Based on this data,
a linear model based on Principal Component Analysis
(PCA) is derived that estimates these probabilities using
a single set of monaural descriptors [3]. Evidently, this
model applies to uni-lateral variation of HRTFs. For ap-
plicability to more generalized use cases, it would need to
be extended to a binaural modeling approach. Nonethe-
less, the monaural model serves as a building block that
facilitates the binaural extension. One the one hand, it
can serve as potential input to the binaural model, rep-
resenting the monaural contribution to the JND - in ad-
dition to further descriptors of binaural cue changes. On
the other hand, it can be of use in finding near-threshold
stimuli, to be selected for a binaural JND experiment [7].

Conclusion

This work discussed main concepts of a listening ex-
periment paradigm for examining the detectability of
monaural cue changes in HRTFs. Perceptual require-
ments led to choosing binaural signal presentation, com-
bined with uni-lateral signal variation. This approach
goes along with active control for perceivable changes in
IACC. A constant ITD is furthermore maintained within
each stimulus pair being compared. Results from the
described 3-AFC experiment were used to derive a para-
metric model for predicting the discrimination of monau-
ral cue differences. This model serves as a basis for
more complex modeling of a minimum required reso-
lution of HRTFs, that considers both magnitude- and
phase-related changes.

Acknowledgment

This research was funded by the German Research Foun-
dation (DFG), Project no. 402811912, ”Individual Bin-
aural Synthesis of Virtual Acoustic Scenes”.

References

[1] Bomhardt, R., Braren, H. and Fels, J.: Individualiza-
tion of head-related transfer functions using principal
component analysis and anthropometric dimensions.
Proceeding of Meetings on Acoustics, vol. 29 (2016)

[2] Nicol, R., Lemaire, V., Bondu, A., and Busson, S.:
Looking for a Relevant Similarity Criterion for HRTF
Clustering: A Comparative Study. 120th Convention
of the Audio Engineering Society (2006)

[3] Doma, S., Ermert, C. A., and Fels, J.: A magnitude-

DAGA 2023 Hamburg

1103



based parametric model predicting the audibility of
HRTF variation. Journal of the Audio Engineering
Society (2023)

[4] Langhans, A. and Kohlrausch, A.: Differences in
Auditory Performance between Monaural and Diotic
Conditions. I: Masked Thresholds in Frozen Noise.
Journal of the Acoustical Society of America, vol. 91,
no. 6 (1992), 3456–3470

[5] Collet, L., Kemp, D. T., Veuillet, E., Duclaux, R.,
Moulin, A. and Morgon, A.: Effect of Contralat-
eral Auditory Stimuli on Active Cochlear Micro-
Mechanical Properties in Human Subjects. Hearing
Research, vol. 43, no. 2-3 (1990), 251–261

[6] Pollack, I. and Trittipoe, W.: Binaural listening
and interaural noise cross correlation. Journal of the
Acoustical Society of America, vol. 31, no. 9 (1959),
1250–1252.

[7] Doma, S. and Fels, J.: Examining the minimum de-
tectable bi-lateral variation of generic Head-Related
Transfer Functions. 154th Convention of the Audio
Engineering Society (2023), upcoming

DAGA 2023 Hamburg

1104


