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By duplicating the binaural pressures of an actual source, transaural reproduction with two frontal
loudspeakers is expected to recreate a virtual source in arbitrary direction. However, experiments indicated
that in static transaural reproduction, the perceived virtual source is usually limited to the frontal-
horizontal plane. The reasons for this limitation, as guessed, are that, in static reproduction, the dynamic
cues for front-back and vertical localisation are incorrect, and the high-frequency spectral cues are unstable
with head movement. To validate this hypothesis, the variations of ITD (interaural time difference) caused
by head turning in both static and dynamic transaural reproductions are analysed. The results indicate
that dynamic reproduction is able to create appropriate low-frequency ITD variations, and the static
transaural reproduction is unable to do so. Psychoacoustic experiments are conducted to compare virtual
source localisation in static and dynamic reproductions. The results indicate that dynamic reproduction
is able to recreate the front, back, and vertical virtual source for low-pass stimuli below 3 kHz, while
for full audible bandwidth stimulus, appropriate low-frequency dynamic cue and unstable high-frequency
spectral cues in dynamic reproduction result in two splitting virtual sources. Therefore, the results of
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present work prove the limitations of static transaural reproduction.
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1. Introduction

Binaural pressures include the major information
for auditory localisation. Using head related transfer
function (HRTF)-based binaural synthesis, a binaural
reproduction or virtual auditory display (VAD) dupli-
cates the binaural pressures caused by an actual sound
source and then recreates the perception of virtual
source localisation in three dimensional space through
headphone reproduction (XI1E, 2013).

It is also desired to reproduce binaural signals
by loudspeakers, especially by two frontal loudspeak-
ers for simplicity. By combining HRTF-based binau-
ral synthesis and crosstalk cancellation, transaural re-
production with two (or more) frontal loudspeakers is
theoretically able to duplicate the binaural pressures
of an actual sound source, and therefore seems able
to recreate the virtual source in an arbitrary direc-
tion of three-dimensional space (SCHROEDER, ATAL,
1963; SCHROEDER, 1970; COOPER, BAUCK, 1989). The

transaural method has been applied to some commer-
cial “virtual surround sound” in which multichannel
sounds are reproduced by using two actual frontal
loudspeakers (KAWANO et al., 1998; ToH, GAN, 1999).

To evaluate the performance of transaural repro-
duction, some authors have reported that under a se-
ries of critical conditions (e.g., individualised HRTF
processing, restrictions of head movement, reproduc-
tion in anechoic rooms, etc.), a pair of frontal loud-
speakers was able to recreate perceived virtual sources
in all horizontal or even three-dimensional direc-
tions for listeners to some extent (DAMASKE, 1971;
TAKEUCHI et al., 1998). However, more other experi-
mental results indicated that in static transaural repro-
duction with two frontal loudspeakers (especially with
non-individualised HRTF processing), perceived vir-
tual source positions are usually limited in the frontal-
horizontal quadrants regions (NELSON et al., 1996;
GARDNER, 1997). The virtual sources intended for
rear-horizontal quadrants or high elevations are often
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perceived in the frontal-horizontal quadrants with the
same cone of confusion.

In the case of an actual sound source, both high-
frequency spectral cues included in binaural pressu-
res and the dynamic variations in binaural pres-
sures caused by head turning contribute to front-back
and vertical localisation (BLAUERT, 1997; WALLACH,
1940). The contributions of these two cues depend on
frequency. In addition, the information providing by
dynamic and spectral cues is somewhat redundant.
When one cue is eliminated, another cue alone still en-
ables vertical localisation to some extent (JIANG et al.,
2019). In static transaural reproduction, transaural
processing is fixed regardless of head turning. In this
case, head turning during the reproduction results in
variations in binaural pressures that are related to the
positions of actual loudspeakers and unmatched with
those of the target virtual source. Therefore the dy-
namic cue is incorrect (rather than eliminated com-
pletely). Moreover, the high-frequency spectral cues
in loudspeaker reproduction are unstable with head
movement due to the short wavelength at high fre-
quency. Therefore, it is reasonable to guess that the
aforementioned limitation of static transaural repro-
duction with two frontal loudspeakers is caused by the
unmatched dynamic cue and unstable high-frequency
spectral cue.

GARDNER (1997) proposed dynamic transaural re-
production with two frontal loudspeakers and band-
limited crosstalk cancellation up to 6 kHz, in which
the transaural processing was updated according to the
temporary position of listener’s head. Experimental re-
sults for pink noise indicated that dynamic processing
reduced the percentage of back-front confusion in lo-
calisation to 50.7%, as compared with a percentage of
91.4% for conventional static processing. However the
50.7% back-front confusion in dynamic processing is
still high. Moreover, this experiment excluded the ver-
tical localisation in dynamic transaural reproduction.

KURABAYASHI et al. (2014) also conducted a psy-
choacoustic experiment to compare the localisation
performance of static and dynamic transaural repro-
duction with four frontal loudspeakers. The results in-
dicated that dynamic cue caused by head rotation re-
duced back-front confusion obviously. The experiment
also indicated that the dynamic cue seems improve ver-
tical localisation (as asserted by the authors of that ex-
periment). However, the results of vertical localisation
experiment exhibit great dispersion across subjects.
Actually, the contributions of different cues to verti-
cal localisation may depend on frequency or frequency
spectra of the stimuli. Only the white noise stimulus
was used in that experiment. In addition, that exper-
iment is for the case of transaural reproduction with
four frontal loudspeakers rather than conventional two
frontal loudspeakers, while the latter is more common
in practical uses.

Overall, the influence of dynamic cues, especially
the low-frequency dynamic cue to vertical localisation
in transaural reproduction with two frontal loudspeak-
ers has not been evaluated completely. Further analysis
and experiment is required to test the guess that the
limitations of static transaural reproduction with two
frontal loudspeakers are caused by the unmatched dy-
namic cue and unstable high-frequency spectral cue.
For this purpose, the dynamic variation of the inter-
aural time difference (ITD) caused by head turning in
transaural reproduction with two frontal loudspeak-
ers is analysed in the present work. Virtual source lo-
calisation experiments involving both static and dy-
namic transaural reproductions through two frontal
loudspeakers are conducted. The analysis and experi-
mental results validate the hypothesis.

