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Auditory localization of nearby sources. Head-related
transfer functions
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b)

Although researchers have long recognized the unique properties of the head-related transfer
function (HRTF) for nearby sourceéwithin 1 m of the listener’s head), virtually all of the HRTF
measurements described in the literature have focused on source Iscatiowr farther from the
listener. In this study, HRTFs for sources at distances from 0.12 to 1 m were calculated using a
rigid-sphere model of the head and measured using a Knowles Electronic Manikin for Acoustic
ResearchKEMAR) and an acoustic point source. Both the calculations and the measurements
indicate that the interaural level differen€l.D) increases substantially for lateral sources as
distance decreases below 1 m, even at low frequencies where the ILD is small for distant sources.
In contrast, the interaural time del&{D) is roughly independent of distance even when the source

is close. The KEMAR measurements indicate that the direction of the source relative to the outer ear
plays an important role in determining the high-frequency response of the HRTF in the horizontal
plane. However, the elevation-dependent characteristics of the HRTFs are not strongly dependent on
distance, and the contribution of the pinna to the HRTF is independent of distance beyond a few
centimeters from the ear. Overall, the results suggest that binaural cues play an important role in
auditory distance perception for nearby sources. 1999 Acoustical Society of America.
[S0001-4966(99)04209-5]

PACS numbers: 43.66.QIDWG]

INTRODUCTION provide binaural distance cues for nearby sources. More re-

. cently, interaural time and intensity differences have been
Over the past 100 years, considerable efforts have bee lculated with an updated sphere modBrungart and

made to characterize the relationship between the location abinowitz, 1996; Brungat al., 1996), and validated with

a sound source in space and the sound pressure generat.edac\éustic measurements of the HRTF on a bowling-ball head
that source at the eardrums of a human listener. Tradition:

ally, this relationship has been represented by the heao?Puda and Martens, 1998A common feature of all of the

related transfer function, or HRTF. Many researchers havsphere model predictions is that the HRTF changes substan-

measured the HRTF for relatively distant sound sources, Ioijally with distance at distances less than 1 m, butis virtually

cated 1 m or more from the listendiMdller et al., 1995; !n_dependent pf distance for_sources beyond 1_m. Therefore,
Gardner and Martin, 1995; Pralong and Carlile, 1994; Carlildt 'S useful to mtroduce_termmology t.o d|ffe_rent|ate bgtween
and Pralong, 1994; Middlebrooket al., 1989; Wightman the.se near and far regions. In our discussion of aud|tory lo-
and Kistler, 1989; Mehrgardt and Mellert, 1977; ShaW,callzatlo'n near the .head,. we use the term “proximal region”
1974). However, despite the recognition by early researchel descn?e_the reg!on”thhm 1 m of the I|s_tener’s head, and
that the HRTF varies substantially with distance at distancel'® térm “distal region” to describe the region beyond tm.
less than 1 m, very little is known about the characteristics of The r|g|d—sphere model of the head can provide useful
the HRTF for nearby sources. insights into f[he general behavior of the HRTF for_ (_:Iose
Nearly all previous work examining the HRTF for close SOUTCeS, but it does not fully repr_esent the cor_nplexmes of
sources has been based on a rigid-sphere model of the hedg® actual HRTF. In order to obtain a clearer picture of the
Stewart (1911a, 1911b)erived mathematical expressions distance dependence of the HRTF, an approximation that
for the interaural level differencdLD) and interaural time ~@ccounts for the irregular shape of the head and outer ear as
delay (ITD) on a rigid-sphere head with ears located at dia-Well as diffraction by the neck and torso is needed. Measure-
metrically opposite points on its surface, and found that thénents on an anthropomorphic manikin can provide this type
ILD increases substantially as a nearby source approach& approximation, without the difficulties involved in mea-
the head, while the ITD remains roughly independent of dissuring the HRTF on human subjects. With the exception of
tance even for close sources. Hartley and FiE§21)ex- some ITD and ILD measurements on a wax dummy head in
panded Stewart's calculations, and noted that a combinatioan early study by Fireston@930), no comprehensive mea-
of distance-invariant ITDs and distance-varying ILDs couldsurements of the HRTF on an anthropomorphic hadnan
or manikin) are available in the literature. This paper de-
dcurrently at Human Effectiveness Directorate, Air Force Research Labo-Scrlbes an ex.te.nswe .Set Of HRTF measurements made with a
ratory, WPAFB, OH. Electronic mail: douglas.brungart@he.wpafb.af.mil KEMAR manikin at distances ranging from 0.12 to 1 m. The
PCurrently at Bose Corporation, Framingham, MA. results are compared to the predictions of the sphere model,
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and are discussed in relation to their implications for theB. Procedures for HRTF measurements
localization of nearby sources.
1. Facilities

|. METHODS The HRTF measurements were made in a corner of the
anechoic chamber of the Armstrong Laboratory at Wright-
Patterson Air Force BageAll of the HRTF measurements
were made with a KEMAR manikin, which was fitted bilat-
Useful approximations of the HRTF for a nearby source,erally with Zwislocki couplers and 1.2-cm pressure micro-
and the corresponding interaural time and intensity differphones(Bruel & Kjaer 4134)at the eardrum locations. The
ences, can be obtained from mathematical descriptions of thaicrophone outputs were connected to a Bruel & Kjaer 5935
acoustic properties of a rigid sphere. Our model was adaptedual microphone power supply, and then passed through a
from the work of Rabinowitz and colleagu€$993), who patch panel into the control room. The KEMAR was
examined the frequency scalability of the HRTF for an en-mounted on a metal stand equipped with optically encoded
larged head. The present variation of the model maintains stepper motors that allow programmable control of the mani-
fixed head size and varies distance, rather than varying heddn’s azimuth and elevation within a fraction of a degree.
size at a fixed distancéBrungart and Rabinowitz, 1996A In order to avoid the complications involved in near-
more detailed review of the application of the model, as wellfield measurements with a conventional cone loudspeaker
as a comparison of the model’s predictions to acoustic meadue to their size, directionality, and complex near-field char-
surements made on the surface of a bowling ball, are availacterstics), a special sound source approximating an acoustic
able in Duda and Martend.998). point source was developed for these measurements. An
The model approximates the head as a rigid sphere, dflectrodynamic horn drivekElectro-Voice DH1506)was
radius a, with “ears” located at diametrically opposed connected to a 3-m-long section of Tygon tubing with inter-
points on the surface of the head. The sound source is a poinal diameter of 1.2 cm and walls 1.5 mm thick. For conve-
velocity source radiating spherical acoustic waves, and isience, the end of this tube was routed through a PVC pipe
located at distance from the center of the head and at angle sleeve, 2.5 cm in diameter and 64 cm in length, with the end
« from the interaural axis. The expression for the complexof the Tygon tube projecting 2 cm from the end of the pipe

