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When binaural sound signals are presented with two loudspeakers, the listener’s ears are required to
be in the relatively small region which is under control of the system. Misalignment of the head
results in inaccurate synthesis of the binaural signals. Consequently, directional information
associated with the acoustic signals is inaccurately reproduced. When the two loudspeakers are
placed close together, the spatial rate of change of the generated sound field is much smaller than
that generated by two loudspeakers spaced apart. Therefore, the performance of such a system is
expected to be more robust to misalignment of the listener’s head. Robustness of performance is
investigated here with respect to head displacement in three translational and three rotational
directions. A comparison is given between systems consisting of two loudspeakers either placed
close together or spaced apart. The extent of effective control with head displacement and the
resulting deterioration in directional information is investigated in the temporal and spectral domain
by analyzing synthesized binaural signals. Subjective localization experiments are performed for
cases in which notable differences in performance are expected from the previous analysis. It is
shown that the system comprising two loudspeakers that are close together is very robust to
misalignment of the listener’s head. ©2001 Acoustical Society of America.
@DOI: 10.1121/1.1349539#

PACS numbers: 43.38.Md, 43.66.Qp, 43.60.Pt, 43.64.Bt@SLE#
l
ch
a
th
ea
o
e
ig
its
t

of
in
le
l t

-
e
tl

s
s

ac
ia

tion
the
c-

re-
the

ons
nse-
, di-
d as

de-
no-
me

ers
tion
ole
ys-
h
nge
no-
-
and

m.
ore

is
l to
al

yu
I. INTRODUCTION

Binaural technology1–3 is often used to present a virtua
acoustic environment to a listener. The principle of this te
nology is to control the sound pressure at the listener’s e
so that the reproduced sound pressure coincides with
which would be produced when he is in the desired r
sound field. Producing the correct ear sound pressures sh
lead to almost the same sensation as the listener would
perience in the real sound field for most realistic sound s
nals. The superiority of this binaural technique lies in
capability of providing a very accurate spatial impression
a listener. Appropriate control of directional information
direct and reflected sounds, as well as information regard
reflecting surfaces, distance which the sound has trave
and information from the sound source itself, is essentia
create a convincing virtual auditory space.

Unlike other types4–6 of attempts to give virtual direc
tional information to a listener, binaural technology requir
the control of sound at each of the two ears independen
One way of achieving this is to use a pair of headphone
similar types of transducers. An alternative to this is to u
two loudspeakers at different positions in a listening sp
with the help of signal processing to ensure that appropr
binaural signals are obtained at the listener’s ears.7–10

a!Previously at the Kajima Technical Research Institute, 2-19-1 Tobitak
Chofu-shi, Tokyo 182-0036, Japan.
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One disadvantage of such binaural sound reproduc
over loudspeakers is that the listener’s ears must be in
relatively small region in space at which the control is effe
tive. Misalignment of the head position and orientation
sults in the inaccurate synthesis of the binaural signals at
ears. This results from the change in the transfer functi
between the transducers and the listener’s ears. Co
quently, the performance of the system deteriorates, i.e.
rectional information associated with the sound is smeare
is other information.

It can also be shown that it is possible to achieve in
pendent control of the sound signal at two ears with a mo
pole transducer and a dipole transducer at the sa
position.10,11When two closely spaced monopole transduc
are used, the sound field produced is a good approxima
to that produced by a point monopole and a point dip
transducer up to a given frequency. We refer to such a s
tem as ‘‘stereo dipole.’’12 The sound field generated by suc
a system has a distinct character in that its rate of cha
over space is much smaller than that generated by two mo
pole transducers spaced apart.13 As a consequence, it is ex
pected to be more robust to misalignment of the position
orientation of the listener’s head.14 A certain amount of mis-
alignment is inevitable in the practical use of such a syste
Therefore, it is obviously advantageous if the system is m
robust to misalignment. When, for example, the system
used to attempt to track head movement, it is essentia
know the threshold at which the perception of the virtu
,
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acoustic environment collapses. The filter update would
evitably be discrete in time and hence the listener’s mo
ment would result in a certain amount of displacement fr
the intended position before the filters are updated for
new head position. In other words, the filters must be
dated before the head moves a distance that is greater
the tolerances. Having larger tolerances will be advantage
in keeping track of head movement up to a higher veloc
with a given update rate.

The objective of this study is to investigate the robu
ness of the performance of such a system when the listen
head is misaligned. Comparison between two different tra
ducer arrangements is made; two transducers placed c
together and two transducers spaced apart. The consequ
of three translational and three rotational displacements
the head is examined. Much emphasis is put upon the p
ervation of directional information which depends mos
upon the head related transfer functions~HRTFs!. First, the
effectiveness of control is investigated by synthesis of a u
impulse at both ears in both the time and frequency doma
Presentation of an incident sound from various directions
then investigated as the very basic components of a vir
sound environment. The characteristics of the synthes
binaural signals are examined in several ways. In the tem
ral domain, the interaural time difference~ITD! of the syn-
thesized binaural sound signals is investigated. The mona
spectral shape of the signals is also investigated since
will influence the spectral localization cue. Further consid
ation is also given to the binaural spectral difference, i.e.,
interaural level difference~ILD ! that is used to localise alon
the interaural direction and also the interaural difference
spectral shape that is used to localize around the intera
axis. Cues related to the dynamics of head movement
outside the scope of this study. Subjective localization
periments are performed for displacements for which nota
differences in performance are expected from the previ
analysis.

