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Evaluation of binaural sound reproduction systems with focus on perceptual quality
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Introduction
State-of-the-art acoustic virtual reality systems offer various methods to spatialize sound and create complex environments [1, 2, 3]. A disadvantage of several methods
is the high amount of hardware which constricts their application range to rooms with generous space. In listening environments with limited space, like hearing booths,
methods which require a small loudspeaker setup to synthesize a surrounding sound field are preferred.
Such methods include binaural audio playback through
headphones or through loudspeakers in combination with
a Crosstalk Cancellation (CTC) filter network [4]. Binaural signals are based on Head-Related Transfer Functions
(HRTFs) using their inherent filter characteristics which
enable the localization of a sound source [5]. As intrusive
hardware should be avoided in virtual reality systems,
a loudspeaker-based binaural playback seems preferable.
In combination with a head-tracking system, this enables
a more realistic experience and, in case of a multi-user
scenario, favors an easier interaction between users [6].
But still, the question of how large the perceived difference between a headphone-based and a loudspeakerbased binaural reproduction arises and has to be investigated experimentally. This paper evaluates these two
different binaural audio reproduction systems in a dynamic listening experiment with static and moving stimuli and allowed user interaction. The user has to directly
compare the perceptual quality of the two systems by analyzing a presented stimulus with respect to different perceptual attributes to subsequently rate these attributes.
The stimulus presentation through headphones is either based on HRTFs, rendering a sound source in freefield conditions, or on Binaural Room Impulse Responses
(BRIRs) which contain room acoustical information of
the reproduction room. In this context, it is also interesting if we can achieve an identical perceptual rating
through the integration of BRIRs when presenting the
stimuli via headphones. On the other hand, a difference
is expected when comparing the HRTF-based headphone
reproduction to the loudspeaker-based reproduction.

Listening environment
The listening experiment is carried out in an acoustically optimized listening booth, at the Institute of
Technical Acoustics (ITA) Aachen, with a room volume
of V ≈10.5 m3 . The room impulse responses are measured at twelve different microphone positions and two
source positions using a three-way omnidirectional sound
source [7].

The early decay time (EDT) as well as the reverberation
time (T30 ) are plotted in Figure 1(a). An increased reverberation time between 150-400 Hz due to room modes
can be observed, resulting in a low-frequency coloration
which affects the loudspeaker-based binaural reproduction. Regarding the clarity values, which are plotted in
Figure 1(b), an excellent speech intelligibility and a high
musical transparency can be expected.
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Figure 1: Measured room acoustics of the listening booth:
(a) reverberation time, (b) clarity values.

System overview
In Figure 2, a flowchart diagram of the two binaural reproduction systems is given. The upper path illustrates
the two variants for a headphone-based binaural playback. The virtual sound source is generated by convolving a mono audio file with a selected pair of setup-HRTFs
or setup-BRIRs (nearest neighbor interpolation method).
The setup-HRTF set consists of ITA dummy head HRTF
measurements with a 3◦ resolution in azimuth and elevation measured at a radius of 1.86 m. For the setupBRIR set, the transfer paths between the reproduction
loudspeakers and the dummy head microphones are measured. The finally used setup-BRIRs are a combination
of the setup-HRTF set for the direct sound, and the
measured BRIRs using only the part which covers the
early reflections and the late reverberations to encode
the room information. To minimize the influence of the
headphones, a global headphone equalization filter (HphEQ), based on the measurement of individual headphone
transfer functions of all participants in the listening experiments, is applied [8].
In the lower part of Figure 2, the loudspeaker-based binaural reproduction is shown. To allow a full user rotation
and to achieve an a-priori well-conditioned system matrix [9], also called playback -HRTF set, the loudspeakers
are arranged as shown at a height of 1.48 m (measured
from the center between the drivers to the floor) with an
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elevation angle of −15◦ . A free-field loudspeaker equalization filter (LS-EQ) is used to obtain a flat transducer
frequency response.
In order to allow for user interaction, the tracker information of an electro-magnetic head tracker (6 DoF, 120 Hz
update rate) is integrated to select the appropriate filter
sets which results in an update of setup-HRTFs/BRIRs,
the CTC filters and the playback-HRTFs.
As auralization software, Virtual Acoustics, a real-time
auralization environment with MATLAB interface, developed at the ITA Aachen is used.
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with N = 4. The channel separation is then expressed by
the ratio EL (z)/ER (z), where negative dB values reflect
a higher channel separation.
To get a more complete result, the rotation-dependent
channel separation is investigated. This is done by placing a dummy head on a turntable to measure the BRIRs
in azimuth steps of 10◦ using the loudspeakers. Those
BRIRs are substituted into Equation 3 as ”playbackHRTFs”, while employing the original playback-HRTFs
for the CTC filter calculation, to obtain the practically
achieved channel separation including the room reflections of the listening booth. The results are plotted in
Figure 3(a). According to [10], the achieved channel separation lies in a critical range to satisfactorily reproduce
the binaural cues.

