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ABSTRACT

The implementation of head tracking in personal sound zone (PSZ) reproduction was investigated in terms of
the optimal spatial resolution required for sampling the plant transfer functions, which results from a trade-off
between the measurement effort and the robustness of isolation performance against head movements. The plant
transfer functions of an experimental PSZ system were densely measured along translational moving trajectories
of a dummy head, and then downsampled to different resolutions at which the PSZ filters were computed and
the isolation performance was numerically simulated. By analyzing the variation in the isolation performance,
the optimal sampling resolution, above which a given minimum level of isolation can be maintained over the
reproduction area, was determined as a function of head position and frequency for two separate zones. It was
found that the optimal spatial sampling resolution is in general inversely proportional to the distance between the
two listeners, and to that between the moving listener and the loudspeaker array. Moreover, the high-frequency part
of the plant transfer functions was found to require a higher sampling resolution than the low-frequency part, while
a moving bright zone requires a lower sampling resolution than a moving dark zone.

1 Introduction

Personal sound zone (PSZ) [1, 2] reproduction is one
sub-area of sound field control [3] that has received
wide attention from the audio and acoustics community
over the past two decades, with applications for mo-
bile devices [4], automotive cabins [5, 6], and outdoor
spaces [7]. Using loudspeaker arrays and digital sig-
nal processing techniques, two listening zones, often
known as bright zone (BZ) and dark zone (DZ), are
rendered in the same physical space, with the aim of
providing listeners with minimally-interfering individ-
ual audio programs (e.g., speech/music), or generating
quiet area for one listener while delivering audio to
the other. Depending on the preferred/selected perfor-

mance metric (e.g., isolation between zones or repro-
duced audio quality at each zone), various filter design
methods have been proposed, such as Pressure Match-
ing (PM) [8, 9, 10], Acoustic Contrast Control (ACC)
[11, 12, 13], and Variable Span Trade-Off Filtering
[14, 15].

Up until recently, most PSZ studies have focused on re-
producing static sound zones (i.e., they are not compen-
sated for time-varying changes in the environment), in
which case the system performance can easily degrade
when the actual acoustic transfer functions (ATFs) sig-
nificantly deviate from those used in plant modeling
(i.e., estimating the plant ATFs based on previous ob-
servations) and filter design. Although regularization
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can be applied to the filter design for mitigating the
effects of such ATF mismatches [16, 17, 18], the uncer-
tainties allowed in plant modeling can lead to subopti-
mal performance. This is especially true for systems
that directly control the pressure around or at the lis-
teners’ ears [10, 19] (as opposed to those targeting
larger spaces), as the plant ATFs can be easily altered
by head movements. In order to improve the robust-
ness against head movements without sacrificing the
isolation performance, recent studies have proposed
solutions that apply head tracking to PSZ reproduction
[20, 21]; similar approaches with head tracking can
also be found in other applications, e.g., loudspeaker
crosstalk cancellation (XTC) [22, 23, 24, 25] and loud-
speaker equalization [26]. Other studies addressed the
general case of moving sound zones, using adaptive
techniques such as moving horizon framework [27],
Filtered-x Least-Mean-Square algorithm [6], and Re-
cursive Least Squares algorithm [28] to update the PSZ
filters and/or estimate the plant ATFs in real-time.

Although methods have been proposed for plant model-
ing as well as filter generation for adaptive PSZ repro-
duction, the practical implementation of such a system
remains challenging due to the following reasons: 1)
Unlike applications that target a single listener (e.g.,
XTC), the presence of more than one listener in PSZ
systems significantly increases the amount of plant
measurements required for adapting the reproduction
to listeners’ simultaneous movements; 2) Compared
to XTC systems where filters are also generated based
on the knowledge of the plant, PSZ systems usually
need to achieve a higher level of performance index for
perceptual acceptance [29], suggesting a finer spatial
grid of plant measurements for head tracking in PSZ
applications. Given these demanding requirements on
the amount and resolution of plant measurements for
PSZ reproduction, it is necessary to optimize the plant
spatial sampling process, such that a desired level of
isolation can be preserved over a large reproduction
area with least possible number of plant measurements.

