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ABSTRACT

Binaural reproduction for headphone-based listening is an
active research area due to its widespread use in evolving
technologies such as augmented and virtual reality (AR
and VR). On the one hand, these applications demand
high quality spatial audio perception to preserve the sense
of immersion. On the other hand, recording devices may
only have a few microphones, leading to low-order rep-
resentations such as first-order Ambisonics (FOA). How-
ever, first-order Ambisonics leads to limited externaliza-
tion and spatial resolution. In this paper, a novel head-
related transfer function (HRTF) preprocessing optimiza-
tion loss is proposed, and is minimized using nonlinear
programming. The new method, denoted iMagLS, in-
volves the introduction of an interaural level difference
(ILD) error term to the now widely used MagLS opti-
mization loss for the lateral plane angles. Results indi-
cate that the ILD error could be substantially reduced,
while the HRTF magnitude error remains similar to that
obtained with MagLS. These results could prove benefi-
cial to the overall spatial quality of first-order Ambison-
ics, while other reproduction methods could also benefit
from considering this modified loss.
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1. INTRODUCTION
In recent years, binaural sound reproduction has gained
significant attention due to its ability to create an immer-
sive and realistic listening experience. Binaural sound
refers to the technique of capturing and reproducing sound
in a way that mimics natural listening when using head-
phones. One format that has gained popularity and seen
widespread adoption for binaural sound reproduction is
Ambisonics [1]. Ambisonics signals are typically de-
rived from recordings with spherical microphone arrays
and filtered with measured or modeled head-related trans-
fer function HRTF to produce binaural signals [2, 3].

First-order Ambisonics (FOA) is a commonly used
format in Ambisonics due to the relatively simple mi-
crophone array required for recording (only four micro-
phones), established theoretical and algorithmic literature,
and availability and broad adoption in applications such as
360◦ video, surround sound, and virtual reality (VR) [2].
However, FOA has shortcomings with regard to spatial
resolution and timbre degradation that limit its application
for VR audio [4].

To improve the listening experience for signals pro-
cessed with FOA, researchers have proposed various
HRTF preprocessing methods. These methods aim to
overcome some of the spatial resolution and timbre degra-
dation issues of FOA by correcting the low-order HRTF
spatial and spectral errors. Examples of these methods in-
clude global equalization, time alignment, ear alignment,
and magnitude least squares (MagLS) [5–8].

While the MagLS method has been proven to be very
beneficial in reducing spectral error in FOA, the resulting
binaural signals still have significant spatial errors [2, 4].
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The aim of this paper is to propose and investigate im-
provements over the current MagLS method. This is
achieved by the use of the HRTF preprocessing with in-
tegrated MagLS and interaural level difference (ILD) op-
timized errors. This approach aims to improve FOA’s spa-
tial attributes while preserving low spectral errors, ulti-
mately providing a more immersive and realistic audio ex-
perience for listeners.

2. PROBLEM FORMULATION
In Ambisonics, binaural signals can be rendered in the
spherical harmonics (SH) domain by combining the Am-
bisonics signal with the left-ear and right-ear HRTFs [9].
This can be expressed as [10]:

pL/R(f) =

N∑
n=0

n∑
m=−n

[ãnm(f)]∗hL/R
nm (f), (1)

where pL/R(f) denotes the binaural signal for the
left/right ear and f denotes the frequency. The N ’th order
Ambisonics signal is denoted as anm(f) and is modified
to ãnm(f) = (−1)m[an(−m)(f)]

∗, encoding the sound-
field information that can be captured using a spherical
microphone array [2]. Henceforth we refer only to the
left-ear for simplicity, while the same operations are con-
ducted for the right ear. The (N + 1)2 left-ear HRTF SH
coefficients are represented by hL

nm(f), which can be ob-
tained by minimizing the following generalized problem:

hL
nm(f) = (2)

argmin
ĥL
nm(f)

∫
Ω∈S2

D

(
N∑

n=0

n∑
m=−n

ĥL
nm(f)Y m

n (Ω), H(f,Ω)

)
dΩ,

with H(f,Ω) corresponding to a reference measured or
modeled HRTF, and the spherical harmonic function is
represented by Y m

n (Ω) with degree m and order n. The
complex coefficients hL

nm(f) serve to minimize the dis-
tance function D(., .) across a collection of directions
Ω = (φ, θ) ∈ S2, with D(., .) representing a measure
of dissimilarity.