II. FACTORS IN THE SYNTHESIS OF A VIRTUAL
ACOUSTIC ENVIRONMENT

The principle of the system under investigation is illu
trated in Fig. 1. The following is described with a frequen
domain representation of the acoustic paths~transfer func-
tions! and sound signals. All the spatial information is in t
transfer functions between sound source and both of the
tener’s ears. As the very basic components of a virtual so
environment, generation of a single incident sound wav
taken as an example here. A pair of binaural signalsd(z)
corresponding to a single incident sound wave are gener
by filtering a sound source signal S(z) through a vector of

FIG. 1. The principle of binaural synthesis over loudspeakers.
959 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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filters a(z) which contains a pair of HRTFs for both ea
corresponding to the desired direction of the incident sou
Thus,

d~z!5a~z!S~z!. ~1!

When the signals at both ears of the listener are controlled
two transducers in the listening space, the 232 matrixC(z)
of transfer functions can be defined between the transdu
and the ears. In order to present the binaural signals at e
ear, the signalsd(z) are filtered through a 232 matrixX(z)
of control filters which contains the pseudo-inverse of t
transfer function matrixC(z). Then the synthesized binaura
signalsw(z) and the sound source signal S(z) are related by

w~z!5C~z!X~z!a~z!S~z!. ~2!

For convenience, the control performance matrixR(z) and
vector of synthesized HRTFsq(z) are defined as follows:

R~z!5C~z!X~z!, ~3!

q~z!5C~z!X~z!a~z!5R~z!a~z!. ~4!

A number of filter design methods have been presented.15,16

In short, with the use of a modeling delayD and a regular-
ization parameter for causal stable inversion,X(z) is de-
signed so that

R~z!5C~z!X~z!'z2DI ~5!

is satisfied, whereI is the identity matrix. This ensures th
synthesised HRTFsq(z) are a good approximation to th
original HRTFsa(z). Thus, from Eqs.~4! and ~5!,

q~z!'z2Da~z!. ~6!

As the listener’s head is displaced away from the ex
position for which control filtersX(z) are calculated, the
transfer functionsC(z) change gradually. Thus the pseud
identity matrixR(z) and, as a consequence, the synthesi
binaural HRTFsq(z) are degraded and may result in th
wrong subjective perception.

III. ANALYSIS OF THE SYNTHESIZED BINAURAL
SIGNALS

A. Model

The physical acoustic pathsa and C are modeled with
free field head related impulse responses~HRIRs: the time
domain representation of HRTFs!. A database comprising
directionally discrete HRIRs on a virtual spherical surfa
1.4 m from a KEMAR dummy head is obtained from th
MIT Media Lab.17 Those between sampled directions a
obtained by bilinear interpolation on the virtual spheric
surface of magnitude and phase spectra in the frequency
main. Those at a different distance from a head are obta
by extrapolation with an appropriately chosen delay a
spherical attenuation.18 The loudspeaker response is deco
volved from the data and thus each control transducer of
system is modeled as an ideal monopole source. The co
filter matrix X is determined by the frequency domain d
convolution method.16

The listener’s head is displaced with respect to six
thogonal axes~three translational and three rotational! as in
959akeuchi, Nelson, and Hamada: Virtual sound imaging systems
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Fig. 2 and Table I. Since the robustness to relatively sm
displacement of the head position and orientation is of in
est here, the robustness of the virtual sound image is ev
ated relative to the listener’s head, not relative to the list
ing space. In other words, when the listener’s head
displaced, he should ideally perceive the same virtual so
image as in the optimal position and orientation, unlike tho
applications where the listener may want to move around
a virtual sound environment.

The spherical coordinate system used to define direc
of sound and of transducers is shown in Fig. 3. The origin
at the intersection of the interaural axis and the med
plane. The polar axis coincides with the interaural axis. T
azimuth angle ranges from290° to 90° as the direction
changes from the pole at the left to the other pole at the ri
A cone of constant azimuth is approximately the same as
cone of confusion where there are no ITDs. The elevat
angle ranges from2180° on the horizontal plane behind th
head to290° below, 0° on the horizontal plane in front, 90
above the head to 180° again on the horizontal plane beh
Two different transducer arrangements are investigated
comparison. In both cases, two transducers are place
front of the listener on the horizontal plane~0° elevation! and
aligned symmetrically with respect to the median plane. T
transducers positioned spanning 60° as seen by the list

FIG. 2. The Cartesian coordinate system used to define head displace
relative to the optimal head position and orientation.

TABLE I. Terminology used to describe head displacement.

Description Terminology

Translation alongx-axis lateral
Translation alongy-axis fore-and-aft
Translation alongz-axis vertical
Rotation aboutx-axis pitch
Rotation abouty-axis roll
Rotation aboutz-axis yaw
960 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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~630° azimuth! are representative of a popular arrangeme
The span of 10°~65° azimuth! represents close spacing.

B. Indices for analysis

In the temporal domain, the interaural cross-correlat
function Ca(t) of HRIRs a(t) corresponding to the rea
source direction are examined and the time lag which gi
the peak values ofCa(t) is used as an estimate of ITD of th
acoustic signals at the two ears. The interaural cro
correlation functionCa(t) is expressed as follows in term
of the elements ofa(t):

Ca~t!5 lim
T→`

1

2T E
2T

T

a1~ t !a2~ t1t!dt. ~7!

