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To a first-order approximation, binaural localization cues are ambiguous: many source locations
give rise to nearly the same interaural differences. For sources more than a meter away, binaural
localization cues are approximately equal for any source on a cone centered on the interaural axis
(i.e., the well-known ‘“cone of confusion). The current paper analyzes simple geometric
approximations of a head to gain insight into localization performance for nearby sources. If the
head is treated as a rigid, perfect sphere, interaural intensity differ@tideg can be broken down

into two main components. One component depends on the head shadow and is constant along the
cone of confusiorfand covaries with the interaural time difference, or JTDDhe other component
depends only on the relative path lengths from the source to the two ears and is roughly constant for
a sphere centered on the interaural axis. This second factor is large enough to be perceptible only
when sources are within one or two meters of the listener. Results are not dramatically different if
one assumes that the ears are separated by 160 deg along the surface of thérableerthan
diametrically opposite one anotheiThus for nearby sources, binaural information should allow
listeners to locate sources within a volume around a circle centered on the interaural axis on a “torus
of confusion.” The volume of the torus of confusion increases as the source approaches the median
plane, degenerating to a volume around the median plane in the limiR20@ Acoustical Society

of America.[S0001-496800)04803-7

PACS numbers: 43.66.Qp, 43.66.MWG]

INTRODUCTION these iso-ITD contours depend only on the angle from source
to interaural axis for distant sources. Empirical measure-
The most robust, static cues for determining soundments of ITD as a function of source direction show that
source direction in anechoic space are differences betweghese approximations are quite accurdéeg., see Mills,
the signals reaching the left and right eérs., the interaural  1972.
intensity differences, or IIDs; and interaural time differences,  For relatively distant sources, IIDs arise primarily be-
or ITDs). Other cues, such as spectral content and overatause of acoustic interference of the hdady., see Mills,
sound intensity, depend on the ability of the listener to teas@972. In particular, for frequencies whose wavelengths are
apart acoustic attributes that are due to source content frosmall relative to the dimensions of the head, the ear farther
attributes that are due to source position. from the source generally receives less energy than the
nearer ear. For sources more than a meter away and assum-
ing a simple spherical head model, the 1ID at a given fre-
qguency is roughly constant for all sources at the same angle
Interaural time differences result mainly from differ- from the interaural axis. Thus for distant sources, a spherical
ences in the path length from the source location to the tWiead model predicts that iso-1ID contours fall on the same
ears. In the simplest approximation, iso-ITD locations form acones of confusion as iso-ITD contoui@though the mag-
hyperbolic surface of rotation symmetrical about the interaunjtude of the 11D at a particular direction generally varies
ral axis (e.g., see von Hornbostel and Wertheimer, 1920;yith frequency.
cited in Blauert, 1997, p. 179For distances more than a When human subjects localize sounds, they often make
meter from the head, these hyperbolic surfaces approximaig&rors in which the perceived location falls near the same
cones centered on the interaural atie., the well-known  cone of confusion as the actual source, but is at the wrong
“cones of confusion’). A better approximation takes into |ocation on the cone of confusion. Such errors can be ex-
account the effects of a spherical head on the path lengths {slained by the fact that to a first-order approximation, binau-
the earde.g., see Mills, 1972; Molino, 1973nhowever, even ral cues can only resolve source position to within a cone of
confusion and other less robust cues must be used to disam-

dAuthor to whom correspondence should be addressed; electronic maipiguate |Ocat.i0n ona partiCUIar cone of confusion. It iS_ note-
shinn@cns.bu.edn worthy that in a large percentage of cone-of-confusion er-

