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Localization dominance is an aspect of the precedence effect~PE! in which the leading source
dominates the perceived location of a simulated echo~lagging source!. It is known to be robust in
the horizontal/azimuthal dimension, where binaural cues dominate localization. However, little is
known about localization dominance in conditions that minimize binaural cues, and most models of
precedence treat the phenomena as ‘‘belonging’’ to the binaural system. Here, localization
dominance in the median-sagittal plane was studied where binaural cues are greatly reduced, and
monaural spectral/level cues are thought to be the primary cues used for localization. Lead–lag pairs
of noise bursts were presented from locations spaced in 15° increments in the frontal,
median-sagittal plane, with a 2-ms delay in their onsets, for source durations of 1, 10, 25, and 50-ms.
Intermixed with these trials were single-speaker trials, in which lead and lag were summed and
presented from one speaker. Listeners identified the speaker that was nearest to the perceived source
location. With single-speaker stimuli, localization improves as signal duration is increased.
Furthermore, evidence of elevation compression was found with a dependence on duration. With
lead–lag pairs, localization dominance occurs in the median plane, and becomes more robust with
increased signal duration. These results suggest that accurate localization of a co-located lead–lag
pair is necessary for localization dominance to occur when the lag is spatially separated from the
lead. © 2004 Acoustical Society of America.@DOI: 10.1121/1.1738687#

PACS numbers: 43.66.Qp, 43.66.Rq, 43.66.Pn@AK # Pages: 3142–3155
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I. INTRODUCTION

Sounds generated in reverberant rooms produce mul
reflections that arrive from hard surfaces such as walls,
that contribute to the spatial character of the sound. Ho
ever, they have a surprisingly small effect on source loc
ization when the source contains a well-defined onset~Hart-
mann, 1983!. This phenomenon has commonly been refer
to as the ‘‘precedence effect’’~PE! ~Wallach et al., 1949;
Zurek, 1980! or ‘‘law of the first wavefront’’~Blauert, 1997;
Litovsky et al., 1999!. The PE has gained interest since it
thought that the auditory system may perform speciali
processing to achieve this performance. The PE has b
described as resulting from a temporary reduction in se
tivity to localization information contained in reverberatio
following the onset of a source. As such, in a simple pa
digm whereby a source~lead! and single echo~lag! occur,
perceived location of the lead–lag pair is dominated by
localization information associated with the leading stimul
For click stimuli, this dominance is most robust when t
lagging stimulus occurs within a few ms of the lead.

The PE and related phenomena have been a topi
interest for over half a century~for review see Litovsky
et al., 1999!, although most of what is known relates to tem
poral characterization of the phenomena, rather than sp
variables, including the locations of the source and simula
reflections. Furthermore, experiments have typically utiliz
or simulated stimuli that occur in the azimuthal plane, wh

a!Present address: University of Wisconsin, 1500 Highland Avenue, M
son, WI 53705; electronic mail: Litovsky@waisman.wisc.edu.
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changes in source locations are associated with clearly
fined and often perceptible differences in binaural cues s
as interaural differences in time and level. Cue manipulat
in the azimuthal dimension has been preferred since inte
ral cues map precisely to azimuthal locations. In additi
they are easily generated, as well as replicated and prese
in a realistic manner to subjects. An additional benefit
presenting sounds in the azimuthal dimension is that res
can be compared with what is known about neurophysiolo
cal activity in the auditory pathway in a relatively straigh
forward manner~Yin, 1994; Fitzpatricket al., 1995; Lito-
vsky et al., 1997a; Litovsky and Yin, 1998a,b!. Finally,
models of the PE that can successfully predict performa
rely on interaural cues that are available in the azimut
dimension ~e.g., Lindemann, 1986; Shinn-Cunningha
et al., 1993; Hartung and Trahiotis, 2001; Tollin, 1998!.