There are other possible methods to estimate the ITD,
example, by detecting the leading-edge in the HRIRs, or
computing the phase spectrum or group delay of the bina
signals. However, the leading-edge method may misju
the ITD by detecting the less potent onset ITD rather than
ongoing ITD to which neurones are sensitive.19–21 There is
no indication that the nervous system could detect the h
frequency phase spectrum nor group delay. Anatomical
physiological studies strongly suggest that ITD informati
is extracted with the interaural cross-correlation of t
auditory-nerve responses to the stimuli in the superior
vary complex then further processed at a higher level of
ditory pathway.22,23 The envelope delay of high frequenc
signals as an ITD cue24,25 can be extracted by the cros
correlation method as well as the phase delay of low f
quency signals. However, while this method extracts a sin
number ITD in binaural acoustic signals, it does not attem
to model the complex human auditory system which tra
duces acoustic signals at the ears into vibration of the a
tory organs and then into nerve signals which are sub
quently processed. Therefore, the absolute value of the
may not be completely significant although it can extra

ent

FIG. 3. The spherical coordinate system used to define the directio
sound sources relative to the listener’s head position and orientation
example of ‘‘cone of constant azimuth’’ is illustrated. The two differe
transducer arrangements investigated are also shown~relative to the optimal
head position and orientation!.
960akeuchi, Nelson, and Hamada: Virtual sound imaging systems
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FIG. 4. The effect of lateral displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulses. Left pl: 60°
transducer span. Right panel: 10° transducer span.
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tendencies and enables comparison between the two diffe
conditions studied here.

In the spectral domain, a spectral analysis of synthes
HRTFs is performed over a logarithmic scale both in f
quency and magnitude to account for the basic property
auditory filters. The monaural spectral shape is regarde
an important cue to identify one direction out of directio
with no interaural differences. This cue utilizes the change
the spectral shape of the sound source signal due to
HRTF for each ear. The monaural spectral cues also h
supplemental role in localization along the interau
direction.26 Interaural difference of spectra could have tw
roles. The major role is to localize along the interaural dir
tion ~azimuth discrimination! with an interaural level differ-
ence~ILD !. It could also be another cue to resolve confus
among directions with no interaural time difference~eleva-
tion discrimination! by utilizing the pattern of frequency de
pendent interaural spectral difference.27 The advantage o
this cue over the monaural spectral shape cue in prac
would be that it does not depend on the spectrum of
sound source signal. Again it should be noted that this d
not attempt a complete model of the human auditory syst

C. Robustness of temporal cues

First, the effectiveness of control as a function of he
displacement is evaluated by analyzing the matrix of elec
acoustic pathsR(t) which is independent of the direction o
the virtual source. Following this, the synthesised HRI
q(t) with head displacement are analyzed in order to de
onstrate what happens to temporal cues as a function o
relative direction of the virtual sound source.

1. Control performance (temporal)

When the inputs toR(t) is a pair of simultaneous delt
functions d(t) rather than binaural signals, the interau
cross-correlation function,Cp(t), of the synthesised signal
is expressed as
961 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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Cp~t!5 lim
T→`

1

2T E
2T

T

p1~ t !p2~ t1t!dt, ~8!

where

p~ t !5Fp1~ t !
p2~ t !G5FR11~ t !1R12~ t !

R21~ t !1R22~ t !G• ~9!

When the listener’s head is at the optimal position a
orientation, the synthesized signalsp(t) are approximately
delta functions with an identical delay. ThusCp(t) is a delta
function with ITD50 (ms). In this way, the directional de
pendence ina(t) can be excluded from the analysis of th
interaural cross-correlation functions. As the head is d
placed away from the optimal position and orientation, t
synthesized signalsp(t) are no longer delta functions. Thu
Cp(t) is also no longer a delta function. A degradedCp(t)
indirectly suggests the degradation of the ITD cue of
synthesized HRIRs for all directions. A shift of the peak
Cp(t) suggests a shift in the ITD of the synthesized HRI
and multiple peaks inCp(t) may cause ambiguity or resu
in the wrong perception among multiple directions of soun

Figure 4 shows the degradation ofCp(t) ~the interaural
cross-correlation functions for the synthesised simultane
unit impulses! with lateral displacement over the range
6200 mm. The maximum value ofCp(t) ‘‘1’’ at 0 lag can
be observed at 0 mm displacement~the optimal position! for
both transducer arrangements. When the listener’s hea
displaced laterally, an ITD shift for the 60° transducer a
rangement increases significantly as displacement increa
which is at the rate of approximately 2.7ms/mm. For ex-
ample, 25 mm displacement results in about 65ms ITD shift
which corresponds to about an 8° shift in azimuth directio
The threshold for the ITD discrimination is considered to
approximately 10ms ~Ref. 28! and corresponds to about
mm displacement with the 60° arrangement. On the ot
hand, the rate of shift is much less for the 10° transdu
arrangement~0.2ms/mm! and so 50 mm displacement wou
be just enough to produce the threshold value for the I
961akeuchi, Nelson, and Hamada: Virtual sound imaging systems



FIG. 5. The effect of roll displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulses. Left panel: 60° transducer
span. Right panel: 10° transducer span.
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discrimination. When the listener’s head is rolled, the IT
shift is again greater for the 60° arrangement though
difference between the two arrangements is much sma
~about 1.2ms/° and 0.4ms/°! than the lateral displacemen
~Fig. 5!. Yaw displacement showed the same ITD sh
~about 8ms/°! which corresponds exactly to the yaw di
placement angle for both of the two transducer arrangem
~Fig. 6!. However, better preservation~smaller amplitude of
additional maxima! of the interaural cross correlation func
tion can be observed for the 10° arrangement. Fore-and
vertical and pitch displacement shows no shift of the origi
peak for both transducer arrangements, as expected from
symmetry, but slightly better preservation of the interau
cross correlation function can be observed for the
arrangement.18 The results for the six types of displaceme
are summarized in Table II.

Comparisons can be made between the six types of
962 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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er
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placement by normalizing the results by the amount of d
placement of the ears produced by each of the six type
head displacement. The synthesized ITD cue is the most
sitive to yaw displacement followed by lateral and roll di
placements. It is very robust to fore-and-aft, pitch, and v
tical displacement. However, the difference in the robustn
of the ITD cue between two different transducer arran
ments is most significant for lateral displacement follow
by roll displacements. There are no obvious differences o
than additional maxima between two transducer arran
ments for the other four displacements~yaw, fore-and-aft,
vertical, pitch!.