A. Cones of confusion: Binaural cues for relatively
distant sources
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rors, the perceived source location is near the true locatiof921; Firestone, 1930; Wightman and Firestone, 1930; Cole-
mirrored about a vertical plane passing through the interaurahan, 1963; Hirsch, 1968; Molino, 1973; Brungart and
axis, resulting in “front/back” confusionge.g. see Makous Rabinowitz, 1996; Duda and Martens, 1998; Brungart and
and Middlebrooks, 1990; Wenzalt al, 1993; Wightman Durlach, 1999; Brungart and Rabinowitz, 199Bue to limi-
and Kistler, 1999 tations in available computational power, most early studies
One cue for resolving this confusion is the spectrum ofof the binaural differences arising from a point source near
the signal reaching the eardrum, which varies with sourcehe listener were limited to a very restricted set of positions
position due to the acoustic effects of the head, pinnae, anand frequenciese.g., Hartley and Fry, 1921; Firestone,
torso (e.g., see Shaw, 1987However, despite the fact that 1930; Wightman and Firestone, 1930; Hirsch, 1968; Molino,
the spectrum of the signal at the eardrum also depends on ti®73. While these papers point out that 11D cues can disam-
spectrum of the source signal itself, a number of experimentbiguate source location once the ITD is known, they do not
support the idea that a major cue for resolving cone-ofexplicitty show how reliable 1ID spatial cues are or how
confusion ambiguities is the spectral content of the signalshese cues change with source location.
reaching the eardrum&.g., see Roffler and Butler, 1968; Recently, Duda and Martend998 and Brungart and
Butler and Planert, 1976; Butler and Humanski, 1992; Wen-Rabinowitz (1999 computed how the signals reaching a
zel et al, 1993; Gilkey and Anderson, 1995; Wightman andrigid spherical head vary with distance and direction of a
Kistler, 1997b; Hofmaret al,, 1998; Kulkarni and Colburn, point source. Both groups discuss the fact that IIDs provide
1998. distance information for nearby sources. Brungart and
ITD and IID cues are not perfectly constant for sourcesRabinowitz(1999 further point out that the 11D grows as the
on the same cone of confusion because the ears are not desurce moves lateral to the head, as well as increasing with
metrically opposed to one another, the head is not a perfeétequency and decreasing with distance. In analyzing behav-
sphere, and the head and ears are not perfectly symmetiioral localization data for nearby sources, Brungart and
about the interaural axige.g., see Molino, 1973; Searle Durlach(1999 show that the ability to judge source distance
et al, 1976; Searlest al, 1976a; Middlebrooket al, 1989; increases as source azimuth increases, consistent with the
Duda and Martens, 1998Such asymmetries probably aid in idea that the IID magnitude generally increases with source
localizing sound source®.g., see Searlet al, 1976h. For  laterality. In a preliminary model of localization for nearby
instance, the pattern of 11D across frequencies may help tsources, Brungart1998 assumes that IID decreases expo-
resolve source location on a cone of confusion for distanhentially with source distance and that the exponent power
sources(e.g., see Middlebrookst al, 1989; Duda, 1997; increases with source azimuth. By taking into account the
Wightman and Kistler, 1997bHowever, such cues are not perceptual sensitivity to ITD and IID information, this model
as robust or systematic as other binaural cues; they tend to lveas able to predict an observed improvement in distance
extremely complex functions of both frequency and sourceerception with increasing source azimuth for sources re-
location (see discussions in Middlebrookst al, 1989;  stricted to within 30 deg of the horizontal plane.
Wightman and Kistler, 1997aRecent analysis suggests that These studies demonstrate that 1IDs provide unique in-
torso reflections cause a peak in the 1ID between 2-5 kHzZiormation about source location for nearby sources, but that
with the frequency of the peak varying with angle around thethe amount of spatial information gained from the 11D de-
interaural axis(Avendanoet al,, 1999. This low-frequency pends on the spatial position of the source. The current
IID peak is grossly front—back symmetric, a trait which may analysis shows quantitatively how [ID depends on the angle
explain why front/back reversals are the most common conedetween source cone and interaural axis and the distance of
of-confusion errors. the source from the head. By calculating surfaces for which
It is clear that binaural cuegarticularly IID9 arising  binaural cues are constafnd thereby specifying which
from distant sources actually differ to some degree for dif-source positions cannot be disambiguated on the basis of
ferent locations on the same cone of confusion. However, thbinaural cuek insight can be gained into sound source lo-
variations in binaural cues on any given cone of confusiorcalization for nearby sources.
tend to be smaller and/or less consistent than the variations The analyses below examine how binaural cues vary
across different cones of confusion. Thus analyzing binauralith source location; however, they exclude any consider-
cues for a simplified, symmetrical head model can provideation of the acoustic effects of the shoulders, torso, or pin-
insight into sound localization behavior by describing hownae. Thus, while the current analyses may help to explain

gross binaural cues vary with source location. some aspects of sound localization for nearby sources, they
cannot explain perceptual results that depend on these acous-

B. Interaural intensity differences as a cue for source tic effects.

distance

A number of researchers have previously pointed ouﬁ INTERAURAL DIFFERENCES FOR AN

that for a nearby point source, IIDs vary with source pOSitic_’nACOUSﬂCALLY TRANSPARENT HEAD
differently than do ITDs. If one assumes that ITDs convey in

which cone of confusion a source is contairiad angle that For a spherical head, interaural differences will vary
will be called the “angle between the source cone and thevith frequency. However, if one treats the head as acousti-
interaural axis” throughout this paperthen IIDs can be cally transparent, interaural differences depend only on
used to determine source distarfeqy., see Hartley and Fry, source position relative to the two ears and are independent
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of frequency. This section considers this simplified case in 1

order to gain insight into more realistic approximations oms, 0B
(treated in later sectiohs 0.8
% 0.6
A. Interaural time differences s .
3
Ignoring the acoustic effects of the head itself, the IFD & 04
depends only or, the difference in the path lengths to the < 02
two ears. Specifically, *g
A 3 °
= @) €02
o
wherec is the speed of sounB43 m/g. By definition, an fé-o_4 o
iso-ITD surface for point receivers in free space is the locus § L
of positions at whichA is constant. Assuming that two ears ‘g-o 6 §
are located in a rectilinear coordinate systemra®,0) and g
(—r,0,0) (which puts the center of a head of radiuat the 08,
origin), this surface is given by

-1 -0.5 0 0.5 1
4 4 meters (along interaural axis)
—sz—ﬁ(y%zz):l. 2
A 4re=A FIG. 1. Iso-ITD and iso-lID contours as a function of spatial location for an