A. HRTF calculations for a rigid-sphere model of the
head

sound pressure at the ear, denotedPpy is given by and with foam material sealing the space between the tube
x 1 and the interior of the sleeve. The sleeve was used to clamp
P(r,a,a,f)= Cpolo m+ _) L(cosa) the point source to a tripod stand that was used .to position
2ma‘ m=o 2 the source during the measurements. The relatively small
diameter of the tub€1.2 cm)allows its opening to act ap-
H(27fr/c) i ( . | . : in that it is relativel
L , 1)  proximately as an acoustic point source in that it is relatively
Hm(2mtalc) nondirectional even at high frequencies. At 15 kHz, for ex-
wheref is the sound frequency, s the speed of sounggis ~ @mple, the 3-dB beamwidth of the source was found to be
the density of airy, is the volume velocity of thénfinitesi- 120 degrees. Furthermore, the small size allows a precise

mal) source, |, is the Legendre polynomial function, and placement of the source and eliminates the potential problem
H,, is the spherical Hankel function. To obtain the HRTFsOf secondary reflections off the source. The source’s fre-
from the model, the pressure at the ear must be divided bJUency response is irreguléfig. 1); however, its shape is

the reference free-field pressure at the center of the Rgad consistent and easily removed from the transfer function
which is simply the pressure of a point source of strength Measurements, and its effective frequency range is from 200
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at distance': Hz to 15 kHz. _
Reference measurements were made with a 1.2eck
P(r.f)= 2pofug ol (— 27fric + ml2) 2) in.) free-field microphongBruel & Kjaer 4165)located at
s r ' the position of the center of the manikin head with the mani-

A remaining complication is the transformation of the anglekIn removed. Measurements were made at 0.125, 0.25, 0.50,

a between the location of the source and the location of thé?lnd 1.00 m hbe;ore and after the HF;LF measurementtﬁ.
ear to the more standard spherical coordinates used to deﬁ@anges In the frequency response of the source over the

HRTFs. Throughout this paper, the coordinate system has i qu;;e Efl th(;Bmeasgrehmeqts v;/ere fOUH(:j to ?le ne;gllglble
origin at the midpoint of the interaural axis. Azimug will ~ \Within £1.5dB), and the signal measured at the reference

be defined as O degrees directly in front of the head, 9 icrophone was essentially independent of distance except

degrees directly to the left, and 90 degrees directly to the or the inverse relation of overall amplitude to distance.
right. Elevation(¢) will be 0 degrees in the horizontal plane, The measurements were controlled by a computer lo-

90 degrees directly above, ard90 degrees directly below. cated in a small room adjacent to the chamber. The two
In this coordinate systemy=arccos(sin§)cos@)) and the rooms were connected by a patch panel which passed the left
transfer function at the left ear is and right microphone signals, the sound source signal, and

the motor controller signal. The computer was also con-
Ps(r,a,arccogsin(6)cog ¢)),f ) nected via GPIB bus to a dynamic signal analy@éewlett
Pse(r,f) ’ Packard HP35665Ahich was used both to generate the
(3) source signal and to measure the transfer functions. The mi-

H (r,a,0,¢,f)=
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100 to 7748 Hz)and the first 360 points of the high-
frequency FFT(from 7780 to 19 268 Hzjvere concatenated
into a single 600-point transfer function with 32-Hz resolu-
tion from 100 Hz to 19.2 kHz. The two-part measurement
was used for two reasons. It allowed higher resolution over
the frequency range than a single measurement and, more
importantly, it allowed independent ranging of the analyzer's
input gain at low and high frequencies. The transfer function
of the point source drops off considerably above 7 Kkize
Fig. 1). By dividing the measurement into two parts, the
analyzer could be set to optimize the signal-to-noise ratio in
both frequency bands.

After each measurement, the amplitude and phase of the
transfer function at each frequency value were saved into
separate files. The magnitude of the HRTF at each location
was found by dividing the amplitude spectrum at that loca-
tion by the free-field reference measurement corresponding
to the source distance. The ITDs were calculated from the
difference between the phase responses at the left and right
ears.

A a o N
S <) S o

w
o

Response (dB SPL @ 1m /dB V)
N
o

-
N e)
ol\)

1'03 1'04 3. Calibration
Frequency-{Hz) Prior to each set of measurements, the KEMAR manikin
FIG. 1. Acoustic point source. The top panel illustrates the construction ofwaS adJUSte.d to place .the center of the interaural axis dlreCt.Iy
the point source, which essentially consists of an electrodynamic horn drivePVer the axis of rotation of the stand. When the source is
connected to a 3-m-long flexible tube with a small amount of acoustic foanclose to the head, correct placement is particularly important
inserted into the opening to act as a terminating impedance and cut down djecause small deviations between the center of the head and
standing waves in the tube. The end of the tube is encased in a rigid PV?he center of rotation will cause changes in the distance to
sleeve to allow easy placement of the tube opening. The sleeve in thiﬁ1 e . .

picture is curved to allow easy manual placement of the source, andN€ source as the manikin is rotated in azimuth and severely
equipped with an electromagnetic sensor to record the location of the tip. lcorrupt the measurements. The centering of KEMAR was
the HRTF measurements described in this paper, only the 64-cm section @ccomplished automatically via a series of acoustic measure-

the sleeve was used. The bottom panel shows the frequency response of . . o
point source measured with a free-field microphone at a distance of 1 mIH’?ents with the source placed in front of the manikin at

The measurement was made in an anechoic chamber using a periodic chigrdegree elevation. The manikin was first centered in azi-
stimulus and a 1024-point FFT. One-third octave smoothing has been agmuth by rotating the head until the magnitude of the ITD was
plied to the response. Note the drop-off in the response at frequencies aboygdyced below 2s. Then the roll of the manikin was veri-
6 kHz. fied by rotating KEMAR 180 degrees in azimuth and again
_ _ verifying that the ITD remained near zero. With a nearby

crophone signals were connected to the analyzer inputs. The, .o “any left or right tilt of the manikin will prevent the
source signal was amplifie@Crown D-75) before being ., rca from falling on the median plane at both 0 and 180
passed through the patch panel to the sound driver. degrees in azimuth. Finally, the manikin head was centered
in elevation by verifying that the time delay from the source
to the left ear at 0 degrees in azimuth was equivalaithin

The analyzer was operated in transfer-function modes us) to the delay from the source to the left ear at 180
which measures the ratio of the signal spectra at its tw@legrees in azimuth. If the manikin were tilted forward or
inputs. The analyzer's source output was connected to ongackward, the distancéand delaysfor these two measure-
input, and one of the ear microphones was connected to th@ents would differ. After the elevation was adjusted, the
second input. A periodic chirp source signal was used t@entering measurements were repeated until the manikin was

maximize the signal-to-noise ratio. The periodic chirp is aacceptably centered in azimuth, roll, and elevation.
periodic sine-wave sweep with its period equal to the length

of the time record of the fast Fourier transfoff@FT). Be-
cause of its periodicity, no windowing is required for FFT ||. THE HRTF FOR PROXIMAL-REGION SOURCES IN
calculations with the chirp stimulus. At each source position,THE HORIZONTAL PLANE
64 FFT measurements were combined using root—meanA Soh del predicti
square(rms) averaging. . Sphere model predictions

