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Although many researchers have examined auditory localization for relatively distant sound sources,
little is known about the spatial perception of nearby sources. In the region within 1 m of alistener’s
head, defined as the ‘‘proximal region,’’ the interaural level difference increases dramatically as the
source approaches the head, while the interaural time delay is roughly independent of distance. An
experiment has been performed to evaluate proximal-region localization performance. An auditory
point source was moved to a random position within 1 m of thesubject’s head, and the subject
responded by pointing to the perceived location of the sound with an electromagnetic position
sensor. The overall angular error~17°! was roughly comparable to previously measured results in
distal-region experiments. Azimuth error increased slightly as the sound source approached the
head, but elevation performance was essentially independent of source distance. Distance
localization performance was generally better than has been reported in distal-region experiments
and was strongly dependent on azimuth, with the stimulus–response correlation ranging from 0.85
to the side of the head to less than 0.4 in the median plane. The results suggest that the enlarged
binaural difference cues found in the head-related transfer function~HRTF! for nearby sources are
important to auditory distance perception in the proximal region. ©1999 Acoustical Society of
America.@S0001-4966~99!04310-6#

PACS numbers: 43.66.Qp, 43.66.Pn@DWG#
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INTRODUCTION

Although human sound localization has been studied
tensively in the past century, little is known about the spa
perception of nearby sources. The majority of experime
examining directional sound localization have been c
ducted at distances greater than 1 meter. In this region,
overall amplitude of the sound reaching the ears varies w
distance, but the binaural and spectral cues that are use
directional localization are roughly independent of distan
At distances less than 1 m, however, there are impor
distance-dependent changes in the binaural and spectral
acteristics of the sound reaching the ears. It is possible
these systematic changes allow listeners to make accu
judgments about source distance for nearby sources. S
nearly all of the perceptually relevant distance-depend
changes in auditory localization cues occur at distances
than 1 m, we will define this region as the ‘‘proximal re
gion,’’ and the region at distances greater than 1 m as the
‘‘distal region.’’1

This study examines localization accuracy in the pro
mal region in azimuth, elevation, and distance, and attem
to relate the findings to the proximal-region head-rela
transfer function.

I. BACKGROUND

The basic mechanisms of directional sound localizat
are well documented. In the horizontal plane, interaural

a!Currently at Human Effectiveness Directorate, Air Force Research La
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ference cues have long been recognized as the dominan
calization cues. Lord Rayleigh, in his famous ‘‘duple
theory’’ ~1907!, observed that interaural time difference
~ITDs! and interaural level differences~ILDs! provide salient
information about the lateral position of a sound source. A
cording to the duplex theory, ITDs dominate low-frequen
sound localization, while ILDs dominate high-frequen
sound localization. The ITD and ILD are important localiz
tion cues, but they cannot distinguish between sources
cated in the so-called ‘‘cones-of-confusion,’’ where the i
teraural difference cues are constant, without explorat
head motions~Wallach, 1939; Perrett and Noble, 1997!. Ad-
ditional information is provided by the complex geometry
the pinnae, which filter the sound reaching the ear with
directionally dependent transfer function at high frequenc
~above approximately 4 kHz!. When somea priori informa-
tion about the spectrum of the source is available, pinna
tering allows listeners to resolve front–back confusions~Mu-
sicant and Butler, 1984; Oldfield and Parker, 1986! and can
provide substantial information about the azimuth of a sou
source when binaural cues are completely eliminated by
lateral deafness~Slattery and Middlebrooks, 1994!. Perhaps
most importantly, pinnae cues allow listeners to judge
elevation of the sound sources~Roffler and Butler, 1968!. All
of the localization cues believed to be relevant to directio
localization are included in the head-related transfer funct
~HRTF!, which is the transfer function from a sound sour
to the eardrums of the listener. The HRTF includes the
fects of diffraction by the head, neck, and torso, as well
the spectral shaping by the pinna.

The mechanisms that allow listeners to determine

o-
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distance of a sound source are less understood than thos
allow directional localization. The most salient auditory d
tance cue under most conditions is the amplitude cue:
pressure of a spherically radiating sound wave is invers
proportional to the distance from the source. Spectral c
also play a role. Atmospheric absorption effectively low-pa
filters sounds that propagate great distances, and
frequency sounds propagate more effectively than hi
frequency sounds around obstacles in a room. Both of th
effects tend to cause more distant sound sources to ap
low-pass filtered relative to closer sound sources, and m
provide a spectral distance cue~Little, Mershon, and Cox,
1992!. Amplitude and spectral-based distance cues are s
cient for judging changes in the relative distance of a so
source, but can only be used to make absolute distance j
ments when the listener hasa priori knowledge about the
characteristics of the source. The ratio of direct to reverb
ant energy has been proposed as a possible absolute dis
cue for localization in rooms~Mershon and King, 1975
Lounsbury and Butler, 1979; Butler, Levy, and Neff, 1980!,
and distance judgments in a reverberant environment
mildly correlated with source distance~Mershon and Bow-
ers, 1979!. Under free-field conditions with an unfamilia
source, distance perception is extremely inaccurate, and
eral researchers have reported that distance judgmen
these conditions are effectively uncorrelated with the ac
source position~Coleman, 1963; Mershon and Bower
1979; Holt and Thurlow, 1969; Gardner, 1969!. A compre-
hensive review of distal-region localization is provided
Middlebrooks and Green~1991!.

One aspect of auditory localization that has received
most no attention is the localization of sources close to
head. As early as 1911, Stewart recognized that intera
level differences increase significantly when a source
proaches within a few centimeters of the head, while
interaural time delay is roughly independent of distan
~Stewart, 1911a, 1911b!. Stewart modeled the head as a rig
sphere with ears at diametrically opposed locations on
surface and used theoretical predictions of the sound pres
on the surface of a sphere to predict the ILD and ITD a
function of source distance and direction. Hartley and F
~1921! manually tabulated these values at a variety of lo
tions, and Coleman~1963! cited the increased ILDs fo
nearby sources as a potential auditory distance cue in
proximal region. Brungart and Rabinowitz~1996! have pub-
lished a formula for evaluating proximal-region HRTFs u
ing a sphere model and re-examined the possible us
proximal-region ILDs as a distance cue, and Duda and M
tens ~1998! have measured the range dependence of
HRTF for a model of the head based on a bowling ball. Ea
of these studies found that interaural level differences
crease dramatically when the source is near the head, w
interaural time delays increase only slightly for near
sources.

