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1 INTRODUCTION

Binaural audio ssgnals contain localization cues, such as the Interaural Time Difference (ITD) and
Interaural Level Difference (!LD) that allows for the placement of a virtual sound source anywhere
around a h%teneﬂ This results in specific signals for the listener’s left and right ears that must be
reproduced exactly. to maintain the binaural effect. Often, this is achieved by reproducing binaural

audio over headphones. Howsver, in many scenarios it is not desirable to wear headphones ‘

Furthermore, with hecxdphcme‘% come negative effects such as in-head localisation®.

“Alternatively, binaural audio may be reproduced over loudspeakers through the use of a Crosstalk

Cancellation (CTC) $ystem CTC systems employ soundfield control by the means of inverse filtering,

such that at the listener’s left and right ears the left and right binaural signals are reproduced correctly.
The geometry of a CTC system has important implications on its performance. Hence, whilst research
initially focused on two-channel sterec CTC systems®, this has developed to specific two-channel
loudspeaker geometries such as the Stereo Dipole* and the Optimal Source Distribution®. However,
the CTC formulation allows for any numiber of loudspeakers or listeners®. Hence more recent research
has focused on using loudspeaker arrays for CTC, including for multiple listener reproduction®®,
Finally, CTC creates a specific sweet-spot in which the listener must be positioned. However,

depending on the method chosen for the filter creation the system may be made adaptive to the

fistener position, if listener tracking is emplayed ™11,

In designing the CTC filters, a plant matrix of acoustic transfer functions between sach of the
foudspeakers and the listener's ears is required. This may be an accurate, measured plant matrix of
the real system including the loudspeaker's response and the listener's Head-Related Transfer
Function (HRTF), however this may be impractical to measure. Instead, it is often the case that a
- model of the system is used, where assumptions are made such as a specific listener HRTF, as well
as about how the loudspeakers radiate, However, this introduces a mismatch in the final CTC system,
where the plant matrix used to create the CTC filters may not accurately represent the real system
In this case, errors will be introduced in the final reproduced signals at the listener's ears resu fting in

- a degradation of the binaural effect'?. Ofien, the loudspeakers are modelled as monoepole sources, -

however there is a range of options for the choice of the HRTF model. Such models have been well
compared in the literature™, and even morphed HRTF models-for use in CTC have been suggested'.

This paper pr%em% a %‘Ludy of the pfnrformancek of common plant models used In.CTC for the design
of the inverse filters. These include the freefield shadowless head model for monopole sources and
the rigid sphere for monopole sources. The models’ performances are assessed in the context of a
teal two-channel stereo CTC system, where a plant measurement of the real system is used as a
reference solution. Next, the models are compared under the presence of perturbations to the system
due to small translations and rotations of the listener’s head, corresponding to inexact positioning of
. the listener in the CTC system’s sweet-spot. Subsequently, regularisation is included in the CTC fiiter
© design and the models” performances are.compared with both regularisation and perturbations
present. Finally, a suggestion on the most dppmpﬂaie rhorce of plant model fcar or eaatmg CTC filters
is presented.
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2 . THEORY

2.1 Crosstalk Cancellation

A two-channel, single listener CTC system is shown in Figure 1, such that there are L =2
ioudspeeke:s controlling the pressure at M = 2 ears, or control pmnts The system may be descnbed
in the fre*quenf,y domain by

p=Cq=CHd (1)

where p is the length M vector of reproduced pressures at the ear control points, Cisthe M x L plant
matrix of acoustic transfer functions, q is the length L vector of loudspeaker signals, Histhe L x M
matrix of CTC filters and d is the length M vector of binaural signals to be reproduced. The goal of
the C‘”? C sy%t@m is thmugh the use of a s@t of CTC f;?ter& H the repmduc“ed pressures cshemid equai '

such that

H= {( "t when M == I, : (2)
CY when M = I

where the operator ()" denotes the Moore-Penrose pseudoinverse. A mcdelimg delay is also
required to ensure aaumhty* ® but it is omitted here for conciseness. Often, it is the situation that thé
plant matrix undergoing inversion is ill-conditioned which may lead to very large loudspeaker gains,
as well as solutions sensitive to errors in the plant matrix®, Hence, Tikhonov' reguiansatten is often
employed to improve the conditioning of the matrix at frequencies where the system is ill- cond;tioned
In this case, and when M > L, the CTC filters are given by