setup
playback
4-CTC
LS-EQ
HRTF
HRTF

Figure 2: Flowchart diagram of the complete system. The
upper path describes the two variants of the binaural headphone reproduction (setup-HRTF-/BRIR-based) with headphone equalization (Hph-EQ). The lower path describes the
loudspeaker-based binaural reproduction (4-CTC) including
a free-field loudspeaker equalization (LS-EQ).

Crosstalk Cancellation system
The reduction of the acoustic crosstalk paths in the
playback-HRTF matrix is realized by a N -CTC approach
with N = 4 loudspeakers all playing simultaneously [4].
The 4-CTC system can be defined compactly using matrix notation, neglecting the loudspeaker transfer functions, through
e = HCb,
(1)

(a) Rotation-dependent left-to-right channel separation.

with the ear signals e = [EL (z), ER (z)]T , with (·)T
symbolizing the transpose, the playback-HRTF matrix H, the CTC matrix C and the binaural input signal
b = [BL (z), BR (z)]T . All signals are given in complex
frequency domain with z = e−jω . In case of a poorly
conditioned matrix H, and to avoid large numerical values, a regularized inverse optimal in a least-square sense
is used, which yields
C = H−1 = HH (HHH + βI)
|
{z
}

−1

· e−z∆ ,

(2)

Y

(b) Rotation-dependent condition number.

H

where (·) symbolizes the Hermitian of a matrix and β is
a constant regularization parameter (e.g. β = .05). The
time delay ∆ is necessary to obtain causal CTC filters [4].

Figure 3: Performance metrics of the 4-CTC system.

Channel separation
The performance of a CTC system is evaluated through
the channel separation. Exemplarily, the left-to-right
channel separation can be calculated if we set the binaural input signal to b = [1, 0]T which simplifies Equation 1
to
PN
EL (z) = n=1 HnL (z)CLn (z),
(3)
PN
ER (z) = n=1 HnR (z)CLn (z),

Condition number
As a second performance metric, the condition number
κ(Y) of the matrix Y in Equation 2 is evaluated. In Figure 3(b), the rotation-dependent condition number κ(Y)
is shown for all dummy head rotations. The system is
well-conditioned for frequencies above 250 Hz with some
ill-conditioned spots around 1.5 kHz, 3 kHz and 10 kHz.
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Listening experiment
Subjects and stimuli
In total, 7 female and 15 male subjects, 21 subjects with
and 1 subject without HRTF experience, at the age between 24 and 38 (mean±σ: 30.2±3.6) participated in the
listening experiment.
The stimuli are based on two anechoic mono recordings
(music, speech) in wave format, with a sampling rate of
44.1 kHz at a resolution of 16 Bit and a duration of 5.56 s.
The virtual source is either moving (trajectory 1 and 2)
or static (trajectory 3) as shown in Figure 4.