In the past year, proximal-region HRTFs have be
measured with a manikin head and a compact, nondirecti
acoustic point source~Brungart and Rabinowitz, 1999!.
Many of the features of the measured HRTFs were simila
those predicted by the rigid-sphere models of Hartley a
1957 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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Fry and of Brungart and Rabinowitz. The important aspe
of the measured HRTFs can be summarized as follows:

~1! The interaural level difference increases dramatically
the source approaches the head when the source is
side the median plane. This increase occurs even at
frequencies where head shadowing is negligible in
distal region. At 500 Hz, for example, the ILD increas
from 4 to 20 dB as a source at 90° decreases in dista
from 1 m towithin a few centimeters of the head.

~2! The interaural time delay is roughly independent of d
tance in the proximal region. Although the time dela
can increase by as much as 100ms as the source ap
proaches the head, this increase occurs only near
interaural axis, where the ITD is large and sensitivity
changes in the ITD is low.

~3! The magnitude of the HRTF is relatively greater at lo
frequencies than at high frequencies when the sourc
near the head. This effective low-pass filtering
proximal-region sources results from a combination
diffraction at the ipsilateral side of the head and i
creased head shadowing at the contralateral ear.

~4! The high-frequency features of the HRTF that are dep
dent on elevation are relatively insensitive to source d
tance. The features of the HRTF that changed sign
cantly with elevation were not strongly dependent
source distance.

~5! As the sound source approaches the head, the aco
parallax effect shifts some of the high-frequency featu
of the HRTF at the ipsilateral ear laterally in azimut
For example, the high-frequency patterns in the HR
seen at 10° azimuth for a distant source might be m
similar to the high-frequency patterns in the HRTF
45° azimuth for a closer source. This parallax is a dir
result of the geometric relationship between the locatio
of the source, the center of the head, and the ear: the
cm displacement between the center of the head and
location of the ear has little impact on the location of t
source relative to the ear at 1 m, but when the sourc
only 12–15 cm from the center of the head, the angle
the source relative to the ear can differ from the angle
the source relative to the center of the head by 45°
more. The HRTFs measured on the KEMAR manik
generally exhibit this shift at high frequencies.

These results indicate the existence of unique phys
acoustic cues in the proximal region that should be relev
to proximal-region localization. Yet, despite the recogniti
that localization cues are substantially different in the pro
mal and distal regions, no studies in the literature have s
tematically measured proximal-region localization perfo
mance. The experiments described here examine aud
localization in the proximal region with a broadband sour
In particular, they focus on how localization accura
changes as a function of azimuth, elevation, and distanc
the proximal region. The next section discusses the exp
mental setup. Directional and distance localization are d
cussed separately in the following two sections. The last
sections compare the perceptual results to the physical lo
1957Brungart et al.: Localization of a nearby broadband source
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ization cues found in the HRTFs discussed in the first pa
in the series~Brungart and Rabinowitz, 1999!, and summa-
rize the overall conclusions of this experiment.

II. METHODS

A. Subjects

Four right-handed male subjects, ages 20–25, par
pated in the experiment. Three of the subjects were p
volunteers, and the fourth was the first author. All repor
normal hearing in both ears. Although three of the subje
had participated in psychoacoustic studies before, only
first author had participated in localization experiments.

B. Apparatus

A simple diagram of the setup for the experiment
provided in Fig. 1. The experiments were conducted
MIT’s anechoic chamber. The subjects were seated o
wooden stool located in the center of the chamber, and
stool was supported on the wire-frame floor by a foa
covered plywood platform. The subjects were provided w
a chin rest which allowed them to immobilize their heads
a comfortable rest position during the experiments.

An experimenter, who stood approximately 1.5 m to t
right of the subject, manually placed the sound source du
each trial. The sound source consisted of an Electro-Vo
DH1506 compression horn driver connected to 4 m oftubing
with an internal diameter of 1.2 cm. The end of the tube w
enclosed in a curved rigid wand constructed of PVC pi
The curved shape allowed the stationary experimente
place the source~the end of the tube! at any location in the
right hemisphere of the subject with the opening of t

FIG. 1. Experimental setup. The experimenter stood approximately 1.5
the right of the listener in an anechoic chamber and manually placed
source at a random location in the subject’s right hemisphere. Once
stimulus was produced, the source was moved away and the listene
sponded by moving a response sensor to the perceived location of the s
See the text for details.
1958 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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source pointing toward the subject’s head. The small dia
eter of the tubing provided a relatively nondirectional sou
source at the opening of the tube: the measured 3-dB be
width of the source was approximately 120° at 15 kHz.

A Polhemus Navigation 3-Space Tracker positio
sensing system measured the stimulus and response loc
during each trial. The electromagnetic source of the track
system was mounted on the chin rest approximately 15
below and 15 cm to the left of the subject. Although the ch
rest was not completely rigid, this arrangement fixed
relative positions of the Polhemus source and the subje
head, and therefore the coordinate system of the experim
was stable relative to the subject’s head. One of the posi
sensors was mounted on the end of a 30-cm wooden
which the subject used to make responses. The second
tion sensor was mounted on the end of the experiment
wand nearest the opening of the tube. Since it was imp
sible to place the sensor directly at the opening of the t
without interfering with the sound field, the orientation of th
sensor and the offset between the sensor and the tube o
ing were used to calculate the location of the sound sou
on each trial. The Polhemus system is accurate within 0
cm in theX, Y, andZ coordinates up to approximately 1 m
In order to measure the effect of the correction on the ac
racy of the location recording system, the response se
was placed directly at the tube opening and the location
each sensor was measured by the Polhemus system. T
two measurements of location differed by 2–3 cm, whi
can be considered an upper bound on the vector error of
system.

The control computer was a 386-based PC equip
with a 16-bit stereo sound card~Digital Audio Labs
CARDD!. One channel of the sound card was connected
small ear-piece headphone worn by the experimenter. T
channel was used to provide information to the experimen
during each trial. The other channel was connected t
power amplifier~Crown D-75!, which was connected to th
driver of the sound source. The Polhemus head tracker
connected to the PC through the RS-232 serial port, an
response switch was connected through the parallel port.
control computer automated all data recording and stimu
generation tasks in the experiment, and provided timing
formation to the subject and operator through its inter
speaker.