All measurements were made at two frequency ranges: The magnitudes of the HRTFs predicted by the sphere-
from 100 Hz to 12.9 kHz and from 7.8 to 20.6 kHz. Each based mathematical model of the head are shown in Fig. 2.
measurement consisted of a 400-point FFT with 32-Hz resofhe principal characteristics of these transfer functions can
lution. The first 240 points of the low-frequency FFffom  be summarized by four observations:
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FIG. 2. The HRTF for horizontal-plane sources from 0.125 to 10 m when the head is modeled as a rigid sphere 18 cm in diameter. The HRTFs were calculat]
by dividing the pressure at the left ear by the free-field pressure at the center of tH&he@)]. Results are shown for source locations at 30-degree intervals

in azimuth in the front hemisphere only, as the sphere model is symmetric across the frontal plane. Note that each panel represents a 30-dB range of resporses
but that the values change to accommodate the data. The bars at the left side of each graph show the source proximity effect, which is the gain of the HR¥F
ignoring diffraction by the head. In the 90-degree panel, the bar at the right side of the panel shows the source proximity effect plus the 6-dB high-frequend
pressure doubling effect, and illustrates that the combination of these two effects fully explains the high-frequency asymptotes of the HRTFs at this locatiof.

oREBse

See text for details. %
(1) The HRTF increases as the source rotates toward the edn, the wavelength of the sound, so the attenuation at the %
and decreases as the source rotates away from the eashadowed ear increases with frequency. As a result, the 3
(2) The HRTF increases with frequency when there is a diHRTFs for contralateral sources resemble low-pass filters ;‘f
rect path between the sound source and the ear, and d&ee the HRTFs for 30, — 60, and— 90 degrees in Fig. 2). §
creases with frequency when the ear lies in the acoustic ~ As a result of the convex shape of the spherical head, the §

shadow of the head. shadowed region of the sphere’s surface will always extend
(3) The HRTF decreases with distance when there is a direghto the hemisphere closest to the source when the source
path from the source to the ear, and increases with disdistance is finite. A crude illustration of this phenomenon is
tance when the ear is shadowed by the head. provided in Fig. 3, which shows a sound source located 20
(4) The HRTF changes rapidly as distance decreases beloyy from the center of a spherical head 20 c¢m in diameter.
0.5 m, but slowly (1 dB) as distance increases from 1 Note that the direct path from the source to the surface of the

to 10 m. sphere is blocked at all points to the right of pointwhere
. the tangent line&ST intersects with the surface of the sphere.
1. Analysis of sphere model results Thus the direct patlSA from the source to poin& on the

Several of the characteristics of the sphere-modesphere is blocked by the surface of the sphere, and poist
HRTFs can be explained intuitively with relatively simple shadowed by the head. In this example, the shadowed zone
acoustic concepts. There are also some low-frequency difxtends over two-thirds of the surface of the spiéne en-
fraction effects in the HRTFs which defy intuitive explana- tire region where the arc from poif closest to the source is
tion. These are explained in more detail below. greater than 60 degrees). The size of this shadowed zone

a. Head shadowingHead (or sphere)shadowing is the increases as the source moves closer to the head, and de-
attenuation in the HRTF that occurs when the head obscuregeases as the source moves farther away.
the direct path from the sound source to the ear. The magni- As a consequence of this type of shadowing, it is pos-
tude of the shadow is related to the size of the head relativeible for both the ipsilateral and contralateral ears to fall
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Head at 20 cm A (224 om) point where the direct path from the source is tangent to the
sphere T). If the direct sound could pass through the head
30277 T(17.3¢cm) unimpeded, the sound reaching the point farthest from the
source F ) would be attenuated 9.5 dB relative to the sound
reaching the point closest to the source.
s C(10om)  ©(20cm) F (30 om) The magnit_ude of the source-prox_imity effect is shown
along the left side of each panel in Fig. 2. At 10.0 m, the
effect is negligible(near 0 dB)for all source directions. The
effect increases as source distance decreases, and at 0.12 m
the source-proximity effect produces more than 10 dB of

FIG. 3. Head shadowing and the source-proximity effect for a nearbygaln at 90 degrees and almost 5 dB of attenuatior- 80

source. In this figure, sound propagates from an infinitesimal point sourcgegrees' The proximity effect is frequency mdependent. In
(S) to the surface of a spherical head with a diameter of 20 cm, centered farticular, it helps interpret the large changes in the HRTF at
0. Note that the head shadow, which is defined as the region where the diregyw frequencies that are evident only for nearby sources.
path from the source to the ear is occluded by the head, includes the entirﬁowever the source-proximity effect cannot explain all of
contralateral hemisphere and extends into the ipsilateral hemisphere wherﬁ ’ .

the direct path from the source is tangent to the surface of the sgpaire (e low-frequency behavior of the HRTF. In general, the
T). Thus pointA is in the head-shadowed region in this example. Also, noteordering of the low-frequency HRTFs by distance is consis-
that pointA is more than twice as far away from the source as the closestent with the source-proximity effect at each azimuth loca-

point (C) and that £ ) is three times as far away as the closest po@i. ( ; ; ~ ; _
Thus, even if the effects of diffraction by the sphere are ignored, theretlon’ but the magthde of the low frequency gain or attenu

would be a substantial difference in sound level between p@inss, andF ~ &tion is greater than that predicted by_ source prO_Ximity-
due to source proximity effects. c. High-frequency pressure doublinghe magnitude of

