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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. @001 Acoustical Society of America.

[DOI: 10.1121/1.1349539

PACS numbers: 43.38.Md, 43.66.Qp, 43.60.Pt, 43.6iSRE]

I. INTRODUCTION One disadvantage of such binaural sound reproduction
over loudspeakers is that the listener's ears must be in the
Binaural technology > is often used to present a virtual relatively small region in space at which the control is effec-
acoustic environment to a listener. The principle of this techtive. Misalignment of the head position and orientation re-
nology is to control the sound pressure at the listener’s earsults in the inaccurate synthesis of the binaural signals at the
so that the reproduced sound pressure coincides with thatrs. This results from the change in the transfer functions
which would be produced when he is in the desired reabetween the transducers and the listener's ears. Conse-
sound field. Producing the correct ear sound pressures shoul@iently, the performance of the system deteriorates, i.e., di-
lead to almost the same sensation as the listener would exectional information associated with the sound is smeared as
perience in the real sound field for most realistic sound sigis other information.
nals. The superiority of this binaural technique lies in its It can also be shown that it is possible to achieve inde-
capability of providing a very accurate spatial impression topendent control of the sound signal at two ears with a mono-
a listener. Appropriate control of directional information of pole transducer and a dipole transducer at the same
direct and reflected sounds, as well as information regardingosition®**When two closely spaced monopole transducers
reflecting surfaces, distance which the sound has traveledse used, the sound field produced is a good approximation
and information from the sound source itself, is essential tao that produced by a point monopole and a point dipole
create a convincing virtual auditory space. transducer up to a given frequency. We refer to such a sys-
Unlike other type&® of attempts to give virtual direc- tem as “stereo dipole.*? The sound field generated by such
tional information to a listener, binaural technology requiresa system has a distinct character in that its rate of change
the control of sound at each of the two ears independentlyover space is much smaller than that generated by two mono-
One way of achieving this is to use a pair of headphones opole transducers spaced apdr\s a consequence, it is ex-
similar types of transducers. An alternative to this is to usepected to be more robust to misalignment of the position and
two loudspeakers at different positions in a listening spacerientation of the listener's hedl A certain amount of mis-
with the help of signal processing to ensure that appropriatglignment is inevitable in the practical use of such a system.
binaural signals are obtained at the listener's éa3. Therefore, it is obviously advantageous if the system is more
robust to misalignment. When, for example, the system is
3previously at the Kajima Technical Research Institute, 2-19-1 TobitakyuUS€d t0 attempt to track head movement, it is essential to
Chofu-shi, Tokyo 182-0036, Japan. know the threshold at which the perception of the virtual
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binaural signals synthesised binaural signals filters a(z) which contains a pair of HRTFs for both ears
corresponding to the desired direction of the incident sound.

~OH ‘ Thus
s—al @ | X C | w Q :
\ 'X‘ > d(z)=a(2)S(2). &

sound source signal transducers listener When the signals at both ears of the listener are controlled by
two transducers in the listening space, the2 matrix C(z)

of transfer functions can be defined between the transducers
and the ears. In order to present the binaural signals at each
acoustic environment collapses. The filter update would inggr the signalsl(z) are filtered through a 2 2 matrix X(z)
evitably be discrete in time and hence the listener's moveyf control filters which contains the pseudo-inverse of the
ment would result in a certain amount of displacement fromyansfer function matrixc(z). Then the synthesized binaural

the intended position before the filters are updated for thjgnalsw(z) and the sound source signalzs@re related by
new head position. In other words, the filters must be up-

dated before the head moves a distance that is greater than W(2)=C(2)X(2)a(2)S(2). 2

the tolerances. Having larger tolerances will be advantageoysor convenience, the control performance maRiz) and
in keeping track of head movement up to a higher velocityyector of synthesized HRTF(z) are defined as follows:
with a given update rate.

The objective of this study is to investigate the robust- (2 =C(2)X(2), )
ness Qf thg pgrformance of s_uch a system When the listener's  q(z)=C(z)X(z)a(z)=R(2)a(z). (4)
head is misaligned. Comparison between two different trans- , ,
ducer arrangements is made: two transducers placed clofenumber of filter design methods have been presefitéed.
together and two transducers spaced apart. The consequerl@eshort, with the use of a modeling deldyand a regular-
of three translational and three rotational displacements dfation parameter for causal stable inversidt(z) is de-
the head is examined. Much emphasis is put upon the preSigned so that
ervation of directional information which depends mostly R(z)=C(2)X(z)~z I (5)
upon the head related transfer functightRTFS. First, the | L . . . . .
effectiveness of control is investigated by synthesis of a unit> sat|sf!ed, wheré is the identity matrix. Th_|s ensures the
impulse at both ears in both the time and frequency domainé:'.y,m,heSIsed HRTFg(z) are a good approximation to the
Presentation of an incident sound from various directions argrlgmal HRTFsa(z). Thus, from Eqs(4) and(5),
then investigated as the very basic components of a virtual q(z)~z %a(z). (6)
sound environment. The characteristics of the synthesised

binaural signals are examined in several ways. In the tempo- .A.‘S the "Ste.”er s head 'S displaced away from the exact
ral domain, the interaural time differen¢D) of the syn- position for which control filtersX(z) are calculated, the

thesized binaural sound signals is investigated. The monaurg ezst:,{e rr;uarlﬁicg\(g(;)nghzzgae gﬁgg aﬂ:ﬁ;—: utietzhs Etsheeusciigéd
spectral shape of the signals is also investigated since th y ’ q ' y

will influence the spectral localization cue. Further consider—bInaural HRTFsq(z) are degraded and may result in the

ation is also given to the binaural spectral difference, i.e., th&'"on9 subjective perception.

interaural level differencdLD) that is used to localise along

the interaural direction and also the interaural difference of!l.- ANALYSIS OF THE SYNTHESIZED BINAURAL
spectral shape that is used to localize around the interaur& CNALS

axis. Cues related to the dynamics of head movement arg. Model

outside the scope of this study. Subjective localization ex-
periments are performed for displacements for which notabl
differences in performance are expected from the previou(i.r
analysis.