C. Stimulus

The stimuli were sequences of five rectangularly ga
150-ms pulses of noise, separated by 30-ms intervals o
lence. The noise waveforms were constructed from wh
Gaussian noise that was filtered by a finite impulse respo
~FIR! filter to flatten the irregular frequency response of t
point source. In addition, the noise was bandlimited to
frequency range 200 Hz–15 kHz~120 dB/decade roll-off out
of band! and low-pass filtered with a 6-dB/octave roll-o
above 200 Hz. This roll-off was used to maximize the no
distorted output level of the point source. Five different no
waveforms were stored on the control computer, and

to
he
he
re-
nd.
1958Brungart et al.: Localization of a nearby broadband source
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waveform was randomly chosen prior to each trial. T
waveform was scaled in amplitude and then repeated
times to generate the stimuli for each trial.

The source was randomly located in the right hem
sphere of the subject. Prior to each trial, the control comp
read three random numbers, each ranging from 1 to 6, to
experimenter through the earphone connected to the se
channel of the sound card. The experimenter used these
numbers to choose the approximate sound source locatio
azimuth~from near 0° for a 1 to near 180° for a 6!, elevation
~from near190° for a 1 tonear290° for a 6!, and distance
~from 10–15 cm for a 1 to 1 m for a 6!. Although the exact
placement of the source varied across experimenters
some source locations were inaccessible due to interfer
by the subject’s body or the chin-rest apparatus, this sou
placement system generated a reasonably broad distrib
of source locations throughout the right hemisphere.

Once the source was placed, the control computer
corded the location of the source through the Polhem
tracker, and crudely normalized the amplitude of the stim
lus signal to eliminate amplitude-based distance cues.
normalization was based on the distance of the source f
the left and right ears of the subject. The correction norm
ized the amplitude so that the maximum output would oc
at a distance of 1 meter. The scaling factor for this correct
was

1

50

Distance to left ear~cm!
1

50

Distance to right ear~cm!

.

The distance to the right ear dominates the scaling fa
when the source is near the ear, but the scaling factor
considers the contribution of the left ear to perceived lo
ness when the source is in the median plane or is relati
distant. In addition to correction for distance, the source a
plitude was randomized an additional 15 dB~from 0 to 15
dB in 1-dB steps!. The amplitude scaling was accomplish
by multiplying the noise waveform file by a scaling fact
prior to playback. The maximum amplitude of the stimul
was approximately 59 dBA SPL~as measured by a B&K
4131 microphone! at 1 m, so with randomization and corre
tion the effective stimulus amplitude ranged from 44–
dBA.

D. Procedure

The experiment was divided into blocks of 100 tria
with each block taking approximately 20 min. At the begi
ning of each block of trials, the subject placed his head i
comfortable position in the chin rest and the locations
three reference points were recorded using the response
sor: the opening of the left ear canal, the opening of the ri
ear canal, and the tip of the nose. These locations were
to correct for stimulus distance and to define a verti
spherical coordinate system based on the subject’s head,
its origin at the midpoint of the left and right ears, its ho
zontal plane defined by the locations of the left and right e
and the nose, and its median plane perpendicular to the
teraural axis and passing as close as possible to the loc
1959 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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of the nose~Brungart, Rabinowitz, and Durlach, 1999!. In
this coordinate system, azimuth is the angle around the
tical axis, with 0° directly in front of the head, positive va
ues in the left hemisphere, and negative values in the r
hemisphere. Elevation is the angle above~positive values! or
below ~negative values! the horizontal plane. Note that, i
this coordinate system, a one-degree change in azimuth
responds to a shorter distance on the surface of a sphe
high and low elevations than in the horizontal plane.

Each trial was initiated when the control computer re
the three source coordinates to the operator through the
piece headphone. A beep then instructed the subject to c
his eyes while the operator moved the source to the ap
priate location. Once the source was positioned, the oper
pressed a response switch and the control computer initi
the stimulus. First, the location of the source was read
allow for amplitude correction, then the stimulus was sca
and played through the sound source, and finally the sou
position was read again to verify that no movement had
curred during the stimulus presentation. If the source w
stationary during stimulus presentation, the operator mo
the source to a rest position and pressed the response s
again. The control computer then generated a second b
prompting the subject to move the response sensor to
perceived location of the stimulus. The subjects were perm
ted to open their eyes during the response process, but
ally chose not to do so. Once the subject had selecte
response location, the operator once again pressed th
sponse switch, and the control computer read the respo
location, generated three new coordinates for the next sti
lus location, and beeped to tell the subject to close his e
and prepare for the next stimulus. Each trial lasted appro
mately 12 s.

The response method used in the experiment, which
refer to as ‘‘direct location,’’ was the method determined
be the least biased and most accurate among a numb
three-dimensional proximal-region response methods con
ered in an earlier study~Brungart et al., 1999!. Using the
direct-location method to identify the position of a visu
target in the front hemisphere, the mean angular error
4°. The subjects were also equally accurate at localiz
sound sources in the front and rear hemispheres using d
location, indicating that precision does not fall off rapid
outside the visual field. The localization errors with a visu
target using direct location were much smaller than th
found when localizing sound sources, indicating that the
sponse method probably contributed only a small fraction
the response errors in this experiment.

Although the subjects were asked to keep their e
closed during the placement of the source, there were s
extraneous cues~shadows visible through the closed eyelid
sounds generated by the experimenter, air movement du
source placement, etc.! that may have allowed subjects t
make judgments about the source location independentl
the available audio information. In order to verify the insi
nificance of these cues, 100 trials were collected for e
subject with the sound source disabled. The mean ang
error in this condition was more than 50°, three times
large as when the sound source was enabled. The erro
1959Brungart et al.: Localization of a nearby broadband source
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TABLE I. Mean angular errors. The mean errors and standard deviations for each of 27 stimulus region
calculated separately for each of the four subjects, and then combined to generate the values in the ta
overall mean error at each distance is given in the last column, and the overall mean error at each az
given in the last row. The standard errors are in parentheses. Trials where front–back confusions occurr
been excluded from these calculations.