Th . ITD £ f the “traditi o f acoustically transparent head. The left side of the figure shows iso-ITD
ése I1s0- suriaces torm the “tradiional”™ cones of CoNn- ;qniqrs spaced every 5@s. The right side of the figure shows iso-1ID

fusion (e.g., see Blauert, 1997 contours spaced every 1 dB. By symmetry, these contours are identical for
The just-noticeable differendgND) for ITD is roughly ~ any arbitrary plane containing the two edssnall circles. All spatial units
10-20 us for a reference with 0 ITD and increases byare in meters. The abscissa is parallel to the interaural axis and the ordinate
perpendicular to the interaural axis. The gray filled areas show the regions of
rothIy a factor of 23 for Iarger reference Ing-! see space that are consistent with the ITD for a source at the position marked by
Durlach and Colburn, 19%80f course, these JNDs measure “ O and the 11D for a source at the position marked by’ The dashed
the best performance that can be achieved in a simple digine repeats the iso-ITD contours that delineate the “cone of confusion” for
crimination experiment when there is no stimulus uncertaint he source at X.” The intersection of the area enclosed by these dashed
) - ines and the filled area on the right are the only locations consistent with
(e.g., see Braida and Durlach, 198& fact, the ability t0  poth ITD and 1ID cues for a source at<"”
extract ITD information will generally be worse if the sub-
ject must attend to a large range of stimiglig., see Koehnke
to gain insight into the spatial information conveyed by thelocation to a two-dimensional surface. For sources near the
ITD, one can compute the iso-ITD surfaces that should lea#€ad, iso-1ID surfaces differ from iso-ITD surfaces and thus

to detectable changes in ITD as a function of spatial locationProvide unique information about source position.

The left side of Fig. 1 shows ITD contours spaced ays0- ~ Oné major component of the IID for nearby sources
increments for an arbitrary plane containing the interaurafrises due to differences between the path lengths to the two
axis. ears. The energy transmitted to a point in space from a uni-

One can see from the symmetry of Eg) that the iso- formly radiating point source is inversely proportional to the
ITD contours are three-dimensional surfaces formed by rosquare of the distance from the source. Assume that the
tating the depicted one-dimensional contours around the in-l€ft” and “right” point receivers are located at distances of
teraural axis. ITD information should allow listeners to di anddg, respectively, from a uniformly radiating point
determine a sound source location to within the volume desource. Then the square of the ratio/dr equals the ratio of
lineated by an adjacent pair of iso-ITD surfaces. The grayhe intensity reaching the right receiver over the intensity
area on the left of the graph shows the cross section of sudlgaching the left receiver. The resulting IID will be constant
a volume taken through an arbitrary plane containing thdor all positions at which the ratik=d, /dg is constant. The

interaural axis for a source at the position labeled.” Of  ID a (in dB) is given by
course, if the head were not acoustically transparent, the path
from source to ear would not always be diréce., sound a=20logk. 3

would have to travel around the heaahd the sound wave

would be reflected and diffracted by the head. As a result, thdgain assuming that two ears are located |0,0) and
acoustically transparent head analysis generally underesij—r,0,0), the iso-IID surfaces are given by

mates ITDs.

(Xx—Xo)2+y?+22=d?,
B. Interaural intensity differences
(1+k?)

The 1IDs that occur for sound sources very close to the r—— 2
(1=K

listener help to disambiguate source positions that result in

4

o

1629 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Shinn-Cunningham et al.: Tori of confusion 1629



2rk that gross binaural cues only determine source position to a
5| broad swatch of space within about 5 deg of the median
1-k plane. For intermediate locations, iso-IID and iso-ITD sur-
These iso-1ID surfaces constitute perfect spheres of rafaces are nearly perpendicular to one another and the com-
diusd,,, whose centers fall on the interaural axisf,0,0).  bination of cues provides much more information than either
Both the distance from the center of the sphere to the nearét€ taken alone. In these cases, the intersection of the 11D
ear and the radius of the sphere increase with decreasing 118"d ITD volumes is a torus-shaped volum@/e call these
magnitude(as k approaches oneAs the IID approaches Volumes “tori of confusioR” (after the “cones of confu-
zero, the magnitudes of both, andx,, grow to infinity and sion”) to reflect the additional constraints on source location
the iso-1ID sphere degenerates to the entire median planéérived from the IID for a nearby source. If the source is
The iso-1ID sphere degenerates to a point at the position ohore than 2 meters away, the change in IID with source

the nearer ear as the 11D magnitude increagespproaches Position is too gradual to provide spatial informati@t least
zero or infinity. for an acoustically transparent hgadnd the source can only

