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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 regiomwithi 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 withi 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 errd7°) 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 fun@t&TF) for nearby sources are
important to auditory distance perception in the proximal region.1999 Acoustical Society of
America.[S0001-496809)04310-9

PACS numbers: 43.66.Qp, 43.66.DWG]

INTRODUCTION ference cues have long been recognized as the dominant lo-

Although human sound localization has been studied exc@/ization cues. Lord Rayleigh, in his famous “duplex

tensively in the past century, little is known about the spatiat€0ry” (1907, observed that interaural time differences
perception of nearby sources. The majority of experimenté'TDS) and interaural level differencé€Hd_Ds) provide salient

examining directional sound localization have been coninformation about the lateral position of a sound source. Ac-

ducted at distances greater than 1 meter. In this region, tHePrding to the duplex theory, ITDs dominate low-frequency
overall amplitude of the sound reaching the ears varies wit§ound localization, while ILDs dominate high-frequency
distance, but the binaural and spectral cues that are used fépund localization. The ITD and ILD are important localiza-
directional localization are roughly independent of distancetion cues, but they cannot distinguish between sources lo-
At distances less than 1 m, however, there are importarﬁatEd in the so-called “cones-of-confusion,” where the in-
distance-dependent changes in the binaural and spectral chégraural difference cues are constant, without exploratory
acteristics of the sound reaching the ears. It is possible th&ead motiongWallach, 1939; Perrett and Noble, 199Ad-
these systematic changes allow listeners to make accuraféional information is provided by the complex geometry of
judgments about source distance for nearby sources. Singee pinnae, which filter the sound reaching the ear with a
nearly all of the perceptually relevant distance-dependerdirectionally dependent transfer function at high frequencies
changes in auditory localization cues occur at distances leggbove approximately 4 kHzWhen somea priori informa-
than 1 m, we will define this region as the “proximal re- tion about the spectrum of the source is available, pinna fil-
gion,” and the region at distances greaterrttiam as the tering allows listeners to resolve front—back confusigvis-
“distal region.”* sicant and Butler, 1984; Oldfield and Parker, 1986d can

This study examines localization accuracy in the proxi-provide substantial information about the azimuth of a sound
mal region in azimuth, elevation, and distance, and attemptsource when binaural cues are completely eliminated by uni-
to relate the findings to the proximal-region head-relatedateral deafneséSlattery and Middlebrooks, 1994Perhaps

transfer function. most importantly, pinnae cues allow listeners to judge the
elevation of the sound sourcé@Roffler and Butler, 1968 All
I. BACKGROUND of the localization cues believed to be relevant to directional

The basic mechanisms of directional sound localizatiofocalization are included in the head-related transfer function

are well documented. In the horizontal plane, interaural dif{HRTF), which is the transfer function from a sound source
to the eardrums of the listener. The HRTF includes the ef-
dcurrently at Human Effectiveness Directorate, Air Force Research Labo](eCts of d|ﬁractloq by the heaﬁd’ neck, and torso, as well as
ratory. Electronic mail: dbrungart@falcon.al.wpafb.af.mil the spectral shapmg by the pinna. _
YCurrently at Bose Corporation. The mechanisms that allow listeners to determine the
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distance of a sound source are less understood than those tiay and of Brungart and Rabinowitz. The important aspects
allow directional localization. The most salient auditory dis- of the measured HRTFs can be summarized as follows:
tance cue under most conditions is the amplitude cue: th
pressure of a spherically radiating sound wave is inversel
proportional to the distance from the source. Spectral cues
also play a role. Atmospheric absorption effectively low-pass
filters sounds that propagate great distances, and low-
frequency sounds propagate more effectively than high- . L
frequency sounds around obstacles in a room. Both of these from 4 to 20 d_B as asource "?‘t 90° decreases in distance
effects tend to cause more distant sound sources to appear oM 1 m towithin a few centimeters of the head.
low-pass filtered relative to closer sound sources, and ma ) The mFerauraI tlmg delay ',S roughly mdepend'ent of dis-
provide a spectral distance ckittle, Mershon, and Cox, tance in the proximal region. Although the time delay
1992. Amplitude and spectral-based distance cues are suffi- Can increase by as much as 108 as the source ap-
cient for judging changes in the relative distance of a sound ~Proaches the head, this increase occurs only near the
source, but can only be used to make absolute distance judg- Nteraural axis, where the ITD is large and sensitivity to
ments when the listener has priori knowledge about the changes in the ITD is low.

characteristics of the source. The ratio of direct to reverbert3) The magnitude of the HRTF is relatively greater at low
ant energy has been proposed as a possible absolute distance frequencies than at high frequencies when the source is

1) The interaural level difference increases dramatically as
the source approaches the head when the source is out-
side the median plane. This increase occurs even at low
frequencies where head shadowing is negligible in the
distal region. At 500 Hz, for example, the ILD increases

cue for localization in roomgMershon and King, 1975; near the head. This effective low-pass filtering of
Lounsbury and Butler, 1979; Butler, Levy, and Neff, 1980 proximal-region sources results from a combination of
and distance judgments in a reverberant environment are diffraction at the ipsilateral side of the head and in-
mildly correlated with source distand®lershon and Bow- creased head shadowing at the contralateral ear.