Azimuth
Back Side Front

Distance Elevation ,2120° 2120° to260° .260° Mean

Close High .20° 27.0° (1.3°) 16.2° (0.5°) 20.6° (0.8°)
, 25 cm Mid 220° to 20° 18.6° (0.5°) 16.3° (0.4°) 19.3° (0.9°) 19.3°

Low ,220° 20.4° (0.9°) 15.6° (0.6°) 19.6° (0.8°)

Medium High .20° 21.7° (0.8°) 15.5° (0.5°) 12.6° (0.6°)
25–50 cm Mid 220° to 20° 17.9° (0.6°) 13.4° (0.4°) 14.6° (0.5°) 15.8°

Low ,220° 17.0° (0.6°) 12.3° (0.4°) 17.3° (0.5°)

Far High .20° 22.9° (1.1°) 14.2° (0.7°) 12.6° (0.8°)
. 50 cm Mid 220° to 20° 20.0° (0.8°) 13.3° (0.4°) 13.7° (0.6°) 15.7°

Low ,220° 14.8° (0.5°) 13.4° (0.5°) 16.1° (0.6°)

Mean 20.0° 14.5° 16.3° 16.9°
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azimuth, elevation, and distance were also much larger
in the audio experiment. Thus, although subjects recei
some information about source location from extrane
cues, this information was insignificant compared to the
formation provided by the intended auditory stimulus.

The data collection was divided into 2-h sessions, e
consisting of four or five 100-trial blocks separated by sh
breaks. A total of 2000 trials per subject were collected o
four or five 2-h sessions. Subjects participated in sev
training sessions prior to formal data collection in order
familiarize themselves with the experimental procedu
They were not, however, given feedback during these p
tice sessions.

III. DIRECTIONAL LOCALIZATION RESULTS

A. Removal of front–back reversals

Front–back reversals are commonly reported in audit
localization. These reversals, which occur because the in
aural level and time difference cues are approximately s
metric across the interaural axis of the head, cause liste
to perceive sounds at the mirror image of their true posit
across the frontal plane; a sound at 45° azimuth, for
ample, might be perceived at 135°. In this experiment
relatively conservative definition was used to determ
whether a reversal had occurred on a given trial: a reve
was declared only when the azimuth error was reduce
least 10° by reflecting the response across the frontal pl
According to this definition, front–back reversals occurred
approximately 10% of all trials in this experiment. In th
analyses of directional localization performance, all tri
where reversals occurred were omitted from the calculatio
The distributions of front–back reversals across locati
and across subjects are discussed later.

B. Angular error

The simplest measure of directional error is the angu
error, which corresponds to the angle between the ve
oc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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from the center of the head to the source location and
vector from the center of the head to the response locat
The angular error is a comprehensive measure of directio
accuracy that incorporates both azimuth and elevation er
and includes the effects of systematic response biases a
response variability. The mean angular errors were ca
lated for stimuli in each of 27 different regions of spa
representing three azimuth ranges, three elevation ran
and three distances. The results~Table I! show that overall
directional accuracy varies by more than a factor of 2 w
location of the source. The largest errors occurred at lo
tions above and behind the subject, especially when
source was close~mean error 27°), and the smallest erro
occurred at relatively distant locations in front of and to t
side of the subject.

When averaged across all distances and all elevati
the angular error was smallest when the source was to
side, and greatest when the source was behind the su
~Table I, bottom row!. The increase in error at locations b
hind the subjects may result, in part, from the awkwardn
of moving the pointer behind the body. The error also
creased substantially as the source approached within 25
of the head, especially for source in front of and above
subject~right column!, and the error increased slightly wit
increasing elevation. Overall, averaged across all subj
and all locations, the mean angular error was 16.9°.

C. Azimuth error

The raw azimuth data give an indication of both t
precision of azimuth localization and of any major respon
biases. In Figs. 2 and 3, azimuth data are shown for
subjects: CLL, who experienced an exceptionally large nu
ber of front–back reversals, and KMY, whose respon
were typical of the other two subjects used in the study.
each panel of the figure, the second-order polynomial l
best fitting the stimulus–response data has been plotted.
line approximates the systematic biases for that subject in
indicated source region.
1960Brungart et al.: Localization of a nearby broadband source



ion,
ility
re of
nse

ions
en
rep-
urce
nel
ged
be
s

at

at
of

n
of
m.
be-

ns

is-
e
is-

n-
s

. 2
ack
the

sals
be

er
ages
the

da
n
rte

an
mi
th

ge

lin
al

Fi

ly
table.
hese
FIG. 2. Raw azimuth stimulus and response data for subject CLL. The
were sorted according to source distance into three regions: closer tha
cm; from 25–50 cm; and farther than 50 cm. Similarly, the data were so
by source elevation into three regions: above 20°; between220° and 20°;
and below220°. Columns represent distance, increasing left to right,
rows represent elevation. The solid line is the second-order polyno
function of the stimulus location that best fits the response location. At
left of each panel are two numbers. The upper number is the percenta
front–back reversals~represented by open circles! in the region. The lower
number is the BCRMS for all nonreversed responses in the panel~see the
text!. The dashed line represents ‘‘correct’’ responses, while the dotted
represents ‘‘perfect’’ reversals. Note that this subject exhibited an atypic
large number of front–back reversals.

FIG. 3. Raw azimuth stimulus and response data for subject KMY. See
2 for details. This subject’s data are similar to those of DSB and DTD.
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The biases change systematically with source locat
and would confound a direct measure of response variab
such as standard deviation. Therefore, a special measu
response variability that excludes the systematic respo
bias, called the bias-corrected root-mean-square~BCRMS!
error, was calculated at nine elevation and distance locat
for each subject. The BCRMS is simply rms error betwe
the response location and the quadratic regression curve
resenting the best fit of the responses as a function of so
azimuth. The BCRMS error is shown at the left of each pa
in the figure, and the mean BCRMS azimuth errors avera
across the four subjects are shown in Table II. It should
noted that all four subjects performed quite similarly in term
of the BCRMS error, with the exception of subject CLL
high elevations.