2. Principle of transaural reproduction

Various methods can be used to derive the loud-
speaker signals for transaural reproduction with two
frontal loudspeakers in the horizontal plane. The con-
ventional method cascades the HRTF-based binau-
ral synthesis and crosstalk processing (SCHROEDER,
ATAL, 1963; BAUCK, COOPER, 1996). Here, an alterna-
tive but mathematically equivalent method is outlined
(SAKAMOTO et al., 1981).

For convenience in assessing vertical or elevation
localisation, interaural polar coordinates are used in
the present study. As shown in Fig. 1, the origin of
the coordinates is located at the centre of the head.
The source position is specified by (r, ©, @), where
0 < r < oo denotes the source distance and —-90° <
© <90° denotes the interaural polar azimuth, that is,
the angle between the directional vector of the sound
source and the median plane, with @ = -90°, 0°, and
90° being the left direction, median plane, and right di-
rection, respectively. A constant @ represents the cone
of confusion. Additionally —90° < & < 270° denotes the
interaural polar elevation, that is, the angle between
the projection of the directional vector of the source
to the median plane and frontal axis, with & = -90°,
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Fig. 1. Default coordinates used in the present work.
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0°, 90°, and 180° being the below, front, above, and
back directions, respectively.

For an actual or target virtual source at a far-field
distance (r > 1.2 m) in a given (Og, @g), the binaural
pressures in the frequency domain can be calculated
by filtering the input stimulus E(f) with a pair of cor-
responding HRTFs Hy,(Og,Ps, f) and Hr(Os,Ps, f)

Pr,
Pr

HL(QS7@Saf)
HR(@S,@S,f)

]E(f)- (1)

For transaural reproduction with two frontal loud-
speakers, as shown in Fig. 2, two loudspeakers are
arranged at a given far-field distance (r > 1.2 m)
with specific directions (O, @1, = 0°), (Or, Pr =
0°) respectively. Let ErL(f) and Egr(f) be the
loudspeaker signals. Hr,;, (1,2, f), Hrr(@OL, 9L, f),
Hir(Or, PR, f) and Hrr(ORr,Pr, f) denote the four
acoustic transfer functions from the two loudspeakers
to two ears. The reproduced binaural sound pressures
at the two ears are given as follows

Hpp(Op,®r,f) Hor(Or,Pr, f)|| EL(f)
Hp (61,91, f) Hrr(Or Pr, /|| ER(f)|

P
P

Fig. 2. Control of binaural pressures
with a pair of loudspeakers.

Setting Eq. (2) equal to Eq. (1), that is, the bin-
aural pressures in transaural reproduction are equal
to those of the target, the loudspeaker signals can be
found as follows:

EL(f) ~ [HLL(@L,QLJC) Hrr(ORr, PR, f) ]_1
ER(f) | Hre(O1, 91, ) Hrr(Or, g, f)

HL(@SaQSSMf)
HR(857¢S7f)

]E(f) (3)

The second 2 x 1 matrix on the right side of Eq. (3)
represents HRTF-based binaural synthesis. The inverse

of the transfer matrix from the two loudspeakers to
two ears represents the cross-talk cancellation matrix.
If the transfer matrix from two loudspeakers to two
ears is well-conditioned, the crosstalk cancellation ma-
trix can be found from inverse manipulation. However,
this is not always the case, especially at certain fre-
quencies. In practice, a regularisation scheme is usu-
ally required to obtain the inverse of the transfer ma-
trix (KIRKEBY, NELSON, 1999; WARD, ELKO, 1999;
PAPADOPOULOS, NELSON, 2010).

If the transfer matrix in Eq. (3) is invertible, Eq. (3)
can be rewritten as

Ei(f) = GL(@S>@Saf)E(f)7
E;?(f) = GR(957@57f)E(f)7

where Gr(Os,Ps, f) and Gr(Og,Ps, f) are the re-
sponses of a pair of transaural filters which depend on
the directions of the target source and loudspeakers
with respect to the head,

HRR((I@)HL(Z)@) - HLR(a®)HR(b®)

Gr(b®)= ,
HLL(C®)HRR((I®) —HLR((I®)HRL(C®)
GR(b®)= —HRL(C®)HL(b®)+HLL(C®)HR(b®)
HLL(C®)HRR(G®) —HLR(CL®)HRL(C®)7
where
a® = @Ra¢R7f7
b® = @Sa¢55f7
C® = 8L7¢Laf'

Therefore, by filtering the input stimulus with
a pair of transaural filters, transaural reproduction is
able to control the binaural pressures caused by two
loudspeakers so that they are equal to those caused by
an actual source. This approach is the basic principle of
transaural reproduction with two frontal loudspeakers.

In practice, an appropriate equalisation algorithm
may be applied in transaural synthesis to reduce the
perceived timbre colouration in reproduction. Tim-
bre equalisation is based on the fact that in repro-
duction with two frontal loudspeakers, the perceived
virtual source direction is dominated by interaural
cues (especially ITD) and is limited to the frontal-
horizontal quadrants. The interaural cues are con-
trolled by the relative, rather than the absolute, mag-
nitude, and phase of the left and right loudspeaker
signals. Scaling both loudspeaker signals with iden-
tical frequency-dependent coefficients does not alter
their relative magnitudes and phases and then the per-
ceived virtual source azimuth. However, this manip-
ulation alters the overall power spectra of the loud-
speaker signals and therefore equalises the timbre. Of
course, equalisation algorithms may alter the spectra
of binaural pressures. There are various equalisation al-
gorithms available (HAWKSFORD, 2002). For constant
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power equalisation algorithms (X1E, 2013; XIE et al.,
2005), the responses of the transaural synthesis filters
are equalised by their root mean square (RMS). That
iS7 GL(Qs,Q)S,f) and GR(@S,st,f) in Eq. (4) are
replaced by G’ (Og,Ps, ) and G(Og,Ps, f),

G (Os, s, f) = W7
(6)
Gk(@s,@svf):wv

where

d® =\/|GL(Os,Ps, f)2 +|Gr(Os, s, f)?