reproduce the binaural signals exactly at the users’ ear
entrances.
Procedure
In Figure 5, the course of events is shown. In an initial
training session, the subjects are familiarized with the
SAQI parameters and have to pass two trials covering
two different stimuli and two trajectories to rate the two
comparison types.
After a short break of two minutes, the first part of
the experiment starts with the first 6 trials. Thereto,
a unique combination (comparison type, stimulus, trajectory) is selected. For stimulus playback, two buttons
(A or B) are available, each dedicated to one binaural
playback system (headphones or 4-CTC). Subjects are
forced to listen to each playback system at least once
before being able to rate a SAQI parameter (the maximum number of playbacks is limited to 2). First, the user
has to rate the overall difference between the two reproduction systems using an unipolar slider (range: 0 to 3,
continuous). If a difference is perceived the rating of the
other SAQI parameters will follow using bipolar sliders
(range: -3 to 3, continuous). After half of all trials have
been passed, another short break of two minutes follows
and the second half of the combination pool is queried.
User Instructions, parameter description

Figure 4: Trajectories of the stimuli presented in the listening experiment: Trajectory 1 and 2 cover big circle paths with
a length and at a radius of 2 m, where the circle and the dot
represent the start and the end of the trajectory, respectively.
This results in a source velocity of 0.36 m/s. Trajectory 3 is
static.
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The task of the participants is to perceptually rate
the two binaural reproduction systems, depicted in Figure 2, in a direct AB-comparison. This is either accomplished by comparing the setup-HRTF-based or the
setup-BRIR-based binaural headphone reproduction versus the loudspeaker-based binaural reproduction (comparison type). The parameter set to be rated is a subset
from the Spatial Audio Quality Inventory (SAQI) [11].
At the beginning of the experiment, all subjects are given
an instruction sheet describing the course of events and a
second sheet with all involved SAQI parameters including their circumscription. The language is either English
or German.
The whole experiment takes about 45 minutes and consists of 12 trials (2 comparison types×2 stimuli×3 trajectories), where each trial contains the rating of 5 SAQI parameters (difference, externalization, localizability, naturalness, degree-of-liking), which results in 60 comparisons
for each user. A full factorial design with an additional
permutation is used to cover all possible combinations
and to obtain a unique permutation pool for each user.
All subjects are instructed to put the headphones on or
off dependent on the selected reproduction type. To include the individual user geometries, the positions of the
ear entrances relative to the head tracking sensor are calibrated in advance. The 4-CTC system is thus capable to
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Figure 5: Course of events in the listening experiment.

Results
The results of the listening experiment for different stimulus types including all trajectories for all queried parameters are plotted in Figure 6.
Two different hypotheses are tested in the listening experiment: Hypothesis I assumes that the median difference of the comparison involving the setup-HRTF-based
binaural headphone reproduction versus the 4-CTC reproduction (∆1 ) is bigger than the median difference involving the setup-BRIR-based headphone reproduction
versus the 4-CTC reproduction (∆2 ), i.e. ∆1 > ∆2 .
Hypothesis II assumes that the median difference of
the comparison involving the setup-BRIR-based binaural
headphone reproduction versus the 4-CTC reproduction
is zero, i.e. ∆2 = 0.
A Wilcoxon rank sum test revealed that there are no significant differences in median differences for all possible
combinations testing Hypothesis I (α = .05).
A two-sided sign test was applied to test Hypothesis II
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(α = .2). Significant results are found for externalization
(speech/music, p = .0869/p = .0065) and for localizability (speech/music, p = .0000/p = .0000). The median
differences, however, are not significant for naturalness
(speech/music) and for degree-of-liking (speech/music).
Additionally, some tendencies in median differences can
be observed: The degree of externalization is perceived
slightly higher in case of a 4-CTC binaural playback.
Concerning localizability, the 4-CTC reproduction is
rated worse in comparison to both headphone-based binaural playback variants, although there are some outliers stating the opposite. This parameter, however, may
be improved in the 4-CTC reproduction by selecting a
smaller regularization value β in Equation 2. The parameters naturalness and degree-of-liking are rated in preference of the 4-CTC reproduction; this preference is (not
significantly) rated higher in comparison to the setupHRTF-based binaural headphone reproduction than to
the setup-BRIR-based binaural headphone reproduction.

phone reproduction versus the loudspeaker-based binaural reproduction has a zero median difference using a twosided sign test. This has evidence for the SAQI parameters naturalness (speech/music) and for degree-of-liking
(speech/music) meaning that the setup-BRIR-based binaural headphone reproduction does not significantly differ from a loudspeaker-based binaural reproduction for
these parameters.
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