The BCRMS error in azimuth was significantly larger
high elevations than at low or middle elevations for each
the four subjects~F-test,p,0.002). Note that this increase i
error is at least in part a result of the increased sensitivity
azimuth at high elevations in the polar coordinate syste
The same effect is not as pronounced at low elevations
cause more trials were collected at very high elevatio
(.45°) than at very low elevations (,245°).

The BCRMS error was not strongly dependent on d
tance. The overall BCRMS error~averaged across all thre
elevations! was significantly larger at the closest source d
tances (,25 cm! than at the greatest source distances (.50
cm! for only two of the four subjects~KMY and CLL!. Sub-
ject DSB actually exhibited significantly larger errors at i
termediate distances~25–50 cm! than at close distance
(,25 cm! ~F-test,p,0.02).

D. Distribution of front-back reversals

The top number on the left side of each panel in Figs
and 3 indicates the percentage of trials where front–b
reversals occurred in each location. Figure 4 summarizes
relationship between the percentage of front–back rever
and the source location. Four important observations can
made from the reversal data.

~i! Subject CLL has far more reversals than any oth
subject, and dominates the mean reversal percent
across subjects. In certain locations, CLL reverses
majority of trials.

ta
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TABLE II. Mean BCRMS azimuth error at three distances~close5,25 cm,
medium525–50 cm, far5.50 cm! and at three elevations~high5.20°,
medium5220° to 20°, low5.220°). The data were calculated separate
for each subject and averaged together to generate the figures in the
Trials where front–back confusions occurred have been excluded from t
calculations.

Distance
Elevation Close Medium Far Mean

High 14.2° 16.6° 14.8° 15.2°
Medium 12.2° 9.2° 9.5° 10.3°
Low 16.8° 10.4° 10.7° 12.6°

Mean 13.8° 12.1° 11.7° 12.6°
1961Brungart et al.: Localization of a nearby broadband source
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~ii ! Only CLL shows a significant distance dependence
the percentage of front–back reversals. CLL rever
a significantly larger percentage of trials at close a
medium distances (,50 cm! than at far distances
(.50 cm! ~one-tailed t-test,p,0.005).

~iii ! Relatively few reversals occur at middle elevation
One-tailed t-tests (a50.005) indicate that all four
subjects reversed a significantly larger percentage
trials at high elevations (.20°) than at middle eleva
tions, and that three subjects~DSB, KMY, and DTD!
reversed a significantly larger percentage of trials
low elevations (,220°) than at middle elevations.

~iv! In the rear hemisphere, the vast majority of revers
occurs at high elevations. In contrast, almost all rev
sals in the front hemisphere for subjects DSB a
KMY occur at low elevations. The variations in th
placement of reversals across subjects is not surp
ing, since the subjects must essentially make an a

FIG. 4. Spatial distribution of front–back reversals. First, the data w
sorted into three nonoverlapping distance bins, then each distance bin
sorted into eight overlapping azimuth bins, and finally each azimuth bin
sorted into three nonoverlapping elevation bins. The number of reversa
each bin is shown as a function of mean location for each individual sub
and averaged across all four subjects, where a reversal is defined as an
where the response was at least 10° closer to the mirror image of the s
location across the frontal plane than to the actual source location~see the
text!. For clarity, only five bins are shown in azimuth. The three bins to
side and the rear are nonoverlapping, while the two bins near 0° are o
lapping. The percentage reversals at each location are shown by the s
the circle, according to the code shown at the bottom of the figure.
distances at the bottom of each panel represent the mean distance of
data points in that region.
1962 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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trary decision about the true location of the sour
whenever they are unsure about the actual hemisp
of the source.

E. Elevation error

The raw elevation data for a typical subject are shown
Fig. 5 in a format similar to the one used for the raw azimu
data. These raw data are typical of the other subjects in
experiment. The overall BCRMS elevation errors, averag
across the four subjects, are provided in Table III. Seve
important observations can be made from these data:
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FIG. 5. The nine panels show raw elevation stimulus and response loca
for subject KMY, a typical subject in the experiment. Azimuths were
vided into regions less than2120°, from2120° to260°, and greater than
260°. Distances were divided into regions less than 25 cm, from 25 to
cm, and greater than 50 cm. A dashed line represents correct response
BCRMS elevation error is shown at the left side of each panel, and the s
line represents the best second-order polynomial fit of the stimulus da
the response locations. Note that the stimuli range from approxima
245° to 80° in elevation. The data are limited at low elevations because
subject’s torso and the chin rest prevented placement at some source
tions. For example, low elevations are particularly truncated at close
tances behind the subject where the neck and back prevented placem
low elevations.

TABLE III. Mean BCRMS elevation error at three distances~close
5,25 cm, medium525–50 cm, far5.50 cm! and at three azimuths
~rear5,2120°, side52120° to 260°, front5.260°). The data were
calculated separately for each subject and averaged together to produ
value shown in the table.

Azimuth
Distance Rear Side Front Mean

Close 14.6° 9.5° 11.2° 11.7°
Medium 13.0° 8.6° 10.0° 10.5°
Far 14.7° 9.3° 11.3° 11.8°

Mean 14.1° 9.1° 10.8° 11.3°
1962Brungart et al.: Localization of a nearby broadband source
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~i! The elevation responses tended to show more
matic biases than the azimuth data. In the data sho
for KMY ~Fig. 5!, the quadratic line best fitting th
data is typically concave down, in part because
subject tended to underestimate the elevation of h
sources.

~ii ! The overall BCRMS error in elevation, which a
tempts to eliminate the effects of bias, was comp
rable to that for azimuth (11.3° vs 12.6°). Note th
the azimuth figure is inflated somewhat by its i
creased sensitivity at high and low elevations in t
polar coordinate system.

~iii ! Elevation localization performance was best to t
side, and worst to the rear. An F-test on the BCRM
errors reveals that each of the four subjects was
nificantly more accurate in front than in back, an
most accurate to the side (p,0.01 level!.

~iv! Elevation performance did not depend on distance
a consistent way. Two of the subjects~DSB and
KMY ! had significantly lower errors at distances le
than 25 cm than at distances greater than 25 cm,
the other two subjects had significantly lower errors
distances greater than 25 cm than at distances cl
than 25 cm~F-test,p,0.005).

