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Headphone Localization of Speech

DURAND R. BEGAULTl and ELIZABETH M. WENZEL, NASA Ames Research Center,
Moffett Field, California

Three-dimensional acoustic display systems have recently been developed that
synthesize virtual sound sources over headphones based on filtering by head-
related transfer functions (HRTFs), the direction-dependent spectral changes
caused primarily by the pinnae. In this study 11 inexperienced subjects judged the
apparent spatial location of headphone-presented speech stimuli filtered with non-
individualized HRTFs. About half of the subjects "pulled" their judgments toward
either the median or the lateral-vertical planes, and estimates were almost always
elevated. Individual differences were pronounced for the distance judgments; 15%
to 46% of stimuli were heard inside the head, with the shortest estimates near the
median plane. The results suggest that most listeners can obtain useful azimuth
information from speech stimuli filtered by nonindividualized HRTFs. Measure-
ments of localization error and reversal rates are comparable with a previous
study that used broadband noise stimuli.

INTRODUCTION

Recently a considerable amount of atten-
tion has been focused on the development of a
three-dimensional (3D) interactive display
called the virtual interface (e.g., Fisher, Wen-
zel, Coler, and McGreevy, 1988).Aswith most
research in information displays, that on vir-
tual displays has generally emphasized visual
information. Many investigators, however,
have pointed out the importance of the audi-
tory system as an alternative or supplemen-
tary information channel (e.g., Patterson,
1982). Primary advantages of the binaural au-
ditory system include the ability to monitor
and identify sources of information from all
possible locations, improved intelligibility of
sources in noise, enhanced segregation of

I Requesls for reprints should be sent to Durand R. Be-
gault. MS 262-2, NASA-Ames Research Center. Moffett
Field, CA 94035.

multiple sources of speech (Cherry, 1953),
and, in conjunction with other modalities,
the reinforcement of information combined
with a greater sense of presence or realism
(Warren, Welch, and McCarthy, 1981). These
features could be critical for applications
such as air traffic control displays, applica-
tions involving cockpit communications (Be-
gault and Wenzel, 1990, 1992; Calhoun, Jan-
son, and Valencia, 1988), and telepresence
applications such as teleconferencing, shared
electronic workspaces (Ludwig, Pincever, and
Cohen, 1990), and telerobotic control in haz-
ardous situations (Wenzel, Stone, Fisher, and
Foster, 1990).

Current approaches to developing 3D audi-
tory displays have been based on the use of
digital filters that capture the magnitude and
phase characteristics of the head-related
transfer function (HRTF); the listener-
specific, direction-dependent acoustic effects
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362-June 1993

imposed on an incoming signal by the pinnae
(e.g., Begault, 1987; Kendall and Martens,
1984; McKinley and Ericson, 1988; Wenzel,
Wightman, and Foster, 1988). The HRTF,
measured near the tympanic membrane of
the listener, demonstrates marked changes as
a function of different source positions that
accompany overall interaurallevel and time
differences. Measured HRTFs also tend to
vary considerably between subjects, proba-
bly because of differences in individual
pinnae formation. Its complex spectrum pro-
vides a principal cue for localization, partic-
ularly for sources on the median plane
(Blauert, 1983; Searle, Braida, Cuddy, and
Davis, 1976). The use of HRTF filtering is also
considered to be a primary determinant for
externalizing headphone-delivered sound
(Plenge, 1974; Wightman, Kistler, and Per-
kins, 1987).

To date relatively few experiments aimed
at the perceptual validation of this synthesis
technique have been done. Wightman and
Kistler (1989b) conducted one groundwork
study examining experienced listeners' per-
formance under both free-field and head-
phone conditions with the subject's own
HRTFs used to synthesize the stimuli. In gen-
eral, Wightman and Kistler reported that lo-
calization accuracy for the free-field and
headphone stimuli was comparable. With 3D
auditory displays, however, it may not al-
ways be possible to tailor a set of HRTFs to a
particular user; therefore, subjective localiza-
tion performance wi th nonindi vidualized
HRTFs becomes a critical issue for applied
research (Begault, 1991).

An additional consideration is the fact that
many 3D auditory display systems will re-
quire speech input, which could degrade lo-
calization performance compared with the
broadband noise stimuli used in most previ-
ous studies. Finally, the performance of inex-
perienced subjects is important as a baseline
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measure of how readily the general popula-
tion could use a 3D auditory display system.