ers, 1979. Under free-field conditions with an unfamiliar (4) The high-frequency features of the HRTF that are depen-
source, distance perception is extremely inaccurate, and sev- dent on elevation are relatively insensitive to source dis-
eral researchers have reported that distance judgments in tance. The features of the HRTF that changed signifi-
these conditions are effectively uncorrelated with the actual ~cantly with elevation were not strongly dependent on
source position(Coleman, 1963; Mershon and Bowers, source distance.
1979; Holt and Thurlow, 1969; Gardner, 1969 compre- (5) As the sound source approaches the head, the acoustic
hensive review of distal-region localization is provided in  parallax effect shifts some of the high-frequency features
Middlebrooks and Greefl1991). of the HRTF at the ipsilateral ear laterally in azimuth.
One aspect of auditory localization that has received al- For example, the high-frequency patterns in the HRTF
most no attention is the localization of sources close to the seen at 10° azimuth for a distant source might be most
head. As early as 1911, Stewart recognized that interaural similar to the high-frequency patterns in the HRTF at
level differences increase significantly when a source ap- 45° azimuth for a closer source. This parallax is a direct
proaches within a few centimeters of the head, while the result of the geometric relationship between the locations
interaural time delay is roughly independent of distance of the source, the center of the head, and the ear: the 6-8
(Stewart, 1911a, 1911bStewart modeled the head as a rigid cm displacement between the center of the head and the
sphere with ears at diametrically opposed locations on its location of the ear has little impact on the location of the
surface and used theoretical predictions of the sound pressure source relative to the ear at 1 m, but when the source is
on the surface of a sphere to predict the ILD and ITD as a only 12—15 cm from the center of the head, the angle of
function of source distance and direction. Hartley and Fry the source relative to the ear can differ from the angle of
(1921 manually tabulated these values at a variety of loca- the source relative to the center of the head by 45° or
tions, and Colemar(1963 cited the increased ILDs for more. The HRTFs measured on the KEMAR manikin
nearby sources as a potential auditory distance cue in the generally exhibit this shift at high frequencies.
proximal region. Brungart and RabinowitZ996 have pub-
lished a formula for evaluating proximal-region HRTFs us- ~ These results indicate the existence of unique physical
ing a sphere model and re-examined the possible use @coustic cues in the proximal region that should be relevant
proximal-region ILDs as a distance cue, and Duda and Marto proximal-region localization. Yet, despite the recognition
tens (1998 have measured the range dependence of th#hat localization cues are substantially different in the proxi-
HRTF for a model of the head based on a bowling ball. Eactinal and distal regions, no studies in the literature have sys-
of these studies found that interaural level differences intematically measured proximal-region localization perfor-
crease dramatically when the source is near the head, whil@ance. The experiments described here examine auditory
interaural time delays increase only slightly for nearbylocalization in the proximal region with a broadband source.
sources. In particular, they focus on how localization accuracy
In the past year, proximal-region HRTFs have beenchanges as a function of azimuth, elevation, and distance in
measured with a manikin head and a compact, nondirectiondie proximal region. The next section discusses the experi-
acoustic point sourcgBrungart and Rabinowitz, 1999 mental setup. Directional and distance localization are dis-
Many of the features of the measured HRTFs were similar t@ussed separately in the following two sections. The last two
those predicted by the rigid-sphere models of Hartley andections compare the perceptual results to the physical local-
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Polhemus Source source pointing toward the subject’s head. The small diam-
eter of the tubing provided a relatively nondirectional sound
source at the opening of the tube: the measured 3-dB beam-
width of the source was approximately 120° at 15 kHz.

A Polhemus Navigation 3-Space Tracker position-
N sensing system measured the stimulus and response location
\ during each trial. The electromagnetic source of the tracking
Point Source system was mounted on the chin rest approximately 15 cm
below and 15 cm to the left of the subject. Although the chin
rest was not completely rigid, this arrangement fixed the
relative positions of the Polhemus source and the subject’s
head, and therefore the coordinate system of the experiment
was stable relative to the subject’s head. One of the position
sensors was mounted on the end of a 30-cm wooden rod,
which the subject used to make responses. The second posi-
tion sensor was mounted on the end of the experimenter’s
wand nearest the opening of the tube. Since it was impos-
sible to place the sensor directly at the opening of the tube
without interfering with the sound field, the orientation of the
sensor and the offset between the sensor and the tube open-
ing were used to calculate the location of the sound source

FIG. 1. Experimental setup. The experimenter stood approximately 1.5 m t%n each trial. The Polhemus system is accurate within 0.25
the right of the listener in an anechoic chamber and manually placed the ’ ’

source at a random location in the subject's right hemisphere. Once théM in theX;, Y, andZ coordinates up to approximately 1 m.
stimulus was produced, the source was moved away and the listener rén order to measure the effect of the correction on the accu-

sponded by moving a response sensor to the perceived location of the sour}qlcy of the location recording system, the response sensor
See the text for details. was placed directly at the tube opening and the location of
o . . ) ] each sensor was measured by the Polhemus system. These
ization cues found in the HRTFs discussed in the first papeg,o measurements of location differed by 2—3 cm, which

in the seriesBrungart and Rabinowitz, 1999and summa-  can pe considered an upper bound on the vector error of the
rize the overall conclusions of this experiment.

Position’
Senso\rs

A\

system.
The control computer was a 386-based PC equipped
Il. METHODS with a 16-bit stereo sound cardDigital Audio Labs
A. Subjects CARDD). One channel of the sound card was connected to a

small ear-piece headphone worn by the experimenter. This
Four right-handed male subjects, ages 20-25, partiCichannel was used to provide information to the experimenter
pated in the experiment. Three of the subjects were paidyring each trial. The other channel was connected to a
volunteers, and the fourth was the first author. All reporteqDOWer amplifier(Crown D-75, which was connected to the
normal hearing in both ears. Although three of the subjectgjriver of the sound source. The Polhemus head tracker was
had participated in psychoacoustic studies before, only thggnnected to the PC through the RS-232 serial port, and a
first author had participated in localization experiments. response switch was connected through the parallel port. The
control computer automated all data recording and stimulus
B. Apparatus generation tasks in the experiment, and provided timing in-

A simple diagram of the setup for the experiment isformatlon to the subject and operator through its internal

provided in Fig. 1. The experiments were conducted inspeaker.
MIT’'s anechoic chamber. The subjects were seated on a
wooden stool located in the center of the chamber, and the
stool was supported on the wire-frame floor by a foam-
covered plywood platform. The subjects were provided with
a chin rest which allowed them to immobilize their heads in The stimuli were sequences of five rectangularly gated
a comfortable rest position during the experiments. 150-ms pulses of noise, separated by 30-ms intervals of si-
An experimenter, who stood approximately 1.5 m to thelence. The noise waveforms were constructed from white
right of the subject, manually placed the sound source durin@aussian noise that was filtered by a finite impulse response
each trial. The sound source consisted of an Electro-VoicéFIR) filter to flatten the irregular frequency response of the
DH1506 compression horn driver connectedtm oftubing  point source. In addition, the noise was bandlimited to the
with an internal diameter of 1.2 cm. The end of the tube wadrequency range 200 Hz—15 kH%z20 dB/decade roll-off out
enclosed in a curved rigid wand constructed of PVC pipeof band and low-pass filtered with a 6-dB/octave roll-off
The curved shape allowed the stationary experimenter tabove 200 Hz. This roll-off was used to maximize the non-
place the sourcéhe end of the tubeat any location in the distorted output level of the point source. Five different noise
right hemisphere of the subject with the opening of thewaveforms were stored on the control computer, and one

