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ARTICLE INFO ABSTRACT

Communicated by S. Marburg Head-tracking techniques offer the potential of improving the performance of local active
noise control headrest systems during head movements. However, the effectiveness of head-
Active headrest tracked local active noise control can be limited by various aspects of the headrest design. This
Active noise control paper presents a thorough investigation into how head-tracking accuracy influences the control
Head-tracking performance for both translational and yaw rotational head movements and, in addition, how
this is affected by the geometry of the headrest control loudspeakers. The presented results
highlight a notable difference in the attenuation performance achieved at the two ears when
modelling errors exist between the physical plant response and the plant model utilised by
the controller, which arise due to the accuracy of the head-tracking. It is demonstrated that
the mismatch in performance between the two ears is influenced by the initial head position,
the direction of head movements, and the layout of the headrest control loudspeakers. In the
presence of plant modelling errors, the presented results reveal a trade-off between the balance
in attenuation performance at the two ears and the spatial extent over which effective control
is achieved. The presented insights can be utilised to help design local active noise control
headrest systems with head-tracking that are well-suited to their intended application.
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1. Introduction

Active headrest systems utilise the principle of local sound control [1] to create a localised zone of quiet around a listener’s ears
by driving secondary sources to appropriately interfere with a primary sound field [2,3]. While local control methods offer extended
control at higher frequencies compared to global methods, which aim to control sound throughout an entire enclosed space [4], the
control performance in practice is still limited at higher frequencies by the size of the zone of quiet which decreases with frequency.
For instance, the diameter of the 10 dB zone of quiet, defined as the region within which at least 10 dB of noise attenuation is
achieved, is approximately 1/10-th of the acoustic wavelength in a diffuse primary sound field [5]. This means that the microphones
need to be placed close to the user’s ear to increase the upper-frequency limit of control, which would restrict head movement
and create potential user discomfort. Previous work has investigated overcoming these practical challenges by either shifting the
zone of quiet from the physical microphone locations to virtual microphone positions using virtual sensing techniques [6-8], or
by enlarging the zone of quiet through strategic error microphone placement and the use of additional secondary loudspeakers
to enable minimisation of the particle velocity component in a direction perpendicular to the surface of the head [9]. Although
these methods help ensure the ears remain within the zone of quiet, head movements can still degrade local control performance
by shifting the ears outside of the quiet zone. Efforts have also been made to design an optimised plant model that maximises the
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robust control performance during small head movements [10], but this approach does not ensure effective control performance
over a large range of head movements.

To maintain control performance in the presence of significant head movements, considerable research interest has now focused
on integrating head-tracking techniques into active headrest systems [11]. The principle of head-tracked local active noise control
systems is to dynamically determine the current position, and potentially orientation [12], of the head using the headtracker and to
correspondingly update the plant model utilised in the controller and the virtual sensing filter. This updating process can reduce the
mismatch between the plant model used in the controller and the physical plant response and also allows the virtual microphone
positions to be dynamically repositioned. This results in the zone of quiet dynamically following the head position and this has been
shown to result in at least a 10 dB reduction in noise at frequencies up to at least 1 kHz in an anechoic environment [11] and has
also been shown to offer significant benefits in practical environments, such as a car cabin [13].

The initial publications investigating head-tracked local active noise control discussed above [11,13] assumed perfect head-
tracking, but in practice, some mismatch between the head-tracked position and the physical head position may arise and lead to
errors between the plant model and the physical plant response, resulting in a degradation in the control performance. The issue of
mismatch between the tracked and physical head positions may arise due to the absolute accuracy of the headtracker, the speed of
the headtracker, or the spatial resolution for which the plant model has been measured during a calibration phase. Modern head-
tracking systems generally provide high levels of accuracy, often exceeding the practical resolution limits of calibration grids [14]
and the capability of head-tracking systems can be improved by utilising various vision algorithms, as recently discussed [12,15].
Therefore, the level of mismatch between the plant model used by the controller and the physical plant response in a head-tracked
local active noise control system is predominantly governed by the spatial resolution for which the plant model is measured during
the calibration phase. That is, the updated plant model is chosen solely from a predetermined set of models obtained during the
calibration phase, or can be calculated by interpolating between these models [16,17]. Ideally, therefore, the plant responses would
be measured across a very fine grid, giving a high spatial resolution and minimising the error between the physical and modelled
plants. However, this would require a large set of plant models covering a large range of head positions, and potentially orientations,
to be measured which may be infeasible for systems where the time and storage complexity of obtaining plant models is constrained.
This consequently leads to a core design trade-off in a head-tracked active headrest system, namely between head-tracking accuracy
and practical feasibility.

While it may be appropriate to consider active control systems that incorporate adaptive algorithms that can help maintain
performance in the presence of plant modelling errors [18], as demonstrated in Ref. [19], the effectiveness of adaptive algorithms
can still be limited by tracking resolution, potentially reducing convergence speed or even leading to instability. Nevertheless, it
remains important to consider systems without adaptive control, as this helps identify the fundamental performance limitations of the
system, particularly when the controller is sub-optimal. To gain understanding and physical insight into how the tracking resolution
influences the realisable control performance and how this is also affected by the arrangement of the control loudspeakers, this
paper presents a thorough investigation utilising a local active noise control headrest system. Building on a preliminary simulation-
based study presented in Ref. [20], this paper presents the first systematic investigation into how different headrest loudspeaker
spacings influence the performance of a multichannel feedforward local active control system equipped with head-tracking. The
insight provided by this study provides new engineering knowledge that supports the design of local active noise control systems
incorporating head-tracking.