=CRCCH + 81,1 _ (3)

where £ is the regularisation parameter, I, is the M x M identity matrix and the operator ()%
indicates the Hermitian ranspose. Whilst regularisation may be used to limit the loudspeaker gains
and improve the robustness of the solution, it comes at the cost of introducing errors in to the
reproduced prewums at the listener's ears’®,

Figure 1 Referenve geometry of a fw@chwmei, single fistener, CTC sys?@rﬁ.
2.2 HéaﬁwReiated Transfer Function Models For The Plant Matrix

To ensure the CTC filters accurately reproduce the correct pressures at the control points, the plant
matrix used in creating the CTC filters must be as similar to that of the real CTC system as possible.
It is possible to measure the transfer functions between each loudspeaker of the system and the
listener's head using either in-ear binaural microphones to use the listener's own Head-Relatgd
Transfer Function (HRTF), or a binaural mannequin microphone. However, these measurements are

Vol. 41. PL. 3 2018




 Proceedings of the Institute of Acoustics

often impractical, Furtharmore using measured plant matrices means the CTG sysiem may not easily
be made adaptive to listener movements.

The most commonly used pl'mt model of a CTC system is the freefield shadowless head model for
monopole sources, herein referred to as the freefield monopole model. In this case, the loudspeakers
are modelled as acoustic monopoles. The HRTF used is two dsametnwliy opposed points in free-
space, separated by a head diameter of 24, L., there is no model! of the diffraction effects the listener's
head contributes to the problem. Hence, this model provides an estimate of the ITD of the MRTF, but
not the ILD due to shadowing of the head ~ however there is a small ILD due to distance aftenuation
of the monopole source. Let 7, be the distance from loudspeaker I to control point m. Then the
pressure due to the loudspeaker at the control point may be written as a Greens function, normalized
by the pressure at the centre of the head, such that the eniries for the plant matrix are given by’
‘ e~ krmy 4qp Te ( 4 )

iy = TEv

4y, e R

where ¢, is enfry of i ndex m, [ of the plant matrix, k is the wavenumber and v, is the distance trom
foudspeaker | to the centre of the head. This model is extremely simple and quick to calculate - an
advantage for real-lime adaptive CTC systems. Furthermore, the CTC filters may be eaicuiated
adaptively by measuring r,,, at any given time and Updating the ﬁitws accordingly.

A second modsl, classically pmposed by Lord Rayleigh but less used in CTC, is the rigid sphere
model due to monopole sources, Here the loudspeakers are again modelled as acoustic monopolss,
but now the head is modelled as a rigid sphere of radius a, where the ears are diametrically opposed.
Henge the pressure field now includes the acoustic: scattering due to the rigid sphere. This model
therefore includes an estimate of the ITD due to diffraction of the incident wave around the sphere, .
as well as an !&D c,stxmate due o tfm é;hadmwmq of the rlgld %pheta There,fore the pressure at the

Ty Z‘ (2n + 1) by, (kry)) (=1)" P?‘,‘{sin 8,)
ol

G = Rk k) (5)
- Z @2n+1) hy (krey) Pa(sing,)
CZ,L- Tael kg hy(ka)

where h,, is the n'? osdér spherical Hankel function of the second kind, Igl is the n'* order Legendre
polynomial, 8, is the angle the loudspeaker is positioned at measured from the median plane and the
operator ()’ denotes differentiation. Eqn. (5 )is a series that for any calculation must be truncated to
a given N summations. The rigid sphere model is more computationally expensive than the freefield
monopole model, howsver it is & more accurate representation of the human head than the freefield
monopole model and may still be made adaptive fo listener position. Notably, the ﬂgld sphere does
not model the effect of the pinna.