The preliminary results of Butler and Be-
lendiuk (1977) and of Wenzel, Wightman,
Kistler, and Foster (1988)suggest the feasibil-
ity of using nonindividualized transfer func-
tions to synthesize 3D auditory display cues.
One approach suggested by WenzeL Wight-
man, Kistler, and Foster (1988) was the use of
HRTFs that are derived from a subject whose
localization ability is relatively accurate and
whose free-field and individualized HRTF
headphone performance responses are closely
matched. They proposed that the cues
present in the HRTFs of a good localizer may
work for another person in spite of the range
of individual differences in HRTFs. This ap-
proach was suggested by the fact that a good
localizer listening through the pinnae of a
"bad localizer" exhibited degraded localiza-
tion performance. The alternative approach
of using HRTFs based on simple averages
from several subjects has been discouraged
because of the possibility of eliminating dis-
tinctive spectral features (Blauert, 1983). Us-
ing broadband noise stimuli, Wenzel, Arruda,
Kistler, and Wightman (in press) completed
an extensive study of virtual sources synthe-
sized from the same nonindividualized,
"good localizer" HRTFs used here. The re-
sults showed that localization of both free-
field and virtual sources was accurate for 12
of the 16 subjects tested. Wenzel et al. (in
press) concluded that most listeners can ob-
tain useful directional information for azi-
muth using nonindividualized HRTFs.

The present study examined the headphone
localization error of untrained subjects lis-
tening to speech stimuli processed with non-
individualized HRTFs. Performance was
evaluated for a limited set of virtual auditory
targets (12 different azimuths, all at ear
level). The HRTFs used were derived from a
representative subject (SDO) who had shown
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good localization performance in the experi-
ment by Wightman and Kistler (1989b) under
both headphone and free-field conditions.
The perceptual deviation from the intended
target was measured in terms of localization
error (absolute errors in estimating azimuth
and elevation), reversals (azimuth errors be-
tween the front and rear hemispheres), and
distance errors (in particular, hearing the
sound intracranially). These errors are illus-
trated in Figure 1.

The headphone-localization studies of
Wightman and Kistler (1989b) and Wenzel et
al. (in press) reported no data on absolute dis-
tance judgments, though Plenge (1974) and
Laws (1973) reported such data in compara-
ble experiments. The questions addressed
by this study were (1) the comparability of
overall azimuth error for speech to that of
broadband noise, as measured in the study by
Wenzel et al. (in press) that used the same
nonindividualized HRTFs as used here; (2)
the precision and consistency of elevation
judgments for targets at the same elevation
but at different azimuths; (3) whether or not
nonindividualized HRTFs allow externaliza-
tion; and (4) the consistency of absolute dis-
tance judgments of speech at various target
azimuths.

REGION OF
LOCALIZA nON •

ERROR .
(AZIMUTH)
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METHOD

Subjects

Eleven adults served as paid volunteers in
the study (ages 19-42; 8 males, 3 females).
Although we did not conduct audiometric
evaluations, we screened subjects orally with
questions directed toward the following is-
sues: noticeable overall hearing loss, notice-
able differential hearing loss, recent exposure
to loud noises (e.g., amplified music, motor-
cycle), work noise environment, and medical
history. The use of oral reporting is not un-
usual in localization studies; other recent lo-
calization studies that have used oral screen-
ing methods without audiometric screening
include Noble (1987), Asano, Suzuki, and
Sone (1990), and Perrott, Sadralodabai, Sa-
beri, and Strybel (1991).

Our rationale for not using audiometric
screening procedures is as follows. Typically
audiometric screening considers "normal
hearing" to be within 15-20 dB HL for a lim-
ited set of frequencies, with a resolution ac-
curacy of no better than 5 dB HL. Localiza-
tion of complex signals such as speech is
based on information integrated across the
frequency spectrum, making it unlikely that

Figure 1. Types of localization error reported in the literature and discussed in the
current experiment. Target position is the position of the sound source where the
HRTF was measured. Left side: overhead view. Right side: perspective view.
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sensitivity at single tone frequencies is an ac-
curate predictor of localization performance.