After equalisation, the loudspeaker signals given by
Eq. (4) and Eq. (6) satisfy the following constant power
spectral relationship,

IBL(HP +|ER(HI = E(H. (7)

Therefore, the overall power spectra of loudspeaker
signals are equal to those of the input stimulus, thereby
reducing reproduction colouration.

When the subject’s head turns, the HRTFs from
the target source and two loudspeakers to two ears
change. In dynamic transaural reproduction, head
turning is detected by a head tracker. According to
the direction of the target virtual source relative to
the temporary orientation of the subject’s head, the
HRTFs in the two transaural filters of Eq. (5) or (6) are
updated constantly. The details of dynamic transaural
reproduction are referred to GARDNER (1997).

3. Analysis of dynamic localisation cues

To analyse the dynamic localisation cue, the ITD
variation caused by head turning in transaural repro-
duction is analysed and compared with that of an ac-
tual source.

For an actual source in the direction (Og, $g), the
binaural pressures are evaluated by Eq. (1). When the
head turns, the binaural pressures are also evaluated
by Eq. (1), but the HRTFs in the new direction with
respect to the head are used.

For static transaural reproduction, the binaural
pressures are evaluated by Eq. (2) with the loudspeaker
signals given by Eqs (4) and (5) in the case with-
out timbre equalisation, or by Eqs (4) and (6) in the
case with timbre equalisation. When the head turns,
the HRTFs from the two loudspeakers to the two ears
should be replaced by those in new directions with re-
spect to the head, but the loudspeaker signals are un-
changed.

In dynamic transaural reproduction, the binaural
pressures are evaluated in a manner similar to those
in static reproduction. However when the head turns,
both the HRTFs from the two loudspeakers to the two

ears and the loudspeaker signals should be changed
according to the new directions with respect to the
head.

As shown in Fig. 1, the subject’s head is able to
turn with three degrees of freedom, including turning
around the left-right axes (pitch), the front-back axes
(tilting or rolling), and the up-down axes (rotation or
yaw). The ITD variation caused by head rotation pro-
vides information for front-back and vertical localisa-
tion, and the ITD variation caused by head tilting also
provides supplementary information for up-down dis-
crimination (WALLACH, 1940; JIANG et al., 2019; PER-
RETT, NOBLE, 1997). Therefore, the ITD variations
caused by head rotation and tilting are evaluated.

There are various definitions and methods used for
ITD calculation (XIE, 2013). Here, the ITDs are cal-
culated by maximising the normalised cross-correlation
function between the pressures at the two ears. In the
frequency domain, the equations for ITD calculation
are given by

[ Pul) P esp(iom fryd

([ Simrar] firnear])™

U(T) =

and

ITD = Typax = argmax ¥(7) |7| < 1 ms, (9)
where the superscript “*” denotes complex conjugate.
Because the ITD is an effective localisation cue at
low frequency, the frequencies range for the integral
in Eq. (8) is chosen up to 1.5 kHz.

The analysis scheme is as follows:

1) Calculate the binaural pressures for an actual
source before and after head turning.

2) Calculate the ITD for an actual source before and
after the head turning, and then evaluate the vari-
ation in the ITD.

3) Calculate the binaural pressures for transaural re-
production before and after head turning.

4) Calculate the ITD for transaural reproduction be-
fore and after head turning, and then evaluate the
variation in the ITD.

5) Compare the ITD variations for the actual source
and transaural reproduction.

As an example, suppose that two loudspeakers are
arranged in the horizontal plane. The distance between
the loudspeakers and the head centre of the subject is
1.5 m, and the directions are as follows:

O =-15°, Or =15 &, =Pr=0°. (10)

The actual or target source is located in two ver-
tical planes, including the median plane @ = 0° and
the sagittal plane © = 45°. It should be noted that
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KIRKEBY et al. (1998) suggested a +5° loudspeaker
arrangement (stereo dipole) to improve the stability
of virtual sources in transaural reproduction, but this
arrangement is established at the cost of reducing low-
frequency performance. Some later works suggested
that a +£15° loudspeaker arrangement yields the best
overall performance (XIE et al., 2005; LOPEZ, GONZA-
LEZ, 2001). Therefore, a +15° rather than conventional
+30° loudspeaker arrangement is chosen in this analy-
sis and experimental work.

The HRTFs of a KEMAR artificial head (with DB-
060/061 small pinnae but no torso) are used in the
analysis. The HRTFs were obtained by first scanning
the images of the KEMAR using a laser scanner and
then performing calculations with the fast boundary
element method (GUMEROV, DURAISWAMI, 2009; Rul
et al., 2013). The sample rate of HRTFs is 44.1 kS/s
and the length is 512 points.

Figure 3 plots the results of ITD before head turn-
ing for actual source and transaural reproduction. Fi-
gures 3a and 3b show the cases of actual or target
source polar elevations in the median plane © = 0° and
sagittal plane @ = 45° respectively. Because the results
for transaural reproduction with and without timbre
equalisation are almost identical, Fig. 3 only plots the
results for transaural reproduction with timbre equal-
isation. In addition, the ITDs for static and dynamic
transaural reproduction are identical before head turn-
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Fig. 3. ITD results for a target source located in the median
plane © = 0° (a) and in the sagittal plane © = 45° (b).

ing. Therefore, these ITDs are plotted as a curve and
marked as “transaural”’. The ITDs for transaural repro-
duction effectively match these of the actual sources.
In the median plane © = 0°; as expected, the I'TDs
are approximately zero, and in the sagittal plane of
O =45°, the ITDs vary from 439 us to 533 us.

The ITD changes after head turning. Because the
ITD variations for transaural reproduction with and
without timbre equalisation are almost identical, only
the results for transaural reproduction with timbre
equalisation are given. Moreover, the results for the
actual source, static and dynamic transaural reproduc-
tion are plotted in the same figure.