FIG. 1. The principle of binaural synthesis over loudspeakers.

The physical acoustic patlssand C are modeled with
ee field head related impulse respon$dfIRs: the time
domain representation of HRTFESA database comprising
directionally discrete HRIRs on a virtual spherical surface
1.4 m from a KEMAR dummy head is obtained from the
MIT Media Labl’ Those between sampled directions are
obtained by bilinear interpolation on the virtual spherical

The principle of the system under investigation is illus- surface of magnitude and phase spectra in the frequency do-

trated in Fig. 1. The following is described with a frequency main. Those at a different distance from a head are obtained
domain representation of the acoustic paftiansfer func- by extrapolation with an appropriately chosen delay and
tions) and sound signals. All the spatial information is in the spherical attenuatiolf. The loudspeaker response is decon-
transfer functions between sound source and both of the lisrolved from the data and thus each control transducer of the
tener’s ears. As the very basic components of a virtual soundystem is modeled as an ideal monopole source. The control
environment, generation of a single incident sound wave ifilter matrix X is determined by the frequency domain de-
taken as an example here. A pair of binaural sigritz) convolution method®
corresponding to a single incident sound wave are generated The listener's head is displaced with respect to six or-
by filtering a sound source signal Z(through a vector of thogonal axegsthree translational and three rotationat in

II. FACTORS IN THE SYNTHESIS OF A VIRTUAL
ACOUSTIC ENVIRONMENT
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FIG. 3. The spherical coordinate system used to define the direction of
sound sources relative to the listener’'s head position and orientation. An
example of “cone of constant azimuth” is illustrated. The two different
transducer arrangements investigated are also sk@lbative to the optimal
head position and orientatign

FIG. 2. The Cartesian coordinate system used to define head displacement

relative to the optimal head position and orientation. (+30° azimuth are representative of a popular arrangement.
The span of 10{=5° azimuth represents close spacing.

Fig. 2 and Table I. Since the robustness to relatively small

displacement of the head positior_1 and orienta.tion is pf interg |ndices for analysis

est here, the robustness of the virtual sound image is evalu-

ated relative to the listener's head, not relative to the listen- [N the temporal domain, the interaural cross-correlation

ing space. In other words, when the listener's head idunction ¥,(7) of HRIRs a(t) corresponding to the real

displaced, he should ideally perceive the same virtual soungource direction are examined and the time lag which gives

image as in the optimal position and orientation, unlike thoséhe peak values o¥ () is used as an estimate of ITD of the

applications where the listener may want to move around if@coustic signals at the two ears. The interaural cross-

a virtual sound environment. correlation function¥ 4(7) is expressed as follows in terms
The spherical coordinate system used to define directioff the elements oé(t):

of sound and of transducers is shown in Fig. 3. The origin is 1 (T

at the intersection of the interaural axis and the median W¥,(7)=Ilim EJ a;(t)ay(t+ 7)dt. (7)

plane. The polar axis coincides with the interaural axis. The Toee T

azimuth angle ranges from-90° to 90° as the direction There are other possible methods to estimate the ITD, for
changes from the pole at the left to the other pole at the rightexample, by detecting the leading-edge in the HRIRs, or by
A cone of constant azimuth is approximately the same as th@omputmg the phase Spectrum or group de|ay of the binaural
cone of confusion where there are no ITDs. The elevatiorsignals. However, the leading-edge method may misjudge
angle ranges from-180° on the horizontal plane behind the the ITD by detecting the less potent onset ITD rather than the
head to—90° below, 0° on the horizontal plane in front, 90° ongoing ITD to which neurones are sensitiie?! There is
above the head to 180° again on the horizontal plane behingo indication that the nervous system could detect the high-
Two different transducer arrangements are investigated foffequency phase spectrum nor group delay. Anatomical and
comparison. In both cases, two transducers are placed ishysiological studies strongly suggest that ITD information
front of the listener on the horizontal pla(@ elevationand  is extracted with the interaural cross-correlation of the
aligned symmetrically with respect to the median plane. Theyuditory-nerve responses to the stimuli in the superior oli-
transducers positioned spanning 60° as seen by the listeng@iry complex then further processed at a higher level of au-
ditory pathway’>?3 The envelope delay of high frequency
TABLE I. Terminology used to describe head displacement. signals as an ITD cd&® can be extracted by the cross-
correlation method as well as the phase delay of low fre-

vertical

Description Terminology guency signals. However, while this method extracts a single
Translation along-axis lateral number ITD in binaural acoustic signals, it does not attempt
Translation along-axis fore-and-aft to model the complex human auditory system which trans-
Translation along-axis vertical duces acoustic signals at the ears into vibration of the audi-
Rotation abouk-axis pitch tory organs and then into nerve signals which are subse-
Rotation about-axis roll
Rotation about-axis yaw quently processed. Therefore, the absolute value of the ITD

may not be completely significant although it can extract
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FIG. 4. The effect of lateral displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulsesl: 16€ft pane
transducer span. Right panel: 10° transducer span.