2. Accuracy of synthesis (temporal)

By analogy withCa(t), the interaural cross-correlatio
functions of synthesised HRIRs,Cq(t), is expressed as fol
lows in terms of the elements ofq(t):
FIG. 6. The effect of yaw displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulses. Left panel: 60° transducer
span. Right panel: 10° transducer span.
962akeuchi, Nelson, and Hamada: Virtual sound imaging systems
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Cq~t!5 lim
T→`

1

2T E
2T

T

q1~ t !q2~ t1t!dt. ~10!

As the ITD cue is regarded as the most salient cue tha
used to determine the azimuth direction,29 directions on the
horizontal plane which contain two sets of all the azimu
directions are taken as examples to show the interaural cr
correlation functions of HRIRs~Fig. 7!. That of the original
HRIRs,Ca(t), is shown in Fig. 7~a! and that of synthesise
HRIRs,Cq(t), when the listener’s head is displaced 25 m
laterally are shown in Figs. 7~b! and ~c!. In Fig. 7~a!, it can
be observed that the ITD is increasing almost linearly w
respect to azimuth angle over most of the range.~Note that
the variation is not sinusoidal which would be the case
there were no head in the sound field.! Cq(t) is severely
degraded with the 60° transducer arrangement@Fig. 7~b!#; a
few large additional local maxima~especially around6250
ms, corresponding to630° azimuth which are the contro
transducer directions! can be observed over wide range
virtual source directions as well as a shift~about 65ms, 8°
azimuth! of the original peak. However,Cq(t) is better pre-
served with the 10° arrangement@Fig. 7~c!# except for very
minor local maxima at virtual source directions around290°
azimuth, 0ms lag ~the largest around260 ms which again
corresponds to the control transducer directions!.

ITD estimated from the synthesized HRIRs without d

TABLE II. Estimated rate of ITD shift and displacement which gives t
threshold value of ITD discrimination~10 ms! for six types of displacemen
and two different transducer arrangements.

Type of displacement Rate of ITD shift
Displacement

at 10ms ITD shift

60° span 10° span 60° span 10° spa
lateral 2.7ms/mm 0.2ms/mm 4 mm 50 mm
fore-and-aft 0ms/mm 0ms/mm ¯ ¯

vertical 0ms/mm 0ms/mm ¯ ¯

pitch 0 ms/° 0 ms/° ¯ ¯

roll 1.2 ms/° 0.4ms/° 8° 24°
yaw 28 ms/° 28 ms/° 1.3° 1.3°
963 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
is

ss-
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placement for both transducer arrangements are identica
the estimate from the original HRIRs for all the directio
around the head. The estimated ITD from the synthesi
HRIRs when the listener’s head is displaced 25 mm later
for most of the directions around the head is plotted in Fig
There are no data points on the bottom part of the spher
plot. In general, it is observed that cones of constant ITD
shifted from the original value@Fig. 8~a!# for the 60 ° ar-
rangement@Fig. 8~b!# but little shift is observed for the 10 °
arrangement@Fig. 8~c!#, as observed in Fig. 4. The syste
with the 10 ° transducer arrangement preserved the syn
sized ITD value for larger azimuth directions better than t
of the 60 ° arrangement. A slightly worse performance
expected on the left-hand side of the head than the other
~right! for the 10 ° arrangement. Whereas the right-hand s
shows worse performance than the left-hand side for the
arrangement. The loss of a large ITD value around la
azimuth directions@e.g., uazimuthu.630 ° in Fig. 8~b!,
around290 ° azimuth in Fig. 8~c!# is primarily because the
additional peaks in the interaural cross-correlation funct
became larger than the original peak. When the head is
placed, large additional peaks which give ITD values cor
sponding to the direction of the control transducers app
In cases when these additional peaks are larger than
original peaks, if the largest peak is taken to estimate IT
the virtual sound source would vanish and the listener wo
localize the sound source in the direction of the control tra
ducers. However, with existence of the other types of c
such as monaural spectral shape cues, the smaller magn
of the original peak could be more plausible in estimating
ITD. If it is taken to estimate the ITD, it would result in
much better preserved ITD value and thus better preserve
direction of the virtual sound. This is down to the psych
logical function at higher levels of the nervous system. It
likely, inferring from the results from subjective experime
presented in a later section, that a smaller but more plaus
original peak would result in the estimated ITD for he
displacements below a certain value.
rally.

FIG. 7. Interaural cross-correlation functions of the original and synthesized HRIRs corresponding to source directions on the horizontal plane.~a! Calculated
from the original HRIRs.~b! Calculated from the synthesized HRIRs with 60° transducer span when the listener’s head is displaced 25 mm late~c!
Calculated from the synthesized HRIRs with 10° transducer span when the listener’s head is displaced 25 mm laterally.
963akeuchi, Nelson, and Hamada: Virtual sound imaging systems



FIG. 8. Estimated ITD, plotted as a function of the intended direction of the virtual sound source.~a! Left column: estimated from the original HRIRs.~b!
Middle column: estimated from synthesized HRIRs with 25 mm lateral displacement for the 60° transducer span.~c! Right column: estimated from
synthesized HRIRs with 25 mm lateral displacement for the 10° transducer span. Upper row: view from the upper-front-left~azimuth5245°, elevation
530°!. Lower row: view from the upper-rear-right~azimuth545°, elevation5150°!.
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D. Robustness of spectral cues

As in the analysis of temporal cues, the effectiveness
control as a function of head displacement is evaluated
by analyzing the matrix of transfer functionsR(z) which is
independent of the virtual source direction. Then, synt
sized HRTFsq(z) are analyzed in order to demonstrate wh
happens to spectral cues depending on the direction of
virtual sound source.