the HRTF at the ipsilateral ear generally increases with fre-

inside the shadowed zone of the sphere. In the case of trflency due to high-frequency reflections off the surface of
spherical head used in the modeifth a radius of 9 cm), the the sphere. When the source is located at 90 degrees, the
ipsilateral ear lies in the head shadow for a sound source &und wave impinging on the head is perpendicular to the
30 degrees at all distances less than 18 cm. Thus, at 30 déurface of the sphere at the location of the ear, and at suffi-
grees in Fig. 2, the ear lies in the acoustic shadow of the heaglently high frequencies the sound wave is specularly re-
at a source distance of 0.12 m, and is unshadowed at dliected off the surface of the sphere back in the direction of
greater source distances. As a result, the high-frequendiie source. The direct and reflected sound waves combine in
component of the sound reaching the ear is substantially ahase to produce a 6-dB pressure gain at the location of the
tenuated when the source is at 12 cm, and the magnitude 68r. This 6-dB increase in high-frequency gain is evident in
the 12-cm transfer function switches from greatest to smallthe 10 m HRTF at 90 degrees in Fig. 2. In fact, for all of the
est at this point. The amount of attenuation due to the heaglistances, the high-frequency magnitude of the HRTF at 90
shadow also increases as the ear moves deeper inside thegrees is essentially equivalent to the combination of the
shadowed region. Since the size of the shadowed region irsource-proximity effect and the high-frequency pressure dou-
creases as source distance decreases, this results in increabliag effect, as shown at the right side of the panel in Fig. 2.
high-frequency attenuation for nearby sources at the shadis the source rotates away from 90 degrees, the sound waves
owed ear. At all points to the right of 0 degrees, the source i§om the source are no longer perpendicular to the surface of
shadowed at all distances, and the ordering of the transfdhe sphere at the ear and only a portion of the sound wave is
functions is reversed.e., the magnitude of the transfer func- reflected at the ear canal opening, resulting in a high-
tion decreases with distance in the unshadowed ®d@nd frequency gain slightly less than 6 dB at 60 and 30 degrees.
90 degrees), and increases with distance in the shadowddbte that high-frequency pressure doubling does not occur in
zone(0, — 30, and—60 degrees). the contralateral HRTFs.

b. Source proximity. The inverse relationship between d. Acoustic bright spotWhen the ear is located directly
pressure and distance for a spherically radiating sound wavepposite the source—{90 degrees in Fig. 2), all possible
can substantially influence the HRTF when the source is neaound paths from the source around the sphere to the ear are
the head. Thisource-proximityeffect can be viewed as the cylindrically symmetric and, consequently, all components
portion of the HRTF which is not a result of diffraction by of the diffracted sound wave combine in phase at the ear.
the head, i.e., as the HRTF for a pressure sensor suspend€lis in-phase combination results in a local maximum in the
in free space at the location of the ear. Since the HRTF i$#IRTF at all frequencies, a phenomenon known as the acous-
defined as the ratio of the pressure at the ear to the pressuie “bright spot.” As a result the high-frequency responses
at the center of the head, the source-proximity effect is simef the HRTFs at—90 degrees are substantially greater than
ply the ratio of the distance from the source to the center othe corresponding components of the HRTFs-&0 degrees
the head to the distance from the source to the ear. An exat each source distance. The effects of constructive and de-
ample of the source-proximity effect is provided in Fig. 3. In structive interference on the contralateral hemisphere of the
this figure, which assumes that a head with diameter 20 cm isead are seen as ripples of the high-frequency HRTF re-
located 20 cm from the source, the intensity of the soundponse.
reaching its surface would be 4.8 dB stronger at the point e. Other diffraction effectsThe low-frequency response
closest to the sourceZ(in the top panel of Fig. 3than at the  of the sphere-model HRTFs cannot be explained fully with
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frequency increases, this peak decreases in width and addi-
tional peaks form on either side until, at high frequencies, the
central peak is very sharp and is surrounded by multiple
ridges on either sidéocation A). The increases in the high-
frequency response of the ipsilateral HRTFs due to pressure
doubling are also apparent in the contour pldégation C).

B. KEMAR measurements

The HRTFs measured with the KEMAR manikin are
shown in Fig. 6. Numerous distal-region HRTFs, both from
-10 — - manikins and from human listeners, are available in the lit-
10 FreqL%ncv (H2) 10 erature, and the directional characteristics of the distal-region
HRTFs are well documented. This discussion will focus on a
FIG. 4. The difference between the mean HRTFs at 0.12 and 1.0 m. Theomparison between the HRTFs calculated with the sphere
sphere model and KEMAR HRTFs at 0.12 and 1.0 m were averdgetB model and those measured with KEMAR. and on the
units) across all locations in the horizontal plane. The results illustrate thatd. d d h .. fth '
the HRTF, on average, decreases in magnitude more quickly at high fre= 'S_tance' ependent characteristics of the KEMAR HRTFS' It
quencies than at low frequencies as the source approaches the head. Tigsimportant to note that these HRTFs measured with the
effect is more pronounced in the KEMAR measurements than in the spherKEMAR manikin may differ from those measured on any
model. The decrease in spectral content at high frequencies as distan dividual subject However. the genera| pattern of the
d Id potentiall tral dist in th i ) L ;
r:;:)enéses could potentially serve as a spectral distance cue in he proxim Istant-dependent changes in the HRTFs with the KEMAR
manikin should be representative of those in the HRTFs of
uman listeners. Although it is unlikely that the high-
requency characteristics of the KEMAR HRTFs will match
Ll1'||i1ose of any particular human listener, the relative changes
in those HRTFgsuch as systematic shifts in the azimuth or
[equency of notches in the HRTF with distangaovide
me insights about the general distant-dependent behavior

the HRTF for nearby sources.

0.12 m HRTF - 1.00 m HRTF

the simple concepts described above. As noted before, t
source-proximity effect only partially accounts for the low-
frequency HRTF responses. The remaining differences res
from diffraction by the sphere. Note that the diffraction ef-
fects tend to increase the low-frequency gain at the ipsilatera{
ear and decrease the gain at the contralateral ear. The mag-
nitude of these diffraction effects increases as distance de-

creases. 1. Comparison of KEMAR measurements with sphere

model

2. Low-pass filtering of proximal-region sources The sphere model best fits the KEMAR measurements at

The combination of the low-frequency diffraction ef- low frequenciegbelow 1 kHz). For comparison, the magni-
fects in the ipsilateral hemisphere and the head-shadowin@ide of the sphere-model HRTF at 100 Hz is shown beside
effects in the contralateral hemisphere produces a consistetiie KEMAR measurements in Fig. 6. The fit of the model to
change in the shape of the HRTF with source distance. Ththe measurements is best at the contralateral ear and worst
high-frequency response of the HRTF is generally lowemear the boundary between the shadowed and unshadowed
relative to the low-frequency response of the HRTF when thezones(30 and 150 degrees). There are also some discrepan-
source is close than when the source is more distant. Thisies between the model and measurements at 0.12 m near 90
effect occurs at all source locations, in both the ipsilaterabegrees.
and contralateral hemispheres. The high-frequency response As frequency increases, the KEMAR HRTFs begin to
is generally 4—6 dB lower relative to the low-frequency re-diverge from those of the sphere model. At 2.9 kHz, the
sponse when the source is at 0.12 m than when the sourcedsiarter-wavelength resonance of the ear canal causes a large
at 1 m (Fig. 4). This relationship implies that a sound sourcgeak in the KEMAR HRTFs at all directions and distances.
at a fixed angle relative to the head will appear to be low-At higher frequencies, the KEMAR transfer functions exhibit
pass filtered as the source approaches the head. Although tkiscomplex series of direction-dependent peaks and notches
effect is modest, it could be used as a monaural distance cwghich arise from the geometry of the pinnae and are not
in the proximal region, and it is consistent with previousreflected in the sphere model. Five major characteristics of
observations that sound sources appear to “darken” in timthe sphere HRTFs are preserved in the KEMAR HRTFs.