C. Stimulus
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waveform was randomly chosen prior to each trial. Thisof the nose(Brungart, Rabinowitz, and Durlach, 1999n
waveform was scaled in amplitude and then repeated fivéhis coordinate system, azimuth is the angle around the ver-
times to generate the stimuli for each trial. tical axis, with 0° directly in front of the head, positive val-
The source was randomly located in the right hemi-ues in the left hemisphere, and negative values in the right
sphere of the subject. Prior to each trial, the control computehemisphere. Elevation is the angle abdpesitive valuesor
read three random numbers, each ranging from 1 to 6, to thieelow (negative valuesthe horizontal plane. Note that, in
experimenter through the earphone connected to the secotitis coordinate system, a one-degree change in azimuth cor-
channel of the sound card. The experimenter used these thregsponds to a shorter distance on the surface of a sphere at
numbers to choose the approximate sound source location ligh and low elevations than in the horizontal plane.
azimuth(from near 0° for a 1 to near 180° for &, @levation Each trial was initiated when the control computer read
(from near+90° for a 1 tonear—90° for a §, and distance the three source coordinates to the operator through the ear-
(from 10-15cm foa 1 to 1 m for a § Although the exact piece headphone. A beep then instructed the subject to close
placement of the source varied across experimenters ars eyes while the operator moved the source to the appro-
some source locations were inaccessible due to interferenggiate location. Once the source was positioned, the operator
by the subject’s body or the chin-rest apparatus, this sourcgressed a response switch and the control computer initiated
placement system generated a reasonably broad distributiaRe stimulus. First, the location of the source was read to
of source locations throughout the right hemisphere. allow for amplitude correction, then the stimulus was scaled
Once the source was placed, the control computer reand played through the sound source, and finally the source
corded the location of the source through the Polhemugosition was read again to verify that no movement had oc-
tracker, and crudely normalized the amplitude of the stimucurred during the stimulus presentation. If the source was
lus signal to eliminate amplitude-based distance cues. Théationary during stimulus presentation, the operator moved
normalization was based on the distance of the source frOI"[he source to a rest position and pressed the response switch
the left and right ears of the subject. The correction normal'again_ The control computer then generated a second beep'
ized the amplitude so that the maximum output would occulhrompting the subject to move the response sensor to the
at a distance of 1 meter. The scaling factor for this correctiorperceived location of the stimulus. The subjects were permit-
was ted to open their eyes during the response process, but usu-
1 ally chose not to do so. Once the subject had selected a
50 50 response location, the operator once again pressed the re-
_ 4+ — i sponse switch, and the control computer read the response
Distance to left eafcm)  Distance to right earcm) location, generated three new coordinates for the next stimu-
The distance to the right ear dominates the scaling factolus location, and beeped to tell the subject to close his eyes
when the source is near the ear, but the scaling factor alsand prepare for the next stimulus. Each trial lasted approxi-
considers the contribution of the left ear to perceived loud-mately 12 s.
ness when the source is in the median plane or is relatively ~ The response method used in the experiment, which we
distant. In addition to correction for distance, the source amtefer to as “direct location,” was the method determined to
plitude was randomized an additional 15 @Bom 0 to 15 be the least biased and most accurate among a number of
dB in 1-dB steps The amplitude scaling was accomplished three-dimensional proximal-region response methods consid-
by multiplying the noise waveform file by a scaling factor ered in an earlier studyBrungartet al, 1999. Using the
prior to playback. The maximum amplitude of the stimulusdirect-location method to identify the position of a visual
was approximately 59 dBA SPlas measured by a B&K target in the front hemisphere, the mean angular error was
4131 microphoneat 1 m, so with randomization and correc- 4°. The subjects were also equally accurate at localizing
tion the effective stimulus amplitude ranged from 44-59sound sources in the front and rear hemispheres using direct
dBA. location, indicating that precision does not fall off rapidly
outside the visual field. The localization errors with a visual
target using direct location were much smaller than those
found when localizing sound sources, indicating that the re-
The experiment was divided into blocks of 100 trials, sponse method probably contributed only a small fraction of
with each block taking approximately 20 min. At the begin- the response errors in this experiment.
ning of each block of trials, the subject placed his head in a  Although the subjects were asked to keep their eyes
comfortable position in the chin rest and the locations ofclosed during the placement of the source, there were some
three reference points were recorded using the response saxtraneous cueshadows visible through the closed eyelids,
sor: the opening of the left ear canal, the opening of the rightounds generated by the experimenter, air movement during
ear canal, and the tip of the nose. These locations were useturce placement, ejcthat may have allowed subjects to
to correct for stimulus distance and to define a verticalmake judgments about the source location independently of
spherical coordinate system based on the subject’s head, withe available audio information. In order to verify the insig-
its origin at the midpoint of the left and right ears, its hori- nificance of these cues, 100 trials were collected for each
zontal plane defined by the locations of the left and right earsubject with the sound source disabled. The mean angular
and the nose, and its median plane perpendicular to the irerror in this condition was more than 50°, three times as
teraural axis and passing as close as possible to the locatiderge as when the sound source was enabled. The errors in

D. Procedure
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TABLE |. Mean angular errors. The mean errors and standard deviations for each of 27 stimulus regions were
calculated separately for each of the four subjects, and then combined to generate the values in the table. The
overall mean error at each distance is given in the last column, and the overall mean error at each azimuth is
given in the last row. The standard errors are in parentheses. Trials where front—back confusions occurred have
been excluded from these calculations.

Azimuth
Back Side Front
Distance Elevation <-120° —120° to—60° >—60° Mean
Close High >20° 27.0°  (1.3°) 16.2° (0.5°) 20.6° (0.8°)
< 25cm Mid —20° to 20° 18.6° (0.5°) 16.3° (0.4°) 19.3°  (0.99) 19.3°
Low <-20° 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°)
25-50cm  Mid  —20° to 20° 17.9°  (0.6°) 13.4° (0.4°) 14.6°  (0.5°) 15.8°
Low <-20° 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 —20° to 20° 20.0° (0.8°) 13.3° (0.4°) 13.7°  (0.6°) 15.7°
Low <-20° 14.8° (0.5°) 13.4° (0.5°) 16.1° (0.6°)
Mean 20.0° 14.5° 16.3° 16.9°

azimuth, elevation, and distance were also much larger thainom the center of the head to the source location and the
in the audio experiment. Thus, although subjects receivesdlector from the center of the head to the response location.
some information about source location from extraneoud he angular error is a comprehensive measure of directional
cues, this information was insignificant compared to the in-accuracy that incorporates both azimuth and elevation errors
formation provided by the intended auditory stimulus. and includes the effects of systematic response biases and of
The data collection was divided into 2-h sessions, eachesponse variability. The mean angular errors were calcu-
consisting of four or five 100-trial blocks separated by shortlated for stimuli in each of 27 different regions of space
breaks. A total of 2000 trials per subject were collected overepresenting three azimuth ranges, three elevation ranges,
four or five 2-h sessions. Subjects participated in severadnd three distances. The resulf@ble ) show that overall
training sessions prior to formal data collection in order todirectional accuracy varies by more than a factor of 2 with
familiarize themselves with the experimental procedurelocation of the source. The largest errors occurred at loca-
They were not, however, given feedback during these pradions above and behind the subject, especially when the

tice sessions. source was closémean error 27°), and the smallest errors
occurred at relatively distant locations in front of and to the
IIl. DIRECTIONAL LOCALIZATION RESULTS side of the subject.