In contrast, the processes involved in determining
location of sound sources occurring in the median-sag
plane are more poorly understood and little is known ab
the PE in the median plane. This problem is especially in
esting because localization in the median-sagittal plane
mediated primarily by spectral filtering by the pinnae, he
and torso of stimuli reaching the ears from various elevati
~Searle et al., 1975; Gardner and Gardner, 1973; Butle
1969; Hebrank and Wright, 1974; Middlebrooks and Gre
1991!. While it has been shown that binaural cues cannot
ruled out as contributing to median plane localization~e.g.,
Middlebrooks, 1992; Hofman and Van Opstal, 2003!, a sig-
nificant amount of evidence suggests that monaural spe
cues may be primary. To date, little is known about the PE
the median plane and the extent to which directional inf

i-
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mation in reflections can be outweighed by information co
tained in the source when spectral cues are the primary
for localization.

One study reported that fusion echo thresholds meas
in the median sagittal plane are similar to those found in
azimuthal plane~Rakerdet al., 2002!. Two studies have at
tempted to measure dominance of the leading source in
calization for stimuli in the median-sagittal plane. In a br
report, Blauert~1971! suggested that the leading stimul
dominates localization for inter-stimulus intervals of 550ms,
but not for smaller delays~within the summing localization
range!. Litovsky et al. ~1997a! found dominance by the lea
location for delays up to 5-ms~within the range of the PE!,
with diminished dominance at longer delays. In both stud
however, source locations were limited to front, back, a
overhead, where localization of single source sounds is
ficult to interpret, both due to front–back errors and to t
fact that sounds presented overhead are very poorly lo
ized. There are also physiological data which suggest tha
strength of echo suppression in the responses of single
rons in the inferior colliculus is highly similar in the az
muthal and median planes~Litovsky et al., 1997a; Litovsky
and Yin, 1998a!. Although that does not predict the relativ
strength of localization dominance in the two planes, it p
vides further evidence for the existence of precedence p
nomena in the median plane. Our hypothesis, that w
localized sounds should produce localization domina
regardless of which directional cues are being utilized, co
not be affirmed by previous work.

In the present study, we selected six locations, all in
frontal hemifield on the median-sagittal plane, where sing
source noise bursts were well localized by all subjects. L
and lag stimuli were presented from various combinations
these locations, and the effect of source duration was
explored. Using these parameters we tested the hypoth
that localization dominance is robust in the median-sag
plane, providing that a co-located lead and lag stimulus p
duces a well-localized image.

II. METHODS

A. Subjects

Four subjects~two male, two female! between the age
of 18 and 24 participated in the experiments. Each had s
prior experience in sound localization experiments. Ho
ever, all subjects were naive as to the nature of the stim
and the goals of the experiment. Each was given at leas
hour of practice with feedback to become familiar with t
experimental setup and paradigm before the start of the
periment. Subjects were also given 10 min of practice w
feedback prior to each session. All subjects had normal h
ing as verified by a standard audiometric threshold exam

B. Apparatus

The experiments were performed in an anechoic ch
ber. The subject was seated with his or her head at the ce
of a circular arc approximately 2.4 m in diameter mount
vertically and positioned such that it was aligned with t
subject’s median-sagittal plane. Six speakers composed
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 R. Di
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single 6.35 cm driver in a sealed enclosure (7.9 cmH
37.6 cmW312 cmD) were mounted at 15° increments b
tween230° and 45°. The speakers produced a flat respo
from 300 Hz to 15 kHz. Variations in frequency respon
among the speakers were minimal and not compensated
The speakers were visible to the subjects and were label
through 6 as shown in the Fig. 1.

The subject’s head was constrained by a head
mounted on the rear of the seat~Whitmeyer Biomechanix
Soft-2S!. The headrest has adjustable padded supports on
back of the head and under the jaws that provide support
which are not constrictive, while also being minimal
acoustically obtrusive. The subjects were also told to ke
their head still during stimulus presentation. They were ho
ever free to look at the speakers, which were all within t
subject’s visual field.

Hardware including Tucker Davis Technologies~TDT!
System II hardware~AP2,DD1,PM1! in conjunction with a
PC host, was responsible for stimulus computation and g
eration, control of the multiplexer for speaker switchin
communication with the response terminal, and used as
user interface for the experimenter. The direct sound
simulated reflection signals from the D/A converter~sam-
pling rate 50 kHz! were amplified by a Crown D-75 ampli
fier which was calibrated for equal gain to both channe
The amplified signals were directed to the appropriate spe
er~s! with a multiplexer~TDT PM1!.