The choice of function D(., .) can greatly impact the
spectral and spatial quality of pL(f). For example, using
D(x, y) = |x− y|2, the least squares (LS) distance yields
a closed-form solution to Eqn. (2) given by the inverse
spherical harmonic transform (ISHT) of H(f,Ω) [11].
However, when N is small, particularly with N = 1,
the LS solution results in a pL(f) that is not perceptu-
ally comparable to its high-order counterpart, with high-

frequency rolloff and limited spatial resolution [2]. An-
other example is using D(x, y) = | |x| − |y| |2, the mag-
nitude least squares (MagLS) distance. Solving Eqn. (2)
for the MagLS distance for frequencies greater than a cut-
off frequency fc greatly improves the spectral quality of
pL(f) compared to the LS method even for low N , as
shown in [8]. Unfortunately, the spatial attributes of the
MagLS solution are still poor when considering N = 1
reproduction [2, 4].

3. PROPOSED METHOD
The MagLS formulation has been shown to be effective in
addressing rolloff issues, even with N = 1. However, it
is important to acknowledge that the spatial resolution at
N = 1 is still a concern [2]. To tackle this limitation, we
propose a new D(., .) function that addresses the issue of
binaural information while preserving the spectral benefits
of the MagLS formulation. This function will be used in
the problem formulation that we present in the following
section. Note that for the rest of this paper, we omit the
superscript L for abbreviation.

The ILD is known to be an important binaural cue for
sound localization [12], and preserving ILD in an FOA
HRTF could potentially enhance spatial perception. Con-
sider the following order-N HRTF representation:

SFT (hnm(f)) ≡
N∑

n=0

n∑
m=−n

hnm(f)Y m
n (Ω). (3)

We begin by defining the ILD for a given HRTF as [9]:

ILD(Ω0, f0) = 10 log10

∫ f2
f1

G(f0, f)|pL(Ω0, f)|2df∫ f2
f1

G(f0, f)|pR(Ω0, f)|2df
.

(4)
Here, G(f0, f) denotes the Gammatone function centered
at f0, and pL,R(Ω0, f) represents the left- and right-ear
signals resulting from a single plane wave sound field at an
incident angle Ω0. The ILD is evaluated over the horizon-
tal plane Ω0 ∈ (θ = 90◦, 0◦ ≤ ϕ < 360◦) for frequencies
f1 ≤ f ≤ f2. This computation facilitates perceptually-
motivated smoothing of the ILD across frequencies. The
ILD error as a function of both frequency and direction is
defined as follows:

ϵILD(Ω0, f0) = |ILDref (Ω0, f0)− ILD(Ω0, f0)|. (5)

Here, ILDref (Ω0, f0) and ILD(Ω0, f0) refer to the ILD
of the reference HRTF H(Ω0, f) and the order N HRTF
SFT (hnm(f)), respectively.
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Figure 1. ILD curves (top) and ILD error curves
(bottom) as a function of Ω0, averaged over fre-
quency.

Next, the magnitude error between H(Ω, f) and
SFT (hnm(f)) is defined in a similar manner to the
MagLS formulation:

ϵmag(Ω, f) = | |H(Ω, f)| − |SFT (hnm(f)) | |2. (6)

Finally, combining both error terms leads to the following
optimization problem:

hnm(f) = argmin
ĥnm(f)

[∑
Ω

ϵmag(Ω) + λ
∑
Ω0

ϵILD(Ω0)

]
,

(7)
with ϵmag(Ω) and ϵILD(Ω0) both referring to error fre-
quency averaging, and λ ∈ R is used as a regularization
term. The formulation in Eqn. (7) is referred to as ILD-
MagLS (iMagLS for short).

4. NUMERICAL EVALUATION
The Broyden–Fletcher–Goldfarb–Shannon Quasi-
Newton algorithm [13] was used to minimize Eqn. (7)
over 1.2 ≤ f < 20 kHz. Note that ϵmag(Ω) and
ϵILD(Ω0) are both averaged over frequencies. Therefore,
the numerical solver minimizes the average error over all
frequencies, rather than individually for each frequency.
It was observed that this leads to smoother error curves,
which may be more perceptually favorable in terms of
noticeable spectral artifacts and noise.