When averaged across all distances and all elevations,
the angular error was smallest when the source was to the
Front—back reversals are commonly reported in auditoryside, and greatest when the source was behind the subject
localization. These reversals, which occur because the intefTable |, bottom row. The increase in error at locations be-
aural level and time difference cues are approximately symhind the subjects may result, in part, from the awkwardness
metric across the interaural axis of the head, cause listenegd moving the pointer behind the body. The error also in-
to perceive sounds at the mirror image of their true positiorcreased substantially as the source approached within 25 cm
across the frontal plane; a sound at 45° azimuth, for exef the head, especially for source in front of and above the
ample, might be perceived at 135°. In this experiment, esubject(right columr), and the error increased slightly with
relatively conservative definition was used to determingncreasing elevation. Overall, averaged across all subjects
whether a reversal had occurred on a given trial: a reversand all locations, the mean angular error was 16.9°.
was declared only when the azimuth error was reduced at
least 10° by reflecting the response across the frontal plang;. aAzimuth error
According to this definition, front—back reversals occurred in
approximately 10% of all trials in this experiment. In the o - @ 9 )
analyses of directional localization performance, all trialsPrecision of azimuth localization and of any major response
where reversals occurred were omitted from the calculationdi@ses. In Figs. 2 and 3, azimuth data are shown for two

The distributions of front—back reversals across locationSUPIeCts: CLL, who experienced an exceptionally large num-
and across subjects are discussed later. ber of front—back reversals, and KMY, whose responses

were typical of the other two subjects used in the study. In
each panel of the figure, the second-order polynomial line
best fitting the stimulus—response data has been plotted. This

The simplest measure of directional error is the angulatine approximates the systematic biases for that subject in the
error, which corresponds to the angle between the vectdndicated source region.

A. Removal of front—back reversals

The raw azimuth data give an indication of both the

B. Angular error
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Distance < 25 cm Distance = 25-50 cm Distance > 50 cm TABLE Il. Mean BCRMS azimuth error at three distan¢el®se=<25 cm,

M . > ’ medium=25-50 cm, fa=>50 cm and at three elevationghigh=>20°,
medium=—20° to 20°, low=>—20°). The data were calculated separately
for each subject and averaged together to generate the figures in the table.
Trials where front—back confusions occurred have been excluded from these

Elevation > 20°
Response Azimuth
8

135 calculations.
-180 Distance
< Elevation Close Medium Far Mean

£ o 2
g . High 14.2° 16.6° 14.8° 15.2°
R st Medium 12.2° 9.2° 9.5° 10.3°
g -sof o Low 16.8° 10.4° 10.7° 12.6°
g 13.3°.
a-135 Mean 13.8° 12.1° 11.7° 12.6°
[}
T -180

(=}

The biases change systematically with source location,
and would confound a direct measure of response variability
such as standard deviation. Therefore, a special measure of
response variability that excludes the systematic response
bias, called the bias-corrected root-mean-sqUBERMYS)

-gmﬁagoﬁ‘-z‘i‘; ut?\ -gmﬁﬁogfn m% —gmﬁioiz?fn uta error, was calculated at nine elevation and distance locations
for each subject. The BCRMS is simply rms error between
the response location and the quadratic regression curve rep-

FIG. 2. Raw azimuth stimulus and response data for subject CLL. The datsesenting the best fit of the responses as a function of source
were sorted according to source distance into three regions: closer than 25,imuth. The BCRMS error is shown at the left of each panel

cm; from 25-50 cm; and farther than 50 cm. Similarly, the data were sortecin the figure and the mean BCRMS azimuth errors averaged

by source elevation into three regions: above 20°; betwe2a°® and 20°; . .
and below—20°. Columns represent distance, increasing left to right, and@Cr0oss the four subjects are shown in Table II. It should be

rows represent elevation. The solid line is the second-order polynomianoted that all four subjects performed quite similarly in terms
function of the stimulus location that best fits the response location. At thegf the BCRMS error, with the exception of subject CLL at
left of each panel are two numbers. The upper number is the percentage Plfigh elevations

front—back reversal&epresented by open circleim the region. The lower . . o
number is the BCRMS for all nonreversed responses in the gaeelthe The BCRMS error in azimuth was significantly larger at

tex). The dashed line represents “correct” responses, while the dotted lindigh elevations than at low or middle elevations for each of
represents “perfect” reversals. Note that this subject exhibited an atypicallyhe four subject$F-test,p< 0_002)_ Note that this increase in
large number of front—back reversals. . ) . T

error is at least in part a result of the increased sensitivity of
azimuth at high elevations in the polar coordinate system.
The same effect is not as pronounced at low elevations be-
cause more trials were collected at very high elevations
(>45°) than at very low elevations{—45°).

The BCRMS error was not strongly dependent on dis-
tance. The overall BCRMS errdaveraged across all three
elevation$ was significantly larger at the closest source dis-
tances €25 cm than at the greatest source distance$(Q
cm) for only two of the four subject&KMY and CLL). Sub-
ject DSB actually exhibited significantly larger errors at in-

Elevation < -20° Elevation = -20° to 20°

Response Azimuth

oLy
@ ® © B
S & & &

Distance < 25 cm Distance = 25-50 cm Distance > 50 cm

Elevation > 20°
Response Azimuth

J‘é o - . termediate distance§25-50 cm than at close distances
§ 4 o oo . 4 (<25 cm (F-test,p<0.02).

§ 0 12.4° M 'z.:

8 -135 x e

3

@ -180} / ’ D. Distribution of front-back reversals

o

The top number on the left side of each panel in Figs. 2
and 3 indicates the percentage of trials where front—back
reversals occurred in each location. Figure 4 summarizes the
relationship between the percentage of front—back reversals
and the source location. Four important observations can be
made from the reversal data.