C. Stimuli

Measurements were made on single-speaker and pr
dence~localization dominance! trials. On each trial, stimuli
were comprised of a train of four identical broadband no
bursts, whose onsets were spaced 250-ms apart, as sho
Fig. 2. Noise bandwidth was effectively limited only by th

FIG. 1. Speakers are placed on a circular ring 2.4 m in diameter in
positions shown. The subject is seated with his/her head in the center o
ring.
3143zon and R. Y. Litovsky: Precedence effect in the median plane
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speaker drivers, which are flat to 15 kHz. A different sam
of noise was used for every trial. Onset and offset ram
were not applied, resulting in abrupt onsets and offsets s
the broadband bursts were presented at full bandwidth by
playback system. On precedence trials, two trains were
sented from separate speakers; lead and lag noise bursts
always identical to one another except for the 2-ms on
delay in the lag. Noise burst durations were 1, 10, 25,
50-ms. Since the lead–lag delay was always 2-ms, the
and lag bursts overlapped in time for durations of 10, 25,
50-ms but not for the 1-ms duration. For the single-spea
trials, the lead and lag stimuli were digitally summed prior
presentation from the single speaker. The lag is include
the single-speaker trials so that differences between sin
speaker and PE performance can be attributed to lag loca
specifically, as opposed to both the presence and the loca
of the lag. It is important to note that the spectral com
filtering created by the addition of the delayed repetiti
would occur for the single-speaker trials as well as the p
cedence trials.

Presentation levels were chosen for each subject i
vidually. Detection thresholds were first established for
1-ms stimulus presented from speaker 3~directly in front!.
Subsequent presentations of 1-ms bursts were present
40 dB above this level, while the amplitudes of the long
duration signals were digitally attenuated by the square
of their durations to provide some degree of loudness c
pensation.

For the precedence paradigm trials, three pairs
speaker positions were used. These were position pairs 1
5, 2 and 5, and 2 and 6, using the position numbering c
vention shown in Fig. 1. These pairs contain angular sep
tions of 60°~1-5 and 2-6!, or 45° ~2-5!. These wide separa
tions were chosen based on pilot data~Dizon et al., 1997!,
which suggested that separations as wide as these were
essary to observe the influence of the PE, given the decr
in localization precision for the PE stimuli in that study. Th
three position pairs, along with their alternate order equi
lents, result in six combinations of lead and lag positio

FIG. 2. Plot of sample lead and lag stimuli for the precedence conditi
This example includes 50-ms bursts, hence the 2-ms delay might be dif
to discern on this scale. All bursts within each train are identical, as are
lead and lag bursts. Lead and lag stimuli differ only in the onset delay of
lag.
3144 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
e
s
ce
he
e-
ere

et
d
ad
d

er

in
le-
on
ion

-

i-
e

at
r
ot
-

f
nd

n-
a-

ec-
se

-
.

These, combined with all six single-speaker trials~lead and
lag from the same speaker!, result in twelve possible position
types. Each position type was presented at each of the
durations 30 times, for a total of 1440 trials per subje
Trials were mixed randomly and presented in blocks of 1
~with one block of 40!. Hence, single-speaker localizatio
was measured within the same blocks as the precedenc
als.

D. Testing protocol

Responses were made using a small handheld resp
terminal~QSI Qterm II!. The subject’s task was to identify
speaker that was nearest to the perceived location of the
ditory image. If the stimulus appeared to emanate from m
than one speaker or from a location other than one of the
possible locations, instructions were to choose the
speaker that appeared to be most salient and to contain
majority of the sound image. No feedback was provided d
ing the experimental runs. However, subjects were trained
the single-speaker condition, and given feedback during
h training session before the experiments begun, as we
for 10 min at the beginning of each session.