The lack of a clear relationship between au-
diometric screening and localization has also
been observed empirically. For example, sev-
eral studies have shown that audiometrically
normal individuals may have deficits in the
discrimination of interaural differences and
binaural detection (e.g., Koehnke, Colburn,
and Durlach, 1986; see also the review by Col-
burn and Trahiotis, 1991). Conversely, Ga-
briel, Koehnke, and Colburn (1991) under-
scored this result in a study of individuals
who had audiometric lo~s: no apparent rela-
tion between audiometric measurements and
binaural performance was found. Blauert
(1983) cited several studies to support the
point that "symmetrical hearing loss of pe-
ripheral origin of as much as 30--40 dB has
almost no noticeable effect on localization
blur. In particular, age-related hearing loss
hardly detracts from spatial hearing" (p. 49).
Blauert cited other literature to the effect
that although asymmetrical hearing loss will
alter localization, localization blur decreases
with experience and becomes more normal.
and "with time the direction of the auditory
event coincides better and better with that of
the sound source" (Blauert, 1983, p. 50).
Thus, although temporary bilateral threshold
shifts might conceivably result in poor binau-
ral performance, it is unlikely that long-term
hearing losses detected by a single audiomet-
ric test at the start of an experiment would
have a predictable impact on localization
ability. However, the possibility of temporary
threshold shifts attributable to exposure to
loud noises was the rationale for the verbal
screening procedure.

Stimuli

Stimuli were generated from a set of 45
one- or two-syllable words, each representing
a particular phoneme from an International
Phonetic Alphabet list (Table 1), with dura-
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TABLE1

Words Used for Stimuli, with International Pho-
netic AlphabetSymbol

Word IPA Symbol Word IPA Symbol

pat al toe 0
pay e caught ;)

care £:r noise ;)1

father took U
bib b boot u
church tJ out aU
deed d pop p
pet £: roar r
bee i sauce s
fife f ship J
gag g tight t
hat h thin e
which hw this 0
pit 1 cut V
pie al urge 3r
pier Ir valve v
judge d3 with W
kick k yes j
lid I zebra z
mum m vision 3
no n about 0
thing T] butter or
pot

tions ranging from 0.7 to 1.3 s. The speech
was recorded digitally in a soundproof booth
by a male speaker using an AKG microphone
(451-EB), a Symetrix preamplifier (SX-202),
and a Panasonic DATrecorder (SV-3500). The
speech segments were then transferred to an
Apple computer (Macintosh Hex), edited with
Digidesign Sound Tools hardware and soft-
ware, and then digitally transferred to a
Masscomp computer (MC-S500 DP) for non-
real-time signal processing and real-time
playback to subjects. The average spectrum
of the speech segments is shown in Figure 2.

Stimuli for a given subject and a given set
of trials were precomputed and normalized
to a fixed root mean square (RMS) value on
the Masscomp. Each of the 45 speech seg-
ments was digitally processed so that it
would simulate a particular free-field loca-
tion: target positions at 0 (front), 180, and left
and right 30, 60, 90, 120, and 150 deg
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Subjects were blindfolded, and testing was
conducted in a double-walled sound isolation
chamber. Subjects sat relatively motionless
at a table with their heads unrestrained and
were instructed to give oral responses to the
microphone located directly in front of them.

During each trial subjects heard five repe-
titions of a given speech segment and then
called out estimates of the apparent azimuth,
elevation, and distance of the virtual sound
source using a modified spherical coordinate
system. That is, azimuth was defined as 0 to
180deg left or right (where 0 deg is directly in
front) and elevation was defined as 0 to 90
deg up or down (where 0 degrees is at ear
level). For distance, subjects were instructed
to call out "0 inches" if the sound was di-
rectly at the center of their head, between 0
and 4 inches for positions inside the head, ex-
actly 4 inches for a verged-cranial impression
(at the edge of the head), and greater than 4
inches for externalized sounds. For example,
a sound that seemed outside the head,
slightly elevated, and to the right of the me-
dian plane might be reported as "right 30
degrees, up 15 degrees, and 30 inches."
Subjects' estimates were recorded by an ex-
perimenter located outside the testing booth
during an unfixed response interval. No feed-
back was given, but subjects were allowed to
request that a particular trial be repeated.

Prior to the experimental runs, a 15-
min training session was conducted that in-
cluded an oral explanation of the response
coordinates and a practice block of trials.

Procedure

high frequencies. In generating the stimuli
for each experimental trial, the particular
combination of speech segment and target lo-
cation was chosen randomly. The signals
were played back via Masscomp-controlled,
16-bit D/Aconverters at a rate of 50 kHz. The
RMS level of the filtered, normalized stimuli
was about 70 dB SPL.
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azimuth, all at 0 deg elevation (ear level). As
noted, the processing was based on the
HRTFs of subject SDO, who was measured by
Wightman and Kistler (l989a) and whose
HRTFs were used by Wenzel et al. (in press).
In order to compare results with those of pre-
vious studies using static sources, the system
used here did not compensate for head posi-
tion via a tracking device (such as described
in Wenzel, Wightman, and Foster, 1988).

