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When evaluating speech intelligibility (SI) in automotive cabins, binaural measurements typically employ
a fixed dummy head. However, the impact of listener head positions on SI in nonuniform cabin sound fields
remains unclear. This study analyzed SI under various listener head positions in an automotive cabin. An
artificial mouth was regarded as the speaker, which was placed in three passenger positions. Binaural room
impulse responses were measured using a dummy head in the driver’s seat with various head positions. The
results show that head position significantly affects SI, with variations of up to 7 dB in octave band magni-
tudes, more than one just-noticeable difference in the speech transmission index, and shifts of up to 2.5 dB
in the speech-reception threshold. SI variability depends on the speaker’s location. Directivity patterns play
a crucial role in the front-passenger position, while seat occlusion affects SI at the back-right position, causing
substantial decreases below a certain height threshold. At the back-left position, head positions close to the
headrest enhance SI due to distance and reflections. Minor head displacements (4 cm apart) generally have
insignificant effects on SI, except near seat obstructions or reach critical thresholds.
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1. Introduction

In recent years, the automobile has evolved from
a simple means of transportation into an essential part
of everyday life, often referred to as thr third space.
Consequently, acoustic comfort has emerged as a no-
table area of concern due to increasing consumer de-
mands (Miqueau et al., 2024). Speech intelligibility
(SI) is strongly associated with the level of acous-
tic comfort perceived by passengers within automotive
cabins (Biswas et al., 2022). Thus, it plays a vital role
in enhancing safety and the overall travel experience.
However, the acoustic environments within auto-

motive cabins possess unique characteristics that dis-
tinguish them from traditional rooms, thereby render-

ing SI in automobiles a specific concern (Parizet,
1993). The confined dimensions and intricate bound-
ary conditions within automotive cabins result in a no-
table low-frequency resonance and rapid attenuation of
high-frequency sounds (Granier et al., 1996; Rum-
sey, 2016; Meissner, 2017). Many of the reflections
are early reflections (Granier et al., 1996; Kleiner,
Tichy, 2014; Rumsey, 2016), which are considered
advantageous for SI (Bradley et al., 2003; Ar-
weiler, Buchholz, 2011; Warzybok et al., 2013).
Consequently, the adverse effects of reverberation on
intelligibility can be disregarded (Samardzic, No-
vak, 2011a; 2011b; Gerrera et al., 2016; Ebbitt,
Remtema, 2015). Furthermore, seatbacks play a piv-
otal role in sound absorption within automobiles
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(Parizet, 1993; Visintainer, VanBuskirk, 1997;
Cao et al., 2022). Seat occlusions diminish speech en-
ergy transmission from rear speakers to listeners in the
front (or vice versa), significantly impairing SI (Liang
et al., 2021). Moreover, background noise in auto-
motive cabins has a substantial impact on SI, as it
exhibits unique and fluctuating characteristics based
on speed, operating conditions, and road conditions,
which are absent in traditional indoor environments
(Samardzic, Novak, 2011a; 2011b; Parizet, 1992;
Wang et al., 2012; Samardzic, 2014). The interior en-
vironment of automotive cabins demonstrates the con-
siderable signal-to-noise ratio (SNR) variations (Dal
Degan, Prati, 1988; Ferrari et al., 2023). In con-
trast to the quieter and more constant background
noise prevalent in traditional indoor settings, the SI
within automotive cabins is influenced by background
noise (or SNR) rather than reverberation (Ebbitt,
Remtema, 2015; Samardzic, Novak, 2011a; 2011b;
Gerrera et al., 2016; Liang et al., 2021).
Furthermore, the extremely confined dimensions