The just-noticeable differencgND) in 11D is approxi-  be localized to a volume around the correct cone of confu-

mately 0.8 dB, independent of frequency and reference IIC3ION.
(e.g., see Mills, 1960; Hershkowitz and Durlach, 1969; This analysis demonstrates why one should not think of
Mills, 1972). The right side of Fig. 1 shows iso-IID contours !ID as providing distance information about nearby sources,
at 1-dB separations for source positions on an arbitrary planeer se Instead, IID cues provide information about the loca-
containing the interaural axis. As with iso-ITD curves, rotat-tion of the source in both distance and direction. In addition,
ing these iso-1ID curves around the interaural axis generatedistance perceptiofbased on binaural informatipaoes not
iso-1ID surfaces in 3-space. In other words, gross IID infor-depend on source azimuth, but rather on the angle between
mation alone should allow Subjects to determine source |0T.he source cone and the interaural axis. In the next section,
cation to a volume of space whose bounding surfaces ar@ese transparent-head iso-1ID and iso-ITD surfaces are com-
iso-1ID spheres separated by one JND. The shaded gray arared to those derived for a simple rigid, spherical head
on the right side of Fig. 1 shows the cross section of such &odel.
volume (through a plane containing the interaural 3@ a
source at location X.” II. INTERAURAL DIFFERENCES FOR A RIGID,

SPHERICAL HEAD

a

Treating the head as rigid sphere, Rabinowitz and his
colleaguesgRabinowitzet al, 1993 derived how the pres-
The goal of this analysis is to estimate how well subjectssure on the surface of a rigid sphere varies for a point source
can judge source position based only on robust, binauradt an arbitrary location. This analysis has previously been
cues. It is generally accepted that ITD and IID are separatelgpplied to the problem of determining how sound pressure
computed in individual frequency channels. Both types ofvaries with source position for nearby souré¢es)., see Duda
binaural information have a limited resolution; however,and Martens, 1998; Brungart and Rabinowitz, 199Bhe
both are available to help determine source location. A liscurrent analysis focuses on how much spatial information
tener should be able to determine source location to withithinaural cues convey as a function of source position and
the intersection of the volumes separately determined by [IDhow these results diffgland are similar tpthe simple analy-
and ITD information. In other words, based on binaural cuessis given in the previous section.
a subject should be able to determine source location to  The current computations also use the spherical head
within a volume whose four bounding surfaces are the twanodel presented by Rabinowitt al. (1993. The point re-
iso-1ID spheres and two iso-ITD cones described above. ceivers (ears are assumed to be at opposite ends of one
For the source at locationX™ in Fig. 1, the listener  diameter of a rigid sphere of radius 8 cm. From these as-
should be able to judge the location of the source as som&umptions, interaural differences depend only on source dis-
where within the gray area on the right half of the figuretance and cone-of-confusion angeolutions will be sym-
based on IID information alone. ITD information constrains metrical about the interaural axisSThe complex pressure on
the source to be between the dashed lines on the right side @ife surface of the sphere was calculated for a uniformly ra-
the figure. In the horizontal plane, the intersection of theseliating point source at all directions, distances between 12
constraints forms two roughly square regions positioneccm and 10 m, and frequencies ranging from 20 to 20 000 Hz.
symmetrically about the interaural axis. Rotating these areashe ratio of the RMS pressures on opposite sides of the
around the interaural axis defines the locus of positions fogphere were then computed in order to determine interaural
which the binaural cues are consistent with those from alifferences in intensity and time as a function of sound fre-
source at position X.” quency and source position. These results were then
The extent of the resulting volume of space varies drasmoothed in frequency using a 1/3-octave-wide kernel.
matically with source position. For source positions that are
near the head and on the interaural axis, 11D cues alone wiff
restrict the source position to a relatively small region of ITD was estimated from the phase of the ratio of the
space. In contrast, both iso-1ID and iso-ITD surfaces degencomplex transfer functions for the right and left ears. The
erate to the same surface for a source on the median plane sderaural phase difference was nearly linégfter unwrap-

C. Tori of confusion

Interaural time differences
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A) O5kHz . B) 20kHz .

FIG. 2. 1ID as a function of spatial
location in an arbitrary plane through
the interaural axis using a spherical
head model with diametrically op-
posed ears. The interaural intensity
difference(right ear relative to left ear,
in decibel$ is plotted in the vertical
dimension. The X,y) position corre-
sponds to the location of the source
relative to a head centered @,0) of
radius 8 cm. The locations of the ears
are shown by asterisks in the-y
plane at the bottom of the figure. The
median plane is located at=0. The
top row (panels A, B, and Cshows
the overall IID for three different fre-
guencies(500, 2000, and 5100 Hz
The bottom row(panels D, E, and F
shows the normalized lIQtotal 11D
less the IID that arises for a source in-
finitely far, i.e., 10 m, from the sphere
for the same three frequencies.

overall IID

1D, right/left (dB)