In the first instance, in Section 2 the headtracker-equipped feedforward active noise control system is described, with both the
control strategy and the physical headrest arrangement outlined. In order to understand how the tracking resolution requirements are
influenced by the physical layout of the active headrest system, two headrest configurations are explored with different spacings
between the two headrest loudspeakers. Since the loudspeaker spacing is often dictated by the physical design of the headrest
system, it is important to understand how different headrest configurations influence system performance, as this can help identify
design constraints and artefacts that may arise in practical implementations. Although previous work has explored the effect of the
headrest loudspeaker positioning when utilising feedback control [3], which benefits from locating the loudspeakers as close as
possible to the error microphones to minimise the group delay in the plant response, there has not been any explicit investigation
presented when considering a multichannel head-tracked system utilising a feedforward control approach. Having introduced the
headrest control systems, Section 3 examines the effect of both translational and rotational head movements on the plant responses
for the two headrest configurations. Section 4 then presents an investigation into the impact of head-tracking resolution on control
performance for both translational and rotational head movements for the two control loudspeaker configurations. Finally, Section 5
draws conclusions.

2. Headtracker-equipped multichannel active headrest system

In this section, the physical arrangement of the headtracker-equipped active headrest system is first described, before the
multichannel feedforward control strategy is outlined. It is worth noting that the headrest configuration with the wider loudspeaker
spacing presented in this paper is consistent with the setup utilised in previous work [19], whilst the second headrest configuration
with the narrower loudspeaker spacing has not previously been reported.
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(b)

Fig. 1. The front view of the (a): wide spacing and (b): narrow spacing configurations of the secondary loudspeakers (L1 and L2) in the active
headrest placed inside an anechoic chamber, along with the error microphones in the ears of the dummy head (E1 and E2).

2.1. Physical setup of the headtracker-equipped active headrest

Fig. 1 shows the two different experimental realisations of the active headrest system positioned in an anechoic chamber. The first
arrangement, shown in Fig. 1(a), illustrates the case where the two secondary loudspeakers, denoted as L1 and L2, are positioned
0.55 m apart (wide spacing); whilst the second arrangement, depicted in Fig. 1(b), represents the case where they are spaced 0.275 m
apart (narrow spacing). These two headrest configurations have been selected as distinct cases that represent a feasible range of
loudspeaker spacings for practical headrest systems. For example, while the narrow spacing may be consistent with practical designs
intended for compact aircraft or automotive seating, the wide spacing may be more aligned with premium seating systems that can
offer greater flexibility. The two cases considered here, therefore, enable a clear and systematic investigation of how loudspeaker
spacing affects the performance of a head-tracked active headrest system without constraining the study to specific applications.
Additionally, the loudspeakers are orientated at an angle of 65° and 30° for the wide and narrow-spaced configurations respectively,
so that the drivers are directed towards the ears at the nominal head position of (0, 0) m. Both loudspeakers are used to minimise
the pressures at the ears of the dummy head, as measured by the error microphones, E1 and E2, and the response between these
loudspeakers and error microphones is referred to as the plant response. To ensure that the changes in the plant response are solely
due to head movement and not influenced by room acoustics, the measurements for both configurations were taken in an anechoic
chamber. The primary disturbance field is generated using 16 loudspeakers, which are evenly distributed around the head at equal
angular intervals at a radial distance of 3 m, and assumed to be driven with uncorrelated random white noise. This ensures that the
described power and cross spectral densities are time-invariant and allows the controller to be formulated in the frequency domain,
as in Ref. [21]. Additionally, this approach allows the control performance to be assessed without any dependencies introduced by
the directivity of the primary sound field, as reported in Ref. [22], and thus ensures the presented analysis is insightful for general
noise control problems. The positions and rotational angles of the dummy head are controlled by a robotic positioning system to
ensure both repeatability and precise alignment with the intended coordinates, thus allowing for accurate comparison between the
two experimental arrangements. A series of sine-sweep measurements [23] have been conducted to obtain the primary and plant
responses for each head position within a discrete translational grid of (0.4 m x 0.2 m), with a resolution of 2.5 cm, and a discrete
rotational grid ranging from —27° to +27°, with a resolution of 9°, as illustrated in Fig. 2. To constrain the considered problem and
focus on the head movements that are more common in an active headrest system, translational movement in the sway (left/right)
and surge (front/back) directions, and rotational movement in the yaw directions, are considered in this work. Whilst movement
in the other degrees of freedom, such as heave (up/down), pitch and roll, may become more relevant in specific applications,
investigation of their influence on the headrest control performance has been left for future work.

2.2. Multichannel feedforward active control strategy

Fig. 3 shows the multichannel feedforward control system utilised to determine the control filters that drive the secondary
loudspeakers to minimise the pressures measured at the error microphones. In order to focus on the physical limits of the control
system rather than the controller itself, it has been assumed that the formulated controller is implicitly causal, as defined in Ref. [21],
and that a perfect reference signal is available. This allows general insight to be provided that can be utilised to inform the design
of practical controllers for various applications where both causality and coherence between the reference signals and error signals
limit the achievable control performance.