of automotive cabins place the speaker and listener
within the near-field zone, which further complicates
the SI variations within the cabin (Liang, Yu, 2020).
Specifically, SI measurements within automotive cab-
ins are more sensitive to factors such as speaker di-
rectivity, orientation, and position compared to typ-
ical indoor environments (Bilzi et al., 2005; Liang,
Yu, 2023b). Moreover, binaural listening phenomena,
including binaural interactions and the head shadow
effect (van Wijngaarden, Drullman, 2008), intro-
duce an effective SNR that differs between the ears
of the listener (Liang, Yu, 2020). These phenomena
have a direct impact on SI in automobiles. The SI in
automotive cabins is strongly influenced by the direc-
tion and distance of the speaker relative to the lis-
tener’s ears. The combination of the near-field head
shadow effect and the unique sound field characteris-
tics within automotive cabins (such as the nonuniform
distribution of early reflections and seatback occlu-
sions) renders SI under binaural listening conditions in
automobiles more complex than in traditional indoor
environments (Liang et al., 2021; Liang, Yu, 2023b).
Consequently, for an accurate SI evaluation within au-
tomotive cabins, it is imperative to use binaural mea-
surements (Samardzic, Moore, 2021) and consider
the orientation of the listener’s head (Liang et al.,
2021; Liang, Yu, 2023b). Neglecting these factors can
result in substantial deviations in the SI assessment.
In previous studies evaluating SI within automo-

tive cabins, binaural signals were typically captured
using a dummy head in a static position (Ebbitt,
Remtema, 2015; Samardzic, Novak, 2011a; 2011b;
Liang et al., 2021; Liang, Yu, 2023b; Samardzic,
Moore, 2021). However, the nonuniform sound pres-
sure distribution within automotive cabins is influ-
enced by acoustic resonances and the irregular distri-

bution of absorptive and reflective surfaces (Granier
et al., 1996; Rumsey, 2016). Given the interplay be-
tween the binaural effect and the unique sound field
characteristics within the confined acoustic space of
an automobile, it is anticipated that the variations in
listener head position would result in significant dif-
ferences in the sound pressure level (SPL) experienced
by the ears (Ghanati, Azadi, 2020; Granier et al.,
1996; Rumsey, 2016). Consequently, the SI may un-
dergo considerable fluctuations due to the uncertainty
introduced by the passenger head displacement. To the
best of our knowledge, this issue has not yet been thor-
oughly examined.
This work aims to investigate the impact of the

listener head position on SI evaluations within an au-
tomotive cabin. Specifically, the primary objective is to
quantify the extent to which SI discrepancies arise due
to changes in listener head positions and to estab-
lish a benchmark for SI measurements in such envi-
ronments. Initially, binaural room impulse responses
(BRIRs) were measured with a speaker at three pas-
senger locations: the front passenger (FP), back left
(BL), and back right (BR) seats. During these mea-
surements, an artificial mouth was used to emulate the
speaker. A dummy head was placed in the driver’s seat
and at various spatial locations, encompassing four dif-
ferent heights multiplied by five horizontal positions,
resulting in a total of 20 head positions. Subsequently,
the magnitude spectra of the BRIRs, speech transmis-
sion indices (STIs), and speech reception thresholds
(SRTs) in Mandarin Chinese were evaluated.

2. Methods and materials

2.1. BRIR measurements

The measurements for this study were conducted
within a Volkswagen Tiguan L, with dimensions of
4733mm by 1839mm by 1673mm in length, width,
and height, respectively. A simplified top-down view
of the automobile is depicted in Fig. 1. To stream-
line the analysis and focus on prevalent scenarios, the
listener was in the driver’s seat for this study, rep-
resented by a dummy head. The dummy head used
in this study is a statistical shape model-based av-
erage head model (SSMAH) (Wang, Yu, 2025) cre-
ated from 100 Chinese adults (74 men and 26 women).
The dummy head’s primary components, including the
torso, head, and shoulders, were fabricated using ABS
plastic, while the pinnae were crafted from silicone rub-
ber. To rigorously investigate the impact of head posi-
tion on SI evaluation results, this study excluded the
consideration of head displacement resulting from seat
adjustments, which could potentially alter the sound
field within the automotive cabin. To ensure stability
during measurements, the seat was securely fixed in
place.
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Fig. 1. Schematic of the experimental setup in the automotive cabin.