tendencies and enables comparison between the two different 1 (7T
conditions studied here. Wo(7)=lim ﬁf p1(t)pa(t+7)dt, )
. . . T -T

In the spectral domain, a spectral analysis of synthesised
HRTFs is performed over a logarithmic scale both in fre-where
gquency and magnitude to account for the basic property of O] [Ru(t)+Ront)
auditory filters. The monaural spectral shape is regarded as p(t):[pl 1 124571, 9
an important cue to identify one direction out of directions P2(t)| [ Rai(t)+Rpot)
with no interaural differences. This cue utilizes the change of  When the listener’s head is at the optimal position and
the spectral shape of the sound source signal due to thsrientation, the synthesized signgiét) are approximately
HRTF for each ear. The monaural spectral cues also havgelta functions with an identical delay. Thi#,(7) is a delta
supplemental role in localization along the interauralfunction with ITD=0 (us). In this way, the directional de-
direction?® Interaural difference of spectra could have two pendence ira(t) can be excluded from the analysis of the
roles. The major role is to localize along the interaural direcinteraural cross-correlation functions. As the head is dis-
tion (azimuth discriminatiopwith an interaural level differ- placed away from the optimal position and orientation, the
ence(ILD). It could also be another cue to resolve confusionsynthesized signals(t) are no longer delta functions. Thus
among directions with no interaural time differen@eva- ¥ (7) is also no longer a delta function. A degradég(7)
tion discrimination by utilizing the pattern of frequency de- indirectly suggests the degradation of the ITD cue of the
pendent interaural spectral differerfideThe advantage of synthesized HRIRs for all directions. A shift of the peak in
this cue over the monaural spectral shape cue in practic# () suggests a shift in the ITD of the synthesized HRIRs
would be that it does not depend on the spectrum of theind multiple peaks i ,(7) may cause ambiguity or result
sound source signal. Again it should be noted that this doef the wrong perception among multiple directions of sound.
not attempt a complete model of the human auditory system.  Figure 4 shows the degradation'®f,(7) (the interaural
cross-correlation functions for the synthesised simultaneous
unit impulse$ with lateral displacement over the range of
+200 mm. The maximum value oF ,(7) “1” at O lag can

First, the effectiveness of control as a function of headhe observed at 0 mm displaceméttite optimal positionfor
displacement is evaluated by analyzing the matrix of electropoth transducer arrangements. When the listener’s head is
acoustic path&(t) which is independent of the direction of displaced laterally, an ITD shift for the 60° transducer ar-
the virtual source. Following this, the synthesised HRIRSrangement increases significantly as displacement increases,
q(t) with head displacement are analyzed in order to demwhich is at the rate of approximately 2#s/mm. For ex-
onstrate what happens to temporal cues as a function of th@nple, 25 mm displacement results in abouy8SITD shift
relative direction of the virtual sound source. which corresponds to about an 8° shift in azimuth direction.
The threshold for the ITD discrimination is considered to be
approximately 10us (Ref. 28 and corresponds to about 4

When the inputs tdr(t) is a pair of simultaneous delta mm displacement with the 60° arrangement. On the other
functions §(t) rather than binaural signals, the interauralhand, the rate of shift is much less for the 10° transducer
cross-correlation functiony ,(7), of the synthesised signals arrangement0.2 us/mm and so 50 mm displacement would
is expressed as be just enough to produce the threshold value for the ITD

C. Robustness of temporal cues

1. Control performance (temporal)
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FIG. 5. The effect of roll displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulses. L&t panstcer
span. Right panel: 10° transducer span.

discrimination. When the listener’'s head is rolled, the ITD placement by normalizing the results by the amount of dis-
shift is again greater for the 60° arrangement though thglacement of the ears produced by each of the six types of
difference between the two arrangements is much smallgiead displacement. The synthesized ITD cue is the most sen-
(about 1.2us/° and 0.4us/°) than the lateral displacement sitive to yaw displacement followed by lateral and roll dis-
(Fig. 5. Yaw displacement showed the same ITD shiftplacements. It is very robust to fore-and-aft, pitch, and ver-
(about 8 us/®) which corresponds exactly to the yaw dis- tical displacement. However, the difference in the robustness
placement angle for both of the two transducer arrangementsf the ITD cue between two different transducer arrange-
(Fig. 6). However, better preservatigesmaller amplitude of ments is most significant for lateral displacement followed
additional maxima of the interaural cross correlation func- by roll displacements. There are no obvious differences other
tion can be observed for the 10° arrangement. Fore-and-afthan additional maxima between two transducer arrange-
vertical and pitch displacement shows no shift of the originalments for the other four displacemer(ismaw, fore-and-aft,
peak for both transducer arrangements, as expected from thertical, pitch.
symmetry, but slightly better preservation of the interaural
cross correlation function can be observed for the 102 Accuracy of synthesis (temporal)
arrangement® The results for the six types of displacement By analogy withW (), the interaural cross-correlation
are summarized in Table II. functions of synthesised HRIRY/(7), is expressed as fol-
Comparisons can be made between the six types of digews in terms of the elements oft):