Each speech segment was processed inde-
pendently for the left- and right-ear stimuli
by cascading through two finite impulse re-
sponse filter sections. The first filter section
consisted of SDO's left (or right) ear HRTF for
a given source position and the inverse of
SDO's headphone-to-ear-canal transfer func-
tion for the same ear. The inverse transfer
function was required to remove the spectral
characteristics imposed by the headphones
(Sennheiser HD 430) when worn by SDO (see
Wightman and Kistler, 1989a). This same
type of headphone was used for subject play-
back. The second filter section was a zero-
phase bandpass filter (200 Hz-14 kHz) used
to remove processing artifacts at low and

1k
log frequency (Hz)

Figure 2. Average spectrum of speech stimuli used in
experiment prior to HRTF processing. This graph was
obtained using a 256-point fast Fourier transform.
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Subjects appeared to learn the task easily,
and they quickly produced stable judgments.
However, the practice block was not used in
subsequent data analyses. To avoid errors at-
tributable to headphone misplacement, sub-
jects were asked to center a diotic 440-Hz
sine wave (70 dB SPL) by adjusting the head-
phones at the beginning of each block.

Over the course of two to three days, each
subject listened to 15 experimental blocks of
30 stimuli containing a different randomized
ordering of the 12 azimuth positions; targets
at 0 and 180 deg were heard a total of 150
times, and all other locations were repeated
15 times. Within each block, 10 of the stimuli
were at 0 deg, 10 were at 180 deg, and the
remaining 10 occurred at each of the follow-
ing target azimuths: left 30, 60, 90, 120, and
150, and right 30, 60, 90, 120, and 150 deg.
Subjects were given breaks at least every two
or three blocks, and the total duration for a
single day never exceeded 2Y2 h.

RESULTS

Reversals

Front-back "reversals" have been observed
in nearly all studies of sound localization, for
both real and virtual sources. These are re-
sponses that indicate that a source in the
front hemisphere, usually near the median
plane, was perceived to be in the rear hemi-
sphere. Occasionally the reverse situation
also occurs. In the literature reversals have
generally been resolved when computing de-
scriptive statistics (i.e., the responses are
coded as if the subject had indicated the cor-
rect hemisphere), and then the number of re-
versals is reported as a separate statistic. The
argument for treating reversals as a separate
issue is based on the premise that localization
blur would be unfairly inflated if reversals
are left "uncorrected" in reporting the results
of an experiment (Oldfield and Parker, 1984;
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Stevens and Newman 1936; Wightman and
Kistler, 1989b).

The algorithm for resolving reversals used
here tests whether the angle between the tar-
get and judged location is made smaller by
reflecting the judgment about the vertical
plane passing through the subject's ears. If
the test proves true, the judgment is coded in
reflected form and the percentage of reversals
is increased. Note that there can be no re-
versed judgment for the 90-deg target be-
cause the target lies directly on this plane.

The percentage of reversed judgments, av-
eraged across all subjects, is shown in Figure
3 for the total number of judgments obtained
at each target. The mean value of the percent-
ages of reversed judgments at each target is
29%. The percentage of reversals from back to
front is significantly less than the percentage
from front to back (11% vs. 47%, X2 = 597, P
< 0.0001), a phenomenon that has been ob-
served informally for many years with re-
cordings made in the "ear canals" of binaural
artificial heads (Hudde and Schr6ter, 1981).