normalized IID

meters

meters

ping the phaseup to 6 kHz for all distances and angles. quency increases, the IID begins to show a directional de-
Since ITDs are generally assumed to be relatively unimporpendence, with the IID increasing as the source position
tant above 2 kHz, a single ITD value was estimated for eaclmoves away from the median plafe.g., see panels B and
source location by averaging the slope of the interaural phasg). The IID actually decreases for mid and high frequencies
versus frequency function for frequencies below 2 kHz.  as the source position approaches the interaural axis. This
At any particular location, the expected ITD using aresults from the fact that the sound waves traveling around
spherical head model is larger than that predicted in the eathe head add in phase at the far ear as the source approaches
lier analysis, as expectdde., the iso-ITD surfaces are more the interaural axis, thereby increasing the intensity of the
closely spaced This difference in ITD magnitude arises pri- sound at the far ear and decreasing the (tbe so-called
marily because the path length to the far car is longer for &acoustic bright spot’). In the limit, for sources relatively
rigid sphere compared to an “invisible” head, increasing thefar from the head, the iso-1ID surfaces must approach the
ITD for a given source location. Although the ITD increasescones of confusion. For these distances, the IID at a given
slightly as the source approaches the ear along a particulrequency depends only on the angle from the source to the
cone of confusion, the resulting distance information is neginteraural axis.
ligible for most source positions. As a result, the spatial in-  In order to gain further insight into the dependence of
formation conveyed by the ITD for a rigid head follows the IID on source position, the IID for a source very far from
roughly the same geometry as predicted by the analysis ithe head(i.e., for a source at 10 )was calculated for all
the previous section; namely, the ITD determines source lopossible cone-of-confusion angles. For each source position,
cation to near a particular cone of confusion. In general, thehe 11D that occurs for a source at 10 meters in that direction
volumes of the cones of confusion are smaller than for thevas subtracted from the overall 1ID to form “normalized
case of an acoustically transparent head. IIDs” (i.e., the IID was normalized by subtracting the IID
for a source from the same direction, but at an effectively
infinite distance The normalized 1IDs are plotted in the bot-
tom half of Fig. 2(panels D, E, and Hor the same frequen-
The top half(panels A, B, and Cof Fig. 2 plots the [ID  cies shown in the top half of the figure.
as a function of source position for an arbitrary plane At low frequencies, IID is approximately zero for
through the interaural axis. In general, the magnitude of theources far from the head and the normalization has little
[ID increases as the source approaches eithefcemsistent effect(panels A and [ For higher frequencies, the 11D for a
with the analysis for an acoustically transparent hedd  distant source accounts for a large percentage of the overall
addition, the IID becomes more complex and grows in magilD. Once this distant-source IID is removed, the only posi-
nitude as frequency increases. At low frequenc&30 Hz  tional dependence in the 1ID is nearly identical to the form
and below, see panel)Athe IID function is shaped nearly predicted by the analysis for an acoustically transparent
identically to the 1ID function for an acoustically transparenthead, independent of frequenégompare panels B and C
head. However, even for low frequencies, the 11D magnitudevith E and B. In other words, while the magnitude of the
at a particular location is larger when the head is treated as@ormalized 1D is slightly larger than the IID predicted for an
rigid sphere rather than acoustically transparent. As freacoustically transparent head, the shape is virtually identical.

B. Interaural intensity differences
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B) 2030 Hz C) 5120 Hz
A 510Hz ) ) FIG. 3. Iso-1ID contours as a function

of spatial location in a plane through
the interaural axis using a spherical
head model. The spherical head is cen-
tered at(0,0) and the ears are located
at (+0.08,0 m. The left half of each
panel shows the overall iso-1ID con-
tours. The right half of each panel
shows the iso-11D contours that remain
after the 1ID that arises for a source
infinitely far (i.e., 10 m) from the head

is subtracted. Contours are shown for
1-dB increments, starting at 1 dB
(contour nearest to the median plane
The top row shows the IID for three
different frequencieg500, 2000, and
5100 H2 assuming that the ears are
diametrically opposed. In these panels
(A, B, and Q, the results are valid for
an arbitrary plane containing the inter-
aural axis. The bottom row shows the
IID for the same three frequencies
when the ears are displaced 10 deg be-
hind the center of the head in the hori-
zontal plane. In these panel®, E,
and B, the results are valid for the
horizontal plane.

0.5 0.5

S
o

-0.5

symmetric ears
o
(=]

'
-

-1
-1 0 1

'
pury
o
-

D) 510Hz E) 2030 Hz

meters from interaural axis

o
1
o
(4]

displaced ears

-1 0 1 -1
meters from median plane

Iso-1ID contours derived from the plots in Fig. 2 are this relative-distance component increases with frequency,
shown in the top row(panels A, B, and Cof Fig. 3 (the the frequency dependence is not pronounced.
bottom row is discussed in the next secjiohhe left side of
each panel shows the full iso-1ID contours and the right side= 1ori of confusion
of each panel shows the corresponding normalized iso-11D . ) . . )
contours. For low frequencie®.g., see panel A iso-IID ITD information for a rigid spherical head conveys in-
contours are grossly similar to the iso-1ID contours for anformation about the angle between the source cone and the

acoustically transparent head. At intermediate frequencieteraural axis. Although the ITD increases slightly as the
(e.g., panels B and)Cthe iso-1ID contours become complex

source approaches the head, these deviations from the perfect
varying both with the angle from the interaural axis and the

' “cones of confusion” are small in perceptual ternfas
relative distance from the source to the two ears. Once th@oljntlgdqu ptrevggslay; €g. see Brungart, 1998; Brungart
head-shadow 11D componefite., the component present for and Rabinowitz,
sources infinitely far from the head removed from the 11D

Spatial information conveyed by the IIDs varies dra-
surfaces(right half of each pangl the remaining iso-IID matically with frequency. At low frequenciefoelow 500
contours depend mainly on the relative distance from th