1000 1000

800 800

600

400

- L 200

@

2 -200

-400 -400

-600 -600

-800 -800
—1009200 -100 0 100 200 -1009200 -100 0 100 200

displacement (°) displacement (°)

FIG. 6. The effect of yaw displacement on the interaural cross-correlation functions for the synthesis of simultaneous unit impulses. Lefttpamsduger
span. Right panel: 10° transducer span.
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TABLE II. Estimated rate of ITD shift and displacement which gives the placement for both transducer arrangements are identical to

threshold value of ITD discriminatiofl0 us) for six types of displacement the estimate from the original HRIRs for all the directions

and two different transducer arrangements. g, .
around the head. The estimated ITD from the synthesized

Displacement HRIRs when the listener’s head is displaced 25 mm laterally
Type of displacement Rate of ITD shift  at10us ITD shift ¢4 most of the directions around the head is plotted in Fig. 8.
60° span 10° span 60° span 10° span There are no data points on the bottom part of the spherical
'fitrif_z‘l'nd_aﬂ %-Z*/fmm g-zg/imm 4mm 50 mm plot. In general, it is observed that cones of constant ITD are
vertical OZS/mm OZS/mm shifted from the original valugFig. 8@a)] for the 60° ar-
pitch 0 psl® 0 psl® rangemenfFig. 8b)] but little shift is observed for the 10°
roll 1.2 psl® 0.4pus/® 8° 24° arrangementFig. 8c)], as observed in Fig. 4. The system
yaw ~8 sl “8push? L3 1.3 with the 10° transducer arrangement preserved the synthe-

sized ITD value for larger azimuth directions better than that

of the 60° arrangement. A slightly worse performance is
o1 (T expected on the left-hand side of the head than the other side
‘Pq(T)=T|I_TT1m >T J_TQ1(t)Q2(t+ T)dt. (10 (right) for the 10 ° arrangement. Whereas the right-hand side
shows worse performance than the left-hand side for the 60 °

As the ITD cue is regarded as the most salient cue that igrrangement. The loss of a large ITD value around large
used to determine the azimuth directiSndirections on the azimuth directions[e.g., |azimut>=30° in Fig. 8b),
horizontal plane which contain two sets of all the azimutharound—90 ° azimuth in Fig. &)] is primarily because the
directions are taken as examples to show the interaural crosadditional peaks in the interaural cross-correlation function
correlation functions of HRIR§Fig. 7). That of the original became larger than the original peak. When the head is dis-
HRIRs, ¥ ,(7), is shown in Fig. 7a) and that of synthesised placed, large additional peaks which give ITD values corre-
HRIRs, ¥ (7), when the listener’s head is displaced 25 mmsponding to the direction of the control transducers appear.
laterally are shown in Figs.() and(c). In Fig. 7(a), itcan  |n cases when these additional peaks are larger than the
be observed .that the ITD is increasing almost linearly Withoriginal peaks, if the largest peak is taken to estimate ITD,
respect to azimuth angle over most of the rari@te that e yirtual sound source would vanish and the listener would
the variation is not sinusoidal which would be the case ifio5|ize the sound source in the direction of the control trans-
there were no head in the sound figlti'o(r) is severely ducers. However, with existence of the other types of cue

degraded with the 60° transducer arrangeniéig. 7(b)]; a .
. . . such as monaural spectral shape cues, the smaller magnitude
few large additional local maximéespecially around-250 . Lo N
of the original peak could be more plausible in estimating the

s, corresponding ta=30° azimuth which are the control o . . .
K P 9 fITD. If it is taken to estimate the ITD, it would result in a

transducer directionscan be observed over wide range o
much better preserved ITD value and thus better preserve the

virtual source directions as well as a shiout 65us, 8° I : ar
azimuth of the original peak. HoweveW () is better pre- direction of the virtual sound. This is down to the psycho-

served with the 10° arrangemdiitig. 7(c)] except for very logical function at higher levels of the nervous system. It is

minor local maxima at virtual source directions arounglo®  likely, inferring from the results from subjective experiment

azimuth, Ous lag (the largest around-60 us which again  presented in a later section, that a smaller but more plausible

corresponds to the control transducer directions original peak would result in the estimated ITD for head
ITD estimated from the synthesized HRIRs without dis-displacements below a certain value.

0 0 -90 0 0 90 0
<rear—% front X—rear— <—rear—* front X—rear—> <—rear—* front X—rear—>
source direction, azimuth (°) source direction, azimuth (°) source direction, azimuth (°)

a) b) ©)

FIG. 7. Interaural cross-correlation functions of the original and synthesized HRIRs corresponding to source directions on the horizofsteCplantated
from the original HRIRs(b) Calculated from the synthesized HRIRs with 60° transducer span when the listener's head is displaced 25 mm (gterally.
Calculated from the synthesized HRIRs with 10° transducer span when the listener’s head is displaced 25 mm laterally.
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FIG. 8. Estimated ITD, plotted as a function of the intended direction of the virtual sound s@rteft column: estimated from the original HRIR&)
Middle column: estimated from synthesized HRIRs with 25 mm lateral displacement for the 60° transducefcsjright column: estimated from
synthesized HRIRs with 25 mm lateral displacement for the 10° transducer span. Upper row: view from the upper-ffazitiath= —45°, elevation
=30°). Lower row: view from the upper-rear-rigliazimuth=45°, elevatior 150°).