Wightman and Kistler (1989b) reported re-
versal rates for eight subjects listening to
noise stimuli at a number of azimuth posi-
tions, with the data at their "middle eleva-
tions" closest to the locations tested here (0 to
18 deg up). In their study subjects in the
headphone condition listened to stimuli pro-
cessed by their own HRTFs. When results for
the middle elevations are averaged across
subjects, the reversal rate is about 6%, much
lower than the mean value of 29% found here
for reversals. The front-to-back reversal rate
for the O-deg target obtained in this study
(58%) is also much higher than the percent-
age reported by Laws (1973), who found a
35% reversal rate using averaged HRTFs.
However, the overall percentages are compa-
rable to those of Wenzel et al. (in press), who
found a reversal rate of 31% (25% front to
back, 6% back to front) for untrained listeners
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In order to analyze localization error, tar-
get and judged positions described as points
in three-dimensional space on the surface of a
sphere are compared. This sphere is of unit
distance because the actual target distance
remained constant in this experiment. As a
result, standard mean and variance statistics
are potentially misleading. For example, an
azimuth error of 15 deg on the horizontal
plane is much larger in terms of absolute dis-
tance than a 15-degerror at an elevation of 54
deg. Thus spherical statistical techniques are
used to characterize the data (Fisher, Lewis,
and Embleton, 1987); these techniques were
first applied in localization studies by Wight-
man and Kistler (1989b). Such issues are
somewhat less relevant to the present study,
in which all targets occurred at an elevation
of 0 deg, although subjects' responses
included estimates of both azimuth and ele-
vation. However, the ability to compare re-
versal-corrected judgments to the data of
Wightman and Kistler (1989b) and Wenzel et
al. (in press) was desirable.

The following descriptive spherical statis-
tics were used here: average angle of error,
judgment centroid, and inverse kappa (K-1).

The average angle of error is the mean of the
unsigned angles between each judgment vec-
tor and the vector from the origin to the tar-
get position. The judgment centroid can be
thought of as the "average direction" of a set
of judgments from the origin (i.e., the center
of the subject's head). It is defined as a unit-
length vector with the same direction as the
resultant, the vector sum of all the unit-
length judgment vectors. The length of the
resultant vector is determined by the disper-
sion of the judgments; judgments concen-
trated around the centroid are reflected in a

about 2:1 reported by Wightman and Kistler
(l989b).

Localization Error
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hearing broadband noise processed with the
same HRTFs as in this experiment but over a
larger range of target elevations and azi-
muths. The ratio of front-to-back versus back-
to-front reversals found here (approximately
4:1)is comparable to that reported by Wenzel
et al. (in press) but higher than the ratio of

180 L150 R150 L120 R120

Target Azimuth
Figure 3. Total percentage of reversed judgments by
target (1650 judgments for 0- and 180-deg positions;
165 judgments for other positions; 11 subjects). Note
that the following pairs of positions have roughly the
same interaural differences: (0, 180); (30, 150); (60,
120). The overall mean of reversals = 29%.
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long resultant, whereas scattered judgments
produce a short resultant. K, the commonly
used index of dispersion, is estimated from
the length of the resultant. Generally the pa-
rameter K- 1 is reported because the inverse
value varies with dispersion in the same man-
ner as a variance estimate; larger values of
K- 1 reflect larger deviations of the judgment
vectors from the target. For example. when
the number of trials is 150 (i.e., for the 0- and
180-deg targets), a K-1 of 0.01 corresponds to
a 95% confidence angle of 1.2 deg. whereas a
K-1 of 0.18 corresponds to a confidence angle
of 5.4 deg. with respect to the centroid esti-
mated for a particular target location. When
the number of trials is 15 (i.e., all other tar-
gets), the confidence angles becomes 3.7 and
17.1 deg for K-1 values of 0.01 and 0.18, re-
spectively. See Wightman and Kistler (1989b)
for further details on spherical statistics ap-
plied to localization data.

Table 1 shows the reversal-corrected judg-
ment centroids. average error angles, and
K-1 values for each target position. The av-
erage error angle and K- I values shown are

TABLE 2

HUMAN FACTORS

based on the mean of each individual sub-
ject's mean values. In examining these data,
it should be remembered that 150 judgments
contributed to the 0- and 180-deg means and
that 15 judgments contributed to the means
of the other 10 positions. The mean value of
K-1 from Table 2 is 0.102, and the mean av-
erage error angle is 28 deg. These values are
somewhat larger than the corresponding val-
ues computed by Wightman and Kistler
(1989b) for subject SDO listening with her
own HRTFs; the mean value for K-1 was
0.06. and the mean error angle was 20.5 deg,
for a range of different azimuths at middle
elevations (0 and 18 deg up).