Hz), the 1ID information is essentially the same as predicted

on '%or an ically transparent head. At high frequencies, th
source to the two ears, like iso-1ID contours for an acoust|—0 an acoustically transparent head. At high frequencies, the

L IID primarily conveys information about source direction,
cally transparent head. The main distinction between the twi P y Y

) . ut also conveys some information about the relative dis-
cases is that the IIDs for an acoustically transparent head At&nces from the source to the two ears. At intermediate fre-
slightly smaller in magnitude than those that arise for

; X ) aquencies, the 1ID varies with angle from the interaural axis
spherical head. As a result, the volumes of spatial uncertainty, 4 \vith relative distance to the two ears.

delineated by the iso-1ID contours for the normalized 1IDs In other words, at both intermediate and high frequen-
are slightly smaller than from those predicted by an acousticies, part of the information conveyed in the 1ID covaries
cally transparent head. with the information conveyed in the ITD. Combining ITD
This analysis shows that the IIDs that arise for a rigid,and 11D information will restrict the possible source position
spherical head model can be broken down into two comporg g torus of confusion. However, if the source is broadband,
nents. The first component is frequency-dependent butombining spatial information in the 1IDs in different fre-
distance-independent. As expected, the magnitude of thiguency bands will restrict the source location to the same
distant-source component increases dramatically with fretorus of confusion, since mid- and high-frequency 11Ds con-
quency. For frequencies below about 500 Hz, this factor isain spatial information similar to the information conveyed
negligible; at high frequencies, this “head shadow” domi- py |TD.
nates the overall [ID. The second component, the “normal- It must be pointed out that the spherical-head approxi-
ized 1ID,” varies with the relative distance from the source mation becomes increasingly less accurate as frequency in-
to the two ears and conveys roughly the same spatial inforereases. In particular, above about 6 kHz, spectral notches
mation predicted for an acoustically transparent head. Whiland peaks that depend on the angle around the interaural axis

1632 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Shinn-Cunningham et al.: Tori of confusion 1632



(the angle around the torus of confusiowill begin to  for the symmetrically placed ears will be greatest through the
arise in the signals at the ears due to the acoustic effects tiorizontal plane.

the pinnae. These notches and peaks will cause changes not

only in the energy pattern at the individual ear drums, but

will result in 1IDs since the effects are different at the left A Interaural time differences

and right ears. Also, for frequencies between 2 and 5 kHz,  |50-|TD contours that arise for a spherical head with the
torso reflections may affect the lIDAIgazi etal, 1999.  ears displaced are nearly indistinguishable from the iso-1TD
Thus the IID analysis for a rigid spherical head model iscontours for a head with diametrically opposed ears. The
most useful for relatively low frequencies. biggest difference is that the ITD is slightly smaller at posi-
Overall, this analysis shows that when sources argons near an azimuth of 90 deg when the ears are displaced.
within a meter of the listener, low- and mid-frequency IID Thjs is explained by the observation that if a source moves
information should allow listeners to localize a source tOfom 78 to 79 deg in the horizontal plane, it moves away
within a torus of confusion. This IID information is further fom the left(far) ear and toward the rigfihea) ear, causing
refined by the ITD cues, which partially covary with 1iDs at ap jncrease in the ITD. However, a source at 80 deg azimuth
mid and high frequencies. Many of the observations madgg directly opposite the left ear, so as a source moves from
for the acoustically transparent head analysis continue tgimuth 80 to 81 deg, it actually moves closer to the far ear
hold. For instance, the volume of a torus of confusion i_”'(around the back of the heras well as moving closer to the
creases as the angle between the source cone and the intggxy ear. As a result, for sources located at azimuths between
aural axis increases until it degenerates to the entire mediagh and 100 deg, the difference in the path lengths to the two
plane. The toroidal volume decreases as the angle betwe@as does not change significantly with azimuth and the mag-
the source cone and the interaural axis decreases and as Wg,de of the ITD is reduced for locations to the side of the
source moves closer to the nearer ear. For sources beyonth@ad. Thus the main effect of positioning the ears behind the

meters from the listener, IID changes so gradually with discenter of the head is to decrease ITD magnitude.
tance that it conveys no useful spatial information beyond

that contained in the ITD and the torus of confusion degeng

] ) . Interaural intensity differences
erates into a cone of confusion.

The bottom row(panels D, E, and JFof Fig. 3 plots
IIl. INTERAURAL DIFFERENCES FOR DISPLACED overall- and normalized-iso-IID contours for locations in the
EARS horizontal plane when the ears are displaced. It should be

H t di wicall d on the h mphasized that nonhorizontal planes containingxtaeis
uman ears are not diametrically opposed on the heag,. yield different iso-1ID contours. In particular, since