To streamline the problem and align with typical
scenarios, the analysis focuses solely on the front-back
and up-down dimensions of the listener’s head posi-
tion. A thick rectangular plastic plate with markings
was laid horizontally on the driver’s seat to maintain
the dummy head’s uniform movement in the horizon-
tal plane. Following the measurement of one height,
a 4 cm thick plastic plate was added to facilitate the
dummy head’s movement in the vertical direction.
Consequently, the dummy head was positioned cen-
trally in the left-right dimension of the driver’s seat,
facing forward. The ear canal entrance of the dummy
head was systematically placed in 20 distinct locations,
comprising 4 vertical levels (designated as H1 to H4,
representing various heights above the seat cushion)
and 5 horizontal points (designated as X1 to X5, rep-
resenting different distances from the headrest). Each
position was spaced 4 cm apart, as illustrated in Fig. 1.
The precise location of the ear canal entrance was cali-
brated using a 3D laser calibrator (LSG686SPD), posi-
tioned outside the side window of the automobile. The
positioning of the dummy head’s head at the H1 height
signifies that its ear canal entrance was 1.22m above
the ground plane.
The experiment used an artificial mouth (GRAS

44AB) as the speaker, which exhibited comparable
directivity and frequency response characteristics to
a human mouth. It is important to highlight that
the GRAS 44AB, as initially outlined in its prod-
uct documentation, was designed primarily for testing
telephone mouthpieces and comparable microphones
within communication systems, intended specifically
for the close-proximity use. The directivity pattern
of this artificial mouth might not perfectly match
that of a human speaker at slightly longer distances.
Nonetheless, considering that the automotive cockpit
environment, which this study examines, inherently

represents a unique near-field range, the influence of
minor variations in directivity is expected to be rel-
atively minor. The speaker was sequentially placed
in the FP, BR, and BL locations, with its front con-
sistently oriented towards the listener (refer to Fig. 1).
The speaker was placed at a height of 1.28m above the
ground; a value determined through measurements of
the mouth height of a representative sample of Chinese
males with an average stature of 1.70m. When at the
FP, BR, and BL locations, the speaker was arranged
at distances of 0.68m, 1.13m, and 0.89m, respectively,
from the listener occupying the (H1, X1) coordinate.
Furthermore, the speaker was oriented at approximate
angles of −19○, 52○, and 90○ to the right of the listener’s
position.
During the measurements, all windows, doors, and

the automotive air conditioning system were meticu-
lously closed to eliminate extraneous noise. A maxi-
mum-length sequence, characterized by a 48 kHz sam-
pling frequency, a duration of 6 s, and 24-bit quan-
tization, served as the excitation signal. This signal
was converted from digital to analog format using the
Roland Studio Capture 1610 sound card and subse-
quently fed to the speaker. To capture the binaural sig-
nals, a pair of DPA 4060 miniature microphones were
precisely positioned within the occluded ear canal en-
trances of the dummy head. Following this, the noise-
free BRIRs were derived through deconvolution using
cross-correlation between the original excitation signal
and the recorded binaural signals.

2.2. STI calculation

Previous studies have comprehensively established
that STI can effectively predict SI within automo-
tive cabins (Samardzic, Novak, 2011a; Liang et al.,
2021), despite the negligible temporal characteristics of
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the transfer function within these environments. The
modulation transfer function represents the intelligi-
bility interference arising from the temporal modu-
lation reduction by the transmission system, as out-
lined in previous research (International Electrotechni-
cal Commission [IEC], 2011; Houtgast et al., 1980).
Using the indirect method theory (Schroeder, 1981;
Rife, 1992), the STI computation necessitates only the
acquisition of the impulse response (refer to BRIRs in
Subsec. 2.1) and the SNR.
Varying listener head positions and speaker posi-