Egzg)s they approach the hedggault, 1987; von Bekesy, (1) The magnitude of the HRTFs generally increases with

frequency when there is a direct path from the source to
the ear. In part, this increase is probably a result of the
reflections that cause the 6-dB gain in the sphere model.

Contour plots provide a different perspective of the  The pinna, which is shaped somewhat like a cone, also
sphere-model HRTF$Fig. 5, left panels). These plots are provides some gain at high frequencies. Note that the
particularly useful for viewing the rippled nature of the overall high-frequency gain at the ipsilateral ear is
acoustic bright spot in the contralateral HRTFs. At 2500 Hz,  greater in the KEMAR measurements than in the sphere
there is a single peak around90 degreeglocation B). As model.
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FIG. 5. Contour plots of the HRTFs predicted by the sphere m@eiftlcolumn)and measured with KEMARright column). Azimuth is shown at 3-degree
intervals, and frequency is shown at 1/12-oct intervals from 500 Hz to 14 kHz. The magnitude of the transfer function at eéohd@iist represented by
color, as shown by the legend across the bottom of the figure. Five reference (tadieted A—E)are present on the contour pldtee text for details).

(2) The high-frequency responses of the HRTFs are attenu-
ated when the ear is in the acoustic shadow of the head.
(3) The overall gain of the HRTFs increases as distance de-
creases when a direct path exists between the source and
the ear, and the overall attenuation of the HRTFs in-
creases as distance decreases when the ear is shadowed mal region.
by the head. Note that, as in the sphere model, the ear i®) Although its structure is more complicated, the acoustic
first shadowed by the head at 30 and 150 degrees when
the source is at 0.12 m, and that the ordering of the
HRTFs at high frequencies reverses at these locations.
Overall, the magnitude of the HRTF increases more rap-
idly at low frequencies than at high frequencies as the

(4)

source approaches the heéelg. 4). Thus, the sound
reaching the eardrums is effectively low-pass filtered as
the source approaches the head. This effect is more dra-
matic in the KEMAR HRTFs than in the sphere model,
and may serve as a monaural distance cue in the proxi-

bright spot seen in the sphere model is also evident in the
KEMAR measurements. This is best seen in the contour
plots of the KEMAR measuremen(Big. 5). The peak at
intermediate frequencies occurs slightly to the left of
—90 degrees in the KEMAR measurements due to the
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FIG. 6. The HRTF for horizontal-plane sources from 0.125 to 1.0 m measured with the KEMAR manikin. The HRTFs were calculated by dividing the
pressure at the left ear by the free-field pressure at the center of the head. The bars at the left side of each panel show the low-frequency asymptote of the
HRTF calculated with the sphere modek shown in Fig. 2).

asymmetries of the manikin hedldcation B). At higher  right ears. However, when the source is close to the head, the
frequencies, the periodic interference pattern around thangle from the source to the ear can differ substantially from
bright spot is seen in the KEMAR measurements, but ithe angle of the source relative to the hg&iy. 7). This

is more erratic than in the sphere model. Note that oneliscrepancy between the angles of the source relative to the
notch from the interference pattern appears to extenthead and eafor relative to the left and right earg known

into the ipsilateral hemisphere at 6.5 kidacation D). as acoustic parallagSuzukiet al., 1998). The parallax effect
_ _ changes systematically with the distance of the sound source;
2. The parallax effect in the high-frequency HRTF the closer the source comes to the head, the more its angle

When a sound source is distant, it is located in roughlyrelative to the ispilateral ear is pushed away from the inter-
the same direction relative to the head and to the left andural axis. As a result, the high-frequency features of the
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a) Source at 1.00 m

b) Source at 0.12m

1.00m
Azimuth (Degrees)
©
o

FIG. 7. The parallax effect for nearby sound sources. When a sound source 0
is relatively distant, the direction of the source relative to the ear is approxi-
mately the same as the direction of the source relative to the center of the

head. For example, with a head width of 18 cm, a source at 60 degrees w135
azimuth in the horizontal plangelative to the heady located at 57 degrees g )
relative to the left ear. However, when a sound source is near the head, the £ 0
. o 0
angles from the ear to the source and the head to the source can differ & b= 90
substantially. A source 0.12 m from the head at 60 degrees azimuth relative ° 5
to the head is located at 13 degrees relative to the ear. To the extent that the g
45

high-frequency features of the HRTF depend on the direction of the source
relative to the pinna, this parallax effect can cause a lateral shift in the
HRTF. See text for details.

ipsilateral HRTF associated with the directional properties of

the outer ear tend to occur at increasingly lateral azimuth 7135
locations as the source approaches the head. g

A direct illustration of this effect is provided by the uNE') 8 %
high-frequency HRTFs in Fig. 8. In this figure, two promi- o £
nent features of the HRTF have been labeled: a notch in the § i

HRTF for sources in the rear hemisphere that increases in
frequency from 3.5 kHz to 7 kHz as the source moves behind
the head(point D), and a dip in the HRTF for frequencies 0
from 9 to 13 kHz at a narrow range of azimuths around 65
degreegpoint E). These points are also marked on the color

contour plots in Fig. 5. At 1.00 m, the reference points D and é 19
E are centered directly over the HRTF features. As distance € §’
decreases, however, both features are shifted lateftally g Py 0
ward 90 degreesin azimuth. As distance decreases from E
1.00 to 0.12 m, the notch at point D is shifted systematically < 45

from 160 to 140 degrees, while the dip at point E is shifted

from 65 degrees to approximately 80 degrees. "
Since the parallax effect is based on the directional fre- 3000 5000 8000 13000

quency response of the pinna, it is important to note that this Frequency (Hz)

frequency response varies much less with distance than does r p—

the frequency response of the head. This is a direct result of 008  5dB 1008 1548 20dB 2508

the much smaller dimensions of the pinna—since the pinna

is only about 1/5 as large as the head, the “near field” of theF!G. 8. lllustration of the parallax effect in the high-frequency HRTF. These

. hould b h I Th ’ ibuti fth . contour plots show the high-frequency ipsilateral HRTF as a function of

pinna s OU. ¢ mgc smaller. The contribution of the plnn":}requency and azimuth. The magnitude(dB) is represented by the gray-

to the proximal-region HRTF has been measured by compakcale shading, as indicated in the scale at the bottom of the figure. Two

ing the KEMAR HRTF with the pinna in place to the reference points are indicated on each of the panelst 5800 Hz and 160

KEMAR HRTE with the pinna removeojBrungart, 1998). _degrees}md E(at 10 300 Hz and 6_35 degree!.slote that these points are also
ndicated in the color panels of Fig. 5. As distance decreases, the features of