Azimuth Estimation Error

Figure 4 shows the mean value for the azi-
muth centroids of all subjects compared with
the data for untrained subjects from the
study by Wenzel et al. (in press). Again, the
latter study presented noise stimuli from a
range of different elevations but used the
same HRTFs as in this study. The centroids
for both studies, based on resolved judg-

Means of Reversal-Corrected Judgment Centroids. Average Error Angles, and
Inverse Kappa values Collapsed across All Subjects. Shown for Each Target
Position

Target Azimuth Elevation Inverse Average Percentage Mean
Azimuth Centroid Centroid Kappa Error Angle Reversals Distance

LO L5 U19 0.122 24.6 58 6.6
L30 L52 U38 0.126 47.0 60 8.4
L60 L79 U16 0.067 29.6 36 7.5
L90 L97 U13 0.053 17.6 nla 8.4
L120 L111 U8 0.092 22.2 0 8.7
L150 L142 02 0.131 25.3 1 8.5
180 L172 U9 0.127 21.7 24 6.7
R150 R143 U18 0.093 28.1 23 8.1
R120 R115 U16 0.102 27.5 7 8.5
R90 R102 U18 0.088 25.7 nla 8.0
R60 R65 U25 0.094 31.5 38 7.5
R30 R39 U27 0.134 35.0 45 7.5

Mean 0.102 27.9 29.2 7.8
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TARGET AZIMUTH
Figure 6. Five subjects whose centroids followed a
pattern of pulling toward the vertical-lateral plane.

TARGET AZIMUTH
Figure 5. Five subjects whose centroids followed a
good localizer pattern (centroids are relatively close to
target positions).
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to clump or "pull" toward the vertical-lateral
plane passing through the left and right ears
(Figure 6). This pattern was also observed in
the extensive free-field study conducted by
Oldfield and Parker (1984), which they char-
acterized as "defaults to 90." Finally, as
shown in Figure 7, one subject's judgments
were "pulled" toward the vertical-median
plane; that is, this listener had a response
bias toward the front and rear positions.
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i=enoa..
cw
C)
c~.,

ments, are close to their intended target po-
sitions when viewed in this way (for this
study,,.z = 0.992 [y = 11.885 + 0.935x]). This
suggests that the broader spectral character-
istics of white noise, compared with the spec-
tral content of speech (see Figure 2), is not
critical for equivalent azimuth performance
in a 3D headphone display system. This is not
surprising in light of previous data that indi-
cate that lower frequencies are dominant in
lateralization tasks based on interaural dif-
ferences of time, a primary cue for azimuth
(e.g., Bilsen and Raatgever, 1973; McFadden
and Pasanen, 1976).

In looking at individuals' behavior, three
patterns of performance were observed. The
first pattern is seen in Figure 5 for the five
subjects who showed "good" localization.
That is, resolved judgment centroids were
strongly correlated with the target positions,
corresponding closely to ideal performance: a
linear fit with a slope of + 1.0. In the second
pattern another 5 subjects displayed a re-
sponse bias in which their judgments tended

TARGET AZIMUTH
Figure 4. Centroids of azimuth judgments, based on
reversal-corrected judgments by 11 subjects. Open cir-
cles: this study (speech). Closed circles: study by Wen-
zel et al. (1991 [noise stimuli); data collapsed across
different elevations).
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target azimuth positions

Figure 8. Judgment centroids for elevation at each
target azimuth for each subject (circles) and collapsed
across all subjects (triangles). Total of 1650 judg-
ments for 0- and IBO-deg target azimuths; 165 judg-
ments for other targets.
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Figure 7. The single subject whose centroids followed
a pattern of pulling toward the vertical median plane.

These individual differences in localization
performance tend to support Butler and Be-
lendiuk's (1977) observations that there are
"good" and "bad" localizers. However, it is
also possible that the patterns shown in Fig-
ures 6 and 7 reflect a response bias attribut-
able to the relatively limited number of posi-
tions tested and the high proportion of 0- and
180-deg targets. It is interesting that of the
subjects who showed biases, most were bi-
ased toward the side positions. Perhaps in
this case the subjects' strategy was to place
the most infrequent positions as far away as
possible from the most frequent stimuli in a
kind of response-contrast effect.

Elevation Estimation Error

For most subjects the HR TF-processed
speech was perceived to be at an elevation
higher than the target of 0 deg (eye level); the
mean value across azimuths was up 17 deg
(SD, 10 deg). Figure 8 contrasts the elevation
centroids for each subject with means col-
lapsed across all subjects for each azimuth
examined. Note that the means are all above
the target elevation of 0 deg, except for the
left 150 target, and that the range of individ-

ual centroids is quite large (down 2 deg to up
40 deg).