For instance, in their analysis of the range dependence of thc?nl : - ;
the horizontal plane bisecting the head passes through
HRTF, Duda and Martend 998 assumed that the ears Wereaa[] y P 9 P 9

located 10 deg behind the di ¢ lel to the int the ears, the iso-1ID contours for this plane show the greatest
ocatec 0 deg benind Ihe diameter paraliel 1o the interaur symmetry(and reach the largest valyes

axis. This asymmetry is relatively small, but complicates the Looking first at the iso-lID contours for the overall 1D
geometry of iso-binaural surfaces. In particular, the rota-g

fi | trv that i d.in the ab di . eft half of each pang] the IID function is no longer front—
lonal symmetry that 1S assumed In the above dISCUSSION N, symmetriclcompare top and bottom rows in Fig). 3

longer holds; instead of symmetrical tori of confusion, b'n'There are two factors influencing the IID as a function of

agtL§| cues W:ll aII%w tlhe I|st|ent<;r_ to I()tpate the source ttholocation in the horizontal plane. The first can be ascribed to
within some skewed volume. In this section, we examine Miterences in the ratio of the path lengths to the two ears.

effect of displacing the ears backward on the head. This factor is maximal for sources located 100 deg to the

The same rigid spherical head model was used to CaICLls'ide of the median plane for sources in the horizontal plane

Iatg the tr'ansfer function from a po.m.t source in space tocontaining the ears and increases as the source approaches
point receivers on the surface of a rigid sphéRabinowitz

. . the head. The second factor depends on the head shadow and
et al, 1993. However, the point receivers were assumed t

b larlv displaced backward by 10 ded in the horizont aries with the direction between source and head as well as
€ angularly displaced backward by €g In the horizontgy ., frequency. The relative importance of this second factor

S!anle. chj co;;fse, for alhead in whlc_h_ the er?ers are a_n?dularl creases with frequency.
Isplaced, ~ditterent planes containing theaxis yie The maxima of the normalized iso-1ID functiorisght

shghtly different iso-lID and iso-ITD contour§.e., blnaural_ half of each panglare skewed toward an azimuthal angle of
d|ﬁ§rences are no longer constant on a cone of CO'nfOI.SIOH 100 deg(in line with the near ear Nonetheless, this spatial
While full rptatlonal symmetry no Ionger' holds, bl'naural dependence is similar to the spatial dependence exhibited for
cues are mirror symmetric about the horizontal plge, the symmetrical case. The IID information consists of a com-
the binaural differences that occur for a sourcexay (z) are ponent that varies with azimuthal angle and a component that

equa_l to thos_e for a source at,¢,—2)]. Such symmetry is varies with the relative path length from source to the two
consistent with up/down and down/up reversals that are oc;

casionally reported in the literatufe.g., see Wenzadt al., ears.
1993. The only plane containing theaxis and the two ears
is the horizontal planez=0); results in this plane show the
greatest(front—back asymmetry. As a result, the distortion Because of the asymmetry for angularly displaced ears,
of the iso-binaural contours from those seen in the analysithe combination of IID/ITD information taken across fre-

C. Distorted tori of confusion
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510 Hz 2030 Hz 5120Hz IV. SUMMARY AND DISCUSSION

05 A 05 & 05 \ ° These results show that when sources are close to one
0 @o o> ° oy ear, IIDs vary dramatically with source position and fre-
o5 08 / 05 quency so that using only binaural cues, a broadband sound
source can be located to somewhere on a “torus of confu-
» -0.5 o 05 0.5 0 05 0.5 0 05 . . oy L
% sion.” ITD cues determine source position to within a cone
E o) 5 f of confusion. IIDs vary with both distance and direction for
3 ° 0'5> 0‘5> sources, but are only significant for sources within one or
e ° @' ’ /' 0 /' two meters of the head and close to the interaural axis.
~§, 05 05 08 There are two main components of the IID: one that
% 05 0 05 05 0 05 05 0 05 depends primarily on the ratio of the path lengths from the
source to the two ears and one that depends on the direction
oASA @ 05 \ H) 05 » from the source to the center of the head. The relative im-
0 ° of e of @ portance of these two factors depends on frequency, prima-
s / o5 / o5 / rily because the magnitude of the second factor increases
< with frequency.

05 0 05 05 0 05 05 0 05
meters from median plane

Of course, the acoustic signals at the ears of a real lis-
tener include many effects not considered here. In particular,
FIG. 4._ Con_straints on spatial location d_ue to the IID for a spherical heac{he effects of the shoulders, torso, and pinnae are known to
model in which t_he ears are angularl)_/ d|§placed. Each row'cor.respc_)nds tBe acoustically Signiﬁcant and to affect localization judg-
one source locatiofplotted as an asterisk in each pan&he solid circle in
the middle of the panel shows the head. Each column corresponds to Bents. However, the current results demonstrate how gross
different frequency. In each plot, the source is constrained to fall within thebinaural cues vary with direction and distance. In addition,
area delineated by the drawn contours by the IID in the correspondinqhe current analysis is most accurate at low frequencies, pre-
frequency range. . . . .

cisely the frequencies at which 1IDs do not occur for distant

sources.
qguency no longer forms a symmetrical torus of confusion.  When one considers the problem of how to estimate
ITD information constrains the source to be on a distortedsource position from the acoustic cues available at the ear-
cone of confusion. In order to gain insight into how the IID drums, the importance of the “extra-large” 1IDs that can
would constrain locations for sources at various locations iroccur for sources very near the listener becomes clear. It has
the horizontal plane, Fig. 4 shows the locations in the horibeen reported that ITD cues dominate judgments of source
zontal plane that are consistent with the 11D in different fre-direction for broadband sound@Vightman and Kistler,
qguenciegcolumnsg for a source in various locatior{sows). 1992. In these experiments, 11D and spectral shape cues de-