Both models have dependence on the size of the head, given by its radius a. For a fair comparison
to areal HRTF, the head radius must be tuned such that the models give as similar results as possible
to the real HRTF, noting that a real head is not symmetric. Furthermore, it has been shown that at
low frequencies the rigid sphere HRTF is equivalent to using the freefield shadowless head model
except with an enlarged head radius'®, such that @’ = 3a/2 is used in this region. Hence, using an
enlarged head radius at fow frequencies will give better results for the shadowless head model,
however will skew its results at high frequencies. Despite this, here for consistency one (,Qnstant
value for the head radius was used for ali the models at all frequencies.

2.3 Performance Metrics

Two key performance metrics for the analysis of CTC systems are the array effort, AE, and the
crosstalk cancellation spectrum, CTC. The array effort is the norm of the loudspeaker signals divided
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by the norm of the input signal, g,, where ¢ is the loudspeaker s;gnai required by a single loué%pegka
to reprc}duce the same pr@ssure as the CTC system in a given ear, Hence,

q'q (6)
: "o, '
where the array effort is a dimensionless quantity that is typically presented in decibels. The array
effort gives a measure of the gains of the loudspeaker filters, where large loudspeaker gains are

related to ill-conditioning in the plant matrix®. Hence, the array effort is a useful m@ir ic for deciding
the value of the regularisation parameter, f.

AE =

The CTC spectrum for a single iisteﬂer is defined as the ratio of the squared reproduced pressures
at the listener’s sars for.a target binaural signai d = [1,0]7, which equates to repmduciﬂg an
impulse in the listener's left ear and a null in the listener’s right ear. The CTC spectrum is therefore
a measure of the amount of CTC achieved by the system between the two sars of the listener.
Therefore, the CTC spec’erum is given by

W (7
CTC =10 Ingj ) (]EZZ%ME) < V . ( )
. 1 )

In general, a minimum of approximately 20 dR of CTC | i% required between the two ears to mamtam
the binaural effect’®, v

'3 HRTF COMPARISON

To perform a comparison between the different models for the CTC filter creation, the transfer

functions of a two-channel stereo CTC system were measured, as shown in Figure 2. The system

~ consisted of two Genelec 8020D loudspeakers, at a distance of 1.25 m from the center of the head
“and with a span of 80 degrees. To measure the transfer functions, sine sweeps were played by a

“control computer through an RME Fireface audio interface, which drove each of the loudspeakers

A Neumann KU100 binaural microphone was used to record the sweep, which was deconvolved to .
give the fransfer function of each loudspeaker to each control point?®. To ensure freefield conditions,
the measurements took place:in the anechoic chamber atthe Institute of Sound and Vibration
Research (ISVR), University of Southampton.

The measured transfer functions were used to populate a reference plant matrix, C,.;.-Nexi, three

sets of OTC fiters were made using the freefield shadowless head model, the rigid %ph@re model,
and the measured ‘in situ’ transfer functions, respectively. No regularisation was used-in creating the
CTC filters. A head radius of a = 0.0875 m was used for the freefield shadowless head model and
the rigid sphere as thas gave an optimal fif to the KU100 transfer functions.

Figure 2: M@a&sgrpmenf of the a‘wawh@u nel CTC system in the anechoic cisamm: at the ISVR,
Umvm sity of Swfﬁ&mpmn
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{a} Reproduced control point pressures. . (b) CTC spectrum.

Figure 3: Reproduced pressures and CTC spectium for the three filter sets. For the reproduced
pressures, the solid and dashed lines indicate the left ahd right ears respsactively.

Next, using offline numerical s;imulétmns Eqgn. (1) was evaluated using the reference maa%ured plant -
matrix however each time changing the CTC filters to one of the three filier sets in turn. Hence the
reproduced pressure due to filter set i is given by

pl=Co Hd ' (8)

- where a target binaural signal of d = [1,0]" was used. This equates to using the real CTC system,
except with different design processes for each of the filter sets. Furthermore, this is reliant on the
assumption that the system is both finear and time-invariant. The resulfs of the reproduced pressures
and CTC spectrums are shown in Figure 3. As there is no regularisation, the in situ filter set
corresponds to a perfect inversion and hence the left and right ear achieve the desired target signals
of d = [1,0]7, or 0 dB and —co dB, respectively. The low frequency roll-off seen in all other filter sets
below ~80 | "57 corresponds to the roll-off of the loudspeakers below their resonance frequency.