D. Robustness of spectral cues

Q1(2)

As in the analysis of temporal cues, the effectiveness of q(Z)_[QZ(Z)
control as a function of head displacement is evaluated first
by analyzing the matrix of transfer functio®{z) which is  whereR;;(z) andR,,(z) are the elements which contribute
independent of the virtual source direction. Then, synthetowards the correct synthesis of the HRTFs Byj(z) and
sized HRTFg(z) are analyzed in order to demonstrate whatR,,(z) are noise elements which smear the synthesis. For the
happens to spectral cues depending on the direction of theft ear, the signalsignal intended for the left eato noise
virtual sound source. (signal intended for the right earatio of the control system
is estimated fromR,1(2)|/|R1x(2)|. This is the case when
the time histories of the inputs ®(z) are a pair of identical

When the control system is required to synthesize pareelta functions. This again excludes the effeca(d), i.e.,
ticular spectra at two ears, head displacement results in leakhe direction dependence. Figure 9 shows the degradation of
age of some of the signal intended for one of the ears to ththe signal to noise rati@S/N) for the HRTF synthesis at the
other ear. This is the so called “cross-talk” component ofleft ear with lateral displacement over the rangez0250
the signals, i.e., the component of the signal for right ear fednm. The S/N at the right ealR,,(2z)|/|R,1(2)|, can be ob-
to the left ear and vice versa. This can be regarded as noigained by flipping over the left and right of the figure. Much
component in the intended signal. The components of thé&rger displacements which maintain good S/N over wide
synthesised HRTFg(z) are given by frequency rangé>500 H2 are allowed for the 10° trans-

(11)

_ { R11(2)A1(2) + R1A(2)Ay(2)
R21(2)A1(2) + RoA(2)Ax(2) |

1. Control performance (spectral)
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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. Rlglit panel:
transducer span.

ducer arrangemeritoughly =40 mm for 20 dB S/Nicom- the median plane. The results for six types of displacements
pared to the 60 ° transducer arrangem@ntighly =8 mm  are summarized in Table IIl.

for 20 dB S/N. The dip in S/N around 9 kHz and 13 kHz When compared in the same way as used in the temporal
even when the head is at the optimal position is due to lowye analysis, synthesized spectral cues are most sensitive to
SIN of the measurement of the HRTFs. Good S/N with largefateral and roll displacement followed by yaw, pitch, vertical,
displacement for the 10 arrangement can also be observedhy tore.and-aft displacements. However, the difference in
for the fore-and-aftroughly 410 mm compared ta-120 robustness of spectral cues between two different transducer

mm for 20 dB S/N and yaw(roughly =12 ° compared to . L ) )
+6° for 20 dB S/N displacement as shown in Figs. 10 and arrangements is most significant for lateral displacement fol

11. The 60° transducer arrangement has the advantageI%)\ ed by fo.r e-and-aft and.y.aw dlsplaceme.nts. Note that the
frequencies below 500 Hz, however. This is where the ILD0 9B S/N is roughly sufficient to synthesize the monaural
cues are less potent than the ITD cues. There are not |ar3§@ectra for the ipsi-lateral ear but much better S/N is required
differences between the two arrangements for the other thrd@" the contra-lateral ear. This is because, if the level of two
displacementd(roll, vertical, pitch.'® However, a slightly desired ear signald(z) is compared, the level of the signal
better S/N is preserved with the 60 ° arrangement for pitcﬁor the ipsi-lateral ear is smaller than that for the other ear
and vertical displacement. With rotation about the interaurapver most of the frequency range and for most directions. As
axis, transducers being at a large azimuth angle means lessresult, at the contra-lateral ear, binaural synthesis is af-
change of transducer direction than transducers being arourfdcted by a smaller input with a much larger noise input in

20k 20

frequency (Hz)
N
x
frequency (Hz)
N
=

S/N (dB)

200 5 0
0 1000 -1000 0 1000
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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 gparelRight
10° transducer span.
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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 panel: 10°
transducer span.

addition to the response of the control performance of théo the original spectr@Fig. 12a)]. The consequence of de-

system. graded monaural spectral shape would be an increased num-
ber of confusions among the directions on the constant azi-
2. Accuracy of synthesis (spectral) muth cone. The degradation of this cue may also affect the