1. Control performance (spectral)

When the control system is required to synthesize p
ticular spectra at two ears, head displacement results in l
age of some of the signal intended for one of the ears to
other ear. This is the so called ‘‘cross-talk’’ component
the signals, i.e., the component of the signal for right ear
to the left ear and vice versa. This can be regarded as n
component in the intended signal. The components of
synthesised HRTFsq(z) are given by
964 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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q~z!5FQ1~z!

Q2~z!G5FR11~z!A1~z!1R12~z!A2~z!

R21~z!A1~z!1R22~z!A2~z!
G , ~11!

whereR11(z) andR22(z) are the elements which contribut
towards the correct synthesis of the HRTFs butR12(z) and
R21(z) are noise elements which smear the synthesis. For
left ear, the signal~signal intended for the left ear! to noise
~signal intended for the right ear! ratio of the control system
is estimated fromuR11(z)u/uR12(z)u. This is the case when
the time histories of the inputs toR(z) are a pair of identical
delta functions. This again excludes the effect ofa(z), i.e.,
the direction dependence. Figure 9 shows the degradatio
the signal to noise ratio~S/N! for the HRTF synthesis at the
left ear with lateral displacement over the range of6250
mm. The S/N at the right ear,uR22(z)u/uR21(z)u, can be ob-
tained by flipping over the left and right of the figure. Muc
larger displacements which maintain good S/N over w
frequency range~.500 Hz! are allowed for the 10 ° trans
964akeuchi, Nelson, and Hamada: Virtual sound imaging systems



panel:
FIG. 9. Signal to noise ratio for the HRTF synthesis at the left ear as a function of lateral displacement. Left panel: 60° transducer span. Right10°
transducer span.
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ducer arrangement~roughly 640 mm for 20 dB S/N! com-
pared to the 60 ° transducer arrangement~roughly 68 mm
for 20 dB S/N!. The dip in S/N around 9 kHz and 13 kH
even when the head is at the optimal position is due to
S/N of the measurement of the HRTFs. Good S/N with lar
displacement for the 10 ° arrangement can also be obse
for the fore-and-aft~roughly 6410 mm compared to6120
mm for 20 dB S/N! and yaw~roughly 612 ° compared to
66 ° for 20 dB S/N! displacement as shown in Figs. 10 a
11. The 60 ° transducer arrangement has the advantag
frequencies below 500 Hz, however. This is where the I
cues are less potent than the ITD cues. There are not l
differences between the two arrangements for the other t
displacements~roll, vertical, pitch!.18 However, a slightly
better S/N is preserved with the 60 ° arrangement for p
and vertical displacement. With rotation about the interau
axis, transducers being at a large azimuth angle means
change of transducer direction than transducers being aro
965 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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the median plane. The results for six types of displaceme
are summarized in Table III.

When compared in the same way as used in the temp
cue analysis, synthesized spectral cues are most sensiti
lateral and roll displacement followed by yaw, pitch, vertic
and fore-and-aft displacements. However, the difference
robustness of spectral cues between two different transd
arrangements is most significant for lateral displacement
lowed by fore-and-aft and yaw displacements. Note that
20 dB S/N is roughly sufficient to synthesize the monau
spectra for the ipsi-lateral ear but much better S/N is requ
for the contra-lateral ear. This is because, if the level of t
desired ear signalsd(z) is compared, the level of the signa
for the ipsi-lateral ear is smaller than that for the other
over most of the frequency range and for most directions.
a result, at the contra-lateral ear, binaural synthesis is
fected by a smaller input with a much larger noise input
ight
FIG. 10. Signal to noise ratio for the HRTF synthesis at the left ear as a function of fore-and-aft displacement. Left panel: 60° transducer span. Rpanel:
10° transducer span.
965akeuchi, Nelson, and Hamada: Virtual sound imaging systems



anel: 10°
FIG. 11. Signal to noise ratio for the HRTF synthesis at the left ear as a function of yaw displacement. Left panel: 60° transducer span. Right p
transducer span.
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addition to the response of the control performance of
system.

2. Accuracy of synthesis (spectral)

As the role of the monaural spectral shape cue is prim
rily to determine the elevation direction of sources located
the cone of confusion, directions along the cone of 50 ° a
muth are taken as examples to illustrate the monaural s
tral shape cue in the HRTFs. Figure 12 shows example
monaural spectral shape in HRTFs for the ipsi-lateral~right!
ear at directions along the cone of constant azimuth~50 °!.
Significant differences in spectrum pattern between
sources below~at negative elevation! and above~positive
elevation! the horizontal plane can be observed easily in F
12~a! for real sound sources~estimated fromuA2(z)u!. There
are less significant differences between sources in front~0 to
690 °! and in the rear~690 ° to 6180 °! except on the hori-
zontal plane where a significant dip in spectra around6180 °
compared to those around60 ° can be seen in the mid
frequency range. The synthesized monaural spectral s
~estimated fromuQ2(z)u! when the listener’s head is dis
placed 40 mm laterally are shown in Figs. 12~b! and~c!. The
elevation dependency is less clear for that of the 60 °
rangement@Fig. 12~b!#. However, the synthesized monaur
spectral shape for the 10 ° transducer arrangement@Fig.
12~c!# shows similar elevation dependent monaural spe

TABLE III. Estimated displacement which gives 20 dB signal to noise ra
of the control system for six types of displacement and two different tra
ducer arrangements.