F. Response biases

To this point, the primary focus has been the variabil
of subject responses in the form of the bias-corrected
signed error. Systematic directional biases are also of c
siderable interest. Figure 6 shows the response bias~mean
uncorrected signed error! in azimuth and elevation as a func
tion of source location. Note that the directional biases
generally invariant to source distance. Although the dir
tional biases differ substantially from subject to subject,
general pattern of biases for each of the subjects is consi
across the three distance bins. Subject DSB, for example
a bias up and toward the front for sources behind and ab
the head at all distances, while CLL is generally biased do
and toward the front at high elevations. It appears that dir
tional response biases are roughly independent of distan

G. Discussion

In order to put these results into context, it is useful
compare them to previous estimates of directional local
tion ability available in the literature. Although no data a
available on proximal-region localization, our results at d
tances greater than 50 cm can be compared to previous
collected 1 m orfarther from the subject. Two studies whic
have evaluated directional localization~position identifica-
tion! are Wightman and Kistler~1989! and Makous and
Middlebrooks~1990!.

The overall angular errors measured in this study w
substantially smaller than those measured by Wightman
Kistler (15.2° at distances greater than 50 cm in this stu
compared to 21.1° measured by Wightman and Kistler!. This
discrepancy most likely results from the increased stimu
1963 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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uncertainty in the Wightman and Kistler study~they used a
scrambled stimulus spectrum rather than the fixed stimu
spectrum in this study!.

In contrast, the standard deviations in azimuth and
evation measured in this study were substantially larger t
those measured by Makous and Middlebrooks. For exam
their results indicate a standard deviation of only 1.9°
azimuth and 3.3° in elevation for sources directly in front
the listener (0° azimuth and25° in elevation!, compared to
standard deviations~BCRMS! of approximately 6° in azi-
muth and 8° in elevation for sources in front of the listen
in this study.

All three studies indicate that directional localizatio
judgments are least accurate when the source is loc
above and behind the head. Since all three studies re
poorest performance in this region, using three different
sponse methods, it is likely that there are some percep
problems in localizing sound behind and above the he
However, the reasons for poor perception in this region
not obvious.

Finally, more front–back reversals occurred in this e
periment than in the two earlier studies. If front–back co
fusions are counted whenever the stimulus and respons
cations are on opposite sides of the frontal plane, front–b
confusions occurred in 13% of all trials in this experiment

FIG. 6. Response bias size and direction as a function of source loca
Details are similar to Fig. 4. The asterisk is the mean stimulus locat
while the dot is the mean response location. The circles indicate that
subject overestimated distance~see the legend!, while the crosses sur-
rounded by squares indicate an underestimate of distance.
1963Brungart et al.: Localization of a nearby broadband source
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distances greater than 50 cm, compared to 6% of all trial
the other two experiments.

The comparison of the data at distances greater tha
cm with previous data is useful for establishing a baseline
comparison with the results at closer distances. Of prim
importance in this study, however, is the effect of an e
tremely close source on directional localization ability. T
angular error increases significantly as distance decre
~Table I!, but this increase is at least in part a result of larg
response biases when the source is close, rather than l
response variability. Response variability, measured by
BCRMS errors in azimuth and elevation, did not vary co
sistently with distance. The azimuth error was significan
larger at close distances (,25 cm! than at far distances
(.50 cm! for only two of the four subjects. The elevatio
bias-corrected error was significantly larger at close d
tances than at far distances for two subjects, but significa
larger at far distances than at close distances for the o
two subjects. There is also some reason to believe that
perimental error is slightly greater for very close sourc
than for more distant sources. At locations very close to
head, direction is very sensitive to small displacement err
At 12 cm, for example, a 1-cm error in the subject respon
or in the measurement of the stimulus and response l
tions, can cause a directional error of nearly 5°. When
increased error sensitivity of the response method for v
near sources is weighed against the relatively minor decr
in performance at close distances, it appears that source
tance has, at most, a marginal effect on directional accu
in the proximal region.

Front–back reversals increased slightly at close d
tances for all four subjects, but only one subject~CLL! re-
versed a significantly larger percentage of trials at close
tances than at far distances. CLL appeared to be a ‘‘p
localizer’’ in general, in that he experienced substantia
more front–back confusions than the other subjects, eve
the greatest distances tested. Although data are avai
from only one subject, it may be the case that the localiza
problems of poor localizers are exacerbated when the so
is very near the head, but that normal localizers may
unaffected by sources very close to the head.

IV. DISTANCE LOCALIZATION

A. Results

One of the primary motivations for this experiment w
an examination of the accuracy of auditory depth percep
for nearby sources. The raw data for proximal-region d
tance perception for a typical subject are provided in Fig
There are three striking features in these data:

~i! The magnitudes of the distance errors tend to incre
with distance. For this reason, the stimulus-respo
curves in distance have been plotted on a log–
graph rather than a linear graph.

~ii ! The distance errors are greater near the median p
@azimuths in back (,2120°) and in front
(.260°)# than at more lateral locations.

~iii ! The distance errors are greater at high elevatio
(.20°) than at middle and low elevations.
1964 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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An overall summary of distance performance collaps
over all elevations is the RMS percentage distance error~Fig.
8!. This measure indicates that the overall average erro
distance is approximately 30%–40% across all azimuth
cations.

FIG. 7. Raw distance data for subject KMY. The columns represent dif
ent azimuths, and the rows represent different elevations. The data are
ted on a log–log scale representing the distance from the center of the
~in cm!. Note that in a typical subject the tip of the nose is approximately
cm from the center of the head, and the ears are approximately 7 cm
the center of the head. In some cases, the sound source was within 1
the surface of the head. The correlation coefficient of the log stimulus
tance and log response distance is shown at the top left of each panel
dashed line indicates correct responses, and the solid line is the l
squared linear fit of the log–log data.

FIG. 8. rms percent distance error as a function of azimuth. Each subj
responses were sorted by azimuth into 13 overlapping bins containing
of the total number of trials. Then, the rms percentage distance error~un-
corrected for bias! calculated in each bin was plotted as a function of t
mean azimuth location in each of the 13 bins. The solid line shows
average of the percent rms errors calculated for each of the four subje
1964Brungart et al.: Localization of a nearby broadband source
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The overall distance errors can be divided into th
components: an overall distance-independent bias repre
ing a general tendency to overestimate or underestimate
tance ~the mean percentage error in distance!; a bias in
‘‘scaling’’ representing a tendency to compress or expa
the responses in distance~represented by the slope of th
least-squared linear fit of the data!; and an error term relate
to the variability of the responses for a particular stimu
location ~represented by the spread of responses around
least-squared fit line!.