. i
The measurements verify t_hat th_e freguency res_ponse of thﬁe HRTF are shifted away from the fixed reference points and toward 90
ear does not vary substantially with distance until the sourceegrees.

is within 4 cm of the ear £15cm from the center of the
head).
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of these distances plus 10.0 m with the sphere-model
HRTFs. The data are shown in polar form in Fig. 9. The
important characteristics of the ILDs can be summarized as
follows:

I1l. INTERAURAL DIFFERENCES FOR PROXIMAL-
REGION SOURCES IN THE HORIZONTAL PLANE
A. Interaural level differences (1) The ILD is always near 0 dB in the median plane and
Interaural level differences were calculated at 0.125, generally increases as the source moves lateral to the
0.25, 0.50, and 1.0 m with the KEMAR HRTFs, and at each  head. This result follows directly from the directional
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FIG. 9. Interaural intensity differences. Source location in azimuth is represented by angle, and the magnitude dfrtriB)3 represented by the radius

at each angle. Results are provided at five frequencies, ranging from 500 Hz to 12 kHz. The left side of each polar plot shows the 1ID from the KEMAR
measurements, while the right side shows the IID calculated from the sphere model. Note that the radial scale in the plots at 6000 Hz and 12 000 Hz is larger
than in the lower-frequency plots.

dependence of the HRTF, which increases in magnitud€3) The ILD increases as distance decreases, and dramati-
as the ear rotates toward the source and decreases in cally so as the source distance drops below 0.5 m. This
magnitude as the ear rotates away from the source. distance dependence occurs because the magnitude of
(2) The ILD generally increases as frequency increases. This the HRTF increases as distance decreases at the ipsilat-
behavior results from the tendency of the HRTF to in- eral ear, and decreases as distance decreases at the con-
crease with frequency when there is a direct path from tralateral ear. This increase in ILD may be most salient
the source to the ear and to decrease with frequency perceptually at low frequencies. For HRTFs measured at
when the ear is shadowed by the head. Both effects con- distances greater than 1 m, low-frequency ILDs are very
tribute to the enlarged ILD at high frequencies. small. At 0.12 m, however, they can be on the order of
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20 dB and may provide a substantial cue for distance.
High-frequency ILDs also increase as distance de-
creases, but they can also be quite large when the source
is distant, and listeners may be less sensitive to a change
in ILD from 40 to 60 dB(at high frequenciesthan to

one from 2 to 20 dB (at low frequencies). Low-
frequency ILDs are a unique feature of the proximal-
region HRTFs which clearly differentiate them from
distal-region HRTFs.

(4) The acoustic bright spot directly opposite the location of -800r

the source causes a local minimum in the ILD ng&0
degrees at intermediate frequenai#S00 and 3000 Hz).
In the sphere plots, this minimum also occurs at higher
frequencies, but in the KEMAR HRTFs the irregular
shape of the head causes the bright spot to break into an
erratic series of peaks and nulls which influence the ILD
around 90 degrees. At 500 Hz, the bright spot does not
influence the ILD.

(5) As was the case with the HRTFs, the sphere model most

-Sphere Model
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o

n
o
o

~400} , ey

Interaural Time Delay (us)
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o
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-400}

Interaural Time Delay (us)
o

accurately reflects the behavior of the ILDs measured ~800¢

with KEMAR at low frequencies. The ILD at 500 Hz is 180 —185 -90 45 0 45 90 135 180
a smooth function both for the sphere model and for the ‘ Source Azimuth (degrees)

KEMAR measurements. At higher frequencies, asymme- 400 ' ' '

tries of the KEMAR head cause its ILD to deviate from

the sphere model. At these frequencies, the KEMAR
ILDs are generally larger than the ILDs predicted by the
sphere model. This discrepancy is primarily the result of
the directional properties of the pinna, which provides
substantial mid- to high-frequency gain at the ipsilateral
ear.

KEMAR Front Hemisphere

N
[=]
o

Interaural Time Delay (us)
(=]

B. Interaural time delays ~2007

The interaural time delay for a source in the horizontal

plane was calculated at 0.125, 0.25, 0.50, 1, and 10 m with -400.5 =T 5 s 30
the sphere model and measured at 0.12, 0.25, 0.50, and 1 m Source Azimuth (degrees)
with the KEMAR manikin(Fig. 10). These time delays were
calculated directly from the average siope of the unwrappef[5, 10 e 1102 o 1 Spreie mocel o e e e
phase from 100 to 6500 Hz of the interaural transfer functiorpest linear fit of the unwrapped phase difference between the left and right
(the left HRTF divided by the right HRTFThe time delays ears(see text for details). The sphere model results assume a head diameter
from the sphere model are necessar"y symmetric across bofh18 cm. The pc_)ttom pane‘I is_an enlarged view_of the middle pane_l around
the median and frontal planes. At 10 m, the time delay peak%giigrtzejl sgzi'zﬁedl‘:ﬁfafd'cate alag atthe right ear, and negative delays
at approximately 700us at 90 degrees. As distance de-
creases, the magnitude of the time delay increases slightly.
At 90 and —90 degrees, where the time delay increase ighe manikin measurements, the magnitudes of the ITDs in-
largest, it changes by about 1p@ as the distance decreasescrease substantially in the front hemisphere when the dis-
from 10 to 0.125 m. The majority of this magnitude increasetance of the source decreases from 25 to 12 cm. The majority
occurs as the source moves from 0.25 to 0.125 m and thef this increase occurs within a few degrees of the median
remainder from 0.50 to 0.25 m; there is virtually no depen-plane, resulting in a substantial increase in the slope of the
dence between the time delay and distance beyond 0.50 mTD at 12 cm near O degrees azimutiottom panel of Fig.

The KEMAR ITDs from the measurements are generally10). The slope of the ITD as a function of azimuth increases
similar to those from the sphere model, although there igrom 11 to 17us/degree as a sound source directly in front
some asymmetry between the front and rear hemispheresf the listener moves from 25 to 12 cm. At locations more
Also, the ITDs with KEMAR exhibit a broader peak when than 10 degrees from the median plane, the slope of the ITD
the source is near the interaural axis. As with the time delayas a function of azimuth is approximately the same at 12 and
predicted by the sphere model, the KEMAR time delays in-25 cm, and the magnitude of the ITD at 12 cm remains
crease by approximately 1Qes as distance decreases from 1approximately 50us greater than the ITD at 25 cm over a
to 0.12 m for a lateral source. large portion of the front hemisphere. The increase in ITD

There is, however, one important difference between théor a very close source directly in front of the face is most
KEMAR ITDs and those predicted by the sphere model. Inlikely caused by the interference of the nose with the propa-
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‘ ' much larger distance dependence in the ITD measurements.
500-Sphere Mode! ——012m - In particular, they indicate an increase in ITD of approxi-