As the role of the monaural spectral shape cue is Iorima@\zimuth localization since .the mor?aural_spc.ectral cue has a
rily to determine the elevation direction of sources located orfUPPlemental role for azimuth discrimination, especially
the cone of confusion, directions along the cone of 50 ° aziwhen the interaural cross-correlation functitny(7) is de-
muth are taken as examples to illustrate the monaural spegraded to present ambiguity in estimating the ITD due to a
tral shape cue in the HRTFs. Figure 12 shows examples dpultiple choice of peaks.
monaural Spectra| Shape in HRTFs for the |ps|_|aténght) When the listener’'s head is displaced 40 mm Iatera”y,
ear at directions along the cone of constant azim(&h°).  the monaural spectral shape cue for the synthesized contra-
Significant differences in spectrum pattern between thdateral (left ea) HRTF (estimated from|Q,(z)|) is domi-
sources belowat negative elevationand above(positive  nated by the noise, i.e., the cross-talk component, even for
elevation the horizontal plane can be observed easily in Figthe 10° transducer arrangement due to the low ‘$/Whe
12(a) for real sound source@stimated fronjA,(z)|). There  requirement for the preservation of monaural spectra for the
are less significant differences between sources in ffbid  contra-lateral ear is much more severe than that of the ipsi-
+90°) and in the reaf=90 ° to =180 ° except on the hori- lateral ear as pointed out in the previous section. For ex-
zontal plane where a significant dip in spectra arowrdi®0°  ample, a lateral displacement of not more than 25 mm even
compared to those aroun#tO° can be seen in the mid- for the 10° transducer arrangement and less than 5 mm for
frequency range. The synthesized monaural spectral shapee 60 ° arrangement is required for the 50 ° azimuth direc-
(estimated from|Q,(z)|) when the listener's head is dis- tions. Obviously, the requirement varies as the direction of
placed 40 mm laterally are shown in Figs(ifand(c). The  the virtual sound source varies. The variation of the azimuth
elevation dependency is less clear for that of the 60 ° ardirection(along the interaural axishas more influence on it
rangemenfFig. 12b)]. However, the synthesized monaural than the variation of the elevation directidgaround the in-
spectral shape for the 10° transducer arrangeniBig.  teraural axis
12(c)] shows similar elevation dependent monaural spectra  Naturally, the same requirement as the contra-lateral

monaural spectral shape cue, which is more severe than the
TABLE Ill. Estimated displ_alcement wh?ch gives 20 dB signal t.0 noise ratio ipsi-lateral ear, applies for both of the binaural spectral cues.
of the control system for six types of displacement and two different trans1, terms of analysis, these binaural spectral cues are essen-
ducer arrangements. . . . .

tially identical to the difference between the two monaural

Type of displacement Displacement at 20 dB S/N spectral shapes and estimated fri@3(z)|/|Q1(z)|. Hence
60° span 10° span the interaural spectral shape diffgrence is not shown ¥ere.
lateral +8 mm +40 mm Above all, these monaural and binaural spectral shape cues
fore-and-aft =120 mm +410 mm are well preserved by the 10° transducer arrangement, so
vertical +220 mm +190 mm less confusion along the cone of confusion is expected with
fc"t”Ch i;?o i;fo this arrangement.
yaw 6 120 Examples of another type of binaural spectral cue, the

interaural level differencéILD), are shown in Fig. 13 for
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FIG. 12. Monaural spectral shape in HRTFs for the ipsi-lat@ight) ear. Sound source directions are along the cone of constant aZis@dth(a) Left panel:
monaural spectral shape by real sound sour@@dviddle panel: monaural spectral shape synthesized by the 60° transducer arrangement. The listener’s head

is displaced 40 mm laterallyc) Right panel: monaural spectral shape synthesized by the 10° transducer arrangement. The listener’s head is displaced 40 mm
laterally.

sound source directions on the horizontal plane. As can btigated by using subjective localization experiments. Experi-
seen in Fig. 18, which shows the ILD with real sound ments with real sound sources were also performed to estab-
sources, it is not a simple task to allocate one ILD value to dish the accuracy of the experimental procedure itself. Source
particular azimuth angle. Since complex interference atlirections on the horizontal plane were chosen to be exam-
higher frequencies yields multipl®ften more than ¥azi-  ined since this covers the whole range of azimuth directions
muth angles for one ILD value at each frequency. In addi-and two alternative elevation directions, i.e., @ront) and
tion, the ILD value for a particular azimuth direction varies 180 ° (reay, in each cone of constant azimuth.
depending on frequency. The ILD with synthesized HRTFs
when the listener’'s head is displaced 25 mm laterally aréo" Procedure
shown in Figs. 1@) and(c). The ILD with the 60 ° trans- A weighted noise signalEAIJ RC-7603 was used as
ducer arrangement is degraded severely but those with thtee source signal to minimize the consequence of the large
10° span preserved well. Generally speaking, the ILD valuéigh frequency discrepancy between the HRTFs of the sub-
for larger azimuth angles cannot be achieved without a veryects and the KEMAR HRTFs used in the filter design pro-
good preservation of monaural spectra for the contra-lateraledure. The signal has a flat spectrum between 200 Hz and 2
ear. For example, with the 60 ° transducer arrangement witkHz and gradually rolls off towards lower and higher fre-
50 mm lateral head displacement, the ILD valaweraged quencies. The relative level is abouf dB at 5 kHz,—5 dB
over the mid-frequency ranpéor azimuth directions larger at 10 kHz,—13 dB at 20 Hz and 20 kHz with respect to the
than =30 ° cannot be achievéd. level between 200 Hz and 2 kHz. Each stimulus consisted of
a reference signal and a test signal. A reference signal was
IV. SUBJECTIVE EXPERIMENT presented at 0° azimuth and 0° elevation, i.e., directly in
The virtual directional information synthesized with two front of the listener before each test signal. Both signals had
different arrangements of monopole transducers were inveshe same sound source signal with a duratié & for the

20kg
16K I
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- frequ?gcy (H22Jo
=
frequency (Hz)

=
N
X -

15 -90 0 90 0

1k0 -90 0 90 0
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a) b) )