In this paper, using an experimental PSZ system that
directly targets listeners’ ears, we sought to investi-
gate the effects of various system parameters (e.g., fre-
quency, the relative position of a listener in the system,
and the target listener) on the optimal spatial sampling
resolution and derive the rules for minimizing the num-
ber of plant measurements required for achieving a
certain isolation level. Through measuring the system
plant ATFs along various listener moving trajectories

and simulating the isolation performance at different
plant sampling resolutions, we determined the opti-
mal resolution for the current system separately for the
cases of a moving BZ and a moving DZ, and also in
terms of the low and high frequency bands.

2 Methods

We consider a general PSZ system that consists of an ar-
ray of L loudspeakers and M control points (for the sys-
tem that targets the ears of two listeners, M = 4). Each
loudspeaker l has a complex gain of gl(ω), l = 1, · · · ,L,
and the resulting sound pressure at each control point
m is pm(ω),m = 1, · · · ,M, where ω denotes the fre-
quency. The ATF corresponding to the loudspeaker l
and the control point m is denoted as Hml , which, in
matrix form (known as the plant matrix) is

p = Hg, (1)

where p = [p1, · · · , pM]T ∈ CM×1,H = (Hml) ∈ CM×L,
and g = [g1, · · · ,gL]

T ∈ CL×1. All quantities hereafter
are implicitly dependent on the frequency ω .

2.1 Pressure Matching with Probabilistic Plant
Modeling

We use the Pressure Matching (PM) method formulated
in the frequency domain [8, 9, 10] to generate the PSZ
filters as PM has control over the phase of target audio
programs, compared to other methods such as ACC.
Given a specified target pressure vector pT ∈ CM×1 at
the control points, the original cost function J in PM is
constructed as

J = ‖p−pT‖2 = ‖Hg−pT‖2, (2)

and by minimizing J, the optimal loudspeaker gains g∗
are given by

g∗ = (HHH)−1HHpT , (3)

where the (·)H denotes taking the conjugate transpose.
It should be noted that this form of solution only ap-
plies to overdetermined problems where L < M. In
order to regularize the solution to ensure its robustness
against a certain degree of ATF uncertainties, we adopt
a probabilistic approach [18] by assuming a random
distribution of the modeled ATF Hml and optimizing
the expectation of the resulting cost function

Jprob = E{‖p−pT‖2}. (4)
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The corresponding optimal solution is given by

g∗prob = (ĤHĤ+Σ
M
m=1Σm)

−1ĤHpT , (5)

where Ĥ contains all the expected values of {Hml}, and
Σm is expressed as

Σm = diag{σ2
A,m1, · · · ,σ2

A,mL}, (6)

where σ2
A,ml is the amplitude variance of Hml and can

be determined experimentally [18, 19].

2.2 Evaluation Metrics

We adopted two metrics to evaluate the isolation per-
formance of the PSZ system, as introduced in [30]:
Inter-Zone Isolation (IZI), which represents the isola-
tion of the sound zones for an audio program, and Inter-
Program Isolation (IPI), which represents the isolation
of the target program from the interfering program in
the same sound zone. We denote the two zones as
Z1,Z2, the sub-matrices (i.e., the top/bottom two rows)
of the ATF matrix H corresponding to Z1,2 as H1,2, and
the PSZ filters corresponding to Z1 (or Z2) being the
BZ as g∗1 (or g∗2). In the current system, we focus on
single-channel audio programs (i.e., a single vector pT
for given BZ and DZ), in which case the definition of
IZI is expressed as

IZI1 =
‖H1g∗1‖2

‖H2g∗1‖2 , IZI2 =
‖H2g∗2‖2

‖H1g∗2‖2 , (7)

where the subscripts 1,2 refer to the target program for
Z1,2, or in other words, whether Z1 or Z2 is treated as BZ.
In this case IZI is also equivalent to the commonly-used
Acoustic Contrast (AC) metric [16]. Correspondingly,
IPI is expressed as

IPI1 =
‖H1g∗1‖2

‖H1g∗2‖2 , IPI2 =
‖H2g∗2‖2

‖H2g∗1‖2 , (8)

where the subscripts 1,2 refer to the two zones, respec-
tively.