The freefield monopole model achieves a small amount of low frequency CTC, averaging 10 dB
between ~100 Hz and ~1000 Hz. However, at high frequencies the CTC completely breaks down,
with large peaks in the pressure spectrum equating to strong colouration in the reproduced signals
as well as littfle to no CTC in this region. This is a phenomenon well studied in the literature, and
equates to frequencies at which the plant matrix is ill-conditioned®. This occurs due to difficulty in

recreating the in-phase or out-of-phase mode of the binaural signals at the listener's ears at these
frequencies, dictated by the geometry of the CTC system®'®, The rigid sphere model performs
considerably better, and across the whole spectrum achieves close to the required 20 dB of CTC. In
the spectrum of the magnitude of the reproduced pressures, it is clear that the HRTF of the KU100 in
the reference plant matrix causes some colouration, particularly at high frequencies with a pinna notch

t 7000 Hz.

Whilst the in situ filters clearly perform the best, providing perfect inversion, the rigid sphera
outperforms the freefield monopole model. This is likely because the rigid sphere is a more accurate
HRTF in the low and mid frequencies compared to the freefield monopole model. This is- partly due
to the inclusion of an ILD estimate in the HRTF of the rigid sphere, where in the mid- -high frequencies
the ILD cue is strong and featured in an accurate HRTF. However, at high frequencies the rigid sphere
is less accurate, particularly due to its lack of modelling the irstener s ears, and hence performs worse
in these regions. Furthermore,. whilst the in situ filters perform the strongest, it is important to
remember that often measured CTC filters use the actual loudspeakers of the system but the HRTF
of a binaural mannequin microphone, not that of the fistener. Hence for a real listener there would be
a mismatch between the HRTF used for the filter creation and that in plant matrix of the acturzi CTC
systam which would résult in a drop in the amount of CTC achieved.
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4 PERTURBATION STUDY

4.1 Mismatches In Listener Position

So far, the CTC system has been tested assuming perfect alignment of the loudspeakers and listener.
However, with a real system it is likely that there will be misalignments due to setting up the system
in a different space, or movement of the listener, such that the modelled plant matrix assumes the
wrong listener and loudspeaker positioning. To account for this, perturbations where applied to the
listener’s position in order to investigate the achievable CTC when the listener is not in the exact
sweet spot of the CTC system. Hence, as before the transfer functions of the CTC system 'were

- measured except now the KU100 microphone was displaced. The perturbations were random and
included both translations and rotations of the microphone. The perturbations were limited to a
maximum radial displacement of 5 cm and a maximum rotation of + 15 degrees. These values were
chosen fo represent realistic small perturbations of the listener about the listeni ng swaet spot
Transfer functions were then measured for a total of 30 per’turbatlons

Next, the forward problem was simulated as before for the three different CTC filter sets that assumed
the listener was positioned in the sweet spot. Howsver, the problem was run 30 times for each filter
set where the reference plant matrix used was changed to each of the measured perturbed plant.
matrices in turn. The reproduced pressures were then averaged over the 30 perturbed forward
problems to allow for comparison between the filter sets in a similar manner as before, -

The reproduced control point pressures and CTC spectrum for the perturbed problem are shown in
Figure 4 (a) and (b). Compared to the scenario where there is no perturbation, there is a reduction in
the amount of CTC achieved using the in situ filter set, as this no langer corresponds to a perfect
inversion due to the shift in the position of the listener's head. However, in the low to mid frequencies
the in situ filter set still performs the strongest. There is a boost in the reproduced pressure at very
low frequencies for the in situ filters — as the measured transfer functions are mostly noise in this
region the CTC filters and resulting pressures are henceforth meaningless here. In practise, a high-
pass filter would often be employed to account for this. At high frequencies there is a drastic loss of
CTC for all the filter sets. This is expected as perturbations will have a greater effect when the

“wavelength is comparable to the size of the perturbation. Here, the rigid sphere and-in sstu filters
p@rform similarly.