Elevation < -20° Elevation = -20° to 20°

Response Azimuth

LoLo,
[:] (3 [(e] H
S o &8 &

-180-135-90 -45 0 -180-135-90 -45 0 -180-135-90 -45 0
Stimulus Azimuth  Stimulus Azimuth  Stimulus Azimuth (|) Subject CLL has far more reversals than any other

subject, and dominates the mean reversal percentages
FIG. 3. Raw azimuth stimulus and response data for subject KMY. See Fig. across SUbJeFtS- In certain locations, CLL reverses the
2 for details. This subject’s data are similar to those of DSB and DTD. majority of trials.
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(=]

°
°
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30} © o 8) ° ° 5o . % o6

Distance = 16.3 cm Distance = 34.6 cm Distance = 56.4 cm

Subject DTD
Mean Elevation

Response Eievation Response Elevation Response Elevation

Distance > 50 cm  Distance

Subject CLL
Mean Elevation
(=

-60-30 0 30 60 -60-30 O 30 60 -60-30 O 30 60
o0 © ©0 °o o Stimulus Elevation  Stimulus Elevation  Stimulus Elevation
o ©O
< ° c o ) FIG. 5. The nine panels show raw elevation stimulus and response locations
60 . _ © o° ) © 0 oo for subject KMY, a typical subject in the experiment. Azimuths were di-
Distance = 16.2cm Distance = 35.1 cm Distance = 58.3 cm vided into regions less than 120°, from—120° to—60°, and greater than
-180 “;5 -90 -45  0-180 -135 -90 -45 0-180 135 -90 45 0 —60°. Distances were divided into regions less than 25 cm, from 25 to 50
lean Azimuth Mean Azimuth Mean Azimuth X
cm, and greater than 50 cm. A dashed line represents correct responses. The
O O o o - BCRMS elevation error is shown at the left side of each panel, and the solid
75% 50% 25% 10% 0% line represents the best second-order polynomial fit of the stimulus data to

FIG. 4. Spatial distribution of front—back reversals. First, the data wereTiSEetSpggf? Iolcatu:_ns. _T_Ir?tedtr:at th?. S.ttm;u“t :angel frotrp apt;))rommanterlly
sorted into three nonoverlapping distance bins, then each distance bin was 0 In €levation. The data are limited at low elevations because the

sorted into eight overlapping azimuth bins, and finally each azimuth bin Wass_UbJeCtS torso and the chin rest prevented placement at some source loca-

sorted into three nonoverlapping elevation bins. The number of reversals iffons. For gxample, IO\.N elevations are particularly truncated at close dis-
rtances behind the subject where the neck and back prevented placement at

each bin is shown as a function of mean location for each individual subjec levati
and averaged across all four subjects, where a reversal is defined as any t gy elevations.
where the response was at least 10° closer to the mirror image of the source

location across the frontal plane than to the actual source loc@t@mnthe L. .
text). For clarity, only five bins are shown in azimuth. The three bins to the trary decision about the true location of the source

side and the rear are nonoverlapping, while the two bins near 0° are over- whenever they are unsure about the actual hemisphere

lapping. The percentage reversals at each location are shown by the size of of the source.
the circle, according to the code shown at the bottom of the figure. The

distances at the bottom of each panel represent the mean distance of all the

data points in that region.

OO
o0 .

Subject Mean
Mean Elevation
k=]

.

o
o

E. Elevation error

(i)  Only CLL shows a significant distance dependence in_. The raw eIevat_|or_1 data for a typical subject are shqwn n
Fig. 5 in a format similar to the one used for the raw azimuth

h rcen f front—back reversals. CLL rever: . . .
the percentage of front—back reversals. CLL reve Sed%ata. These raw data are typical of the other subjects in the

a sgmﬂcznt{y larger Ep:(e)rcent?r?e of ttr:(als (jl_t tclose an experiment. The overall BCRMS elevation errors, averaged
medium dis ance§<( cm than at far distances across the four subjects, are provided in Table Ill. Several
(>50 cm (one-tailed t-testp<0.005). important observations can be made from these data:

(i) Relatively few reversals occur at middle elevations.
One-tailed t-tests ¢=0.005) indicate that all four CRMS elevati hree i ”
. P ABLE Ill. Mean BCRMS elevation error at three distancésose
subjects reversed a significantly larger percentage 0:<25 cm, mediur=25-50 cm, fa=>50 cm and at three azimuths

trials at high elevations>20°) than at middle eleva- (rea—<—120°, side-—120° to —60°, front=>—60°). The data were
tions, and that three subjedi®SB, KMY, and DTD calculated separately for each subject and averaged together to produce the

reversed a significantly larger percentage of trials at@lue shown in the table.

low elevations € —20°) than at middle elevations. Azimuth

(iv)  In the rear hemisphere, the vast majority of reversal®istance Rear Side Front Mean
occurs at high elevations. In contrast, almost all revery, .o 14.6° 0.5° 1120 11.7°
sals in the front hemisphere for subjects DSB andwedium 13.0° 8.6° 10.0° 10.5°
KMY occur at low elevations. The variations in the Far 14.7° 9.3° 11.3° 11.8°
placement of reversals across subjects is not surprigye,,, 14.1° 9.1° 10.8° 11.3°

ing, since the subjects must essentially make an arbi
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(i) The elevation responses tended to show more dra Close Medium Far
matic biases than the azimuth data. In the data showr

non

. - o m§ 60 «° LI
for KMY (Fig. 5), the quadratic line best fitting the 3?, 30 * b3 I/ * . /*; e T,
data is typically concave down, in part because the3u © i ;I % K % 1t 4. !
i 7 : . B&-30 2 & **° . e » o™
subject tended to underestimate the elevation of higha g 50 L Bad it
- Distance = 16.0 cm Distance = 37.7 cm Distance = 64.4 cm

sources.

(i) The overaII'B'CRMS error in elevqtlon, which at- 2 % og ® 4 é Pae B B R
tempts to eliminate the effects of bias, was compa-3 & g .8 ey ¥ g
rable to that for azimuth (11.3° vs 12.6°). Note that %E 30 Cf‘f b @ i f q igff ;’i a ?:f;
the azimuth ﬁgure is inflated somewhat by its in- %20 Distance = 16.2 cm Distance = 34.1 cm Distance = 58.1 ¢m
creased sensitivity at high and low elevations in the . ¢,
polar coordinate system. 20 1ae bew ou | e o

Subject DTD
Mean Elevation
o

3
(i) Elevation localization performance was best to the &Q G; ég % ;2 S e a%@f LN
side, and worst to the rear. An F-test on the BCRMS @ 43 ¢
errors reveals that each of the four subjects was sig- ~ | Distance = 163¢cm Distance = 34.1,cm Distance = 4.9 om

Sub,

nificantly more accurate in front than in back, and 4§ % &3 o B .
most accurate to the sid@€0.01 leve). ‘g§ - % vd §° 0% e 9'
(iv)  Elevation performance did not depend on distance in‘gﬁ_ %%@;QQ » 4 Py g*‘f/a @b f)‘p . :f
2

a consistent way. Two of the subjec(®SB and
KMY) had significantly lower errors at distances less