The cost function minimised by the control system shown in Fig. 3 can be expressed in the frequency domain as the sum of the
squared error signals given by

J=E [eHe + ﬂuHu] =tr {S,, +AS,} - )
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Fig. 2. The geometry of the active headrest system under the (a): wide loudspeaker spacing and (b): narrow loudspeaker spacing configurations.
Both configurations share the same head-tracking grid, where the head translates in the sway (left/right) and surge (front/back) translational
directions over an area of 0.4 m x 0.2 m, and rotates within a yaw range of —27° to +27°. The minimum grid spacing for the translational grid

is defined as 0.025 m, while the rotational grid uses 9°.

e
v X i ¥
R w G NG,
t (update)
——————————— ==17
1
Head coordinate Nearest-neighbour UpdatEd a CompUte
Head-track i i
ead-tracker algorithm control filter
G
Database

Fig. 3. The multichannel feedforward control system used for the headtracker equipped active headrest system.

where e = [e] ez]T denotes a complex vector of the two error signals measured at the ears; u = [u1 uz]T denotes the vector of control
signals used to drive the two secondary loudspeakers in the headrest; E [-] denotes the expectation operator; tr {-} denotes the trace
operator; S,, and S, are the spectral density matrices of the error signals and control signals, respectively, defined using the general
notation of S,,, = E [nm"!] for any two complex vectors m and n; ()" denotes the Hermitian transpose; and g = 1x 10~3 denotes the
regularisation parameter. The value of f has been selected here to avoid very poor numerical conditioning with respect to inversion
of the plant matrix, whilst avoiding tuning the regularisation to achieve enhancement in the control performance via an increase
in the robustness to tracking uncertainty, as discussed in Ref. [17]. The vector of error signals can be expressed as

e=d+GWx, (2)

where d = [dl dz]T denotes the vector of disturbance signals measured by the error microphones at the ears, x is the complex vector
of reference signals, W is a complex matrix of control filters between the reference signals and control signals, and G denotes the
physical plant responses between the secondary loudspeakers and the error microphones. By substituting Eq. (2) into Eq. (1), Eq. (1)
can be expressed in the Hermitian quadratic trace form. This allows the matrix of optimum control filters that minimise Eq. (1) to



C.K. Lai and J. Cheer Mechanical Systems and Signal Processing 250 (2026) 114168

be derived and expressed as [18]

W,, = - [G"G + p1] ' GU's ;8] 3

opt = xx?

where I is an identity matrix; S, = PS,,RH is the spectral density matrix between disturbance and reference signals; S, = RS,,RY
is the spectral density matrix of the reference signals; P denotes the matrix of primary paths from the 16 primary sources to the two
error microphones at the ears; S,, is the spectral density matrix corresponding to the complex source strengths of the primary sources,
v=[v; vy - ulﬁ]T; and R =1 is the response from the primary sources to the reference signals which reflects the assumption that
the reference signals perfectly represent all primary sources. As the primary sources are defined as uncorrelated with equal source
strength, S, is diagonal and is modelled here as an identity matrix. Since the described active headrest system is fully-determined
(i.e. the number of secondary loudspeakers is equal to the number of error microphones), the cost function given by Eq. (1) will
theoretically be 0 under optimal control, provided no regularisation parameter is introduced. Achieving this optimal condition,
however, requires perfect prior knowledge of both the plant responses and the disturbance signals. In practice, a model of the
plant response, G, would usually be obtained prior to the control stage to compute the controller, which implies that optimal
attenuation can only be achieved for the case when a perfect plant model is available, i.e. G = G. This is not practically feasible
due to various factors, especially for the active headrest system, where the plant responses are sensitive to slight changes in head
position. Similarly, in practice, the statistical properties of the primary disturbance S, ; would need to be estimated either by virtual
sensing methods [8,21] or by direct measurement during the calibration stage. In this case, estimation errors may result due to both
head movements and changes in the disturbance sound field, leading to degradations in the attenuation performance. Although the
effect of both plant modelling errors and primary field estimation errors are important, more insight can be obtained by isolating
the contribution of these two terms. Therefore, it is assumed in this work that the statistical properties related to the disturbance
signals are perfectly known and the degradation in control performance is solely due to limitations in the plant model. For the case
where the statistics of the disturbance sound field are perfectly known, but there is a mismatch between the physical and modelled
plant responses, the controller is obtained by replacing G in Eq. (3) with G to give

W, = - 616G+ p1] 'eHs, s )

xx’

which results in a sub-optimal controller.

As discussed in the introduction, head-tracking can be incorporated into the active headrest system to enable the plant model, G,
to be dynamically updated depending on the current head position and thus reduce the mismatch between the plant model and the
physical plant response during control. Incorporation of head-tracking into an active headrest system can be split into two distinct
stages. In the first, or calibration stage, a plant model, G, is measured for each head position and orientation as defined by the
tracking grid shown in Fig. 2. Then, during the control stage, the headtracker detects the current head position and orientation, and
updates G accordingly when calculating the control filters, W. If the head position and orientation correspond exactly to a point on
the tracking grid, then, excluding all other sources of error and uncertainty, G = G; however, if the physical head position detected
by the headtracker during control does not exactly correspond to a point on the tracking grid, then the plant model may be set
as either the plant response corresponding to the geometrically nearest tracking grid point, or an interpolated plant model may
be used [16,17]. In this work, the nearest neighbour method, which updates G to be equal to the model for the closest tracking
grid point to the physical head position, is utilised; this avoids introducing the complexities associated with interpolation strategies
and focuses this paper on the effects of tracking resolution directly. In this case, the error between the plant model and physical
plant response can be simply reduced by increasing the resolution of the tracking grid. However, increasing the tracking resolution
increases the time required for the calibration stage and the memory required to store the plant models covering a large set of
head positions and orientations. Consequently, there will be a trade-off between the control performance and the head-tracking
resolution.