-Emﬁrestmgiy., the freefield monopole and rigid sphere filters achieve a very similar amount of CTC to
the unperturbed problem in Figure 3. This is likely because the effect of mismatches in the mode! of
the CTC systerm, including the loudspeaker’s response and the listener's HRTF, are of a much larger
magnitude than the physical perturbations enforced in the measurements, Therefore, these dominate
the errors and the perturbed results appear similar to these that are unperturbed. Henceforth, as
before the rigid sphere achieves a larger channel separation across the whole spectrum than the.
freefield monopole model. The freefield monopole model also exhibits the same characteristic peaks
in the high frequencies which result in a lack of CTC and colouration in the reproduced binaural
signals at these frequencies.

4.2 Regularisation

To improve the conditioning of the plant matrix under inversion in the creation of the CTC filters, as
well as increase robustness to perturbations, Tikhonov regularisation was used in the filter creation
as per Eqgn. (3). Hence, the perturbed problem was repeated for all 30 of the perturbed plant matrices,
except the CTC filters now included a set amount of regularisation. The AE was used to decide on
the amount of regularisation fo ensure a consistent application across all the different filter sets.
Hence, the regularisation parameter, 8, was chosen for three different scenarios such that the AE did
not exceed oo (no regularisation), 10 dB and 5 dB respectively. The values of £ for all the filter sets,
and AE limits are shown in Table 1, whilst the AE of the filter sets having applied regularisation is
shown in thur@
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The AE gives an indication of the conditioning of the plant matrix under inversion, hence large values
in the AE indicate large loudspeaker gains and ill-conditioning at these frequencies. From Figure 5
(a) it is clear that at very low frequencies all the filter sets are ill-conditioned. In general, the AE for
_ the rigid sphere is very similar to the in situ filters, except for a noticeable peak near 8000 Hz which
is due to the effect of the pinna included only in the in situ filters. However, the freefield monopole
mode! includes well-defined peaks throughout the spectrum where ill-conditioning occurs. These are
well documented in CTC and correspond to frequencies dictated by the geometrical set-up of a two-
channel CTC system, at which the system is unable to provide CTC*™, It is the presence of these
peaks that have given rise to more complicated loudspeaker geometries for CTC, such as the Optimal
Source Distribution and loudspeaker arrays. : ' -

From the AE plots, it is clear that applying regularisation to enforce a set AE limit has a significant
effect only at frequencies where the magnitude of the AF exceeds the limit. All of the three filter sets
are affected by regularisation at low frequencies. Howaver, the rigid sphere and in situ filters are
generally well conditioned elsewhere. Hence even when applying heavy regularisation, l.e. setting
- the 5 dB AE limit, the regularisation has negligible affect at any other frequencies, the one exception

Fiiter Model AE may +w . AE max 10 dB AE max 5 dB

In Situ £ = 0.000000 £ = 0.00095 B =0.04750
Freefield Monopole £ = 0.000000 ‘ "B = 0.01350 £ = 0.04410
Rigid Sphere £ = 0.000000 A = 001350 £ = 0.04420

Table 1. Regularisation parameters for each of the filter sets for the three AF limits.
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being the high frequency peak due to the pinna in the in situ filters. However, with the freefield
monopole the regular high frequency peaks are strongly regularised as they are strongly ifl-
conditioned. Hence, the freefield monopole model is both & less accurate HRTF model and more .
strongly ill-conditioned than the rigid sphere and in situ measurements. Therefore, with the freefield
monopole filters regularisation must be applied o account for an issue that does not occur to the
same degree as in the real physical system. ,