FIG. 13. Interaural level differendéLD ) for sound source directions on the horizontal pldagLeft panel: ILD produced by real sound sourcés.Middle
panel: ILD synthesized by the 60° transducer arrangement. The listener’s head is displaced 25 mm lajeRadiirt panel: ILD synthesized by the 10°
transducer arrangement. The listener’s head is displaced 25 mm laterally.
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reference signal @h5 s for the test signal with a gap of 3 s s e e R AL s
in between. In order to avoid the effect of presentation order, ot °
the order of presentation from different directions was ran- I E
domized. The reference stimulus not only cancelled the order 8 : .
effect, but also gave subjects prior knowledge of the sound _ i .
source signal spectrum which is important for the monaural %= ¥ oof L
spectral cue. Stimuli, a set of reference and test signals, wer«'g
repeated when subjects had difficulty in making a judgement.§ ! Fd
Subjects were required to choose the closest marker tcg s
the perceived direction of sound. The markers were placed‘g o
all around the head in the horizontal pkad m from the © v
origin of the coordinate with 10° intervals. The subjects § i s
were allowed to choose more than one marker when they§ 3 )
perceived two or more separate directions of sound. In order I -
to avoid introducing dynamic cues which relate to head
movement, the subject was instructed not to move the heac
or body while the stimuli were presented. However, the sub-
ject was allowed to turn his head to see markers after eact 5 U —
test stimulus had stopped. The subject’'s head was not physi 4—rear —¢ front }—rear—>
cally fixed but supported by a small head rest. The subject presented direction, azimuth (°)
was surrounded by a thin black curtain placed between mark-
ers and loudspeakers in order to minimize the effect of visual
information. Subjects were all European males with normal

hear_ll_r;]g.l d K d had a fairly flat bet This is the largest source of error when comparing the results
€ loudspeakers used had a tairly flat response betwegfyy, y,q analysis. The loudspeakers, rather than the listener’s

;elbout 25(? thhan? 5 kHz yvhlcrhgradlu?”y er”SIOfJZthL?_'rdS_ head, were displaced in both the lateral direction and in the
ok;/ver alno d||39 er rliequenﬁles. € rela 'r\:e feve a h? 'Sore-and-aft direction in order to achieve the displacement of
apout smaller with respect to the frequency whichy, jisieners head from the optimal position. The precision of

gives maximum response. The characteristics of the loudye orrangement of the loudspeakers and listener's head was
speakers were well-matchéd.5 dB difference in amplitude of the order of+10 mm

gnd a few degrees differentl:e in phaie resp)or&iﬂ’a‘ereﬂce The results from the subjective experiments are pre-
in responses between two loudspeakers degrades the HR LBnted in the following format. The area of each circle in the

synthesis_. When their responses are id_enti(_:al, their effec%ures is proportional to the number of subjects who per-
become independent of virtual source directions and can bgjyeq the source to be in the given direction. In cases where
regarded as degrading the sound source signal rather thiiy, 5 hiects perceived sound sources in more than two direc-
synthesized HRTFs. The responses of the loudspeakers gf,g the area of the circle is distributed into those positions

course affect monaural cues and they also affect those assgy accordance with the number of directions. The dashed—
ciated with the real sound sources, but they do not affect th@otted line shows the position of the circles when the per-

binaural cues. Therefore, for binaural synthesis, it is impOr¢ejved direction is the same as the presented direction. The

tant to use a well-matched pair of loudspeakers. The loudggtted line is in a symmetric position to the dashed—dotted
speaker pairs for different transducer arrangements Welge with respect to the interaural axis. Therefore, the subjec-

swapped for half of the subjects with the aim of minimizing jye responses due to front—back confusion fall around these
bias errors which are induced by different responses betweges.

the loudspeakers.

In order to minimize other factors than head misalign-
ment which affect synthesis, the experiments were carrie
out in an anechoic chamber. The same data for the acoustic Nine real sound sources were placed at 10° increments
pathsa and the control filter matriXX as those used in the at different azimuthal angles except20° and +90°, and
analysis were implemented by digital filters using a MTT two sources were placed at azimuth 0° with different eleva-
Lory Accel digital signal processing system. The output oftions of 0° and 180%front and reayr. Five of them were
the digital filters were fed via an amplifier to two pairs of positioned in frontlelevation 0} and four of them were po-
loudspeakers with the same geometrical arrangements aglioned in the reaftelevation 180f. Four of them were po-
used in the analysis. The loudspeakers as control transducessioned to the lef{negative azimuthand five of them were
and as real sound sources were placed 1.4 m from the origipositioned to the rightpositive azimuth The performance
of the spherical coordinate system. It is very important towith real sound source$ig. 14 shows the localization per-
bear in mind that there is a considerable amount of variabilformance of the subjects and the accuracy of the experimen-
ity of the HRTFs among individuals. Inevitably, the mat@ix tal procedure itself. This therefore implies the maximum pre-
containing each subject's HRTFs in this experiment is dif-cision achievable with the following experiments with
ferent from that assumed when the matkKxis designed. synthesized virtual sound sources. More than 60% of the

front
(=)
[ ]

O

S

N
XX )Y

&——rear
(=)
L)
N
N

IG. 14. Results of the subjective experiment for localizing real sound
ources. Six subjects were tested.