tions can introduce significant variations in the
speech levels received by each ear, potentially lead-
ing to discrepancies in the SNR perceived by the lis-
tener. To ensure a consistent transfer function, the
BRIRs were employed to indirectly obtain the bin-
aural speech signals. To create a monaural speech
sample, pink noise was first generated and then fil-
tered using the Chinese standard spectrum speci-
fied in (GB/T 7347-1987, 1987). Subsequently, the
corresponding BRIRs obtained in Subsec. 2.1 were con-
volved with the monaural speech sample to produce
the binaural speech signals. Additionally, background
noise was sourced from actual measurements of bin-
aural noise at 100 km/h within a fuel-powered vehicle.
In reality, the SPLs of the binaural noise signals were
very close between the left and right ears, with a dif-
ference of less than 0.3 dB(A). Using stationary noise
and the binaural speech signals, the SNRs were indi-
rectly derived for different listener head positions and
speaker positions. Typically, it is necessary to measure
the SPLs of both the noise and the binaural speech
signal independently for determining the SNR needed
to calculate the STI. In this study, both the speech sig-
nal and noise were considered virtual signals, making
the SNR a relative value. This approach is primarily
used to emphasize the changes in STI resulting from
variations in the transfer function due to different head
and speaker positions. Consequently, we select an ap-
propriate value to observe the trend of STI changes.
Then, the STI was calculated using the SNRs and
BRIRs through the indirect STI approach, as speci-
fied in the IEC (2011) standard.
Actually, STI is essentially a monaural model. Ac-

cording to (IEC, 2011), when performing binaural
STI measurements using an artificial head, the recom-
mended approach is to use the results of STI for the
better ear, i.e., selecting the better (larger) value from
the pair of STIs. In practice, the better-ear STI can-
not fully show the benefit of listening with two ears.
To date, no standard for combining different STI mea-
surements from the two ears has been developed, and
so the advantages of binaural hearing in SI are al-
ways disregarded (van Wijngaarden, Drullman,
2008; Liang et al., 2022). Nonetheless, the better-ear
STI is still the most effective indicator compared with
the existing binaural STI model (van Wijngaarden,

Drullman, 2008), thus it is adopted in the present
study.

2.2.1. Subjective experiment

In practice, the STI falls short of accurately captur-
ing the impact of binaural hearing and low-frequency
components on SI within the confined space of an au-
tomotive cabin, offering merely a partial estimation
of the true SI level, as noted in (van Wijngaar-
den, Drullman, 2008; Huang et al., 2023). To ad-
dress this limitation, a supplementary subjective ex-
periment was conducted to obtain the SRTs, defined
as the SNR required for 50% intelligibility. This sub-
jective experiment encompassed 36 test conditions, fac-
toring in 3 distinct speaker positions (namely, FP, BR,
and BL) and 12 head positions, which were determined
by 4 different heights (namely, H1–H4) and 3 horizon-
tal coordinates (namely, X1, X3, and X5).

2.2.2. Participants

For this study, 12 volunteers were recruited, com-
prising an equal gender distribution with 6 males and
6 females. The study participants ranged in age from
20 to 25 years, with a mean age of 21.83 years. They
were drawn from a pool of undergraduate and gradu-
ate students at Guangxi University. Each participant
reported normal hearing and was a native Mandarin-
speaking Chinese individual hailing from diverse geo-
graphical regions. As a token of appreciation, partic-
ipants were compensated for their involvement in the
study.

2.2.3. Stimuli and procedure

The Mandarin Chinese matrix sentence test served
as the source of sentences comprising the target speech,
as reported in (Hu et al., 2018). Each sentence within
the corpus adhered to a pre-established syntactic struc-
ture containing five words: name, verb, number, adjec-
tive, and object. This framework was both grammat-
ically correct and semantically unpredictable. A to-
tal of 40 lists, each containing 20 sentences, was used.
Employing auralization technology, the target speech
was emitted from various passenger locations to the
driver’s position by convolving it with the correspond-
ing BRIR. The interfering signal was the binaural noise
captured in authentic automotive environments, which
had previously been used for STI calculations. The in-
terferer’s level was set to approximately 60 dB(A) for
each ear to ensure comfort. Prior to convolution with
the BRIR, the target speech’s level was adjusted to
achieve different SNRs. The binaural interferer was
then combined with the convolved binaural target
speech to produce the final binaural signals.
The experiment was conducted in a room with am-