To evaluate control performance, the spectral density matrix of the signals at the error microphones after control, S,,, can be
obtained by substituting Eq. (4) into Eq. (2), to give

See =Saa — 844G (616 + ﬁI)_] G -G ((}HG + /31)_1 GYs,,
+G (GHC n ﬂI>_l Ghs,,G (GHG n ﬂI>_l GH, 5)

where S, is the spectral density matrix of the disturbance signals which, following Fig. 3, can be expressed as S,, = PS,,P". Since
it is assumed here that the system is linear, the absolute level of the disturbance field is arbitrarily determined by the definition of
S, as an identity matrix.

Following the definition of these spectral density matrices, the overall attenuation performance achieved by the headrest control
system can be expressed in decibels as

tr {See}
tr {Sd d}
For active headrest systems, it may also be pertinent to consider the attenuation performance at the individual ears, which can be
defined for the ith ear as

L, = -10log,, . (6)

i€

did;

LL,, = —10log;, 7
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Fig. 4. The range of the plant responses between the right and left secondary loudspeakers (L2 and L1) and the right error sensor (E2) across
all head positions and rotations for the wide and narrow loudspeaker spacing configurations. The solid lines represent the plant response at the
head translational position of (0, 0) m with rotational angle of 0°, and the dashed-dotted lines represent the minimum and maximum bounds
on the responses for all head positions and rotations described in the schematic diagram presented in Fig. 2.

For a real-time system, the performance according to Eq. (6) and Eq. (7) can be evaluated by measuring the pressures at the error
microphones with and without control; however, in the present study the power spectral densities corresponding to the error and
disturbance signals are calculated as laid out above using the measured system responses.

3. The effect of head movement on the plant response

This section presents an investigation into the effect of translational and rotational head movements on the plant responses
for the two different headrest configurations, as described in Section 2.1 and shown in Fig. 1 and Fig. 2. Fig. 4 shows the plant
responses measured between each headrest loudspeaker and the right ear for the two headrest configurations; in each plot the thick
solid line shows the response measured at the nominal head position, with coordinates (0, 0) m and a rotational angle of 0°, and
the dashed-dotted lines show the minimum and maximum bounds for the responses measured at all head positions and rotations.

It can be observed from the presented results that there are some general differences between the responses depending on the
loudspeaker spacing. For the direct path, G,,, the responses for the widely spaced configuration, as shown in Fig. 4(a), exhibit
a magnitude range of approximately +10 dB, with a relatively consistent shape across frequency. In contrast, the results for the
narrowly spaced configuration show a larger variation in level, especially at frequencies around 1 kHz where several dips in the
minimum bound on the responses occur. These dips can be related to the near-field head shadowing effect, which occurs when
the wavelength is comparable to the diameter of the dummy head and is particularly pronounced at certain head positions [24].
Additionally, the response at the nominal head position is about 5 dB higher than for the widely spaced case, since the loudspeakers
are positioned closer to the ears. This is also reflected in the phase response, shown in Fig. 4(b), where the narrow spaced
configuration exhibits a lower phase delay compared to the widely spaced configuration, owing to the reduced group delay. For the
cross path, G,;, the magnitude range in the widely spaced configuration, as depicted in Fig. 4(c), starts at approximately +10 dB
at low frequencies but gradually increases with frequency, showing multiple dips at frequencies above 1 kHz where the near-field
shadowing effect begins to occur. A similar behaviour is observed for the narrowly spaced loudspeaker configuration, although it
exhibits a larger magnitude range across frequencies. The wider range observed in the narrow configuration mainly results from
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the increase in the maximum bound on the magnitude response, which arises through the potentially small geometrical distance
between each ear and the corresponding cross-path loudspeaker (right ear to left loudspeaker in the presented case) for certain head
positions. In terms of the phase response for the cross-path at the nominal head position, as shown in Fig. 4(d), the trend is similar
to that of the direct path, except that the narrowly spaced configuration exhibits a lower phase delay due to the reduced group
delay between the secondary cross-path loudspeakers and the error microphone. This reduced group delay is consistent across all
head positions and, therefore, while the range of phase responses is similar for the two configurations, the phase response for the
narrowly spaced configuration remains consistently higher than that of the wide spacing setup.

4. The effect of tracking resolution on the control performance

This section presents an investigation into the effect of the tracking resolution on the control performance for the two active
headrest configurations described in Section 2.1. Based on the plant response variations presented in Fig. 4 and discussed in Section 3
it is clear that the observed variations due to head translation and rotation in the active headrest system depend on the arrangement
of the loudspeakers. While both configurations will benefit from the use of head-tracking to allow a reduction in the mismatch
between the plant model G used by the controller and the physical plant response G, the controller may still be limited by the
tracking resolution that arises from the calibration procedure. This section presents a study investigating how the performance of
the active headrest system varies with tracking resolution and the type of head movements for the two different active headrest
configurations; in particular, this study aims to address whether there are any differences in the tracking resolution requirements
for the different headrest loudspeaker configurations.