3 Evaluation Setup

We first measured the plant Binaural Room Transfer
Function (or BRTF, as the representation of ATF in the
context of the current system) with a fine resolution
along different head moving trajectories. Then, we
downsampled the original plant BRTF grid to sparser

resolutions and used the remaining BRTFs to gener-
ate the filter sets. Finally, we simulated the system
performance by convolving the full BRTF grid with
each of the generated filter sets and calculating the IZI
and IPI metrics. By analyzing the variation in IZI and
IPI due to head movements, we determined the lowest
sampling resolution for achieving a specified isolation
threshold. For simplicity, we only implemented the
case where only one listener moves and the other lis-
tener is fixed as reference; however, we will show that
the findings can be applied to the case of two moving
listeners.

3.1 System Implementation

The experimental PSZ system, which is identical to
the one studied in [19], comprises a linear loudspeaker
array with 8 mid-range transducers and two listeners
represented by two B&K Head and Torso Simulators
(HATS) with in-ear binaural microphones (Theoretica
Applied Physics BACCH-BM Pro), placed in a typical
listening room (RT60 ≈ 0.24 s in the range 1300-6300
Hz). The translational head movements were realized
with a custom made mechanical translation stage (see
Fig. 1). We used synchronized exponential sine sweep
(ESS) signals [31] (a variant of the traditional ESS
[32] that correctly estimates higher harmonic frequency
responses) to measure the BRTFs at 48 kHz sampling
frequency, with each sweep having a duration of 0.5
second. All measured BRIRs (Binaural Room Impulse
Responses, the time-domain counterpart of BRTFs)
were truncated to the first 8192 samples for subsequent
processing (it was verified that further increasing the
truncation window length has no noticeable effect on
the evaluation results).

3.2 Filter Generation

The PSZ filters used in the evaluation were generated
with the aim of maximizing the isolation performance
at matched listener positions while preserving the ro-
bustness against minor head misalignments, similar
to the approach in [19]. For the the definition of tar-
get pressure and the choice of the variance matrix in
Eq. 6, we refer the readers to the aforementioned ref-
erence for details. As an improvement to the original
approach, all the plant BRIRs used for filter generation
(i.e., the plant matrix H and the target pressure pT )
were windowed to the first 4096 samples (late reverb
tails discarded) to improve the robustness, as suggested
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Fig. 1: Photo of the implemented system setup for head
translations in the Y direction (front/back).

in [33, 34]. In addition, when the filter is generated for
a new head position, the target pressure is re-selected
corresponding to that position, as re-applying the old
target might degrade the isolation performance. The
filters were computed with 8192-size FFT and exported
to 8192 taps, in order to avoid any discrepancy in the
performance due to using short filters designed with
frequency- and time-domain methods [12].

3.3 Experimental Design

In this study, we focus on translational head movements
and determine the optimal spatial sampling resolution
for the translation in two orthogonal directions: X
(left/right) and Y (front/back), assuming height changes
are less common in practical applications. The orig-
inally measured BRTF grid has a resolution of 1 cm
between two adjacent sampling points. Fig. 2 shows
the moving trajectories of the left HATS along which
the BRTFs of both HATS were measured: three 90-cm-
long lines for the X and Y directions, respectively. In
the evaluation, the grid was downsampled to the res-
olutions of 3, 5, 10 cm, and the PSZ filters generated
from these sparser grids were “assigned” to the original
sampling points in a nearest-neighbor manner, i.e., no
interpolation was performed between the filters when
there is a mismatch between the plant BRTF and its
assigned filter.

4 Simulation Results

We show the simulated IZI and IPI for the cases where
the PSZ filters were generated with the full and down-
sampled plant BRTF grids measured along the specified

Fig. 2: Diagram of the measurement setup. The dotted
lines around the left HATS represent the mov-
ing trajectories along which the BRTFs were
captured. The black triangles represent the loud-
speakers.

trajectories. Recall in Sec. 2.2 that there are two sets of
IZI and IPI metrics defined for the two HATS and their
corresponding target programs; here we only present
the results for IZI2 and IPI2 (the subscripts of which are
thereafter neglected) as the position-dependent target
pressure for the left BZ also affects the sound pressure
level (SPL) in BZ, and therefore complicates the anal-
ysis of the isolation performance. In this context, IZI
and IPI can be regarded as the isolation performance
for a moving DZ (with a static BZ), and that for a mov-
ing BZ (with a static DZ), respectively. All results to
be presented were processed with 1/3-octave smooth-
ing [35] for better visualization, and band-limited to
200-7000 Hz due to Signal-to-Noise Ratio limitations
and the working range of the transducers.