The large dispersion of judgments is per-
haps surprising in light of the fact that the
target elevation of the stimuli never varied.
This poor elevation performance is possibly
attributable to the use of speech stimuli;
some researchers have contended that the
spectral cue in the HRTF for elevation is in
the region above 7 kHz, where speech has rel-
atively less spectral energy (see Table 1;
Blauert, 1969; Rodgers, 1981). However, the
lack of a spectral cue to elevation does not
explain the overall elevation bias in listening
to speech, given the predominance of upward
judgments. An elevation bias was not ob-
served in the comparable study by Wenzel et
al. (in press).

Distance and Externalization

Extemalization of HRTF-processed sound
is of interest because this is a perceptual
characteristic frequently absent from dich-
otic signals produced with interaurallevel or
time differences. Subjective impression of the
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target azimuth positions

Figure 9. Means and standard deviations of distance
judgments collapsed across all subjects. Total of 1650
judgments for 0- and lBO-degree targets; 165 judg-
ments for other targets. Distances beyond 4 inches are
externalized.

than were the 0- and 180-deg positions; the
range of responses heard verged or intracra-
nially ranged from 15% to 46%.

These results contrast strongly with those
obtained by Plenge (1974), who used an

Target Azimuth
Figure 10. Percentage of all distance judgments col-
lapsed across subjects for each target position judged
as inside the head (intracranial: between 0 and 4
inches) or on the edge of the head (verged-cranial:
subjects reporting 4 inches distance). Note that the
percentage of intracranial judgments exceeds verged
cranial judgments only with the O· and 180-deg target
positions.
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distance of speech is particularly interesting
because it is often supposed that distance per-
ception is largely mediated by a listener's fa-
miliarity with the stimulus (Coleman, 1962;
McGregor, Horn, and Todd, 1985). Here the
level of 70 dB SPL corresponds to the average
RMS speech level of a person at 1 m from the
listener (Kryter, 1972). The actual distance of
the sound source to the listener was 1.38 m
(54.33 inches) when the HRTFs were origi-
nally measured.

The judgments for distance can be ana-
lyzed either categorically in terms of whether
the sound source is externalized or heard in-
side the head, or based on the continuous re-
sponse values, which presumably reflect a
monotonic, ordinal relationship between the
subjective impression and the distance of the
sound source. Here distance was consistently
underestimated, as has been reported in dis-
tance studies with actual sound sources (Holt
and Thurlow, 1969) and with headphone-
delivered sources processed by HRTFs (Be-
gault, 1987). Figure 9 shows the means and
standard deviations of distance judgments
for each target position collapsed across the
individual means of the 11 subjects. Although
the mean value for distance judgments for all
subjects was externalized (i.e., greater than 4
in) for all target positions (Figure 9), the stan-
dard deviations indicate that a large propor-
tion of the sounds were heard inside the head.

Figure 11 shows the combined percentage
of total judgments for targets reported to
be less than 4 in in distance (intracranial)
and those exactly at 4 in distance (verged-
cranial). Note that these combined percent-
ages are always less than the percentage of
externalized judgments. In particular, Figure
10 shows that about one third of the judg-
ments for 0 and 180 deg were heard intracra-
nially, with a total of 50% not externalized for
these positions, matching the 50% level re-
ported by Laws (1973; averaged HRTFs).
Other positions were externalized more often
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artificial head in a reverberant environment
and found that the majority of judgments
were extemalized, with almost none placed
at the verged-cranial position. One possible
reason for the relative lack of externalization
in the present study is the absence of environ-
mental cues such as reverberation in the orig-
inal HRTF measurements. A solution is to
add synthetic room reflections to the stimuli;
data obtained by Begault (1992) using the
same speech stimuli as in this study, as well
as data from a related study by Sakamoto,
Gotoh, and Kimura (1976), suggest that this
is indeed the case.

Figure 11 shows polar plots of individual
differences, combining reversal-corrected az-
imuth centroids and distance judgments. The
perspective is from overhead, with the lis-
tener facing right. The top-left plot of Figure
11 shows what an ideal response set might
look like: equidistant estimates correspond-
ing exactly to the target locations. The vec-
tors from the center represent the target po-
sitions, and the black dots are the location of
the response centroids. The distance of the
black dot from the center of the head is in
inches; the inner circle represents the edge of
the head at a radius of 4 inches. Several ob-
servations are recapitulated in these plots:
the tendency of some subjects to collapse
their azimuth judgments toward the median
or lateral-vertical planes, the range of. indi-
vidual differences in the degree of perceived
externalization, and the tendency for loca-
tions at the median plane to produce the
shortest estimates of distance.