The simulated KEMAR HRTF [14] was used to eval-
uate the proposed method, with order N = 35 as the
reference and N = 1 used to evaluate the MagLS and
iMagLS solutions. The evaluation used a Lebedev sam-
pling scheme of order 35 with 1730 nearly-uniformly-
distributed directions to evaluate ϵmag(Ω). As suggested

Figure 2. Magnitude error as a function of fre-
quency, averaged over Ω directions.

in [2], the MagLS solution presented in this analysis also
includes the covariance constraint (MagLS+CC) global
EQ variant [15]. The MagLS solution served as the ini-
tial solution for the solver, and λ was chosen such that the
error terms were equal at the first iteration. The results
were evaluated in terms of the magnitude error ϵmag(f)
averaged over all Ω directions and in terms of the ILD er-
ror ϵILD(Ω0) averaged over 1.2 ≤ f < 20 kHz.

The ILD evaluation is presented in Fig. 1. The ILD
of Eqn. (4) was averaged over frequency; the yellow solid
curve represents the KEMAR reference, the dashed blue
curve represents the ILD of an N = 1 MagLS solution,
the purple dotted curve represents the ILD of an N = 1
MagLS+CC solution, and the red dash-dotted curve rep-
resents the proposed iMagLS of a similar order. The
graph below represents the ILD error of Eqn. (5) averaged
over frequency for MagLS (dash blue), MagLS+CC (dot-
ted purple) and iMagLS (dash-dotted red). As shown in
Fig. 1, the improvement in terms of ILD is noticeable both
in terms of averaged ILD and averaged ILD error. An ILD
error of below 2 dB was preserved by iMagLS for most
incident angles, which is close to the Just Notable Dif-
ferences (JND) (∼1,dB [16, 17]), while the MagLS and
MagLS+CC error was significantly higher than the JND
value for most angles.

The magnitude error of Eqn. (6) averaged over the
Ω directions is presented in Fig. 2. The dash blue, dot-
ted purple, and dash-dotted red curves represents MagLS,
MagLS+CC, iMagLS error, respectively. Although the
iMagLS error was higher for all f > 1200 Hz,compared
to the optimal MagLS solution, it was only slightly higher
with an averaged absolute difference of 1.72 dB over these
frequencies.
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The results suggest that improving the ILD error
while maintaining a relatively low binaural magnitude er-
ror is possible. We argue that when searching for a low-
order hnm, one should consider the relation between both
ears in addition to the magnitude accuracy of each ear in-
dividually. While the rational of the MagLS+CC variant
align with this argument, results show that iMagLS out-
performed MagLS+CC both in terms of ILD and magni-
tude error.

5. CONCLUSIONS
This paper proposed a novel optimization method,
iMagLS, to address the limitations of FOA by improv-
ing its spatial information shortcomings. The method op-
timizes HRTF preprocessing with an ILD error term in-
corporated into the widely used MagLS method. The re-
sults show that the proposed method can significantly re-
duce ILD errors, while maintaining similar HRTF mag-
nitude errors compared to the MagLS method. Based on
these results, we propose that selecting a low-order hnm

should consider not only the individual magnitude accu-
racy of each ear but also the interaural relationship be-
tween them. Additionally, a more comprehensive study
involving a broader range of HRTFs and listening tests is
suggested for future work to validate these claims.
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“Binaural rendering of ambisonic signals via mag-
nitude least squares,” in Proceedings of the DAGA,
vol. 44, pp. 339–342, 2018.

[9] B. Xie, Head-related transfer function and virtual au-
ditory display. J. Ross Publishing, 2013.

[10] B. Rafaely and A. Avni, “Interaural cross correlation
in a sound field represented by spherical harmonics,”
JASA, vol. 127, no. 2, pp. 823–828, 2010.

[11] B. Rafaely, Fundamentals of spherical array process-
ing, vol. 8. Springer, 2015.

[12] J. Blauert, Spatial hearing: the psychophysics of hu-
man sound localization. MIT press, 1997.

[13] C. G. Broyden, “The convergence of a class of double-
rank minimization algorithms 1. general considera-
tions,” IMA Journal of Applied Mathematics, vol. 6,
no. 1, pp. 76–90, 1970.

[14] M. Burkhard and R. Sachs, “Anthropometric manikin
for acoustic research,” JASA, vol. 58, no. 1, pp. 214–
222, 1975.
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