bient noise levels below 30 dB(A). An adaptive up-
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down method, initiated with an SNR of 10 dB, was
used to measure the SRTs, following the procedure
outlined in (Brand, Kollmeier, 2002). Notably, the
SNR referred to the difference between the interferer
and target speech levels prior to convolution, rather
than the actual SNR at the listener’s ears. Stimuli were
presented using Sennheiser HD650 headphones pow-
ered by a Roland Studio Capture 1610 sound card.
Participants were instructed to independently mark
the terms they heard and understood on a MATLAB
graphical user interface (GUI) during the close-set re-
sponse format assessments. Across the 36 test condi-
tions considered, each participant completed a total of
72 runs, with each test condition repeated two times.
The final SRT was obtained by averaging the SRTs
from the two repetitions. Given that the total num-
ber of runs (72) exceeded the number of lists (40),
some lists were used twice. However, this had no ef-
fect on the outcomes, as the corpus was designed to
be semantically surprising and suitable for two uses by
the listener, as noted in (Hu et al., 2018). Participants

Fig. 2. Variations in the magnitude spectra (125Hz–8000Hz octave bands and the overall magnitude) of measured binaural
room impulse responses (BRIRs) under different head positions compared to the reference position (X3, H3), when the

speaker was located in the FP, BR, and BL positions.

Table 1. Magnitude variation among 20 head positions, including the 125Hz–8000Hz octave bands
and the overall magnitude.

Speaker Ear
Magnitude variation [dB]

125Hz 250Hz 500Hz 1 kHz 2 kHz 4 kHz 8 kHz Overall

FP position
Left 1.38 1.55 3.82 2.08 2.76 2.61 3.30 1.03

Right 1.63 2.31 3.25 2.63 1.49 2.64 1.96 1.26

BR position
Left 0.69 2.66 2.70 4.99 4.48 2.98 3.18 0.76

Right 1.23 4.15 4.99 6.85 5.92 1.28 1.07 1.01

BL position
Left 2.28 1.89 2.41 3.46 3.12 3.24 1.43 1.36

Right 2.95 2.58 1.65 2.91 2.64 2.05 1.50 1.40

were presented with random lists and test conditions
in different sequences. To minimize listener fatigue, the
72 runs, each lasting 4 to 4.5 minutes, were divided
into two sessions spaced at least 12 hours apart, with
a 20-minute break after every eight runs. Each session
began with a training period.

3. Results and discussion

3.1. Effect of listener head position
on BRIR magnitude spectra

The magnitude spectra of the BRIRs measured
in Subsec. 2.1 were computed for diverse head posi-
tions, with the speaker at the FP, BR, and BL loca-
tions. Figure 2 illustrates the variations in the magni-
tude spectra of the measured BRIRs relative to the ref-
erence position (H3, X3), encompassing results across
the 125Hz–8000Hz octave bands as well as the over-
all results. Table 1 provides the range of magnitude
variations among the 20 different head positions.
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As depicted in Fig. 2 and Table 1, irrespective of
the speaker’s location, the overall magnitude variation
induced by the displacement of the listener’s head falls
within a range of 1 dB to 1.5 dB. Specifically, when the
speaker is at the BL location, the magnitude variation
is slightly more pronounced compared to other speaker
positions, whereas it is minimal when the speaker is
situated at the BR location. Furthermore, there are
disparities in the magnitude fluctuations between the
two ears across various listener head positions. No-
tably, the magnitude difference for the ipsilateral ear
(i.e., the right ear in the case of the FP and BR speaker
positions) is significantly greater than that for the con-
tralateral ear, with a difference approaching 0.2 dB.
Regarding the outcomes observed for each octave

band, the magnitude difference resulting from the dis-
placement of the listener’s head is more pronounced,
occasionally approaching a value of 7 dB (as shown in
Table 1). Notably, the octave bands ranging from 500Hz
to 4000Hz exhibit larger magnitude variations com-
pared to other frequency bands. When the speaker is
at the BR location, the magnitude recorded in the right
ear at the H1 height is significantly reduced in most fre-
quency bands below 4 kHz (excluding the 500Hz band)
when compared to higher heights (H2 to H4). This re-
duction can be attributed to the direct obstruction of
sound waves emitted by the speaker at the BR position
by the driver’s seatback when the listener’s ear canal
is at the H1 height. The opposite trend observed in the
500Hz octave band may be due to standing wave phe-
nomena within the automotive cabin, as the resonance
zone typically falls within the 1 kHz range (Rumsey,
2016). Indeed, the standing wave phenomenon within
the cabin often results in inconsistent trends in mag-
nitude variations within the 125Hz to 500Hz octave
bands compared to higher frequency bands (as de-
picted in Fig. 2).