55. Real sound sources
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FIG. 15. Results of the localization experiment with binaural synthesis over loudspeakers. The listener’s head is at the optimal positioratioul. drlent
subjects were tested. Upper row: Responses by the subjects for whom the systems work well. Lower row: Responses by the subjects for whom the systems
do not work well. Left column: 60° transducer span. Right column: 10° transducer span.

responses resulted in the correct marker and more than 90% Virtual sound sources
of the responses resulted within the smallest0°) measur-

. . Localization experiments with binaural synthesis over
able error with the method. The judgements are more nearl : ) . . :
: SO .foudspeakers were first carried out with the listener’s head at
accurate for smaller azimuth directions than for larger azi-

muth directions. The repeatability of the response is exce the optimal position. Sixteen virtual sound sources were

tionally good in that the responses associated with a partiCLPIaced_ at 0°+207, i40:' iGO:' andf80° a2|muoth W_'th 0°

lar direction for a particular subject almost alwagmore  '€vation (front) and 0°, £20°, +40°, and+70° azimuth
than 95% resulted at the same mark@ven for the wrong with 18.0o elevatlop(rear). It was revealed that there was a
marke). The accuracy can be observed best at small azimutROPulation of subjects for whom the synthesis of virtual
directions(closer to the median planend deteriorates to- Sound sources works reasonably welgood” subjects
wards large azimuth directionghe side of the listengr whereas it does not work so effectively for the rest of the
There are no obvious signs of confusion along the cone ofubjects(“poor” subjects). Figure 15 shows the localization
constant azimuth, i.e., front-and-back confusion. The subperformance for 11 subjects when the head is at the optimal
jects reported after the experiments that the task was vergosition. The localization in azimuth is again more accurate
easy and did not have any ambiguity in deciding whichfor smaller azimuth than larger azimuth. However, azimuth
marker to choose. localization error in general is much larger than the localiza-
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FIG. 16. Results of the localization experiment with binaural synthesis over loudspeakers when the listener’s head is displaced 50 nito e radjir.
Seven subjects were tested. Left panel: 60° transducer span. Right panel: 10° transducer span.

tion of real sound sources. Only a few front—back confusion$. Head displacement
can_be ob_served W'th. the 7 900d subjects. TheA_, poor Further experiments with head displacement were car-
subjects did not localize the virtual sound sources in the reqr

. . : ied out only with the 7 “good” subjects. The results when
half of the horizontal plane correctly, and instead, localize . ) o .
. " . he listener’s head is displaced 50 mm to the right are shown
them around symmetric positions in the front half-plane

) : . 7 "'in Fig. 16. The subjects reported after this experiment that
Moreover, virtual sound sources at large azimuth direction g J P P

(around=90° azimuth were perceived at the offset position The task was very difficult since sometimes they did not per-

. . ceive a clear direction and sometimes they perceived the
systematically towards the centé&maller azimuth angje . o . :
source to be at multiple directional locations. The multiple

Clearly, the grouping of subjects has no relation to the dif- ercention mav be the consequence of multiole maxima in
ferent transducer span. It also has no relation to the ability o P y q P

the subjects to localize real sound sources. Further investig%he mtteraural crosl_sr-éorre(ljatlllc_) " funclt(;on.l D'Sg reﬂ? ney in dif-

tion confirmed that a large disparity between each individua\?,ren Icues(ﬁ.g., an D ijo‘:) iSOGO‘? € zause.

and KEMAR HRTFs resulted in inaccurate synthesis of bin- Intual sound sources preser_1te y the . transducer ar-
azimuth an@beth in front and

aural signals and resulted in systematic bias error for th&angement mtended_ at 0 . . o
“poor” subjects® rean are often perceived at 10°—20° offset direction, whereas

In principle, different transducer arrangements shouldN€ Virtual sources were mostly perceived in the intended
not produce much difference in performance when the listendiréction by the 10° arrangement. These results agree with

er's head is at the optimal position and orientation. NeverPredicted direction by the ITD analysis where a 16° offset is
theless, the 10° transducer span showed slightly better pefxPected from the 60° arrangement but a 0° offset is ex-
formance, especially for “good” subjects around 0° azimuth pected from the 10° arrangement. This systematic shift can-
where it showed no front—back confusion, contrary to thenot be clearly seen at higher azimuth directions where the
considerable amount of confusions with the 60° span. Alfandom localization error is much larger. Nevertheless con-
though the listener's head was supposed to be at the optimgiderable offset aroundt 40° to +60° azimuth is also notice-
position and orientation in this experiment, some misalign-able for the 60° arrangement. The azimuth localisation error
ment of the head is inevitable in practice. This may haveS now more apparent with the 60° arrangement contrary to
caused the increase in front—back confusion with the 60the previous case when the head is at the optimal position.
transducer span. The slight unintended displacement of thidore front—back confusions for the 60° arrangement than
head would have probably exceeded the severe limit for théhe 10° arrangement can still be observed. Degradation of
good synthesis of spectral cues for the 60° transducer agpectral shape cues does not seem to affect the performance
rangementsee Table I, Fig. 8 even though the same dis- very much since little increase of front—back confusion can
placement may have been within the required limit for thebe observed, although some effect may have already been in
10° transducer arrangement. The 60° span transducer ahe results at the optimal head position as discussed earlier.
rangement has a slight advantage in azimuth localizatiorAnother possibility is that the head displacement may not
which is in accord with the better control performance for thehave degraded the spectral shape very much more than the
lower frequency region observed in Figs. 9—-11. disparity between each individual HRTFs and the KEMAR
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