Figure 9 illustrates the bias and uncertainty compone
of the distance error separately. The top panel shows
correlation coefficient of the log stimulus and response d
tances as a function of source azimuth. The correlation c
ficient is related to the bias-corrected variability in the

FIG. 9. Correlation, slope, and overall bias of the log distance respons
a function of azimuth. As in Fig. 8, the subject responses were sorte
azimuth into 13 overlapping bins, each containing 14% of the total num
of trials, and the correlation coefficient~top panel!, the slope of the linear
regression line~middle panel!, and the overall mean signed percentage er
in distance~bottom panel! were calculated separately in each bin and plot
as a function of the mean azimuth of each bin. The solid lines represen
mean values across the four subjects. In the top panel, a Fisher transf
tion was used to average the correlation coefficients across the four sub
and to compute the 95% confidence interval~dashed lines!.
1965 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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sponses and can be viewed as the degree to which the so
distance can be determined from a linear function of the
response distance.2 Note that the correlation coefficient i
significantly greater for sources at lateral locations than
sources at medial locations, and that this pattern is consis
across each of the four subjects. Also note that the data
roughly symmetric in the front and rear hemispheres, but t
there are no data points behind2150° in azimuth.

The middle panel shows the slope of the line best fitt
the log stimulus data to the log response data at each azim
location. This slope is a measure of the scaling bias in
responses: a slope of less than 1 indicates that the respo
varied over a narrower range of distances than the stim
locations~a compression in the responses!. Like the correla-
tion coefficient, the slope is relatively high at lateral loc
tions and relatively low at medial locations. This indicat
that the subject’s responses are more sensitive to the
source location at lateral locations, which accounts for
increased correlation coefficient at these locations. Note t
even at lateral locations, the slope is less than 1 for all s
jects, indicating a general tendency to compress distance
sponses.

The bottom panel shows the overall percentage erro
distance, which indicates any distance-independent biase
the subject’s responses. This is the only performance m
sure that shows a substantial difference across the four
jects. In particular, subject CLL exhibits a strong tendency
overestimate distance~in excess of 50%!. The other subjects
also generally overestimated distance, but to a lesser ex
The overall pattern of this percentage error as a function
azimuth is quite similar to the rms percentage error in Fig
for each of the four subjects, indicating that rms percent
error is dominated by overall bias and that it is only a we
indicator of response precision.

The degree to which the correlation coefficient and
slope of the linear regression line represent the charact
tics of the subject responses can be illustrated by a comp
son of the raw stimulus–response data in two azimuth b
one near the median plane and one near the interaural
The results for subject DSB~Fig. 10!, which are typical of
those for the other subjects, confirm that the primary rea
for the decrease in correlation in the median plane is that
slope of the stimulus–response line is much lower. In fa
almost all of the responses in the front bin are group
around 60 cm, independent of the actual stimulus location
similar pattern occurs in the data from all four subjects.

The correlation coefficient and the slope of the regr
sion line also indicate that distance localization performa
is substantially worse at high elevations~above 20°) than at
middle and low elevations. The correlation coefficient b
tween the log stimulus and response distances, calcul
separately for each subject in each of 13 azimuth bins
averaged using the Fisher transformation~Devore, 1991!, de-
creases from 0.81 at locations below 20° in elevation to 0
at locations above 20°. Similarly, the average slope of
responses decreases from 0.76 at low and middle eleva
to 0.42 at high elevations.
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B. Discussion

It is difficult to compare distance localization in th
experiment to previous results. Few studies have directly
amined auditory distance perception as a function of dir
tion, and even fewer have examined distance perception
nearby sources. We know of only two studies which ha
directly examined proximal-region distance perception. A
mead, LeRoy, and Odom~1990! found that listeners were
able to perceive relatively large (.16%! changes in the dis
tance of a nearby sound source directly in front of them e
when the amplitude of the source was manipulated to eli
nate loudness-based distance cues. This indicates that
distance information~perhaps spectral! is available even in
the median plane, where binaural distance cues are mini

Simpson and Stanton~1973! performed an experimen
specifically designed to look for binaural distance cues
close sources. Subjects were asked to estimate the distan
a sound source placed directly in front of the listener at o
of five locations ranging from 30 cm to 2.7 m. Some of t
subjects used a fixed head position during the experim
some were allowed to turn their heads, and some were

FIG. 10. Raw distance data for subject DSB in front and to the side. Th
plots show the data for subject DSB in the 1st and 7th azimuth bins use
calculate the results in Fig. 9. In front~top panel!, the responses tend to b
clustered around 60 cm independent of the source location, while to the
~bottom panel! the response distance varies systematically with stimu
distance.
1966 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
x-
-

or
e
-

n
i-
me

al.

r
e of
e

t,
e-

quired to move their heads. Simpson and Stanton found
head motion had no significant effect on distance percept
Since the results of the current experiment indicate that
tance accuracy is substantially better for lateral sources
for medial sources, it is surprising that Simpson and St
ton’s subjects were not able to judge distance more ac
rately when they were allowed to turn their heads away fr
the sound source. Amplitude and reverberation in the Sim
son and Stanton study may account for the discrepancy.
amplitude of the source was fixed during their experime
and their subjects were seated in the corner of a sou
treated listening booth, with their heads only 25 cm fro
either wall. Thus, it is likely that their subjects were able
use amplitude and reverberation cues to judge distance,
these cues may have dominated the binaural distance cu
their experiments.

In contrast to the Simpson and Stanton paper, two st
ies of distal-region localization have indicated that distan
perception is better for sources along the interaural axis t
for sources in the median plane when the amplitude of
source is randomized. Holt and Thurlow~1969! found that
subjects could accurately determine the relative distance
the sound sources when they were lined up with the inter
ral axis ~rank-order correlation of 0.93!, but not when the
sources were directly in front of the subject. Gardner~1969!
informally reported a similar result. The relationship b
tween azimuthal position and distance localization accur
found in these earlier studies is in agreement with the res
of this experiment, but we cannot explain why subjects w
able to perform so well in the distal region where binau
distance cues are largely absent.