3.2. Effect of listener head position
on STI results

Figure 3 illustrates the better-ear STIs recorded us-
ing a dummy head at various head positions, encom-

a) b) c)

Fig. 3. Speech transmission index (STI) results obtained through a dummy head positioned at various locations when the
speaker was situated in three different seats: a) the front passenger (FP); b) the back right (BR); c) the back left (BL)

positions.

passing the results obtained when the speaker was situ-
ated at the FP, BR, and BL positions. When the speak-
er is at the FP location, the overall variation in the
STI value resulting from the listener’s head position re-
mains within 0.024, which is below the just noticeable
difference (JND, 0.03) as reported in (Bradley et al.,
1999). When the head is at the horizontal coordinate
X3, the STI value tends to be higher at the same verti-
cal level compared to other head positions (see Fig. 3a).
This is primarily because in the X3 coordinate, the
listener’s head is positioned nearest to the principal
axis direction of the artificial mouth (speaker), as well
as is closer to it. Furthermore, the radiation character-
istics of the artificial mouth dictate that the radiation
intensity peaks in the direction of its principal axis
(Liang, Yu, 2023a).
When the speaker is at the BR location, the over-

all variation in the STI value due to the changes in
listener head position is as high as 0.043, exceeding
1 JND. This variation is significantly larger compared
to the scenario where the speaker is located at the FP
position. The fluctuation in STI is primarily evident
in the substantial difference between the heights of H1
and H2. Conversely, the differences among the heights
of H2, H3, and H4 remain within 0.01 (as illustrated in
Fig. 3b). This observation aligns with the BRIR mag-
nitude results depicted in Fig. 2, which is attributed to
the direct obstruction caused by the driver’s seatback.
When the speaker is positioned directly behind the

listener, specifically in the BL position, the overall vari-
ation in the STI value is 0.033, exceeding 1 JND. This
variation is slightly lower than that observed in the BR
position but slightly higher than that in the FP posi-
tion. For head positions situated closer to the headrest,
such as X1, there is a tendency for larger STI values,
particularly at the H1 and H2 heights, as depicted in
Fig. 3c. This phenomenon may be attributed to the
proximity of the listener to the speaker or the fact that
the reflection area generated by the left rear window is
situated closer to the headrest. Relevant insights can
also be gleaned from previous results for the magni-
tude spectra, specifically the magnitude observed at
the left ear in Fig. 2.
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In general, the STI values observed when the speak-
er is in the FP location, ranging from 0.64 to 0.664, sur-
pass those observed in the BR position (0.492 to 0.535)
and the BL position (0.508 to 0.541). This disparity is
predominantly due to the fact that, when the speaker
is in the FP position, the radiated sound waves are able
to reach the listener’s ipsilateral (right) ear without
any impediments. Conversely, for speakers in the rear
(the BR and BL positions), the sound energy received
at both ears is substantially diminished as a result of
obstructions posed by seatbacks, as well as the lis-
tener’s head and external ear (pinna) (Liang et al.,
2021).

3.3. Effect of listener head position on SRT results

Figure 4 illustrates the Chinese SRT results ob-
tained when the speaker is at the FP, BR, and BL
locations, along with the corresponding average values
and the standard error of the mean (SEM). When the
speaker occupies the FP position, the SRT value, aver-
aging −14.9 dB, is consistently lower than that of rear-
position speakers, which average more than −8.8 dB.
Specifically, the SRT typically attains its highest level
when the speaker is at the BL location, averaging as
high as −6.9 dB, except in instances where it is occa-
sionally lower than the BR position at the H1 height.