4.1. The effect of head-tracking resolution on control performance

In a headtracker-equipped active headrest system, the geometrical errors between the physical head position and the head
position assumed by the headtracker will lead to an error between the physical plant response G, and the plant model, G, used
in the controller. Fig. 5 illustrates the potential geometrical errors between the physical head position/rotation and the modelled
head position/rotation, which will lead to errors between the physical plant response G and the plant model G. The pink cross/line
in each case denotes the modelled head position/rotation, and the coloured arrows denote the physical head positions corresponding
to three different levels of position/rotation error. These different levels of error correspond to the use of different grid resolutions
in the formation of the plant model database. That is, for translations in the surge and sway directions, the blue arrows represent a
grid resolution of 0.025 m, the green arrows represent a grid resolution of 0.05 m and the red arrows a grid resolution of 0.075 m;
for rotations in yaw, the blue arrows represent a grid resolution of 9°, the green arrows a grid resolution of 18° and the red arrows
a grid resolution of 27°.

It is important to note that the control performance depends on the initial position of the head and the direction of movement.
Specifically, the degradation in the control performance when the head moves from an arbitrary position A to position B may not be
the same as when movement occurs from position B to A. Therefore, it is necessary to consider all possible head movements within
the tracking grid in different directions of head movement to understand the physical behaviour. However, as both arrangements
for the active headrest from Fig. 2 are geometrically symmetric, the number of results presented in this study can be reduced.
Specifically, only sway movements to the right direction, as shown in Fig. 5(a), are considered here, since sway movements to the
left are geometrically symmetric and thus exhibit the same behaviour. Conversely, it is necessary to examine surge in the forward and
backward directions separately, as shown in Fig. 5(b) and Fig. 5(c), since they influence the acoustic response differently. Finally,
only clockwise yaw rotations are considered, as shown in Fig. 5(d), since the behaviour for anticlockwise rotations is equivalent.

To effectively capture the general effect that the tracking resolution has on the attenuation performance across the entire tracking
grid, Fig. 6 shows the overall attenuation performance, computed according to Eq. (6), for various types of head movement, tracking
resolution and loudspeaker configuration. The solid line plots represent the overall attenuation performance, calculated according
to Eq. (6) for each combination of head movement within the tracking grid, averaged across all possible head movements, and the
shaded regions indicate the range of attenuation performance across the same head movements. It can be seen from these results
that for all head movements and loudspeaker configurations the attenuation performance decreases monotonically with frequency
after a low-frequency threshold, below which a roll-off occurs. This roll-off can be related to the use of a constant regularisation
parameter of f = 1x 103 that constrains the control effort and limits the attenuation performance, particularly at lower frequencies
where the plant response is lower, as shown in Fig. 4, and the condition number is generally higher. It can also be seen from these
results that, for all head movements and loudspeaker configurations, as the tracking resolution becomes finer, the overall attenuation
performance increases. However, as the resolution increases, the range of attenuation performance across all head positions increases
for translational movements, but decreases slightly for rotational movements. It can also be observed from the results for both
loudspeaker spacings that both the average and range of attenuation performance vary quite notably for the different types of head
movement. For translational movements, it can be seen that sway movements are characterised by a larger range in the level of
attenuation compared to both forward and backward surge for both loudspeaker spacings. Notably, as previously commented, it can
also be seen that there is a difference in the level of performance between surge to the front and to the rear, with forward movements
showing a smaller range of attenuation performance and providing a wider bandwidth over which the control attenuation exceeds
10 dB. For the considered rotational spacings, the range of performance tends to be larger than for the considered translational
grids, although a direct comparison is somewhat limited. Finally, although the observed trends in attenuation performance are
similar for the two loudspeaker spacings and the differences in the average performance are relatively small, it is clear from the
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Fig. 5. The potential errors between the physical (denoted by the coloured arrows) and modelled (denoted by the pink cross/line) head positions
in the (a): sway (right), (b): surge (front), (c): surge (back) and (d): yaw rotation (clockwise). The yaw rotation angle is assumed to be fixed at
0° for the translational cases.

results presented in Fig. 6(b) that the narrow loudspeaker spacing configuration shows a much larger range in the attenuation
performance across all combinations of movements and tracking resolutions. This not only highlights a key limitation of using a
spatially averaged attenuation as a performance metric, since it masks the greater spatial variability which is especially observed
in the narrow loudspeaker spacing configuration, but also underscores how the overall effectiveness of the active headrest system
is strongly dependent on the geometrical configuration of the loudspeakers.