The forced choice protocol was chosen based on
results of an earlier median plane study~Dizon et al., 1997!
in which a more unconstrained response method produc
high inter-subject variability in the mapping of their perce
tions onto the response choices. In that study, subjects w
permitted to choose either one or two locations, depend
on which one better described their percept. One sub
chose two locations almost exclusively, while another ch
two locations only twice out of 1500 trials. Given the var
ability in the data, the poor evidence of localization dom
nance for the nonfused judgments, and the informal co
ments regarding the vagueness of the stimuli, it was deci
that a simple and constrained response method would
uncover a bias toward the leading stimulus. Finally, the id
tification paradigm was selected in an attempt to maxim
any effects of localization dominance, bearing in mind t
fact that identification paradigms are easier for subjects t
unconstrained localization paradigms. One of the moti
tions for this study~see Sec. I! was to extend an earlier repo
by Litovsky et al. ~1997a! in which an identification para-
digm was used with only three source positions, includ
directly overhead.

III. SINGLE-SPEAKER RESULTS AND DISCUSSION

A. Results

Single-speaker results are shown in Fig. 3. Each r
comprises data from one subject and results for the four
rations are organized according to columns. These data
respond to trials in which both the lead and the lag emana
from the same speaker. Data are presented as confusion
trices, where thex-axis corresponds to the actual speak
number and they-axis corresponds to the subject’s respon
The area of each closed circle is proportional to the num
of responses for each condition.

Perfect source identification performance would cor
spond to subject responses exclusively consistent with
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e
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source speaker, which would appear as maximal respo
frequencies along the positive diagonal in each panel. C
paring single-speaker performance across durations for
subject reveals that identification accuracy improves as b
duration is increased. Specifically, there is only a weak tr
toward the diagonal in the responses for the 1-ms durat
with variation in the trend between individual subjects, wh
there is a strong trend toward responses near the diagona
the 50-ms duration case for each subject.

Precision of responses improves as burst duration is
creased, which can be seen by qualitatively comparing
‘‘spread’’ in the responses across the speaker positions
each burst duration. The response distributions for the 50
case are much more tightly clustered than those in the 1
cases. Also noticeable is the inter-subject variability, which
most evident in the 1-ms duration data. Subjects 1 an
appear to be able to extract some directional information
this duration, while subjects 2 and 4 are less able to do
These data were exposed to a number of statistical ana
to allow more quantitative descriptions of trends in the da

The response meanM @k# was computed for each sub
ject as the mean of that subject’s responses when speak
was presented, and is given by

M @k#5
1

N (
n51

N

r n,k ,

wherer n,k5response to trialn when speakerk was presented
~if the subject responded ‘‘4’’ when speaker 2 was presen
for the 25th time, thenr 25,254). N5the number of presen
tations at each speaker~30!.

FIG. 3. Results for the single-speaker trials. Each row comprises data
one subject and results for the four durations are organized accordin
columns. Thex-axis labels correspond to the actual speaker number and
y-axis labels correspond to the subject’s response. The area of each c
circle is proportional to the number of responses for each condition.
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The response standard deviations@k# for each subject is
the standard deviation from the mean responseM @k# ex-
pressed in degrees,

s@k#5AA2

N (
n51

N

~r n,k2M @k# !2.

whereA5the speaker spacing in degrees~15°!.
The rms errorE@k# for each subject is the standard d

viation from the actual speaker numberk expressed in de-
grees, as given by

E@k#5AA2

N (
n51

N

~r n,k2k!2.

Additionally, an average of each of these statistics o
the four subjects was computed, which are denoted
^M @k#&, ^s@k#&, and^E@k#&.

These across-subject averages are shown in Fig. 4
each panel, data for each burst duration are shown and
ferentiated from each other with symbols as indicated in
legend. Also within each panel, a sub-panel is shown wh
represents the standard deviation of that statistic avera
over the four subjects for each duration. A ‘‘chance’’ statis
is also shown within each panel using a dashed line, an
computed from a hypothetical response distribution rep
senting chance performance, in which responses to the
trials for each source speaker position are distributed eve
over the six possible responses.