Figure 4 shows the ITD variations (AITD) after
head rotation to the left with an azimuth of 10°. Fi-
gure 4a shows AITD for the actual or target source
in the median plane of © = 0°. In the case of the ac-
tual source, AITD varies with elevation. In the frontal-
median plane of —-30° < @5 < 90°, AITD > 0; and in the
backward-median plane, AITD < 0. Therefore, the sign
of AITD provides information for front-back discrim-
ination. In addition, the magnitude of AITD reaches
a maximum in the frontal-horizontal and backward di-
rections. As the source elevation departs from the ho-
rizontal plane, the magnitude of AITD decreases. At
®g =90° (or Pg = -90°, not shown in the figure), AITD

100 posmiang === == === - =-======== y
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ITD variation [us]
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Fig. 4. ITD variation results for target source polar ele-
vations with head rotation to the left with an azimuth of
10°in the median plane © = 0° (a) and the sagittal plane
O =45° (b).
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is zero. Therefore, AITD with head rotation provides
information for vertical displacement from the hori-
zontal plane. However, AITD with head rotation is
approximately up-down symmetric. For example, the
AITD values for @5 = 30° and —30° are almost identi-
cal. In the case of static transaural reproduction, the
AITD values with head rotation are almost invariant
to the target elevation (96 us to 97 us) and largely con-
sistent with those of an actual source in the horizontal
direction (©g = 0°, &5 = 0°). In the case of dynamic
transaural reproduction, AITD with head rotation is
almost consistent with that of the actual source at va-
rious elevations.

Figure 4b shows AITD for the actual or target
source in the sagittal plane of © = 45°. Similar to the
case in the median plane, in static transaural reproduc-
tion, the AITD values with head rotation vary from
96 ps to 114 us, which are very close to those of an ac-
tual source in the near-horizontal direction (@g = 0°,
Pg = 45°). These variations are almost insignificant in
auditory perception. In dynamic transaural reproduc-
tion, the AITD value with head rotation is basically
consistent with that of the actual source at various po-
lar elevations.

Figure 5 plots the ITD variations (AITD) after
head tilting to the left with an azimuth of 10°. Fi-

a) 150
100} 2.4 Dynamic |
w P \.\
=1 X
S 50 Actual source
B o131 T X
S
>
o -50 T
E Static
-100
-150 —_—
-30 0 30 60 90 120 150 180 210
Target polar elevation @s [°]
by 150
Dynamic
1001 X\

501 .
Actual source

ITD variation [us]
o
T
I
1
1
1
1
1
1
1
1
1
1
1
1
1
)
1
1
1
1
1
1
1
1
1
1
1

Static

0 30 60 90 120 150 180 210
Target polar elevation @s [°]
Fig. 5. ITD variation results for target source polar ele-
vations with head tilting to the left with an azimuth of

10° in the median plane © = 0° (a) and the sagittal plane
O = 45° (b).

gure ba shows the actual or target source in the me-
dian plane @ = 0°. In the case of the actual source,
AITD varies with elevation and is approximately up-
down asymmetric. Therefore, the ITD variation caused
by head tilting provides further information for up-
down discrimination (of course, scattering by the torso
also provides information for up-down discrimination
(KIRKEBY, NELSON, 1999). In the case of static repro-
duction, the AITD value with head tilting is almost in-
variant to the target elevation (0 ps) and basically con-
sistent with that of an actual source in certain direction
(O5 =0°, &g =0°). In the case of dynamic transaural
reproduction, the AITD value with head tilting is al-
most consistent with that of the actual source at var-
ious elevations. Figure 5b shows the results of actual
or target source in the sagittal plane of © = 45°. The
results are similar to those in the median plane.

For head rotation or tilting with other small az-
imuths (for example, 20°) or in other sagittal planes,
the ITD variation exhibits a similar trend. That is,
in the case of static transaural reproduction, the ITD
variations with head turning are basically consistent
with those of the actual source near the horizontal
plane in the same cone of confusion. In the case of
dynamic transaural reproduction, the ITD variations
with head turning basically match those of an actual
source in certain target directions.

Overall, the analysis on aforementioned cases indi-
cates that dynamic transaural reproduction with two
frontal loudspeakers provides ITD variations with head
rotation and tilting that match with those of the tar-
get source. Therefore dynamic transaural reproduction
is able to provide appropriate dynamic cue for front-
back and vertical localisation. In contrast, the static
transaural reproduction with two frontal loudspeak-
ers is unable to do so. The ITD variations with head
rotation and tilting in static reproduction always pro-
vide (sometimes misleading) localisation information
that virtual source approximately locates in frontal-
horizontal quadrants with the same cone of confusion
as that of target source. This is consistent with some
previous experimental results (NELSON et al., 1996;
GARDNER, 1997).

4. Experimental method

A series of virtual source localisation experiments
were conducted to examine the perceived virtual source
directions of static and dynamic transaural reproduc-
tion with two frontal loudspeakers.

The experiment was conducted in a listening room
with a reverberation time of 0.15 s. Static and dynamic
transaural reproduction with timbre equalisation was
examined. Two loudspeakers (GENELEC 8010AP-5)
were arranged in the horizontal plane at a distance of
1.5 m and azimuths given by Eq. (10). Target virtual
sources were located in two vertical planes, including



L. Liu, B. Xie — Analysis and Ezperiment on the Limitations of Static and Dynamic Transaural Reproduction... 219

the median plane @ = 0° and sagittal plane © = 45°. In
each vertical plane, nine target elevations from &g =
-30° to 210° at an interval of 30° were chosen. The
HRTFs used in transaural synthesis were identical to
those in Sec. 3.

The aim of present work is to explore the role of dy-
namic cue caused by head turning on front-back and
vertical localisation in transaural reproduction. Con-
tinuous stimuli with sufficient length were used in the
experiment so that subjects had enough time to turn
their head during the stimulus presentation. Two types
of stimuli, pink noise with a full audible bandwidth and
3 kHz low-pass pink noises, were used. A FIR-based
filter was used to create the low-pass stimuli. The cut-
off frequency of pass-band was 3 kHz, the maximum
attenuation in the pass-band is 1 dB. The cut-off fre-
quency of stop-band is 3.3 kHz. The minimum attenu-
ation in pass-band is —50 dB. The length of the stimuli
was 10 s. The low-pass pink noise stimulus is for ex-
amining the influence of low-frequency dynamic cue to
vertical localisation.