Headtracker-equipped active headrest systems should ideally provide a high level of attenuation performance for all head
positions and rotations. However, it has been shown from the results presented in Fig. 6 that the control performance for both
loudspeaker configurations depends, to varying degrees, on the head position and rotation. To provide more insight into the range
of performance, Fig. 7 shows the percentage of head movements, out of all possible head movements within the tracking grid for a
given type of head movement and tracking resolution, that achieve an attenuation performance greater than 10 dB up to a considered
frequency. The 10 dB attenuation level is chosen to align with the 10 dB zone of quiet definition used in the literature [1]. In each
plot in Fig. 7, the overall attenuation performance, computed using Eq. (6), is represented by the solid lines, while the attenuation
performance for the left and right error microphones, computed using Eq. (7), are depicted as dotted and dashed lines respectively.
For both headrest configurations, a coarser tracking resolution results in a lower percentage value for all types of head movement,
which aligns with the trends presented in Fig. 6. The results in the case of the wide loudspeaker spacing configuration, as depicted
in Fig. 7(a), show a clear difference between the overall attenuation performance and the attenuation achieved at the individual
microphones for all types of head movement and tracking resolutions. For example, in the case of sway movements with a tracking
resolution of 0.025 m, the overall attenuation performance percentage drops from 100% to 0% between 560 Hz and 1060 Hz, while
the percentage for the individual microphones does not reach 0% even at frequencies as high as 1500 Hz. The mismatch between
the overall attenuation performance and that observed at the individual microphones is less pronounced in the results for the narrow
loudspeaker spacing configuration, as shown in Fig. 7(b). It is also interesting to observe for the narrow loudspeaker spacing that in
the case of sway movements with the finest tracking resolution, the overall percentage value does not reach 100% at low frequencies,
which suggests quite limited attenuation performance for some head positions, but only decreases to 0% at 1400 Hz, which is a
relatively high frequency compared to the wide loudspeaker spacing configuration; these observations are consistent with the large
range of performance presented in Fig. 6(b) for the narrow loudspeaker spacing. These results highlight that, although the narrow
spacing configuration achieves improved overall attenuation performance at higher frequencies for some sway movements compared
to the wide loudspeaker spacing, the spatial consistency of the performance is limited at low frequencies, restricting the effective
tracking range where attenuation performance remains reliably high. For surge movements in both directions and yaw rotations, the
narrow spacing configuration does not extend the frequency at which the percentage drops to 0% compared to the wide loudspeaker
spacing configuration and also fails to achieve 100% spatial coverage at low frequencies. For these specific types of head movements,
no clear advantage over the wider loudspeaker configuration is observed in terms of overall attenuation when assessed using the
percentage-based evaluation shown in Fig. 6.
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Fig. 6. The overall attenuation performance computed from Eq. (6) plotted against frequency when the head undergoes different types of
movements for the (a): wide spacing arrangement and (b): narrow spacing arrangement. The line plots represent the overall attenuation
performance averaged across all head movements, and the shaded regions represent the range of attenuation performance for all head movements.

4.2. The effect of initial head position on head-tracked control performance

While the percentage plots in Fig. 7 highlight a potential discrepancy between the attenuation performance measured for
individual microphones and the overall system, they do not provide information about the specific head positions where high
attenuation performance is maintained during head movements. To further understand the spatial dependence of the attenuation
performance for the different head movements and loudspeaker configurations, it is useful to examine the frequencies for which the
attenuation performance level first crosses below 10 dB for each head position. Fig. 8 and Fig. 9 show colour maps presenting the
frequency at which the attenuation level, evaluated for the overall system (according to Eq. (6)) and the individual error microphones
(according to Eq. (7)), first crosses below 10 dB for each initial head position. These maps, generated for the finest resolution grid,
cover each initial head position and translational head movement described in Fig. 5 and correspond to the wide and narrow
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Fig. 7. The percentage among all head movements for the (a): wide spacing configuration and (b): narrow spacing configuration for different
tracking resolution and types of head movement, having an attenuation performance level more than 10 dB.

loudspeaker spacing configurations, respectively. From Fig. 8 it can be seen that for the wide loudspeaker spacing configuration,
all types of translational head movements exhibit a mismatch in the attenuation performance between the left and right error
microphones. For example, in the case of sway movements, as shown in Fig. 8(a), the frequency at which the attenuation performance
crosses below 10 dB exceeds 1500 Hz for the left error microphone in the region —0.2 <x< —0.125 m and decreases in the positive
x-direction, while for the right error microphone this performance is achieved in the region 0.075 <x< 0.2 m and decreases in the
negative x-direction. This behaviour can be related to the relative geometrical positions of the secondary loudspeaker and the error
microphone in each direct path, as the change in magnitude and phase for sway movements, which closely relate to the changes in
the straight-line distance between the loudspeaker and the error microphone, are smaller for head positions closer to the x-coordinate
of the secondary loudspeakers. Moreover, the corresponding changes in the straight-line distance differ between the left and right
direct paths, depending on the initial head position, which results in a highly asymmetric variation in the straight-line distance
between the two paths and, consequently, a greater imbalance in performance between the ears. The colour maps for the overall
attenuation performance, however, show a maximum frequency of 1 kHz at x = —0.025 m, with a decrease in both the positive
and negative x-directions, since the performance in this case, given by Eq. (6), includes the average of the squared error signals at
both the left and right error microphones. Similar observations regarding the spatial discrepancy between the left and right error
microphones can also be seen for surge movements, as shown in Fig. 8(b) and Fig. 8(c). However, in this case, the region where the
10 dB crossing frequency exceeds 1500 Hz appears at the grid coordinates (0, 0.2) m for the left error microphone and (0, —0.2) m
for the right error microphone; this frequency then decreases in the direction diagonally upwards in the left and right directions,
for the left and right error microphones respectively. An additional spatial feature can also be observed in the backward surge case,
where a region with a 10 dB crossing frequency below 200 Hz occurs at grid coordinates (—0.175, 0.025) m and (0.175, 0.025) m for
the left and right microphones, respectively. This indicates that at these locations the control attenuation is below 10 dB at 200 Hz
and this behaviour is also reflected in Fig. 7(a), where the percentage for the left and right error microphones is below 100%
across all frequencies. This can be related to the geometrical distance between the error microphone and the control loudspeaker
and the corresponding acoustic response, which means that small surge movements for error microphones close to the secondary
loudspeakers can cause a relatively large increase in the magnitude of the response, which leads to a significant difference between
the plant model and the physical plant response, leading to a significant degradation in performance. This behaviour is not observed
in the case of forward surge due to the asymmetry in performance of the system as previously noted, which means that there is a
decrease in the magnitude of the response in this case [25].