Other than the observations of Holt and Thurlow, a
Gardner, no previous studies have indicated that dista
perception is better for lateral sources than medial source
close distances. Furthermore, the strong correlations foun
this study~as large as 0.85 for sources near 90°) indicate t
distance perception is reasonably accurate in this region.
formance in this region appears to exceed that indicate
any previous distance study where overall level cues w
unavailable, which is especially noteworthy considering
additional requirements of simultaneously determini
source azimuth, elevation, and distance in this experime

V. COMPARISON OF RESULTS TO PROXIMAL-
REGION HRTF MEASUREMENTS

By comparing the results of this psychoacoustic expe
ment with previously measured HRTFs in the proximal
gion, we can gain insights into the mechanisms of proxim
region localization. The features of the proximal-regi
HRTFs, along with previous results from distal-region loc
ization experiments, can explain the relatively weak dista
dependence of directional localization, as well as the re
tively accurate distance judgments for lateral sources.

Although three of the four subjects were slightly le
accurate at azimuthal localization when the sound source
close to the head, the decrease in performance was relat
minor. Similar horizontal localization performance in th
proximal and distal regions may indicate that low-frequen
ITDs dominate azimuth judgments in the proximal region
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they have been shown to do in the distal region. Previ
work by Wightman and Kistler~1992! has shown that ITDs
tend to dominate azimuthal localization when the stimu
contains low-frequency energy. Note, however, that Wig
man and Kistler’s experiments manipulated the time dela
HRTFs measured in the distal region. The low-frequen
time delay clearly dominates perception with the dist
region HRTFs, where the ILD was significant only at hig
frequencies. When the source is in the proximal region, h
ever, the ILD can be large even at low frequencies, and
Wightman and Kistler data provide no direct evidence t
the ITD dominates the influence of low-frequency ILD o
azimuth perception. The absence of a strong lateral azim
bias for nearby sources provides some indirect evidence
ITD dominance extends into the proximal region. In t
proximal region, an increase in ILD could result either fro
a source moving closer to the head or from a source mov
away from the median plane. If azimuth judgments we
based on ILD, one might expect listeners to confuse the
tance and direction of the source in the proximal regi
resulting in a lateral bias for nearby sources. There is, h
ever, no indication of such a bias in the data. The lack
lateral directional biases for nearby sources, coupled w
comparable directional accuracy in the proximal and dis
regions, indicates that proximal-region azimuth perceptio
most likely based on ITDs which are essentially independ
of source distance.

The psychoacoustic results indicate that elevation p
ception does not depend on distance in a systematic w
Two subjects performed slightly better in elevation when
source was distant, and two performed better when
source was close. This is consistent with the observa
~Brungart and Rabinowitz, 1999! that the high-frequency
features of the HRTF which change systematically with
evation are relatively independent of distance.

The distance perception abilities of our subjects, and
particular their ability to make unbiased, accurate dista
judgments about lateral sources and their inability to m
distance judgments about medial sources, suggest tha
variations in the ILD with angle and distance provide a u
ful binaural proximal-region distance cue. In the distal
gion, the ILD varies only with direction. In the proxima
region, the ILD increases as the source approaches the h
The usefulness of this increase as a distance cue is relat
the range over which the ILD varies in a particular directio
The range of possible ILDs is largest when the source is
the side, and decreases to zero in the median plane.
pattern mirrors the distance performance by the subje
which was also best for lateral sources and worst in the
dian plane. In fact, the only major discrepancy between
tance localization accuracy and the range of possible
values is that localization performance appears to platea
the region from245° to 2135°, while the span of ILDs
increases systematically up to290°. This could be ex-
plained by the well-known range effect in stimulus identi
cation experiments, which causes sensitivity to changes
stimulus to decrease when the range of possible values
creases~Durlach and Braida, 1969; Koehnke and Durlac
1989!. The range effect, which is based on memory no
1967 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999
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rather than sensory noise, could explain the saturation in
formance seen in this experiment. Note that ILD-based d
tance cues could also explain the decrease in performan
high elevations~and the more rapid decrease in performan
away from290°!, since the ILD is smaller at high elevation
than in the horizontal plane.

VI. CONCLUSIONS

The general results of these experiments can be sum
rized as follows:

~i! The angular error, which includes the effects of r
sponse bias and response variability, increases as
source approaches the head, particularly in front
and behind the listener.

~ii ! The bias-corrected rms azimuth error is greatest
high elevations and generally increases slightly
close distances.

~iii ! The bias-corrected rms elevation error is lowest
lateral sources and greatest behind the listener. It d
not vary consistently with distance.

~iv! Distance perception is most accurate for late
sources and least accurate near the median plane
lateral sources, distance judgments were highly co
lated with actual source position (r .0.85), and were
relatively unbiased; in the median plane, the corre
tions were low (r ,0.4). The results generally indi
cate better distance perception in the proximal reg
than in previously reported studies involving sourc
of unknown strength in anechoic conditions.

~v! The psychoacoustic results are consistent with pre
ously measured HRTFs in the proximal region, whi
indicate that ILD varies with distance in the proxim
region while ITDs are roughly independent of di
tance. In particular, the results support the hypothe
that ILDs are an important binaural distance cue in
proximal region.

It appears that directional localization is modestly d
graded when sources are close to the head, but that dist
perception may be substantially improved, at least
sources away from the median plane, by the availability
binaural distance cues in the proximal region. Additional e
periments are necessary to fully understand the mechan
of proximal-region localization. The next paper in this ser
will look at the effects of different stimuli~e.g., bandlimited,
monaural, or fixed amplitude! on proximal-region localiza-
tion.
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1Note that these regions have sometimes been referred to as the ‘‘near fi
and the ‘‘far field.’’ Since these terms have very specific meanings
physical acoustics, we have introduced new terminology to eliminate
ambiguities.
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2The use of the correlation coefficient requires an approximately linear
lationship between the two variables. An examination of the raw data
dicates that this approximately linear relationship exists between the lo
the stimulus distance and the log of the response distance for each o
four subjects.
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