We first examine the best case scenario where the PSZ
filters are generated with highest resolution, matching
the full grid of plant BRTFs, along the two trajectories
that intersect at the center position of the left HATS
(see Fig. 2). Fig. 3 shows the corresponding IZI and
IPI with respect to frequency and the relative head po-
sition, with the black contour line indicating 20 dB
of isolation. It can be seen that IZI and IPI achieve
above 20 dB irrespective of the HATS position at most
frequencies above 500 Hz. This implies that, ideally,
a desired level of isolation can be preserved over a
relatively large listening area. At lower frequencies,
however, the isolation threshold is not always achieved
due to the limitations of the system (e.g., room effects,
loudspeaker array layout, and number of loudspeakers),
and we also observe a dependency of IZI and IPI on
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the head position. Specifically, IZI and IPI levels start
to decrease as the left HATS moves closer to the right
HATS in the X direction, likely due to the occlusion
and scattering effects of the other listener; however,
such a trend is not clearly observed for the Y transla-
tions, meaning that front/back movements have a lower
impact on the low-frequency isolation performance.
At frequencies roughly above 1 kHz, we notice some
interference-like patterns for the IPI corresponding to
X translations and a monotonic decrease in IPI as the
left HATS moves away from the loudspeakers in the Y
direction. This is potentially due to the changes in the
target pressure for the left BZ as the left HATS moves
in both directions.

Next, we show how the expected isolation level is af-
fected by applying filter sets that were generated from
the downsampled plant BRTF grids. Figs. 4 and 5 show
the IZI and IPI maps with sparse filter sets (updated
every 3, 5, and 10 cm) for the same two trajectories as
in the previous case. We see that as the spatial sampling
becomes sparser, the isolation level drops more rapidly
in between the two matched filters. We note that IPI is
generally more robust than IZI, as the former is asso-
ciated with the static DZ, which is indirectly affected
by head movements of the moving BZ, and the latter
corresponds to the moving DZ and therefore is less
robust against head misalignments. Comparing X and
Y translations, we find a lower robustness in the IZI for
Y translations than that for X translations (e.g., by com-
paring the size of areas above 20 dB for the plots with
10-cm resolution), but the opposite is true for IPI. From
these observations we conclude that Y translations can
have a higher impact on the isolation of the moving DZ
(corresponding to IZI), but a lower impact on that of
the static DZ (corresponding to IPI), compared to X
translations. However, this conclusion may no longer
hold for PSZ systems with different array layouts.

The optimal resolution, which leads to a minimum of
20 dB isolation above 500 Hz for most head positions,
not only depends on the target zone/listener, but is also
strongly affected by the head position as well as fre-
quency. For example, from Fig. 4 we note that, while a
resolution of 5 cm is sufficient for sampling both a mov-
ing DZ (indicated by IZI) and a moving BZ (indicated
by IPI) in the X direction, for frequencies between 500
and 1500 Hz (marked by the dashed line in the plots),
it does not apply to higher frequencies above 1500 Hz,
unless the resolution is increased to 3 cm or higher.
Particularly for IZI, the required resolution to maintain

the isolation level increases as the left HATS moves
closer to the right one, meaning that the optimal spa-
tial sampling grid would be non-uniformly distributed
along the X direction. We also find, for Y translations
(Fig. 5), the difference between the optimal sampling
resolutions for IZI and IPI: 5 cm is sufficient for IPI at
most frequencies, while 3 cm or higher is required by
IZI. Compared to X translations, however, the spatial
non-uniformity is not observed along the Y direction.

Lastly, we compare the isolation performance resulting
from the same spatial sampling resolution at parallel
trajectories. Figs. 6 and 7 show the results for the three
parallel trajectories in each moving direction, with a
3-cm resolution of plant spatial sampling. We note
that although the robustness at frequencies below 1500
Hz remains mostly unchanged for different moving
trajectories, the higher-frequency robustness shows a
clear dependency on the offset positions. In Fig. 6,
we see that as the left HATS moves away from the
loudspeakers, the robustness regarding both IZI and
IPI increases, meaning that the optimal resolution de-
creases with increasing the distance to the loudspeakers.
This is expected as near-field BRTFs generally have
more variations with head movements than those in
the far field. In Fig. 7, a similar trend appears as the
distance between the two HATS decreases. These ob-
servations further corroborate the finding from above
that the optimal spatial sampling resolution is strongly
dependent on the relative position of the listener.