Signal processing was performed using a PC-based
dynamic VAD with crosstalk cancellation. In dynamic
reproduction, an electromagnetic head tracker (Polhe-
mus FASTRAK) was used to detect the orientation of
the subject’s head. This tracker was able to detect head
turning with three degrees of freedom. The update rate
and system latency time of dynamic reproduction were
60 Hz and 25.4 ms, respectively.

The subjects judged the perceived virtual source
direction and reported this direction using an electro-
magnetic tracker (Polhemus FASTRAK). The tracker
included two receivers. One receiver was fixed on the
subject’s head surface to monitor the position and
orientation of the head. Another receiver was fixed at
one end of a 1.0 m wooden rod. The subject pointed
the rod at the position of the perceived virtual source
and a computer recorded the result. The direction of
the virtual source was measured relative to the head
centre because the data relative to the receiver on the
head surface were transformed into relative to the head
centre. The subjects made the judgment and pointed
at the perceived direction during the stimulus presen-
tation. In addition, the subjects were told that two vir-
tual sources may be perceived during the reproduction
with full audible bandwidth stimulus, and when this
phenomenon occurs, the directions of the two virtual
sound sources need to be reported separately. Before
and after a presentation, the subjects were allowed to
turn their heads to recognise the direction.

For static reproduction, the subject’s heads were
restricted during the judgment. The data from the
head tracker indicated that the angle of head rotation
and tilting was less than 2°. In dynamic reproduction,
the subjects were encouraged to turn their heads. The
angle of head rotation ranged from +5° to +15°, and
the angle of head tilting ranged from +10° to £25°.

Eight subjects participated in the experiment. The
subjects were from 22 to 30 years old and had normal
hearing. For each condition and target direction, each
subject repeatedly judged three times. Therefore, there
were 3 repetitions x 8 subjects = 24 judgments under
each condition. Statistical analysis was applied to the
24 judgments.

5. Statistical method and experimental results
5.1. Statistical method

The Kruskal-Wallis H test at a significant level of
a = 0.05 was used for the homogeneity tests. The re-
sults showed that there were no significant differences
for all the tests, i.e. the localisation results for all of the
subjects and repetitions were consistent and therefore
reliable and stable. The preliminary results from the
subjects indicated that, for static reproduction with
the stimuli of two bandwidths and for dynamic repro-
duction with 3 kHz low-pass pink noise, a single virtual
source was perceived. In this case, statistical analysis
was applied to the perceived directions of this virtual
source. However, for dynamic reproduction with pink
noise of a full audible bandwidth, two splitting virtual
sources were perceived. The high-frequency one was al-
ways perceived near the horizontal plane in the & ~ 0°
or © » 45° direction. The low-frequency one was per-
ceived at various elevations in the median plane © = 0°
or in the sagittal plane © = 45° depending on the tar-
get elevation and target azimuth. In this case, subjects
judged the perceived directions of two virtual sources
separately, and statistical analysis was individually ap-
plied to the perceived direction of each virtual source.

If the overall tendency of the localisation results
from all subjects and repetitions was similar except
some reversal errors, the mean unsigned polar azimuth
error and the mean unsigned polar elevation error were
calculated to evaluate the overall localisation perfor-
mance:

AO = JIVTLZJ@I(TL) - Os(n)l,
(11)
1 N
AP = N Z |Pr(n) —Ps(n)],

Il
—

n

where Og(n) is the target polar azimuth of the n-th
judgment, ©;(n) is the perceived polar azimuth of the
n-th judgment, ®g(n) is the target polar elevation of
the n-th judgment, @;(n) is the perceived or reported
polar elevation of the n-th judgment, and N is the
total number of judgments. The mean was calculated
across 3 repetitions, 8 subjects, and all target eleva-
tions in each target sagittal plane. Prior to calculating
the mean unsigned error, the judged directions for the
cases with reversal errors (the front-back and up-down
confusion) were resolved.
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5.2. Preliminary statistics on experimental results

Table 1 lists the mean unsigned polar azimuth
error and the mean unsigned polar elevation error.
As shown, in the median plane, the perceived vir-
tual source was located near the median plane with
mean unsigned polar azimuth errors less than 5.5° in
all cases; in the sagittal plane, the perceived virtual
source was located near the sagittal plane © = 45°, with
mean unsigned polar azimuth errors less than 13.1° in
all cases. In addition, high-frequency virtual source of
dynamic transaural reproduction exhibited almost the
same unsigned polar elevation errors as those of static
reproduction. However, low-frequency virtual source of
dynamic transaural reproduction exhibited smaller un-
signed polar elevation errors than those of static repro-
duction.

A multi-way ANOVA (with « = 0.05) is conducted
to check the effect of vertical plane (@ = 0° and
45°), splitting virtual sources (high-frequency and low-
frequency), reproducing manner (static and dynamic),
bandwidth of stimuli (full and low pass filtered), on

unsigned polar elevation error and unsigned polar az-
imuth error. The interactions between reproduction
manners and bandwidth of stimulus are also checked.
The results are listed in Table 2.

The results of the multi-way ANOVA indicated
that the effect of vertical planes on unsigned polar
elevation error was insignificant, unlike the effect of
vertical planes on unsigned azimuth error which was
significant. In addition, concerned with both unsigned
polar elevation error and unsigned azimuth error, the
difference between the high-frequency virtual source
of dynamic reproduction with stimulus of full audi-
ble bandwidth and static reproduction of stimuli with
two bandwidths was insignificant; the difference be-
tween the low-frequency virtual source of dynamic re-
production with full audible bandwidth stimuli and dy-
namic reproduction with low pass-filtered stimuli was
insignificant either. However, the differences between
static reproduction of stimuli with two bandwidths and
the low-frequency virtual source of dynamic reproduc-
tion with full audible bandwidth stimulus were signi-
ficant.

Table 1. Mean and standard deviation of the unsigned errors.

Reproduction Stimulus Splitting into Vertical plane | Mean/standard Mean/standard
manner bandwidths | two virtual sources CAN deviation A@ [°] | deviation A [°]
No 0 2.9/0.2 33.2/26.0
Low-pass
Static No 45 10.6/0.8 33.6/25.4
Full band No 0 2.7/0.4 33.7/25.9
No 45 10.6/0.9 32.7/25.1
Low-pass No 0 5.5/1.6 22.1/9.6
No 45 11.5/3.3 20.4/7.7
Dynamic low-frequency 0 5.3/1.7 23.3/10.6
Full band high-frequency 1.9/0.2 33.5/25.9
low-frequency 45 13.1/3.3 21.9/7.7
high-frequency 10.4/0.6 32.8/25.6

Table 2. The results of the multi-way ANOVA on the experimental results.