E4s50) mately 70us as the distance of the source decreases from 25
§4oo to 12 cm. In this plot, an additional measurement at 19 cm
2 has been added to illustrate how quickly the time delay in-
E3%0r creases as the source gets close to the face: more than half of
B300¢ the total increase in ITD from 1 m to 12 cm occurs between
§250_ 19 and 12 cm. Note that the frequency dependence of the
E ITD is largely independent of the distance of the source. The
200+

ITDs increase systematically at low frequencies at each
source distance. The ITD measured with KEMARlam is
similar to the ITD for a clothed KEMAR manikin, as re-
ported by Kuhn(Kuhn, 1977). Both the sphere model and
the KEMAR measurements indicate that the dependence of
the interaural time delay on distance is substantially weaker
than the dependence of the interaural level difference on dis-
tance. At the closest distances, the magnitude of the ILD
increases dramatically, while the ITD generally increases by
] no more than 10%-12%with the exception of very close
1000 2000 3000 4000 5000 600 sources directly in front of the face). The reason for this
Frequency (Hz) discrepancy is simple: the ITD depend@®ughly) on the
FIG. 11. The ITD(phase delayjor a source at 30 degrees azimuth calcu- arlthmetlc difference petween the source distance to the ip-
lated with the sphere modeélipper paneland measured with KEMAR  Silateral ear and the distance to the contralateral ear. The ILD
(lower panel), as a function of frequency. Note that the plot at 19 cm is(ignoring head-diffraction effectsdepends on the ratio of
shown only for the KEMAR measurements. these distances. As the source approaches the head, the ratio
of distances to the ipsilateral and contralateral ears increases
gation of the sound around the head, since at 12 cm thgwch faster than the arithmetic difference_ between the dis-
sound source is located within 1 cm of the tip of the nose'ances, so the ILD increases more dramatlcally_ than the ITD.
discussed later, this disparity between the distance depen-

when the source is at 0 degrees. Since listeners are m :
sensitive to changes in ITD when the ITD is near zéter- ence of ILD and ITD is even greater when perceptual fac-
tors are considered.

shkowitz and Durlach, 1969it is likely that the increase in
the rate of change of the ITD as a function of azimuth at
locations directly in front of the face also results in increase
sensitivity to changes in the azimuth of a sound source in
that region. The high-frequency characteristics of the HRTF at the
The frequency-averaged values of the ITD shown in Figipsilateral ear change substantially with elevation. This is
10 provide a reasonable overall measure of the changes itustrated in Fig. 12, which shows the high-frequency HRTF
the ITD with distance. However, the ITD is not constantat three elevation locations and three source distances. The
across all frequencies, so it is useful to examine the frepattern of peaks and notches in the transfer functions is sub-
guency dependence of the ITD as a function of distance. Thetantially different at each elevation location. At30 de-
frequency dependence of the ITD for a nearby source at 3@rees elevation, for example, there is a notch at approxi-
degrees azimuth is shown in Fig. 11. These time delay valuamately 7 kHz in the HRTF that stretches across the entire
were calculated directly from the unwrapped interaural phasésilateral hemisphere which is not found at either of the
spectrum at each frequency. Both the sphere model calculather two elevations. Similar patterns have been reported in
tions and the KEMAR measurements indicate that the timerevious HRTF studieg¢Carlile and Pralong, 1994; Shaw,
delay increases substantially at low frequen¢iedow 1500 1974) and they will not be discussed in detail here. It is
Hz), a phenomenon reported by Kukit®77). In the sphere apparent, however, that these patterns do vary with elevation,
model, the time delay for a sourcelam is ~290us at high  and that they could provide a salient cue for evaluating the
frequencies 14 kHz) and~430us at low frequencies. elevation of a sound source.
Kuhn’s model of ITD, based on Woodworth’'s geometrical The HRTF patterns appear relatively independent of
model of the ITD, would predict an ITD of 278s at high  source distance. Specifically, in Fig. 12, the major features of
frequencies and 420s at low frequencies for a distant sound the HRTFs are considerably more consistent across the three
source. Thus the sphere-model calculations are basically idistances when elevation is fixd@ithin each row of the
agreement with the predictions of Kuhn’s model. Note thatfigure)than across the three elevations when distance is fixed
the sphere-model calculations indicate very little change inwithin each column). If this result generalizes to all eleva-
the time delay with the distance of a sound source at 3@ions, it would imply that elevation cues are roughly inde-
degrees azimuth. pendent of distance and that the same mechanisms that me-
The ITD measurements with the KEMAR manikin for a diate elevation perception in the distal region may also be
source at 30 degreddottom panel of Fig. 11)jndicate a used in the proximal region.

V. ELEVATION DEPENDENCE OF THE PROXIMAL-
EGION HRTF
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FIG. 12. Surface plots of the left-ear HRTFs measured with the KEMAR

manikin at+30, 0, and—30 degrees in elevation. As in Fig. 8, the darkness F|G. 13. Effects of source distance on interaural differences for the sphere
of the plots indicates the magnitude of the HRTF at each point: brighteimodel(thin line) and KEMAR (thick line). Results foka) IID at 3 kHz, (b)

areas indicate greater gain in the HRTF. The plots are limited to high freqID at 500 Hz, and(c) ITD for three azimuthg15, 45, and 30 degreeat
quencies at the ipsilateral ear, where the most salient elevation cues occy@.degree elevation.

and are shown with 1/12-oct resolution in frequency and 15 degrees resolu-

tion in azimuth(interpolation has been used to smooth the plots pendence of ILDs on azimuth and distance predicts the fol-

lowing characteristics in proximal-region distance estimation
V. PERCEPTUAL IMPLICATIONS OF THE performance:

PROXIMAL-REGION HRTFS ) .
(1) Distance accuracy would be best for sources to the side

The distance-dependent attributes of the proximal-region  of the listener and worst for sources directly in front,
HRTFs and consequent changes in interaural differences pehind, or anywhere in the median plane.
may have important perceptual implications. The ILDs in-(2) At a fixed azimuth, the jnd in percentage distance would
crease rapidly as distance decreases, especially at distances jncrease as distance increases. In Fig. 13, the slope of the
less than 0.5 m, while the ITDs increase only slightly. Per-  curve relating ILD to distance increases substantially as
Ceptual issues may further increase this dlsparlty Hershko- the source approaches the head. Thus the percent de-
witz and Durlach(1969)f0und that listeners could discrimi- crease in distance necessary to produce a fixed increase
nate changes in ILD on the order of 0.8 dB over a wide range  jn ILD decreases as distance decreases. If the jnd in dis-
of baseline ILDs. Therefore, the diStance-dependent Changes tance is defined as the percent decrease in distance nec-
in ILD from 0.125 to 1 m(Fig. 13)span a range of up to 15 essary to produce a single jnd in interaural intensity, the
jnd’s at 500 Hz and 30 or more jnd’s at 3 kHz. In contrast,  distance jnd will decrease with distance.
the jnd for ITD was approximately 1ps at ITDs below 400  (3) Provided a source is sufficiently broadband to allow the
us and increased rapidly for ITDs greater than 4068 listener to perceive both ITD and ILD information, dis-
(Hershkowitz and Durlach, 1969The changes in ITD in the tance perception would not require information about the
proximal region span a few jnd’s, at most. Thus, subjects can  spectral shape or intensity of the source. The key advan-
be expected to perceive large changes in ILD as the distance tage to binaural depth perception, in contrast to depth
of a nearby source Changes while the perceived ITD should perception based on intensity, Spectra| cues, or rever-
remain relatively constant. beration, is that the binaural information is derived from