5 Discussion

It is useful to generalize the above findings to other
PSZ systems. First, we expect different values of IZI
and IPI if the filters were designed with methods other
than PM, e.g., ACC, as the latter can lead to higher iso-
lation than the former but at a cost of phase distortion
[9, 2]. Besides, other system-specific factors that may
affect the results include filter design parameters (e.g.,
regularization level and target pressure specification),
loudspeaker array setup (e.g., layout and number of
transducers), and room acoustics characteristics (e.g.,
Reverberation Time and Direct-to-Reverberant Ratio).
Correspondingly, the filter robustness and the derived
optimal spatial sampling resolution may be changed
slightly. Despite these sources of discrepancy, we ar-
gue that the qualitative optimization rules, such as the
nonuniform distribution of optimal spatial sampling,
are applicable to any PSZ system of similar dimensions,
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Fig. 3: Simulated IZI and IPI for the X (top row) and Y (bottom row) head translations with PSZ filters generated
at highest resolution (1 cm).

Fig. 4: Simulated IZI (top) and IPI (bottom) for X translations with filters generated using downsampled BRTFs at
3-cm (left column), 5-cm (middle column), and 10-cm (right column) resolutions.
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Fig. 5: Simulated IZI (top) and IPI (bottom) for Y translations with filters generated using downsampled BRTFs at
3-cm (left column), 5-cm (middle column), and 10-cm (right column) resolutions.

Fig. 6: Simulated IZI (top row) and IPI (bottom row) for X translations at three Y-direction offsets: 50 cm forward
(left column), no offset (middle column), and 40 cm backward (right column), with 3-cm spatial sampling
resolution.
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Fig. 7: Simulated IZI (top row) and IPI (bottom row) for Y translations at three X-direction offsets: 45 cm towards
left (left column), no offset (middle column), and 45 cm towards right (right column), with 3-cm spatial
sampling resolution.

as they are determined by the fundamental acoustic
properties of the system, such as the coupling of two
listeners’ BRTFs in the near field [19]. Furthermore, in
the case of two moving listeners, their corresponding
plant BRTFs can also be sampled with different optimal
resolutions as long as BZ and DZ are not exchanged.

In addition to optimizing plant spatial sampling, the
results also shed light on improving the performance
of head-tracked PSZ systems through other approaches.
For example, the interpolation between plant ATFs, al-
though not investigated here, can be optimized by pos-
ing position-dependent accuracy constraints. Moreover,
the real-time plant modeling approaches that utilize
adaptive filtering [28] can also be improved by defining
the required convergence time based on the listener
position. Lastly, the observed transitional frequency
at around 1500 Hz can be used as a natural crossover,
above which the isolation performance can be traded
off for higher robustness by using more generalized
plant modeling (e.g., the analytical plant models in
[20, 21]).

6 Conclusion

Head tracking is critical to improving the robustness
of the PSZ system. In order to minimize the number
of plant measurements required for maintaining high
isolation, we investigated the effects of different plant
spatial sampling resolutions through measurements of
the plant BRTFs of an experimental PSZ system along

translational trajectories of a moving dummy head, and
numerical simulations of system performance regard-
ing different sampling resolutions. The above results
lead to the following optimization rules: In order to ex-
ceed a given level of isolation over a large reproduction
area, the plant transfer functions of a head-tracked PSZ
system should be spatially sampled more densely:

• as the distance between the two listeners de-
creases, and as the distance between the listener
and the loudspeaker array decreases;

• for the reproduction of high-frequency audio con-
tent (roughly above 1500 Hz) than for reproducing
lower frequencies;

• for capturing the plant ATFs associated with a
moving DZ than for capturing those related to a
moving BZ.

Such rules can be used as guidelines to the practical
implementation of head-tracked PSZ systems. Future
work will focus on optimizing the plant spatial sam-
pling regarding head rotations and accelerating the gen-
eral plant measurement process.
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