Figure 4 shows that the tori of confusion are skewed byrived from individually measured head-related transfer func-
the angular displacement of the ears, but many of the obsetions (HRTF9 were pitted against interaural phase informa-
vations made for the symmetrical model still hold. In par-tion (derived from a different spatial location using the
ticular, IID information will constrain the source location to individualized HRTF§ In the study, the measured HRTFs
within some volume of space. The size of the volume dewere taken for relatively distant sources, where only the head
creases as the source nears an ear and increases as sousteslow contributed to the IID. The results show that as long
approach the median plane. In general, there are locatiores the source signal contained low frequencies, judgments of
both in front of and behind the listener that could give rise tosource direction were dominated by the ITD cue. In contrast,
the observed IID cues at each frequency, consistent witmany headphone experiments in which ITD and IID cues are
front/back and back/front reversals. At lower frequencies, theitted against one anothée.g., see the review in Durlach
source position is constrained in both distance and directiorand Colburn, 1978, as well as Buel al, 1994; Buell and
similar to predictions from an acoustically transparent head'rahiotis, 1997 show that a large, broadband IID favoring
analysis. As frequency increases, iso-1ID contours vary morene ear biases judgments of source direction toward that ear,
dramatically with source direction than source distance an@ven when ITD cues indicate a different direction. From the
provide information that is similar to the information in the current analysis, we see that a large, low-frequency IID only
ITD. For some source positions, the IID in moderate andoccurs for sources near the eamd close to the interaural
high frequencies constrains the source to fall within one ofaxis. Thus in many dichotic headphone studies, the low-
two spatial bandse.g., see panels C and,Doughly corre-  frequency IID in the imposed broadband IID restricts the
sponding to two different cones of confusiéone of which  possible source location to be a very small volume of space
contains the actual source locatiofhis occurs because the close to the ear. A parsimonious explanation for all of these
[ID is not monotonic with source azimutlee Fig. 2so that  results is that both ITD and IID information are used to de-
there can be two or more connected regions of space consigermine source position, but that low-frequency ITD infor-
tent with the 1ID in mid and high frequencies. Looking mation is generally more reliable than head-shadow cues.
across these spatial constraints, broadband IID informatio®nly very large, low-frequency IID$which can only occur
(with or without ITD information restricts the source loca- when sources are very near one)ese sufficiently reliable
tion to within a volume of space that forms a distorted torusto overcome the dominance of low-frequency ITD informa-
of confusion. tion. In fact, if the auditory system treats ITD and IID infor-
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mation as separate, independent channels of spatial informatauert, J.(1997. Spatial Hearing 2nd ed.(MIT Press, Cambridge, MA
tion, a maximume-likelihood estimation approawlg‘, see Braida, L. D., and Durlach, N. (1988. “Peripheral and central factors in

; ; ; intensity perception,” inAuditory Function: Neurobiological Bases of
Duda, 1997, will predict dual source image@s are often Hearing edited by G. M. Edelman, W. E. Gall, and W. M. Cow@#iley,

reported in the literatupefor ITD/IID pairings that are incon-  New York), pp. 559-583.
sistent. Brungart, D. S(1998. “Preliminary model of auditory distance perception
It should also be pointed out that energy differences in for nearby sources,” iProceedings of the NATO AS1 on Auditory Com-

: ; ; : -1 putational Hearing Il Ciocco, Italy.
the S|gnals reaChmg the two ears are important for Spanaérungart, D. S., and Durlach, N.(1999. “Auditory localization of nearby

unmasking in many real'\’_\/orld listening situations. Thl_JS the sources II: Localization of a broadband source in the near field,” J.
pattern of spatial unmasking for sources close to the listenerAcoust. Soc. Am106(4), 1956—1968.
may be different than when sources are more than a meté&rungart, D. S., and Rabinowitz, W. M1999. “Auditory localization of

: ; ; nearby sources |: Head-related transfer functions,” J. Acoust. Soc. Am.
away. If a source is near the interaural axis and close to thelOG(S), 14651479,

head, the “better ear” advantage wiI.I be-more pfpnouncedsrungan, D. S., and Rabinowitz, W. RL996. “Auditory localization in
than when a source is at the same direction but distant fromthe near field,” inProceedings of the Third International Conference on
the head. However, the extra-large IIDs that arise in such aAuditory Display Palo Alto, CA.

situation may actually decrease the binaural component d?ruell, T. N., and Trahiotis, C(1997. “Recent experiments concerning the
relative potency and interaction of interaural cues,'Bimaural and Spa-

spatial UnmaSkinge-g-v see Colburn and Durlach, 1965 3| Hearing in Real and Virtual Environmentedited by R. Gilkey and T.
The question of how these two factors play out under free- Anderson(Erlbaum, New Yorl, pp. 139—150.
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sound waves. At intermediate frequenCIeS’ torso effects Wllgutler, R. A., and Planert, N1976. “The influence of stimulus bandwidth
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