In the case of the narrow loudspeaker spacing configuration, which is shown in Fig. 9, the mismatch between the left and right
microphones is less significant than for the wide loudspeaker spacing. For sway movements, as presented in Fig. 9(a), the frequency
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Fig. 8. The colour maps showing the frequency at which the attenuation level first crosses below 10 dB for (a): sway (right), (b): surge (front),
(c): surge (back), mapped to the initial head positions for the wide spacing configuration. The unfilled regions represent initial head positions
where head movement within the specified grid is infeasible.

at which the attenuation performance for the left and right error microphones first exceeds 10 dB is highest at x = —0.05 m and
x = 0.05 m, respectively, and decreases in both the positive and negative x-directions. It can also be seen from these results that a
prominent region occurs where the 10 dB crossing frequency drops below 200 Hz for both the left and right error microphones at
around x = +0.175 m, and this is consistent with the low percentage values observed in Fig. 7(b) for sway movements in the narrow
loudspeaker configuration. Despite this, the differences between the left and right error microphones are clearly much smaller than
in the wide loudspeaker spacing configuration. This is because, in the case of the narrow loudspeaker spacing, the changes in
straight-line propagation distance are not only smaller but also more similar for the left and right direct paths, particularly around
the central region. As a result, the overall performance is quite similar to that achieved at the individual microphones, with a
central region of high performance and a reduced tracking range in the regions around x = +0.2 m, which is consistent with the
larger variation in overall attenuation performance observed for sway movements in Fig. 6(b). For forward and backward surge
movements, as shown in Fig. 8(b) and Fig. 8(c), there is less variation in the 10 dB crossing frequency, with a value of around
800 Hz occurring across the majority of the tracking grid. While differences can still be observed at around (+0.2, 0) m, the region
is considerably smaller than observed for the wide loudspeaker spacing configuration.

Fig. 10 presents a similar plot to Fig. 8 and Fig. 9, but for head rotation. For conciseness, only three initial head rotation angles
are shown in three separate rows, corresponding to —27°, 0°, and +18°. The results indicate that the performance for both headrest
configurations depends on the initial head rotation angle. In the wide spacing configuration, as shown in Fig. 10(a), the region
where the 10 dB crossing frequency falls below 1 kHz is observed at 0.05 <x< 0.2 m for both the left and right microphones for an
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Fig. 9. The colour maps showing the frequency at which the attenuation level first crosses below 10 dB for (a): sway (right), (b): surge (front),
(c): surge (back), mapped to the initial head positions for the narrow spacing configuration. The unfilled regions represent initial head positions
where head movement within the specified grid is infeasible.

initial head rotation of —27°. For an initial head rotation of 0°, this region shifts to —0.2 < x < —0.125 m for the left microphone and
0.125 < x < 0.2 m for the right microphone, highlighting a mismatch in behaviour between the left and right microphones. Finally,
for an initial head rotation of +18°, the same region for both microphones shifts again to —0.2 <x< —0.05 m, showing a mirrored
spatial symmetry compared to the —27° initial head rotation case. For the narrow spacing configuration, as shown in Fig. 10(b), a
more pronounced difference is observed between the left and right error microphones. At an initial head rotation of —27°, the region
where the 10 dB crossing frequency falls below 200 Hz is located at 0.125 <x< 0.2 m for the left microphone, whereas, the 10 dB
crossing frequency exceeds 1 kHz in this same region for the right microphone. A similar behaviour is observed at +18°, where the
frequency exceeds 1 kHz for the left microphone for —0.2 <x< —0.125 m, while it falls below 200 Hz for the right microphone in this
region. However, at 0°, the region where the frequency falls below 200 Hz appears at (0.2, 0) m and (0.2, 0) m for the left and right
microphones, respectively. It is interesting to observe the general differences in the performance between translational and rotational
head movements for the wide and narrow spaced loudspeaker configurations. In particular, while the narrow loudspeaker spacing
provides more uniform behaviour across the tracking grid for translational movements, it exhibits a more significant variation in
performance for rotational movements.