Considering the response mean^M @k#& in Fig. 4~a!, the
slopes of these mean curves start out shallow for the sho
duration, and approach a slope of 1 as duration is increa
Perfect performance would correspond to a slope of 1, w
chance performance is indicated with the dashed horizo
line, and is simply a mean of the angles of the six speak
Based on̂ M @k#& alone, there appears to be a compress
of perceived elevation that is more pronounced as burst
ration is shortened. However, without considering the ot
statistics, such as the standard deviation, it is difficult
make a claim of a perceived compression of elevation.

The standard deviation̂s@k#& is shown in Fig. 4~b!, and
represents the deviation from the meanM @k#, for individual
subjects at each duration.^s@k#& gets smaller as duration i
increased, with the largest jump in̂s@k#& between 1 and
10-ms. In addition,̂s@k#& is of similar magnitude across th
six positions for each of the durations. All values of^s@k#&
are less than the chance statistic, which is fixed at 27
Based on^s@k#&, localization precision improves as bur
duration is increased. This is evident qualitatively in the r
response distributions shown in Fig. 3.

The rms error̂ E@k#& is shown in Fig. 4~c!. Similar to
^s@k#&, ^E@k#& decreases as duration is increased. Howe
unlike ^s@k#&, ^E@k#& increases toward either edge of the s
of responses for the 1-ms case, and also somewhat for
10-ms case, whilês@k#& remained approximately constan
with k relative to the response set. Since^E@k#& is referenced
to the actual speaker presented, this statistic is a reflectio
the compression in̂M @k#&, which is more pronounced fo
the shorter durations.
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FIG. 4. ~a! Mean response in degree
M @k#, ~b! standard deviationŝs@k#&,
and ~c! rms error ^E@k#& for the
single-speaker condition plotted
against actual speaker number for ea
of the four durations as indicated in
the legend. Each data point represen
a mean of the statistic over the fou
subjects. The standard deviation
about each mean are plotted in the in
set of each panel. The dashed line re
resents the statistic for chance perfo
mance.
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These statistics, as well as the raw data, suggest
localization of overlapping lead and lag bursts of noise in
median plane is more difficult for burst durations less th
approximately 10-ms. The statistics further suggest that
increased difficulty is manifested as a decrease in preci
and an apparent compression of perceived elevation as

B. Discussion

The most notable features in the above-presented sin
speaker data are the influence of stimulus duration on so
location identification and the compression that character
performance for shorter durations. Preliminary experime
~Dizon et al., 1997! indicated that clicks were difficult to
localize precisely, while 100-ms noise bursts were well
calized. Hence, the present study focused on stimuli w
intermediate durations. Evidence of duration-depend
compression in median-plane localization has been repo
previously in the literature.

Hofman and Van Opstal~1998! studied median plane
localization for stimuli with identical long term spectra, b
with varying short term spectra. The intent was to charac
ize the temporal course of spectral estimation, and als
investigate the ability of subjects to benefit from ‘‘multip
looks’’ of a short-time spectrum. The authors fitted an ‘‘e
evation gain’’ to their data, corresponding to the slope of
best fit line to the scatter plot data of response eleva
versus actual elevation. Elevation gains indicated a high
3146 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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gree of compression at the shortest durations~3-ms! with
increasing gains with longer duration, stabilizing near un
at approximately 80 ms.

Linear regression statistics were calculated on
single-speaker data to permit direct comparison with Hofm
and Van Opstal’s statistics. Table I lists the correlation co
ficient r, the elevation gaing, they-interceptb in degrees, as
well as the rmsd of the differences between each data po
and the fitted line. The statistics indicate that the correlati
are too low for the 1-ms duration for the computed slopes
be meaningful. However, the correlations for 10, 25, a
50-ms are significant. The elevation gains for these durati
climb steadily for each subject, indicating less elevati
compression as duration is increased from 10-ms (0.63,g
,0.82) to 50-ms (0.91,g,0.95). Hofman and Van Op
stal’s gains, measured for durations between 3 and 80 ms
quite similar both qualitatively and quantitatively@Table II in
Hofman and Van Opstal~1998!#.