Head position

FP-position BP-position BL-position

SR
T 

[d
B

]

Fig. 4. Speech reception threshold (SRT) results (mean
±standard error of the mean, SEM) from measurements
with the dummy head with various head positions when
the speaker was in the front passenger (FP), the back right

(BR), and the back left (BL) positions.

As depicted in Fig. 4a, when the speaker is lo-
cated at the FP position, the SRT value fluctuates
around −15dB. Specifically, the SRT reaches a min-
imum of −16.3 dB at the coordinates (H1, X3) and
a maximum of −13.9 dB at the coordinates (H4, X1),
yielding a variation range of 2.4 dB. Furthermore, at
a constant height, the SRT values recorded at the hor-
izontal coordinate X3 are consistently lower than those
at other horizontal coordinates, exemplified by the co-
ordinates (H1, X3), (H2, X3), (H3, X3), and (H4, X3).
This observation aligns with the STI results, primar-
ily attributed to the directional characteristics of the
speaker (artificial mouth), as illustrated in Fig. 3.

When the speaker is at the BR location, the SRT
value ranges from −7 dB to −8 dB at the H1 height,
marking a significant increase compared to other head
positions. For the remaining head positions, the SRT
value fluctuates around −9 dB, with a narrow variation
range of approximately 1 dB (refer to Fig. 4b). This
finding is in accordance with the previously presented
magnitude spectra and STI results (Figs. 2 and 3),
which are attributed to seat occlusion. Specifically, the
SRT attains its minimum value of −9.7 dB at the coor-
dinates (H2, X3) and its maximum value of −7.4 dB at
the coordinates (H1, X1), resulting in an overall vari-
ation range of 2.3 dB.
When the speaker is at the BL location, the SRT value

attains a minimum of −8.5 dB at the coordinate (H1, X1)
and a maximum of −6 dB at the coordinate (H4, X5),
encompassing an overall variation range of 2.5 dB
(Fig. 4c). Additionally, at a fixed height, the SRT value
increases as the head position moves further away from
the headrest (or towards the front), suggesting a cor-
responding decrease in intelligibility. This pattern is
consistent with the STI results, primarily due to dis-
tance factors and the arrangement of reflection areas
generated by the rear side window. Overall, irrespec-
tive of the speaker position, certain displacement of
the listener’s head results in an SRT difference of at
least 2 dB, signifying a substantial variation in SI. The
SRT distinction for the FP and BL speaker positions is
primarily manifested in horizontal displacement, which
is influenced by the speaker’s directional patterns and
the distribution of reflected sound. Conversely, the BR
position exhibits a primary difference due to vertical
displacement, attributed to seat obstruction.
A two-way analysis of variance (ANOVA) with re-

peated measures indicated that the SRT results in Man-
darin Chinese were significantly influenced by both the
speaker position and the head position, with statisti-
cal significance demonstrated by F (2,22) = 422.9 and
F (11,121) = 5.64, respectively (both p < 0.0001). Fur-
thermore, a significant interaction was observed be-
tween these two factors for the SRT value, as evidenced
by F (22,242) = 11.64 (p < 0.0001). This suggests that
the impact of head position on SRT varies depending
on the speaker’s position, and conversely, the influence
of speaker position on SRT also varies with changes in
head position.
Post-hoc pairwise comparisons, employing Bonfer-

roni corrections, were conducted to assess differences
in SRT changes across various head positions. Results
indicated that when the speaker was at the FP lo-
cation, statistically significant differences (p < 0.05)
were observed between the SRT values at the coordi-
nate (H1, X3) and other head positions, except for the
coordinate (H1, X1) and (H2, X3). These differences
ranged from 1.16 dB to 2.43 dB. Conversely, at heights
H3 and H4, the SRT values across various head po-
sitions exhibited nonsignificant differences (p > 0.05),
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with variations not exceeding 1 dB. When the speaker
was at the BR location, a significant difference was ob-
served solely between the H1 height and other heights.
When the speaker was at the BL location, the signif-
icant differences emerged between the SRT values of
the head position at the (H1, X1) coordinate and other
coordinates.