Distance = 16.9cm Distance = 36.7 cm Distance = 57.6 cm

. c5 60
than 25 cm than at distances greater than 25 cm, angs | © o8 & 3 £x2 % b et s
the other two subjects had significantly lower errors atsz@ o @ $s ® £ 2P e £y
. K 2c 30 g ® 8 © % P, - £ 4 »
distances greater than 25 cm than at distances close3 § - % Pt s
than 25 Cm(F_teSt,p< 0_005)_ 280 pistance = 16.3¢cm Distance = 35.6 cm Distance = 58.8 cm
-180 -135 -90 -45 ©0-180-135 -90 -45 0-180-135 -80 -45 O
Mean Azimuth Mean Azimuth Mean Azimuth
—e
Stimulus  Response
o] [} ° .
F. Response biases 150% 50% 25% 10% 0%

] @ +
To this point, the primary focus has been the variability 0% 210
of subject responses in the form of the bias-corrected unFIG. 6. Response bias size and direction as a function of source location.
signed error. Systematic directional biases are also of corfFiEl &8 BT K o . e on. The ircles indicate tht the
siderable Ime.reSt' Flgu,re 6 _ShOWS the requnse mn subject overestimated distanccpeee the legend while the crosses sur-
uncorrected signed ernoin azimuth and elevation as a func- rounded by squares indicate an underestimate of distance.
tion of source location. Note that the directional biases are

generally invariant to source distance. Although the direc- o _ )
tional biases differ substantially from subject to subject, the-ncertainty in the Wightman and Kistler studyey used a

general pattern of biases for each of the subjects is consistef¢rambled stimulus spectrum rather than the fixed stimulus
across the three distance bins. Subject DSB, for example, h&8€ctrum in this study o

a bias up and toward the front for sources behind and above N contrast, the standard deviations in azimuth and el-
the head at all distances, while CLL is generally biased dow§Vation measured in this study were substantially larger than
and toward the front at high elevations. It appears that directhoSe measured by Makous and Middlebrooks. For example,

tional response biases are roughly independent of distanceth€ir results indicate a standard deviation of only 1.9° in
azimuth and 3.3° in elevation for sources directly in front of

the listener (0° azimuth and 5° in elevation, compared to
standard deviation$BCRMS) of approximately 6° in azi-
muth and 8° in elevation for sources in front of the listener

In order to put these results into context, it is useful toin this study.
compare them to previous estimates of directional localiza-  All three studies indicate that directional localization
tion ability available in the literature. Although no data are judgments are least accurate when the source is located
available on proximal-region localization, our results at dis-above and behind the head. Since all three studies report
tances greater than 50 cm can be compared to previous dgtaorest performance in this region, using three different re-
collectad 1 m orfarther from the subject. Two studies which sponse methods, it is likely that there are some perceptual
have evaluated directional localizatigposition identifica- problems in localizing sound behind and above the head.
tion) are Wightman and Kistle1989 and Makous and However, the reasons for poor perception in this region are
Middlebrooks(1990. not obvious.

The overall angular errors measured in this study were  Finally, more front—back reversals occurred in this ex-
substantially smaller than those measured by Wightman angeriment than in the two earlier studies. If front—back con-
Kistler (15.2° at distances greater than 50 cm in this studyfusions are counted whenever the stimulus and response lo-
compared to 21.1° measured by Wightman and KistlEnis  cations are on opposite sides of the frontal plane, front—back
discrepancy most likely results from the increased stimulusonfusions occurred in 13% of all trials in this experiment at

G. Discussion
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distances greater than 50 cm, compared to 6% of all trials in Azimuth < -120°  Azimuth = -120°t0 -60°  Azimuth > -60°
0.58 ", 1079 , 10.50 p

e
(o]
[&]

the other two experiments.

The comparison of the data at distances greater than 58
cm with previous data is useful for establishing a baseline for §
comparison with the results at closer distances. Of primaryg
importance in this study, however, is the effect of an ex- 3
tremely close source on directional localization ability. The _
angular error increases significantly as distance decrease&
(Table ), but this increase is at least in part a result of larger 2
response biases when the source is close, rather than larg9
response variability. Response variability, measured by the 2
BCRMS errors in azimuth and elevation, did not vary con- §
sistently with distance. The azimuth error was significantly 2
larger at close distances<@5 cm) than at far distances
(>50 cm for only two of the four subjects. The elevation
bias-corrected error was significantly larger at close dis- 2
tances than at far distances for two subjects, but significantlyg
larger at far distances than at close distances for the othed
two subjects. There is also some reason to believe that ex
perimental error is slightly greater for very close sources 10 30 100 10 30 100 10O 30 100
than for more distant sources. At locations very close to the Stimulus Distance  Stimulus Distance  Stimulus Distance
head, direction is very sensitive to small displacement errors:ig. 7. Raw distance data for subject KMY. The columns represent differ-
At 12 cm, for example, a 1-cm error in the subject responsegnt azimuths, and the rows represent different elevations. The data are plot-

or in the measurement of the stimulus and response locdged on a log—log scale representing the distance from the center of the head
in cm). Note that in a typical subject the tip of the nose is approximately 10

. S S
.tlons’ can cause a dllr'ec.:uonal error of nearly 5°. When th m from the center of the head, and the ears are approximately 7 cm from
increased error sensitivity of the response method for veryhe center of the head. In some cases, the sound source was within 1 cm of
near sources is weighed against the relatively minor decreadee surface of the head. The correlation coefficient of the log stimulus dis-
in performance at close distances, it appears that source dii@nce and log response distance is shown at the top left of each panel. The
t h i t inal effect directi | dashed line indicates correct responses, and the solid line is the least-
tance has, at most, a marginal effect on directional accuracy, areq linear fit of the log—log data.
in the proximal region.

Front—back reversals increased slightly at close dis- .
tances for all four subjects, but only one subjégtL) re- An overall summary of distance performance collapsed
versed a significantly larger percentage of trials at close disover all elevations is the RMS percentage distance ¢Figr
tances than at far distances. CLL appeared to be a “poog). This measure indicates that the overall average error in
localizer” in general, in that he experienced substantiallydistance is approximately 30%-40% across all azimuth lo-
more front—back confusions than the other subjects, even &ations.
the greatest distances tested. Although data are available
from only one subject, it may be the case that the localizatior 44 ) _ .
problems of poor localizers are exacerbated when the sourc
is very near the head, but that normal localizers may be
unaffected by sources very close to the head.
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IV. DISTANCE LOCALIZATION
A. Results

H
o
T

nce Error (Percent)

One of the primary motivations for this experiment was
an examination of the accuracy of auditory depth perceptiorjg
for nearby sources. The raw data for proximal-region dis-g

w
Q

tance perception for a typical subject are provided in Fig. 7.2 2% T bsB
There are three striking features in these data: + g[\rﬂg
10r 1
(i) The magnitudes of the distance errors tend to increast o CLL
with distance. For this reason, the stimulus-response 9 , . .
in di - -180 -135 -90 -45 0
curves in distance have been plotted on a log—log Mean Azimuth of Bin (Degress)

graph rather than a linear graph.