Macpherson and Middlebrooks~2000! also found eleva-
tion compression for short 3-ms bursts that was not evid
with the longer 100-ms bursts. However, this result w
found to be dependent on presentation level, such that hig
level ~;50–60 dB SL! stimuli produced significant elevatio
compression while lower level stimuli did not. The stimu
used in the present study were presented at 40 dB SL o
R. Dizon and R. Y. Litovsky: Precedence effect in the median plane
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which is a level for which the data of Macpherson a
Middlebrooks did not show significant compression.

Interestingly, neither Hofman and Van Opstal n
Macpherson and Middlebrooks found any dependence o
calization precision on duration, even for a duration of 3-m
the shortest duration used in either study. In our study,
find a slight increase in variability between 10 and 50-ms~d
in Table I!, with a much larger increase in variability for
duration of 1-ms.

The difference in performance for the shortest durat
in our study compared with either of the referenced stud
may relate to the shorter duration~1-ms as compared to 3
ms!, but may also relate to the comb filtering present in o
study that was not present in either of the referenced stud
One might expect the comb filtering to influence localizati
performance due to the additional notches in the high
quency spectrum. However, the comb filtering did not app
to degrade performance for the three longer durations.
elevation gains and the response variability at these durat
are quite similar to those found by Hofman and Van Ops
Perhaps the 1-ms duration combined with the comb filter
was sufficient to degrade performance.

Regarding the compression at the three longer durati
two possible sources for the compression in the eleva
responses can be considered: spectral variability in the n
bursts, and edge effects resulting from the response p
digm. Since localization in the median plane is assumed
depend on elevation dependent spectral filtering by the
nae, it follows that good localization performance is cont
gent on the subject’s ability to acquire an accurate and c
estimate of this spectral filtering~Wightman and Kistler,
1997!. Stimuli such as clicks or Gaussian noise are w
suited for use in median plane localization experiments
to the smoothness of their magnitude spectra. However,
perceived smooth spectra of Gaussian noise results from
ripheral filtering of the finely spaced peaks and notches

TABLE I. Linear regression statistics for the single-speaker data for e
subject. Included are the correlation coefficientr, the elevation gaing, the
y-interceptb in degrees, as well as the rmsd of the differences between eac
data point and the fitted line.

Subject
Dur
~ms! Corr r Gain g

Offset b
~deg!

d
~deg!

S1 1 0.32 0.42 8.58 16
10 0.82 0.82 0.28 9.8
25 0.88 0.87 21.45 8.2
50 0.92 0.95 20.39 7.4

S2 1 0.30 0.64 23.2 25
10 0.75 0.75 2.4 11
25 0.86 0.85 1.3 8.6
50 0.89 0.95 21.5 8.4

S3 1 0.09 0.24 11 18
10 0.67 0.64 6.4 11
25 0.73 0.75 4.1 12
50 0.89 0.95 1.1 8.7

S4 1 0.09 0.25 23.1 20
10 0.49 0.63 1.6 16
25 0.70 0.79 22.3 13
50 0.80 0.91 21.2 12
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the spectra of noise samples of sufficient length. For sho
samples, peaks and notches may persist beyond perip
filtering due to their wider spacing, and thus may comp
with the spectral features that are the primary cues for m
dian plane localization.

In a hypothesized model of performance, Hofman a
Van Opstal suggested that the compression observed in
studies could have been due to subjects relying on an in
‘‘default’’ estimate of elevation when there is an absence
sufficient spectral information to generate a more accu
judgment. In their study, the subject responded with sacca
eye movements, where the saccade always originated fro
location directly in front of the listener. In our study, th
subject’s head was constrained to face directly in fro
which is near the center of the speaker array. It is thus p
sible that in our experiment, subjects were biased toward
center of the distribution when localization was difficult.

Although previous work suggests that elevation co
pression is not unexpected in these experiments, it is poss
that ‘‘edge effects,’’ which refer to the influence of the lim
ited spatial range of response choices available to the list
in this identification task, may contribute to the appare
compression in our study. The two studies discussed ab
~Hoffman and Van Opstal, 1998; MacPherson and Midd
brooks, 2000! used analog response methods which were
fectively unconstrained at the edges.