Significance (a = 0.05)

Conditions Unsigr.led polar Un.s.igned polar

elevation error azimuth error
Vertical plane © O =0° vs © =45° No (0.498) Yes (0.000)
Splitting sources High-frequency vs low-frequency Yes (0.000) Yes (0.000)
Low-pass Static vs dynamic Yes (0.000) Yes (0.001)
Reproduction manner Full band Static vs dynamic of low-frequency Yes (0.000) Yes (0.000)
Static vs dynamic of high-frequency No (0.975) No (0.301)
Static Low-pass vs full band No (0.928) No (0.789)
Bandwidths Dynamic Low-pass vs full band of low-frequency No (0.575) No (0.215)
Low-pass vs full band of high-frequency Yes (0.000) Yes (0.000)
Reproduction manner Static low-pass vs dynamic full of low-frequency Yes (0.000) Yes (0.000)
% bandwidths Static low-pass vs dynamic full of high-frequency No (0.903) No (0.176)
Static full vs dynamic low-pass Yes (0.000) Yes (0.000)
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5.8. Vertical localization results for the median plane
of @ =0°

To explore the localisation performance at different
target elevations in detail, Fig. 6 shows the scatterplots
of perceived elevations from all subjects and repeti-
tions at the median plane of © = 0° and for:

a) static reproduction of low-pass stimulus;
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Fig. 6. Scatter plots of perceived polar elevations in the median plane of © = 0°: a) static reproduction of low-pass stimulus,

b) static reproduction of full audible bandwidth stimulus, ¢) dynamic reproduction of low-pass stimulus, d) low-frequency

virtual source for dynamic reproduction of full audible bandwidth stimulus, e) high-frequency virtual source for dynamic
reproduction of full audible bandwidth stimulus.
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It is observed from Fig. 6 that:

1) For static reproduction, the results of the low-pass
stimulus and full audible bandwidth stimulus are
similar. A single virtual source is perceived. The
perceived virtual sources always locate near the
frontal-horizontal direction of (© =0°, ¢ =0°), in
spite of the target virtual source elevation.

2) For dynamic reproduction of the low-pass stimu-
lus, a single virtual source is perceived near the
median plane. The perceived virtual source eleva-
tions roughly follow the target elevation, although
a few front-back confusions may occasionally oc-
cur and lager up-down confusions occur for the
cases of target elevations at @5 = -30° and 210°.

3) For dynamic reproduction of full audible stim-
ulus, two splitting virtual sources are perceived
near the median plane. The low-frequency vir-
tual sources locate at the elevations similar to
above (2). However, the high-frequency virtual
sources locate similar to above (1). That is, the
high-frequency virtual sources always locate near
the horizontal direction of (© = 0°, & = 0°), in
spite of the target virtual source elevation.

To see the results more clearly, Fig. 7 plots the
mean perceived polar elevation and standard deviation
corresponding to various cases in Fig. 6. The means
were calculated across the 24 judgments for 3 repeti-
tions and 8 subjects at each elevation in the median

plane. Reversal was also resolved for the raw localisa-
tion results with front-back (F-B) and up-down (U-D)
confusion. Table 3 lists the percentage of confusion for
each target virtual source directions.

Figures 7a and 7b show the results of static repro-
duction for stimuli with two bandwidths, respectively.
The results for the stimuli with two different band-
widths are similar. For target source at a front median
plane and in the top direction with -30° < &g < 90°,
the mean perceived direction is near @; = 0°, and Ta-
ble 3 indicates that no front-back confusion occurs.
For a target source at the back median plane, with
120° < &g < 210°, Figs 7a and 7b indicate that the
mean perceived direction is near @; = 180°. However,
Table 3 indicates that the percentage of front-back
confusion is 100%. Therefore, for a target source at
-30° < &g < 210°, the actual perceived directions are
all at the horizontal plane with @; = 0°, in spite of the
target direction.

Figure 7c shows the results of dynamic reproduc-
tion with the low-pass stimulus. The mean perceived
elevations largely match with the target elevations. Ta-
ble 3 indicates that no or little front-back and up-
down confusions occur in most cases. Two exceptions
are for the cases of low-elevation target directions of
&g =-30° and 210°, at which the up-down confusions
reach 79.2% and 75%.

Figure 7d shows the results of a low-frequency
virtual source for dynamic reproduction with the full

Table 3. Percentage of confusion for each target with virtual source reproduction.

Reproduction Bandwidths Confusion Vertlcaloplane —30l 0 130! 60 |90 120 150! 180 | 210
manner (%] e [°]
0 0 0] 0 0 |No| 100 [100]| 100 | 100
front-back
Low-pass 45 0 [o]o] o [No|1oo]100]100]100
0 No |No|No| No |No| No | No| No | No
) up-down
Static 45 No |No|No| No |No| No | No| No | No
0 0 |0|O0] 0O |No|100|100| 100 | 100
front-back
Full band 45 0 |0|O0] 0O |No|100|100| 100 | 100
0 No |No|No| No |No| No | No| No | No
up-down
45 No |No|No| No |No| No | No| No | No
0 0 | 0| O0|16.7|No|16.7|8.3]| 83 [12.5
front-back
Low-pass 45 0 0 [4.2]|12.5|No|16.7{8.3| 0 |16.7
0 79.2|No(4.2] O 0 0 [4.2| No | 75
up-down
45 62.5|No(83] 0 | 0| O 0 | No |79.2
. front-back 0 0 | 0 4.2] 25 |No|29.1{83]| 83|83
Dynamic Low-frequency 45 0 | 0[42]42 |No|12.5(4.2[12.5(20.8
virtual source 0 70.8|No|4.2| 4.2 [8.3] 4.2 | 8.3 | No |70.8
for full band stimulus | up-down : il : ’ ’ ’ ° ’
45 45.8|No|4.2] 0 | 0| O 0 | No |83.3
front-back 0 0 |0|0] 0O |No|100|100| 100 | 100
H{g?'frlequency 45 0 |0l0] 0 [No|10o]|100|100] 100
virbha sour’ce 0 No |No|No| No |No| No | No| No | No
for full band stimulus | up-down
45 No |No|No| No |No| No | No| No | No
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Fig. 7. Mean and standard deviation of perceived polar elevations in the median plane of © = 0°. Symbols of square are

mean experimental results, respectively, the error bars are corresponding standard deviations: a) static reproduction of

the low-pass stimulus, b) static reproduction of the full bandwidth stimulus, ¢) dynamic reproduction of the low-pass

stimulus, d) low frequency virtual source for dynamic reproduction of the full band stimulus, e) high-frequency virtual
source for dynamic reproduction of the full band stimulus.