(i)  The distance errors are greater near the median planac. 8. rms percent distance error as a function of azimuth. Each subject’s
[azimuths in back €—120°) and in front responses were sorted by azimuth into 13 overlapping bins containing 14%
(> —60°)] than at more lateral locations of the total number of trials. Then, the rms percentage distance @mer

. o . corrected for biascalculated in each bin was plotted as a function of the

(i)  The distance errors are greater at high elevations mean azimuth location in each of the 13 bins. The solid line shows the

(>20°) than at middle and low elevations. average of the percent rms errors calculated for each of the four subjects.
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sponses and can be viewed as the degree to which the source
1 distance can be determined from a linear function of the log
0.8 response distanceNote that the correlation coefficient is
= significantly greater for sources at lateral locations than for
_S 0.6 sources at medial locations, and that this pattern is consistent
.j?; 4 across each of the four subjects. Also note that the data are
go' ) roughly symmetric in the front and rear hemispheres, but that
© 0.2 there are no data points behirdl50° in azimuth.
The middle panel shows the slope of the line best fitting
o the log stimulus data to the log response data at each azimuth
location. This slope is a measure of the scaling bias in the
1 'x‘ ] responses: a slope of less than 1 indicates that the responses
0.8 varied over a narrower range of distances than the stimulus
. locations(a compression in the respongdske the correla-
Eos6 tion coefficient, the slope is relatively high at lateral loca-
g tions and relatively low at medial locations. This indicates
%0-4 that the subject’s responses are more sensitive to the true
0.0 source location at lateral locations, which accounts for the
’ increased correlation coefficient at these locations. Note that,
ot even at lateral locations, the slope is less than 1 for all sub-
— = + jects, indicating a general tendency to compress distance re-
100} sponses.
=) The bottom panel shows the overall percentage error in
3 Oq @ distance, which indicates any distance-independent biases in
$ 50 0000::g.0:00 the subject’s responses. This is the onl f -
[y .l*‘*‘*"".‘ﬁ""'f”l.d ] p - This is y performance mea
5 e — sure that shows a substantial difference across the four sub-
L’f, ;.:.-if:::"’* :x jects. In particular, subject CLL exhibits a strong tendency to
S 0 * Rt o overestimate distand@n excess of 509 The other subjects
2 * also generally overestimated distance, but to a lesser extent.
The overall pattern of this percentage error as a function of
azimuth is quite similar to the rms percentage error in Fig. 8

-5
-180 -135 -90  -45 Y for each of the four subjects, indicating that rms percentage
Mean Azimuth of Bin (Degrees) error is dominated by overall bias and that it is only a weak
FIG. 9. Correlation, slope, and overall bias of the log distance responses d8dicator of response precision.
a function of azimuth. As in Fig. 8, the subject responses were sorted by ~ The degree to which the correlation coefficient and the

azimuth into 13 overlapping bins, each containing 14% of the total numbe%k)pe of the linear regression line represent the characteris-
of trials, and the correlation coefficieftbp pane), the slope of the linear

regression linémiddle pane, and the overall mean signed percentage error tiCS Of the subject responses can be illustrated by a compari-
in distance(bottom panelwere calculated separately in each bin and plotted son of the raw stimulus—response data in two azimuth bins,

as a function of the mean azimuth of each bin. The solid lines represent th6ne near the median plane and one near the interaural axis
mean values across the four subjects. In the top panel, a Fisher transformix-
c

tion was used to average the correlation coefficients across the four subje J‘e results for SUbjeCt_DSB:ig' 10' which are prical of
and to compute the 95% confidence inter(ddshed lines those for the other subjects, confirm that the primary reason

for the decrease in correlation in the median plane is that the

. . ) slope of the stimulus—response line is much lower. In fact,
The overall distance errors can be divided into three P P

. ) ) atlmost all of the responses in the front bin are grouped
components: an overall distance-independent bias represent- . . .
. . . .around 60 cm, independent of the actual stimulus location. A
ing a general tendency to overestimate or underestimate dl%imilar attern oceurs in the data from all four subiects
tance (the mean percentage error in distanca bias in b JECIS.

“scaling” representing a tendency to compress or expand The correlation coefficient and the slope of the regres-
the responses in distanceepresented by the slope of the sion line also indicate that distance localization performance

least-squared linear fit of the datand an error term related 1S Substantially worse at high elevatio@ove 20°) than at
to the variability of the responses for a particular stimulusMiddle and low elevations. The correlation coefficient be-

location (represented by the spread of responses around tf@een the log stimulus and response distances, calculated
least-squared fit line separately for each subject in each of 13 azimuth bins and

Figure 9 illustrates the bias and uncertainty component@veraged using the Fisher transformatibevore, 1991, de-
of the distance error separately. The top panel shows thereases from 0.81 at locations below 20° in elevation to 0.65
correlation coefficient of the log stimulus and response disat locations above 20°. Similarly, the average slope of the
tances as a function of source azimuth. The correlation coefesponses decreases from 0.76 at low and middle elevations
ficient is related to the bias-corrected variability in the re-to 0.42 at high elevations.
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quired to move their heads. Simpson and Stanton found that
head motion had no significant effect on distance perception.
Since the results of the current experiment indicate that dis-
tance accuracy is substantially better for lateral sources than
for medial sources, it is surprising that Simpson and Stan-
ton’s subjects were not able to judge distance more accu-
rately when they were allowed to turn their heads away from
the sound source. Amplitude and reverberation in the Simp-
son and Stanton study may account for the discrepancy. The
amplitude of the source was fixed during their experiment,
and their subjects were seated in the corner of a sound-
treated listening booth, with their heads only 25 cm from
either wall. Thus, it is likely that their subjects were able to
use amplitude and reverberation cues to judge distance, and
these cues may have dominated the binaural distance cues in
their experiments.

In contrast to the Simpson and Stanton paper, two stud-
ies of distal-region localization have indicated that distance
perception is better for sources along the interaural axis than
for sources in the median plane when the amplitude of the
source is randomized. Holt and Thurlaid969 found that
subjects could accurately determine the relative distances of
the sound sources when they were lined up with the interau-
ral axis (rank-order correlation of 0.93but not when the
sources were directly in front of the subject. Gard(i969
informally reported a similar result. The relationship be-
tween azimuthal position and distance localization accuracy
found in these earlier studies is in agreement with the results
of this experiment, but we cannot explain why subjects were
able to perform so well in the distal region where binaural
distance cues are largely absent.