The combination of perceptually invariant ITDs and  the difference signal between the left and right ears and

strongly distance-dependent ILDs suggests a possible strat- does not depend on the characteristics of the saof@ce
egy for determining the distance of a nearby source in the  cept its frequency range).

horizontal plane based on binaural information from the

HRTFs. The ITD information, which is relatively indepen- Note that this model is similar in concept to one sug-
dent of distance, could be used to identify the azimuthabested by Hirscti1968), further explored by Greeli£968),
direction of the sound source. With source azimuth deterand expanded by Moling1970). Hirsch’s model demon-
mined, ILD could then be used to estimate the distance of atrated the possibility of determining the distance of a sound
sound source, provided the source is outside the mediasource based on the relationship between the ILD and ITD.
plane(where the ILD is near zero at all distances). The de-His model, which ignored diffraction by the head and as-
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sumed that the ears were detectors in free space, predictathen the spectrum of the source extends into low frequen-
that distance could be calculated directly from the ratio ofcies. However, the increase in the slope of the ITD as a
ITD to ILD. Molino’s expanded model, based on a sphericalfunction of azimuth for nearby sources directly in front of
head, required the azimuth location of the source to béhe nose might increase the sensitivity to changes in the azi-
known a priori. Greene and Molino used threshold data for muth of the source in that region. Note that, when time delay
ITD and ILD to calculate the predicted accuracy of distancenformation is not available from low-frequency time delays
perception using this model and, predictably, found that disor high-frequency envelope delay®iddlebrooks et al.,
tance perception in the distal region would be very poor1989), it is possible that localization ability may degrade
Molino noted that predicted accuracy would be much greatesubstantially. Without time delay information, there is no
in the proximal region, due to the dramatic increase in ILDsobvious mechanism for determining the relative contribu-
in that region. The present data indicate not only that thdions of distance and direction to the ILD. In other words,
changes in ILD in the proximal region are large, and shouldhere is no way to determine whether a certain ILD is the
be easily perceptible, but also that the relative invariance ofesult of a distant sound source near the interaural axis or a
the ITD in the proximal region may allow listeners to deter-nearby sound source near the median plane. The conse-
mine azimuth directly from the ITD, without any other ex- quences of this confusion on localization performance are
ternal knowledge of source direction. Outside of the horizonunclear. The increase in ILDs at close distances will, how-
tal plane, the situation becomes more complex, but it is stilever, decrease the jnd in azimuth to the extent that the jnd is
possible to determine the azimuth, elevation, and distance difmited by the change in ILD. The change in ILD with head
a sound source from the HRTFs. Recall that the KEMAROrientation could also provide a strong dynamic distance cue
measurements at 30 and30 degrees indicate that the high- When exploratory head motions are allowed. In addition, the
frequency, elevation-dependent features in the HRTF, whiclateral shift in the high-frequency pinna cues for nearby
are believed to be important elevation cues, are roughly insources caused by the acoustic parallax effect may introduce
dependent of distance. If these high-frequency cues could b lateral bias if the auditory system is using these cues in the
used to determine the elevation of the source, and compeierception of azimuth.
sate for the elevation-dependent changes in the ILD and ITD,  The high-frequency pinna cues that are believed to de-
the azimuth and distance of the source could still be accutermine elevation were found to be roughly independent of
rately determined from interaural cues. This model woulddistance over the limited range of elevations measured.
imply greater distance accuracy in the horizontal plane thad hese cues are believed to dominate the perception of eleva-
in the median plane, since ILDs decrease as a source mov&8n, so it is unlikely that the localization of elevation is
directly above or below a listener. strongly dependent on distance in the proximal region.
Another possible distance cue indicated by the HRTF
measurements is a modest increase in the relative lowy|. CONCLUSIONS
frequency gain as distance decreases. As a result, the signal . . . .
reaching the eardrums from a nearby source is effectively The major conclusions of this study can be summarized
low-pass filtered as the source approaches the tiagd4).  as follows:
This low-pass filtering may explain the “darkening” of a (1) The dominant distance-dependent feature of both the
very near sound source reported by von Beké960). Be- sphere model and KEMAR HRTFs in the proximal re-
gault (1987) also noted the “darkening” in the timbre of gion is an increase in the interaural level difference with
very near sound sources, and suggested that the tendency to decreasing source distance across all frequencies. When
perceive larger increases in loudness at low frequencies than a source is near the interaural axis, the change in ILD
at higher frequencies from an equivalent increase in sound can span 20—30 dB5 or more jnd’sks distance moves
pressure leve{the so-called Fletcher—Munson curvejght from 1 to 0.12 m, providing a potentially strong binaural
provide an explanation. Since the pressure level increases at distance cue in the proximal region. It is particularly
all frequencies as the source approaches the ear, the interesting that large ILDs occur at low frequencies ex-
Fletcher—Munson curve suggests that the perceived increase clusively in the proximal region. In the distal region,
in loudness would be greater at low frequencies. The “dark-  low-frequency ILDs are small at all source directions.
ening” of proximal-region stimuli reported in the literature (2) In contrast to the ILD, the ITD is roughly independent of
is probably a combination of the boost in low-frequency gain  distance in the proximal region.
due to proximal-region acoustic effects shown in the HRTFS3) Both the sphere model and the KEMAR measurements
and the nonuniform perception of increasing loudness across indicate that the average low-frequency gain of the
frequency. HRTF increases more rapidly than the average high-
The implications of the proximal-region properties of frequency gain as the source approaches the head. Thus,
the HRTF in directional localization are less obvious than  the sound reaching the ears is effectively low-pass fil-
those in distance localization. There is evidence that low- tered as the source approaches the head. This filtering
frequency time delay$Wightman and Kistler, 1992domi- may serve as a spectral distance cue in the proximal
nate the perception of azimuth when they are available. region.
Since time delays vary only slightly as distance decreases, {##) There is a substantial parallax effect in the ipsilateral
is not likely that azimuth perception will be significantly HRTF due to the discrepancy between the orientation of
different in the proximal region than in the distal region the source relative to the ear and the orientation of the
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