Type of displacement Displacement at 20 dB S/N

60° span 10° span
lateral 68 mm 640 mm
fore-and-aft 6120 mm 6410 mm
vertical 6220 mm 6190 mm
pitch 618° 614°
roll 69° 69°
yaw 66° 612°
966 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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to the original spectra@Fig. 12~a!#. The consequence of de
graded monaural spectral shape would be an increased n
ber of confusions among the directions on the constant
muth cone. The degradation of this cue may also affect
azimuth localization since the monaural spectral cue ha
supplemental role for azimuth discrimination, especia
when the interaural cross-correlation functionCq(t) is de-
graded to present ambiguity in estimating the ITD due to
multiple choice of peaks.

When the listener’s head is displaced 40 mm latera
the monaural spectral shape cue for the synthesized co
lateral ~left ear! HRTF ~estimated fromuQ1(z)u! is domi-
nated by the noise, i.e., the cross-talk component, even
the 10 ° transducer arrangement due to the low S/N.18 The
requirement for the preservation of monaural spectra for
contra-lateral ear is much more severe than that of the i
lateral ear as pointed out in the previous section. For
ample, a lateral displacement of not more than 25 mm e
for the 10 ° transducer arrangement and less than 5 mm
the 60 ° arrangement is required for the 50 ° azimuth dir
tions. Obviously, the requirement varies as the direction
the virtual sound source varies. The variation of the azim
direction~along the interaural axis! has more influence on i
than the variation of the elevation direction~around the in-
teraural axis!.

Naturally, the same requirement as the contra-late
monaural spectral shape cue, which is more severe than
ipsi-lateral ear, applies for both of the binaural spectral cu
In terms of analysis, these binaural spectral cues are es
tially identical to the difference between the two monau
spectral shapes and estimated fromuQ2(z)u/uQ1(z)u. Hence
the interaural spectral shape difference is not shown he18

Above all, these monaural and binaural spectral shape c
are well preserved by the 10 ° transducer arrangement
less confusion along the cone of confusion is expected w
this arrangement.

Examples of another type of binaural spectral cue,
interaural level difference~ILD !, are shown in Fig. 13 for

-

966akeuchi, Nelson, and Hamada: Virtual sound imaging systems



r’s head
ed 40 mm
FIG. 12. Monaural spectral shape in HRTFs for the ipsi-lateral~right! ear. Sound source directions are along the cone of constant azimuth~50°!. ~a! Left panel:
monaural spectral shape by real sound sources.~b! Middle panel: monaural spectral shape synthesized by the 60° transducer arrangement. The listene
is displaced 40 mm laterally.~c! Right panel: monaural spectral shape synthesized by the 10° transducer arrangement. The listener’s head is displac
laterally.
b

o
a

d
s
F
ar

t
lu
e
er
wi

r

o
ve

ri-
tab-
rce

am-
ons

rge
ub-
o-
nd 2
e-

e
of

was
in

had
sound source directions on the horizontal plane. As can
seen in Fig. 13~a!, which shows the ILD with real sound
sources, it is not a simple task to allocate one ILD value t
particular azimuth angle. Since complex interference
higher frequencies yields multiple~often more than 4! azi-
muth angles for one ILD value at each frequency. In ad
tion, the ILD value for a particular azimuth direction varie
depending on frequency. The ILD with synthesized HRT
when the listener’s head is displaced 25 mm laterally
shown in Figs. 13~b! and ~c!. The ILD with the 60 ° trans-
ducer arrangement is degraded severely but those with
10 ° span preserved well. Generally speaking, the ILD va
for larger azimuth angles cannot be achieved without a v
good preservation of monaural spectra for the contra-lat
ear. For example, with the 60 ° transducer arrangement
50 mm lateral head displacement, the ILD value~averaged
over the mid-frequency range! for azimuth directions large
than630 ° cannot be achieved.14

IV. SUBJECTIVE EXPERIMENT

The virtual directional information synthesized with tw
different arrangements of monopole transducers were in
967 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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tigated by using subjective localization experiments. Expe
ments with real sound sources were also performed to es
lish the accuracy of the experimental procedure itself. Sou
directions on the horizontal plane were chosen to be ex
ined since this covers the whole range of azimuth directi
and two alternative elevation directions, i.e., 0 °~front! and
180 ° ~rear!, in each cone of constant azimuth.

A. Procedure

A weighted noise signal~EAIJ RC-7603! was used as
the source signal to minimize the consequence of the la
high frequency discrepancy between the HRTFs of the s
jects and the KEMAR HRTFs used in the filter design pr
cedure. The signal has a flat spectrum between 200 Hz a
kHz and gradually rolls off towards lower and higher fr
quencies. The relative level is about22 dB at 5 kHz,25 dB
at 10 kHz,213 dB at 20 Hz and 20 kHz with respect to th
level between 200 Hz and 2 kHz. Each stimulus consisted
a reference signal and a test signal. A reference signal
presented at 0 ° azimuth and 0 ° elevation, i.e., directly
front of the listener before each test signal. Both signals
the same sound source signal with a duration of 3 s for the
°

FIG. 13. Interaural level difference~ILD ! for sound source directions on the horizontal plane.~a! Left panel: ILD produced by real sound sources.~b! Middle
panel: ILD synthesized by the 60° transducer arrangement. The listener’s head is displaced 25 mm laterally.~c! Right panel: ILD synthesized by the 10
transducer arrangement. The listener’s head is displaced 25 mm laterally.
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reference signal and 5 s for the test signal with a gap of 3
in between. In order to avoid the effect of presentation ord
the order of presentation from different directions was r
domized. The reference stimulus not only cancelled the o
effect, but also gave subjects prior knowledge of the so
source signal spectrum which is important for the monau
spectral cue. Stimuli, a set of reference and test signals, w
repeated when subjects had difficulty in making a judgem

Subjects were required to choose the closest marke
the perceived direction of sound. The markers were pla
all around the head in the horizontal plane 1 m from the
origin of the coordinate with 10 ° intervals. The subjec
were allowed to choose more than one marker when t
perceived two or more separate directions of sound. In o
to avoid introducing dynamic cues which relate to he
movement, the subject was instructed not to move the h
or body while the stimuli were presented. However, the s
ject was allowed to turn his head to see markers after e
test stimulus had stopped. The subject’s head was not ph
cally fixed but supported by a small head rest. The sub
was surrounded by a thin black curtain placed between m
ers and loudspeakers in order to minimize the effect of vis
information. Subjects were all European males with norm
hearing.