Other than the observations of Holt and Thurlow, and

FIG. 10. Raw distance data for subject DSB in front and to the side. These . . L .
plots show the data for subject DSB in the 1st and 7th azimuth bins used t$@rdner, no previous studies have indicated that distance

calculate the results in Fig. 9. In froftop panel, the responses tend to be perception is better for lateral sources than medial sources at
clustered around 60 cm indepe‘ndent of the_ source Ioca?ion, Whi_le to _the sidglose distances. Furthermore, the strong correlations found in
éti);)tgcr)]r:e.panel the response distance varies systematically with st|mu|us,[hiS study(as Iarge as 0.85 for sources near 900) indicate that
distance perception is reasonably accurate in this region. Per-
formance in this region appears to exceed that indicated in
any previous distance study where overall level cues were
unavailable, which is especially noteworthy considering the

x@dditional requirements of simultaneously determining

source azimuth, elevation, and distance in this experiment.

B. Discussion

It is difficult to compare distance localization in this
experiment to previous results. Few studies have directly e
amined auditory distance perception as a function of direc
tion, and even fewer have examined distance perception for
nearby sources. We know of only two studies which have’: COMPARISON OF RESULTS TO PROXIMAL-

. . . . . . REGION HRTF MEASUREMENTS
directly examined proximal-region distance perception. Ash-
mead, LeRoy, and Odort1990 found that listeners were By comparing the results of this psychoacoustic experi-
able to perceive relatively large<(16%) changes in the dis- ment with previously measured HRTFs in the proximal re-
tance of a nearby sound source directly in front of them evemion, we can gain insights into the mechanisms of proximal-
when the amplitude of the source was manipulated to elimiregion localization. The features of the proximal-region
nate loudness-based distance cues. This indicates that sof®TFs, along with previous results from distal-region local-
distance informatior{perhaps spectrais available even in ization experiments, can explain the relatively weak distance
the median plane, where binaural distance cues are minimadependence of directional localization, as well as the rela-

Simpson and Stantof1973 performed an experiment tively accurate distance judgments for lateral sources.
specifically designed to look for binaural distance cues for  Although three of the four subjects were slightly less
close sources. Subjects were asked to estimate the distanceaaicurate at azimuthal localization when the sound source was
a sound source placed directly in front of the listener at onelose to the head, the decrease in performance was relatively
of five locations ranging from 30 cm to 2.7 m. Some of theminor. Similar horizontal localization performance in the
subjects used a fixed head position during the experimenproximal and distal regions may indicate that low-frequency
some were allowed to turn their heads, and some were rdTDs dominate azimuth judgments in the proximal region as
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they have been shown to do in the distal region. Previousather than sensory noise, could explain the saturation in per-
work by Wightman and Kistlet1992 has shown that ITDs formance seen in this experiment. Note that ILD-based dis-
tend to dominate azimuthal localization when the stimulusance cues could also explain the decrease in performance at
contains low-frequency energy. Note, however, that Wight-high elevationgand the more rapid decrease in performance

man and Kistler's experiments manipulated the time delay iraway from—90°), since the ILD is smaller at high elevations
HRTFs measured in the distal region. The low-frequencythan in the horizontal plane.

time delay clearly dominates perception with the distal-

region HRTFs, where the ILD was significant only at high\, concLUSIONS

frequencies. When the source is in the proximal region, how-
ever, the ILD can be large even at low frequencies, and the

The general results of these experiments can be summa-

Wightman and Kistler data provide no direct evidence thafized as follows:

the ITD dominates the influence of low-frequency ILD on (i)
azimuth perception. The absence of a strong lateral azimuth
bias for nearby sources provides some indirect evidence that
ITD dominance extends into the proximal region. In the
proximal region, an increase in ILD could result either from gj)
a source moving closer to the head or from a source moving
away from the median plane. If azimuth judgments were
based on ILD, one might expect listeners to confuse the disjj )
tance and direction of the source in the proximal region,
resulting in a lateral bias for nearby sources. There is, how-
ever, no indication of such a bias in the data. The lack ofjy)
lateral directional biases for nearby sources, coupled with
comparable directional accuracy in the proximal and distal
regions, indicates that proximal-region azimuth perception is
most likely based on ITDs which are essentially independent
of source distance.

The psychoacoustic results indicate that elevation per-
ception does not depend on distance in a systematic way.
Two subjects performed slightly better in elevation when the
source was distant, and two performed better when they)
source was close. This is consistent with the observation
(Brungart and Rabinowitz, 199%hat the high-frequency
features of the HRTF which change systematically with el-
evation are relatively independent of distance.

The distance perception abilities of our subjects, and in
particular their ability to make unbiased, accurate distance
judgments about lateral sources and their inability to make
distance judgments about medial sources, suggest that the

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

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

The bias-corrected rms elevation error is lowest for
lateral sources and greatest behind the listener. It does
not vary consistently with distance.

Distance perception is most accurate for lateral
sources and least accurate near the median plane. For
lateral sources, distance judgments were highly corre-
lated with actual source positiom>$0.85), and were
relatively unbiased; in the median plane, the correla-
tions were low ¢<<0.4). The results generally indi-
cate better distance perception in the proximal region
than in previously reported studies involving sources
of unknown strength in anechoic conditions.

The psychoacoustic results are consistent with previ-
ously measured HRTFs in the proximal region, which
indicate that ILD varies with distance in the proximal
region while ITDs are roughly independent of dis-
tance. In particular, the results support the hypothesis
that ILDs are an important binaural distance cue in the
proximal region.

It appears that directional localization is modestly de-

variations in the ILD with angle and distance provide a use-graded when sources are close to the head, but that distance
ful binaural proximal-region distance cue. In the distal re-perception may be substantially improved, at least for
gion, the ILD varies only with direction. In the proximal sources away from the median plane, by the availability of
region, the ILD increases as the source approaches the heddnaural distance cues in the proximal region. Additional ex-
The usefulness of this increase as a distance cue is relatedRgriments are necessary to fully understand the mechanisms
the range over which the ILD varies in a particular direction.of proximal-region localization. The next paper in this series

The range of possible ILDs is largest when the source is taVill |

ook at the effects of different stimulie.g., bandlimited,

the side, and decreases to zero in the median plane. Thigonaural, or fixed amplitudeon proximal-region localiza-

pattern mirrors the distance performance by the subjectdion.
which was also best for lateral sources and worst in the me-

dian plane. In fact, the only major discrepancy between diSACKNOWLEDGMENTS
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