DISCUSSION

The motivation for this study was to eval-
uate the headphone localization performance
of inexperienced subjects listening to HRTF-
filtered speech stimuli and to compare results
with a similar study by Wenzel et al. (in
press) in which noise stimuli were used. The
localization performance of inexperienced

HUMAN FACTORS

subjects in this study, particularly as evi-
denced by measures of dispersion and rates of
azimuth reversals, was somewhat worse than
that obtained with experienced subjects by
Wightman and Kistler (1989b). However, the
data reported here parallel the results ob-
tained by Wenzel et al. (in press) for inexpe-
rienced subjects listening to noise stimuli.

Wightman and Kistler's (1989b) data sug-
gest that reversal rates and azimuth error an-
gles are generally lower when subjects listen
to stimuli synthesized with their own HRTFs.
The ability of listeners to adapt to the unique
spectral cues provided by a particular set of
HRTFs is probably a factor in the discrepan-
cies between studies using experienced sub-
jects and those using inexperienced subjects.
For example, Asano et al. (1990) claimed that
reversal errors diminish as subjects adapt to
the unfamiliar and ambiguous cues for local-
ization present in static, anechoic stimuli.
Further, the existence of free-field reversals in
both the Wightman and Kistler (1989b) and
Wenzel et al. (in press) studies indicates that
these reversals are not strictly the result of
the simulation. The evidence of individual
differences found in the present study may
suggest that some listeners were able to
adapt more easily to the spectral cues of the
non individualized HRTFs than others; or,
put another way, perhaps their ears were
more similar to SDOs.

Perhaps the most striking feature of the
data was the appearance of three distinct pat-
terns of azimuth judgment behavior. About
half of the subjects' resolved judgments of lo-
cation closely matched the target positions,
about half pulled toward the vertical-lateral
plane, and a single subject clumped re-
sponses near the median plane. In spite of
these individual differences, there were some
common behavioral trends. For example, lo-
calization error was not equal for all azimuth
targets: absolute accuracy tended to be better
at the rear than at the front. The mean value
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of K-' for left and right 30 and 60 deg is
0.105, whereas the mean value for left and
right 120 and 150 deg is 0.085. This observa-
tion parallels Wightman and Kistler (1989b),
who found that localization performance is
affected by the azimuth of the source. An-
other trend was the tendency for subjects to
elevate their judgments, particularly for po-
sitions at the front, even though the targets
were all at 0 deg elevation. Finally, distance
estimates were almost always smaller for tar-
gets at the median plane (0 and 180 deg) com-
pared with the other targets, even though
subjects often varied widely in their rates of
perceived intracranial and verged-cranial
targets (150/0-46%, as a function of target po-
sition).

Although the reason for azimuth reversals
is not completely understood, they are prob-
ably attributable in large part to the static
nature of the stimulus and the ambiguity re-
sulting from the so-called cone of confusion
(Mills, 1972). Assuming a stationary, spheri-
cal model of the head, a given interaural time
difference correlates ambiguously with sev-
eral sound source locations to the front and to
the rear. Several stimulus characteristics
may help to minimize these errors, such as
the addition of visual or dynamic cues corre-
lated with head motion (Wallach, 1940).
Other methods reported in the literature in-
clude altering the spectrum of averaged
HRTFs to mimic loudspeaker transfer func-
tions (Laws, 1973) and manipulating the sub-
ject's own HRTFs in the 0.5-7.0 kHz region
(Weinrich, 1982).

From an applied standpoint, the data sug-
gest that most listeners can obtain useful di-
rectional information from speech stimuli in
an auditory display without requiring the use
of individually tailored HRTFs, particularly
for the dimension of azimuth. However, the
data suggest that some azimuth targets may
have a smaller range of error and a greater
chance of reversal than do others. Similarly,
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although the stimuli were confined to a target
elevation of 0 deg, the predominantly ele-
vated judgments suggest that adequate syn-
thesis of elevation cues is difficult. The high
percentage of intracranial or verged-cranial
localized stimuli was surprising, although
the inclusion of synthetic reverberation with
the same speech stimuli used here has been
shown to mitigate this problem (Begault.
1992).

Overall, there is great potential for the use
of HRTF-filtered speech in auditory displays.
However, substantial questions remain re-
garding how to synthesize new HRTFs or
modify existing ones so that they can be used
within an applied context by inexperienced
listeners. Designers and users will need to be
keenly aware of both the possibilities and
limitations in current implementations of
these systems.
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