audible stimulus, which are similar to the results of
dynamic reproduction with the low-pass stimulus in
Fig. 7c. The mean perceived elevations largely match
the target elevations. Table 3 indicates that no or lit-
tle front-back and up-down confusions occur in most
cases. Two exceptions are for the case of target di-
rections of @5 = 60° and 120°, at which the front-
back confusion reaches 29.1%. Other exceptions are

for the cases of low-elevation target directions of
&5 =-30° and 210°, at which the up-down confusions
reach 70.8%.

Figure Te shows the results of a high-frequency
virtual source for dynamic reproduction with the full
audible stimulus, which are similar to the results of
static reproduction for stimuli with two bandwidths in
Figs Ta and 7b. For a target source at —30° < &g < 210°,
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the actual perceived directions are all near the frontal-
horizontal directions of (© = 0°, @ = 0°), in spite of the
target direction.

It is observed that, for dynamic reproduction with
full audible bandwidth stimulus, the percentages of
front-back confusion for the low-frequency virtual
sources at the target directions of &g = 60° and 120°
are a little bit higher than those at other target direc-
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tions. This may be due to the fact that the magnitudes
of ITD variation caused by head rotation are small in
these directions (see Fig. 4a), which may cause errors
in perceived directions easily.

It is also observed that, for dynamic reproduction
with the low-pass stimulus and full audible stimulus,
large up-down confusions occur for the low-frequency
virtual sources at the target directions of low-elevation
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Fig. 8. Scatter plots of perceived polar elevations in the sagittal plane of © = 45°: a) static reproduction of the low-pass

stimulus, b) static reproduction of the full bandwidth stimulus, ¢) dynamic reproduction of the low-pass stimulus, d) low

frequency virtual source for dynamic reproduction of the full band stimulus, ) high-frequency virtual source for dynamic
reproduction of the full band stimulus.
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of &g = -30° and 210°. This may be due to the
HRTFs of KEMAR without torso used in the present
experiment. The torso-related spectral cues at low
frequencies contribute to up-down discrimination, al-
though head tilting also provides supplementary in-
formation for up-down discrimination (PERRETT, NO-
BLE, 1997).

5.4. Vertical localisation results for the sagittal plane
of © = 45°

Figure 8 shows the scatterplots of perceived eleva-
tions from all subjects and repetitions in the sagittal
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plane of © = 45° and for: a) static reproduction of the
low-pass stimulus; b) static reproduction of the full au-
dible bandwidth stimulus; ¢) dynamic reproduction of
the low-pass stimulus; d) low-frequency virtual source
for dynamic reproduction of the full audible bandwidth
stimulus; e) high-frequency virtual source for dynamic
reproduction of the full audible bandwidth stimulus.
Figure 9 plots the mean perceived polar elevation
and standard deviation corresponding to various cases
in Fig. 8. Reversal was resolved for the raw localisation
results with front-back (F-B) and up-down (U-D) con-
fusion. Table 3 also lists the percentages of the front-
back and up-down confusion. Overall, the results for
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Fig. 9. Mean and standard deviation of perceived polar elevations in the sagittal plane of @ = 45°. Symbols of square

are mean experimental results, respectively, the error bars are corresponding standard deviations: a) static reproduction

of the low-pass stimulus, b) static reproduction of the full bandwidth stimulus, ¢) dynamic reproduction of the low-pass

stimulus, d) low frequency virtual source for dynamic reproduction of the full band stimulus, e) high-frequency virtual
source for dynamic reproduction of the full band stimulus.
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the sagittal plane of © = 45° are similar to those for the
median plane of ©® = 0° and can be summarised as
follows:

1) For static reproduction, the results of the low-
pass stimulus and full audible bandwidth stimulus
are similar. A single virtual source is perceived.
The perceived virtual sources always locate near
the horizontal directions of (O = 45°, & = 0°), in
spite of the target virtual source elevation.

2) For dynamic reproduction of the low-pass stimu-
lus, a single virtual source is perceived near the
azimuth of © = 45°. The perceived virtual source
elevations roughly follow the target elevation, al-
though a few front-back confusions may occa-
sionally occur. In addition, lager up-down confu-
sions occur for the cases of target elevations at
&b =-30° and 210°.

3) For dynamic reproduction of the full audible stim-
ulus, two splitting virtual sources are perceived
near the azimuth of @ = 45°. The low-frequency
virtual sources locate at the elevations similar
to above (2). However, the high-frequency vir-
tual sources locate similar to above (1). That is,
they always locate near the horizontal direction
of (B =45°, & =0°), in spite of the target virtual
source elevation.

6. Discussion

The experimental results in Sec. 5 indicate that
static transaural reproduction with two horizontal
frontal loudspeakers is unable to recreate a virtual
source behind a subject and at high or low elevations
in the median plane of © = 0° and the sagittal plane of
© = 45°. The target virtual sources at all elevations in
the median plane of @ = 0° are perceived near the hori-
zontal frontal direction (© = 0°, @ = 0°), and the target
virtual sources at all elevations in the sagittal plane of
© = 45° are perceived near the horizontal direction
(6 =45°, ¢ =0°).