The loudspeakers used had a fairly flat response betw
about 250 Hz and 5 kHz which gradually rolls off towar
lower and higher frequencies. The relative level at 20 kHz
about 10 dB smaller with respect to the frequency wh
gives maximum response. The characteristics of the lo
speakers were well-matched~0.5 dB difference in amplitude
and a few degrees difference in phase response!. Difference
in responses between two loudspeakers degrades the H
synthesis. When their responses are identical, their eff
become independent of virtual source directions and can
regarded as degrading the sound source signal rather
synthesized HRTFs. The responses of the loudspeake
course affect monaural cues and they also affect those a
ciated with the real sound sources, but they do not affect
binaural cues. Therefore, for binaural synthesis, it is imp
tant to use a well-matched pair of loudspeakers. The lo
speaker pairs for different transducer arrangements w
swapped for half of the subjects with the aim of minimizin
bias errors which are induced by different responses betw
the loudspeakers.

In order to minimize other factors than head misalig
ment which affect synthesis, the experiments were car
out in an anechoic chamber. The same data for the aco
pathsa and the control filter matrixX as those used in th
analysis were implemented by digital filters using a MT
Lory Accel digital signal processing system. The output
the digital filters were fed via an amplifier to two pairs
loudspeakers with the same geometrical arrangement
used in the analysis. The loudspeakers as control transdu
and as real sound sources were placed 1.4 m from the o
of the spherical coordinate system. It is very important
bear in mind that there is a considerable amount of varia
ity of the HRTFs among individuals. Inevitably, the matrixC
containing each subject’s HRTFs in this experiment is d
ferent from that assumed when the matrixX is designed.
968 J. Acoust. Soc. Am., Vol. 109, No. 3, March 2001 T
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This is the largest source of error when comparing the res
with the analysis. The loudspeakers, rather than the listen
head, were displaced in both the lateral direction and in
fore-and-aft direction in order to achieve the displacemen
the listeners head from the optimal position. The precision
the arrangement of the loudspeakers and listener’s head
of the order of610 mm.

The results from the subjective experiments are p
sented in the following format. The area of each circle in t
figures is proportional to the number of subjects who p
ceived the source to be in the given direction. In cases wh
the subjects perceived sound sources in more than two d
tions, the area of the circle is distributed into those positio
in accordance with the number of directions. The dashe
dotted line shows the position of the circles when the p
ceived direction is the same as the presented direction.
dotted line is in a symmetric position to the dashed–dot
line with respect to the interaural axis. Therefore, the sub
tive responses due to front–back confusion fall around th
lines.

B. Real sound sources

Nine real sound sources were placed at 10° increme
at different azimuthal angles except620° and690°, and
two sources were placed at azimuth 0° with different ele
tions of 0° and 180°~front and rear!. Five of them were
positioned in front~elevation 0°! and four of them were po-
sitioned in the rear~elevation 180°!. Four of them were po-
sitioned to the left~negative azimuth! and five of them were
positioned to the right~positive azimuth!. The performance
with real sound sources~Fig. 14! shows the localization per
formance of the subjects and the accuracy of the experim
tal procedure itself. This therefore implies the maximum p
cision achievable with the following experiments wi
synthesized virtual sound sources. More than 60% of

FIG. 14. Results of the subjective experiment for localizing real sou
sources. Six subjects were tested.
968akeuchi, Nelson, and Hamada: Virtual sound imaging systems
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the systems
FIG. 15. Results of the localization experiment with binaural synthesis over loudspeakers. The listener’s head is at the optimal position and orieation. 11
subjects were tested. Upper row: Responses by the subjects for whom the systems work well. Lower row: Responses by the subjects for whom
do not work well. Left column: 60° transducer span. Right column: 10° transducer span.
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responses resulted in the correct marker and more than
of the responses resulted within the smallest~610°! measur-
able error with the method. The judgements are more ne
accurate for smaller azimuth directions than for larger a
muth directions. The repeatability of the response is exc
tionally good in that the responses associated with a part
lar direction for a particular subject almost always~more
than 95%! resulted at the same marker~even for the wrong
marker!. The accuracy can be observed best at small azim
directions~closer to the median plane! and deteriorates to
wards large azimuth directions~the side of the listener!.
There are no obvious signs of confusion along the cone
constant azimuth, i.e., front-and-back confusion. The s
jects reported after the experiments that the task was
easy and did not have any ambiguity in deciding wh
marker to choose.
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C. Virtual sound sources

Localization experiments with binaural synthesis ov
loudspeakers were first carried out with the listener’s hea
the optimal position. Sixteen virtual sound sources w
placed at 0°,620°, 640°, 660°, and680° azimuth with 0°
elevation ~front! and 0°, 620°, 640°, and670° azimuth
with 180° elevation~rear!. It was revealed that there was
population of subjects for whom the synthesis of virtu
sound sources works reasonably well~‘‘good’’ subjects!
whereas it does not work so effectively for the rest of t
subjects~‘‘poor’’ subjects!. Figure 15 shows the localizatio
performance for 11 subjects when the head is at the opti
position. The localization in azimuth is again more accur
for smaller azimuth than larger azimuth. However, azimu
localization error in general is much larger than the locali
969akeuchi, Nelson, and Hamada: Virtual sound imaging systems