The results presented above have demonstrated that a mismatch in the control bandwidth between the left and right error
microphones occurs, however, they do not allow any mismatch in the achieved attenuation over frequency to be observed,
which will be critical to the perceived performance of an active headrest system. To examine this aspect, Fig. 11 presents the
attenuation performance as a function of frequency for two initial head positions undergoing sway movement for the two different
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Fig. 10. The colour maps showing the frequency at which the attenuation level first crosses below 10 dB for the case of clockwise yaw rotation,
mapped to the initial head positions and rotations for the (a): wide spacing and (b): narrow spacing configuration.

headrest loudspeaker configurations. The results reveal that the difference in attenuation performance between the individual
microphones depends on both the initial head position and the headrest configuration. For example, for the wide loudspeaker
spacing configuration, when the head is initially positioned at (0, 0.05) m and undergoes sway movement, as shown in Fig. 11(a)
by the solid lines, similar attenuation performance is achieved at the left and right error microphones across the presented frequency

range. In contrast, when the head is initially positioned at (0.1, 0.05) m, as depicted in Fig. 11(b), the attenuation performance at
the right error microphone is consistently 7 dB higher than for the left microphone. This imbalance in noise attenuation between the
left and right error microphones is due to the modelling errors that arise as a result of head movements, which depend on both the
type of head movement and the initial head position. In the case of the narrow loudspeaker spacing configuration, represented by the

dashed lines in both figures, a consistent 4 dB mismatch in attenuation performance between the left and right error microphones
is observed for the initial head position of (0, 0.05) m, although the level of attenuation performance is consistently higher than for
the wide loudspeaker spacing configuration. However, for the initial head position of (0.1, 0.05) m, the mismatch between the left
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Fig. 11. The overall attenuation performance and attenuation performance at the individual error microphones for the two headrest configura-
tions, shown for sway movement with a tracking resolution of 0.025 m, at initial head positions of (a): (0, 0.05) m and (b): (0.1, 0.05) m.

and right microphones increases with frequency, further emphasising the role of both the initial head position and the loudspeaker
arrangement in determining the attenuation performance.

5. Conclusions

The performance of local active noise control headrest systems during head movements can be enhanced by incorporating head-
tracking techniques. However, the benefits of head tracking may be constrained by various design factors, including the geometrical
arrangement of the secondary loudspeakers and the tracking resolution used to predefine a finite set of plant responses within the
tracking range. This paper has presented an investigation into how the tracking resolution and the geometrical configuration of
the headrest loudspeakers affect the controller performance limitations, which provides new physical insight that can support the
design methodology utilised in the realisation of local active noise control headrests with head-tracking.

The results presented in this paper are based on offline simulations using experimentally measured responses for various head
positions and rotations within a defined tracking grid, and for two different headrest loudspeaker spacings. For the purposes of this
fundamental study that aims to provide physical insight, it is assumed that the statistical properties related to the disturbance signals
at the ears are known, a perfect reference signal is available, the controller is not causally constrained, and the nearest-neighbour
method of updating the plant model is utilised. The effect of tracking resolution on the control performance is examined separately
across three degree of freedom, that is sway and surge translational movements, and yaw rotation, and the influence that the headrest
geometry has on the performance is also explored.

In the first instance the effect of loudspeaker spacing on the variation in the plant response across the tracking grid is
investigated. This demonstrates that, while the narrower loudspeaker spacing exhibits larger variance in the magnitude response
due to the proximity between the ears and the loudspeakers, the range of variation in the phase response remains relatively
consistent between the two loudspeaker configurations. It is then demonstrated how increasing the tracking resolution increases
the control performance, but interestingly, the overall performance averaged across all head movements is relatively insensitive
to the loudspeaker spacing. More notably, however, it is observed that the narrow loudspeaker spacing in general shows a larger
variation in the level of control performance across the tracking grid. In practical application, it is important that a head-tracked local
active noise control system is able to maintain consistent performance across the tracking grid and, therefore, the spatial variance
in control performance is investigated in more detail. In particular, it is shown that the wide loudspeaker spacing provides a more
uniform overall performance across the tracking range, but can introduce a quite significant difference in performance between the
two ears. Conversely, while the narrow loudspeaker spacing achieves a better balance in the attenuation achieved at the two ears,
the spatial extent of the effective tracking range is reduced.

It is important to emphasise that the clear trends observed in this study are enabled by the assumed anechoic environment, which
means that the performance degradation neglects any secondary effects that may occur in a practical reverberant environment. That
said, the presented study provides a foundation for future work that includes similar investigations in realistic acoustic environments,
where additional reflections from surrounding structures are present. The use of a constant regularisation parameter in this work
also allows physical insights into the behaviour of the control system to be more clearly observed, however, for practical realisations
it may be beneficial to optimally tune the regularisation parameter, as investigated in Ref. [17], and to potentially independently
regularise each control signal to improve the balance in attenuation performance between the two ears. Furthermore, modelling
errors associated with the primary disturbance, particularly those arising from virtual sensing techniques [8,26], should also be
examined.
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Finally, it should be noted that the trends observed in this study are sensitive to the chosen head-tracking range. For instance,
if the tracking range were reduced - for example, by halving the dimension in the x-axis to give an area of 0.2 m x 0.2 m — the
imbalance in attenuation performance between the two ears observed in the considered case with an area of 0.4 m x 0.2 m would
be expected to reduce. Still, the observations made in this work have highlighted the interplay between the head-tracking resolution
and the headrest loudspeaker arrangement and the associated performance trade-offs that need to be considered when designing a
local headrest active noise control system with head-tracking.
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