The reproduced control point pressures and CTC spectrum for the perturbed problem, including
regulatisation, are shown in Figure 4. As seen from examining the AE regularisation only -affects
frequencies where the AE magnitude exceeds the set limit. When this is this case, peaks in.the
magnitude of the frequency response at each control point are flattened reducing the colouration in
the binaural signals, however little to no CTC is achievable at these frequencies. As the lll-conditioning
of all the models is similar at low frequencies, as seen in Figure 5, all the models see a low frequency
~limit below which CTC is not achieved. Increasing the amount of regularisation results in raising the
frequency of this limit. However, even with heavy regularisation the rigid sphere and in situ filters see

. little or no change in performance above the low frequency limit. It is the freefield monopole filters
that benefit the most from regularisation, which resulis in a trade-off in an even lower achievable
amount of CTC for a less coloured r@produced binaural signal. Despite this, it remains the worst .
pen’ormmg model. . :

5 CONCLUSIONS

. In conclusion, the performance of three well-established plant models for CTC filter creation have
been compared in the context of a real two-channel stereo CTC system. The three plant models
investigated were measured transfer functions of the real CTC system ('in situ’ filters), the freefield
shadowless head mods! for acoustic monopole sources and the rigid sphere for acoustic monopole
sources. The meéasurements of the CTC system were used as a reference plant matrix. Both
theoretical models assume thal the loudspeakers radiate as monopoles. The freefield shadowless |
head model utilises a HRTF of two diametrically opposed points in free space, such that an ITD is
estimated and shadowing due to the head is not modelled. The rigid sphere assumes the HRTF is
that of a perfectly rigid sphere, hence includes an estimate for both the ITD and ILD of the HRTF,

Offfine numerical simulations of the CTC system using each of the filter sets in tum were employed
to assess the performance of each filter set. Assuming the system is perfectly aligned and with no
regularisation applied, the in situ filters provide perfect CTC. However, it is important to remember
here the in situ filters used the HRTF of a binaural mannequin microphone — a HRTF mismatch would
be introduced If a real listener replaced the binaural microphone. The freefield monopole filters
performed poorly, achieving only 10 dB of CTC in the low to mid frequencies whilst at high frequencies
exhibiting strong colouration in the reproduced pressures at the listener's ears as well as little to no
CTC in this region. The rigid sphere performs well across the whole spectrum, in general reaching 20
dB of CTC. However, at high frequencies there is a reduction in the CTC achieved due to the absence
of any modsl of the pinna.

Next, the filters were assessed in the presence of perturbations to the listener position including
translations and head rotations, as well as the addition of regularisation in the filter creation. Including
perturbations, the in situ filters no longer provide perfect CTC, however still outperform the two
~theoretical models at all frequencies. The freefield monopole and rigid sphere filters are less affectad
by the presence of perturbations, as likely the differences between the models and the real plant of
the CTC gystem correspond to larger errors than the perturbations enforced in the measurements.

Finally, the use of regularisation reduces all the filter set’s ability to provide CTC at low frequencies.
However, it is shown that the in situ and rigid sphere plant matrices are generally better conditioned
elsewhere, and hence require no regularisation at all outside of the fow frequency region. The one
exception is at high frequencies around notches due to the pinna in the in situ transfer functions. The
freefield monopole model requires heavy regularisation at mid to high frequencies, however this
exaggerated il-conditioning is due to the lack of modelling the acoustic effects of the listener's head
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which is not a physical reality, and hence not seen in the in situ or rigid sphere plants. Therefore, the
oommomly used freefield monopole model requires the use of regularisation to account for a problem
that does not exist tc; the same degree in a real CTC system,

Henceforth, the rigid sphere is shown fo strongly outperform the freefield shadowless head model,
which is a widely used plant model for CTC filter creation. However, in situ measurements still provide
a substantial improvement over the rigid sphere plant. Despite this, it may still be advantageous to
use the rigid sphere model. This i because the rigid sphere model both may be made adaptive to
listener movements and requires no experimental measurements of the CTC system. Furthermore, |
at high frequencies it may be more beneficial to not use a real HRTF with pinna notches, as inverting

&
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_these notches introduces ill-conditioning as seen with the in situ measurements.
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