In contrast, dynamic transaural reproduction with
two horizontal frontal loudspeakers is able to recre-
ate virtual sources behind a subject or at various high
elevations in the median plane of @ = 0° and the
sagittal plane of © = 45°, at least for low-frequency
stimuli below 3 kHz. Under the situation that the
subjects are informed before the listening tests that
there may be two virtual sound images, for the full-
audible bandwidth stimulus, dynamic transaural re-
production creates two splitting virtual sources. The
perceived directions of the low-frequency virtual source
are similar to those of the low-pass stimulus, while
the directions of the high-frequency virtual source ba-
sically locate at horizontal directions of © = 0° or
O =45°. In other words, dynamic transaural reproduc-
tion is still unable to recreate high-frequency virtual

sources behind a subject at high or low elevations in
the median plane of © = 0° and the sagittal plane of
O =45°.

By analysing the experimental results of static and
dynamic transaural reproduction, it is possible to ex-
plore the origin of limitations in static transaural re-
production with two frontal loudspeakers. Both the
spectral and dynamic cues contribute to front-back
and vertical localisation. The spectral cue introduced
by the pinnae is effective at high frequencies above
5 kHz and is individual dependent (X1E, 2013). A care-
fully designed transaural reproduction method could
theoretically be possible to create a high-frequency
spectral cue at the ideal listening position. Due to
the short wavelength at high frequencies, however, the
spectral cue is very sensitive to small deviations in
the listening position and other errors in the repro-
duction chain such as unmatched HRTFs and loud-
speaker’s position. Even if dynamic HRTF-based bin-
aural synthesis and cross-talk cancellation is included
in dynamic transaural reproduction, it is still difficult
to accurately reproduce the fine high-frequency spec-
tral cues. In other words, both static and dynamic
transaural reproductions are unable to create stable
high-frequency spectral cues. If timbre equalisation is
applied, the spectral cue is further distorted. Previ-
ous research (NELSON et al,, 1996; GARDNER, 1997)
has shown that even if there is no timbre equalisation
in transaural reproduction, the front-back and vertical
localisation cannot be achieved. Therefore, the front-
back and vertical localisation in transaural reproduc-
tion rely on dynamic cues.

WALLACH (1940) hypothesised that the ITD varia-
tions caused by head rotation provide information for
identifying the front-back location and vertical dis-
placement from the horizontal plane. Wallach’s hy-
pothesis has been validated by some modern experi-
ments (JIANG et al., 2019; PERRETT, NOBLE, 1997).
As shown in Sec. 3, in the case of static reproduc-
tion, the information provided by the low-frequency
ITD variations caused by head rotation is consistent
with that of a source near the frontal-horizontal direc-
tion. The inappropriate information provided by low-
frequency ITD variations along with unstable (inap-
propriate) high-frequency spectral cue makes the per-
ceived virtual source locate in the frontal-horizontal
plane, the horizontal azimuth of the perceived virtual
source is determined by the ITD itself. In the case
of dynamic reproduction, the information provided by
the low-frequency ITD variations matches with those
of a target or actual source. Therefore, it is able to cre-
ate low-frequency virtual source in front, back, and ver-
tical directions. For the full audible bandwidth stimuli,
of course, appropriate low-frequency ITD variations
and unstable or incorrect high-frequency spectral cue
in dynamic reproduction will cause two splitting vir-
tual sources.
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The previous psychoacoustic experiment by GARD-
NER (1997) indicated that compared with static
transaural reproduction with two frontal loudspeakers,
dynamic transaural reproduction moderately reduces
the percentages of back-front confusion for the pink
noise stimulus and target virtual source at horizontal-
back. The results in present work are basically consis-
tent with those of Gardener’s. However, vertical local-
isation was not included in Gardner’s experiment.

KURABAYASHI et al. (2014) conducted similar ex-
periments which included both front-back and verti-
cal localisation. The results reconfirmed that dynamic
cues reduced back-front confusion obviously. However,
the results of vertical localisation for the full audible
bandwidth stimulus in that experiment exhibit great
dispersion across subjects. In addition, no splitting
perceived virtual sources were reported for the full au-
dible bandwidth stimulus and localisation of the low-
pass stimulus was not evaluated separately. Moreover,
there are basically differences between the present ex-
periment and the experiment of KURABAYASHI et al.
(2014).

1) The experiment of KURABAYASHI et al. (2014)
was based on transaural reproduction with four
frontal loudspeakers. The present experiment fo-
cuses on transaural reproduction with two frontal
loudspeakers, which is much common in practical
uses. The high-frequency spectra cues in binaural
pressures are unstable in transaural reproduction.
The variations of high-frequency spectra cues are
different for transaural reproduction with two and
four loudspeakers.

2) White noise stimulus was used in the experiment
of KURABAYASHI et al. (2014). White noise stimu-
lus includes more high frequency components than
it is in the case of the pink noise which was used
in the present experiment; this makes the locali-
sation rely more on the spectral cue.

3) The system latency time of dynamic transaural
reproduction in the experiment of KURABAYASHI
et al. (2014) was 100 ms, while the system la-
tency time of the instrument in the present work
is 25.4 ms. A lager system latency time may in-
fluence the use of dynamic cue for localisation
(SANDVAD, 1996).

7. Conclusions

Transaural reproduction is unable to provide stable
high-frequency spectral cues, therefore front-back and
vertical localisation relies on dynamic cues. Dynamic
transaural reproduction with two frontal-horizontal
loudspeakers is able to provide the correct low-
frequency dynamic cues and then create virtual sources
behind a subject and at various elevations below 3 kHz.
Static reproduction is unable to do so, and the per-

ceived virtual source is usually limited to the frontal-
horizontal plane. In dynamic transaural reproduction
with full audible bandwidth stimuli, appropriate low-
frequency ITD variations and unstable or incorrect
high-frequency spectral cue will cause two splitting vir-
tual sources. Therefore, the present analysis and ex-
periment validate the hypothesis of the reasons for the
limitations of conventional static transaural reproduc-
tion with two frontal loudspeakers.

Recently, multichannel sound with height is de-
veloped rapidly (HERRE et al., 2015; ITU-R Report
BS.2159-7, 2015). In some cases, multichannel sound
signals must be downmixed for reproduction with
few loudspeakers. Transaural processing has been sug-
gested for downmixing. The limitations discussed in
the present work should be considered if a downmix-
ing scheme is designed.
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