3.4. Implications and limitations

From the above results and analysis, there are con-
siderable variations in SI caused by listener’s head
positions in automotive cabins, especially when the
speaker is in the rear. Small head displacements do not
cause significant changes in SI. Significant changes in
SI occur only when head displacement reaches a critical
threshold or is obstructed by the seatback. Differences
in SI caused by driver’s heights can be ignored unless
their height difference exceeds a certain limit.
These insights offer the reference value for follow-

up studies and other researchers involved in binaural
SI measurement. For the acoustic design of the au-
tomotive cabin, the relevant conclusions in this study
emphasize the significance of optimizing seat occlusion
for verbal communication between front and rear pas-
sengers. From the perspective of the front row speaker
having a higher SI level for the listener in the driver
seat than that of a speaker in the rear, or from the
perspective of the impact of seat occlusion on head
position changes, a design with a certain gap between
the backrest and headrest may be more advantageous.
This study has inherent limitations, including the

use of a single vehicle model and a monolingual par-
ticipant group, which may restrict the generalizability
of the results. Different vehicle models feature varying
seat structures, which may lead to different results.
Additionally, the interior space dimensions and inte-
rior materials also affect the in-cabin acoustic envi-
ronment. To address these limitations, our future re-
search plans include testing multiple vehicle models,
conducting cross-lingual studies, and conducting dy-
namic driving scenario experiments. It is expected that
these conclusions will be like those for other car mod-
els, as issues such as seat distribution and seat obstruc-
tion in cars share strong similarities. Changes in body
shape and details should have a minimal impact on the
conclusions drawn from this study.

4. Conclusions

To investigate the variations in speech intelligibil-
ity (SI) within an automotive cabin as a function of
the listener’s head position under various speaker lo-
cations, this study conducted an exhaustive analysis
encompassing BRIR magnitude spectra, STI, and SRT
results across various experimental conditions. The re-
search results demonstrate that the SI within the auto-
motive cabin was markedly influenced by the displace-

ment of the listener’s head. Across different head posi-
tions, notable differences were observed, including oc-
tave band magnitudes varying by approximately 7 dB,
STI discrepancies exceeding 1 JND, and SRT shifts as
substantial as 2.5 dB.
A notable interaction effect on SI was observed

between the speaker position and the head posi-
tion. Specifically, the magnitude of the influence that
the head position exerts on SI is contingent on the
speaker’s position. Conversely, the effect of speaker po-
sition on SI also varies in response to alterations in the
listener head position. When the speaker was at the FP
position, the directivity pattern of the speaker signif-
icantly influenced the results. Horizontal coordinates
that aligned closely with the speaker’s principal axis
direction exhibited increased the BRIR magnitude and
STI values, coupled with lower SRT values, collectively
indicating superior SI. At elevated head heights, the
variations in SI were minimal, with SRT changes lim-
ited to within 1 dB. In scenarios where the speaker was
at the BR position, a substantial decrease in SI was ob-
served when the listener’s head was positioned below
a certain height threshold. This decrease was primar-
ily attributed to direct obstruction by the seatback,
resulting in a decrease in STI by 0.035 and an increase
in SRT by more than 2 dB. Conversely, at unobstructed
heights, the STI variations remained below 0.01, and
SRT changes were generally limited to less than 1 dB.
Hence, for speakers at the BR position, the influence
of head position on SI was predominantly governed
by seat occlusion, particularly in the vertical dimen-
sion. When the speaker was located at the BL position,
head positions closer to the headrest yielded higher SI,
primarily due to the combined effects of distance and
reflections from the rear side window. Subjective re-
sults revealed insignificant differences among various
listener head positions, i.e., the SRT variation did not
surpass 1 dB, except for those at the lowest height po-
sitions.
Overall, except for head positions at lower heights

when the speaker was at the BR position, the dif-
ferences in STI and SRT values between adjacent
measurement points (spaced 4 cm apart) were minor.
This suggests that during binaural measurements for
SI assessment, minor head displacements do not elicit
significant changes. Significant alterations in SI only
occur when the head displacement reaches a critical
threshold or is obstructed by the seat. This study has
systematically analyzed the impact of head position on
SI, and its findings offer significant value as a bench-
mark for future binaural assessments of SI within au-
tomotive environments.
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