FIG. 16. Results of the localization experiment with binaural synthesis over loudspeakers when the listener’s head is displaced 50 mm laterally~to the right!.
Seven subjects were tested. Left panel: 60° transducer span. Right panel: 10° transducer span.
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tion of real sound sources. Only a few front–back confusio
can be observed with the 7 ‘‘good’’ subjects. The 4 ‘‘poo
subjects did not localize the virtual sound sources in the
half of the horizontal plane correctly, and instead, localiz
them around symmetric positions in the front half-plan
Moreover, virtual sound sources at large azimuth directi
~around690° azimuth! were perceived at the offset positio
systematically towards the center~smaller azimuth angle!.
Clearly, the grouping of subjects has no relation to the d
ferent transducer span. It also has no relation to the abilit
the subjects to localize real sound sources. Further inves
tion confirmed that a large disparity between each individ
and KEMAR HRTFs resulted in inaccurate synthesis of b
aural signals and resulted in systematic bias error for
‘‘poor’’ subjects.30

In principle, different transducer arrangements sho
not produce much difference in performance when the list
er’s head is at the optimal position and orientation. Nev
theless, the 10° transducer span showed slightly better
formance, especially for ‘‘good’’ subjects around 0° azimu
where it showed no front–back confusion, contrary to
considerable amount of confusions with the 60° span.
though the listener’s head was supposed to be at the opt
position and orientation in this experiment, some misalig
ment of the head is inevitable in practice. This may ha
caused the increase in front–back confusion with the
transducer span. The slight unintended displacement of
head would have probably exceeded the severe limit for
good synthesis of spectral cues for the 60° transducer
rangement~see Table III, Fig. 9!, even though the same dis
placement may have been within the required limit for t
10° transducer arrangement. The 60° span transduce
rangement has a slight advantage in azimuth localizat
which is in accord with the better control performance for t
lower frequency region observed in Figs. 9–11.
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D. Head displacement

Further experiments with head displacement were c
ried out only with the 7 ‘‘good’’ subjects. The results whe
the listener’s head is displaced 50 mm to the right are sho
in Fig. 16. The subjects reported after this experiment t
the task was very difficult since sometimes they did not p
ceive a clear direction and sometimes they perceived
source to be at multiple directional locations. The multip
perception may be the consequence of multiple maxima
the interaural cross-correlation function. Discrepancy in d
ferent cues~e.g., ITD and ILD! could also be the cause
Virtual sound sources presented by the 60° transducer
rangement intended at 0° azimuth angle~both in front and
rear! are often perceived at 10°–20° offset direction, where
the virtual sources were mostly perceived in the intend
direction by the 10° arrangement. These results agree
predicted direction by the ITD analysis where a 16° offse
expected from the 60° arrangement but a 0° offset is
pected from the 10° arrangement. This systematic shift c
not be clearly seen at higher azimuth directions where
random localization error is much larger. Nevertheless c
siderable offset around640° to660° azimuth is also notice
able for the 60° arrangement. The azimuth localisation e
is now more apparent with the 60° arrangement contrary
the previous case when the head is at the optimal posit
More front–back confusions for the 60° arrangement th
the 10° arrangement can still be observed. Degradation
spectral shape cues does not seem to affect the perform
very much since little increase of front–back confusion c
be observed, although some effect may have already bee
the results at the optimal head position as discussed ea
Another possibility is that the head displacement may
have degraded the spectral shape very much more than
disparity between each individual HRTFs and the KEMA
970akeuchi, Nelson, and Hamada: Virtual sound imaging systems
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HRTFs. A slightly better performance is observed on
side which the head is displaced to~right! for the 10° ar-
rangement, whereas the other side~left! shows better perfor-
mance for the 60° arrangement as predicted by ITD analy
Contrary to the poor ILD values obtained, azimuth localiz
tion seems surprisingly accurate. Considering that the a
tional local maxima of the cross-correlation function start
become larger than the original maximum around 25 m
displacement for the 10° arrangement and much smaller
placement for the 60° arrangement, the performance of
muth estimation is more likely to be determined by a mo
plausible local maximum than by the absolute maximum
the interaural cross-correlation function, as discussed in
analysis of temporal cues.

When the listener’s head is displaced 200 mm and
mm to the rear, the 10° span transducer arrangement sho
slightly better performance than the 60° arrangement
both azimuth localization and front–back discriminatio
However, the difference in performance between the t
transducer arrangements are much less significant comp
to lateral displacement and has not been shown here.14

V. CONCLUSIONS

~1! In binaural synthesis over two loudspeakers, ya
lateral, and roll displacement results in a shift of the ITD
well as the generation of additional local maxima in the
teraural cross-correlation function. Fore-and-aft, vertical, a
pitch displacement results only in the generation of ad
tional local maxima. There is less degradation of tempo
cues for lateral, roll, yaw, and fore-and-aft displaceme
when two loudspeakers are placed close together.

~2! Any displacement induces more ‘‘cross-talk’’ com
ponents in synthesized spectra. There is less degradatio
the spectral cue for lateral, fore-and-aft, and yaw displa
ment when two loudspeakers are placed close together.

~3! The ITD cue is the most robust to head misalignm
followed by the monaural spectral cue for the ipsi-lateral e
The monaural spectral cue for the contra-lateral ear is
least robust together with binaural spectral cues~including
ILD cues!.

~4! Subjective experiments confirmed that two close
spaced loudspeakers have an advantage in performance
regard to the misalignment of the listener’s head. The loc
ization performance with subjective experiments were be
than those predicted with any one individual localization c
This suggests the importance of the combination of differ
localization cues.
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