If we assume here that a listener who localized a stim
lus at a position outside the range of responses would cho
the speaker nearest the perceived elevation, which wo
simply be the speaker at the appropriate edge of the resp
range, we would expect the standard deviations@k# and the
rms errorE@k# error to decrease toward the edge speak
since the spatial variance in the responses is rectified by
limited response range. In the data,s@k# is relatively con-
stant across the speaker positions whileE@k# grows toward
the edge speakers. Thus, the error statistics are not cons
with the hypothesis that the elevation compression is
solely to edge effects. We also note that Hofman and V
Opstal ~1998! as well as Macpherson and Middlebroo
~2000! observed compression in elevation using paradig
where edge effects were likely not a factor.

In summary, the most notable features in the data
scribed in the present study are the apparent compressio
perceived elevation as well as the increased spatial varia
in the responses, especially for the 1-ms duration. It w
suggested that the compression may have been partly du
the stimuli themselves~duration dependent spectral variab
ity! or to the response paradigm~edge effects!.

IV. PRECEDENCE RESULTS AND DISCUSSION

A. Results

The single-speaker results provide a measure of base
localization performance of stimuli at the six speaker loc
tions for the four durations chosen. The results with pre
dence pairs can be compared directly with the single-spe
results as a means of investigating whether and how the
cation of the lagging noise burst influenced localization.
Fig. 5, results for the PE trials for subject S1 are shown us

h
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FIG. 5. Raw precedence data for subject S1. Each panel shows response distributions for a position pair and its swapped-speaker counterpart~open symbols!,
flanked by the single-speaker distributions for each of the speakers in the position pair~closed symbols!. Each of the three rows contains data for the sa
position pair, while the four columns indicate the duration. As in Fig. 3, the area of the bubbles is proportional to the number of responses.
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bubble plots similar to those used for the single-speaker
in Fig. 3. Each panel in Fig. 5 shows PE data for a sin
lead–lag combination, its swapped-pair counterpart, as
as the matching single-speaker results for the lead and
positions. By comparing the perceived location on sing
speaker trials~closed symbols! with that of the PE trials
~open symbols! in which either the leading or laggin
sources matched the single-speaker position, the extent o
can be effectively visualized. If the PE is operating, then
distribution of perceived locations on PE trials should
similar to that of the single speaker condition matching
lead. It is important to consider the single-speaker data w
viewing the PE data, since a certain amount of the variab
and bias in performance should be common to the sin
speaker and PE conditions. Certainly, one would not exp
performance in the PE trials to be any better than that see
the single-speaker trials.

In Fig. 5, each row of panels contains data for one lea
lag pair combination, one panel for each of the four du
tions. The three rows correspond to the three lead–lag p
chosen~1-5, 2-5, and 2-6!, as described in Sec. II. Figure
6–8 show the same data for subjects S2, S3, and S4, res
tively.

Considering the data in Figs. 5–8, it should be evid
3148 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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qualitatively that while the localization dominance is n
complete, in most conditions there is a clear bias in
sponses toward the speaker position corresponding to
leading speaker of each PE pair. However, this bias tow
the leading speaker is in all cases not as strong as it is for
single-speaker response distribution for the leading spea
It can be concluded from this difference in bias shifts th
localization dominance is not complete, since absolute lo
ization dominance predicts that the precedence stimuli wo
be localized identically with their single-speaker count
parts corresponding to the leading speaker location. In a
tion, subjects appear to be able to localize the single-spe
stimuli more precisely, with the exception of the 1-ms du
tion, where performance is generally poor for both sing
speaker and precedence stimuli. Thus, it appears that
presence of the spatially separated lagging stimulus in
ences the variance in the responses for the combined le
lag stimulus as well.

The influence of the lag on the shape of the respo
distributions is often not consistent across subjects for
same position and duration. For instance, for the 50-ms
ration, position pair 1-5 response distribution for subject
~Fig. 5! is bimodal, while that of the other three subjects a
not. For subject S3~Fig. 7! at a duration of 50-ms, the re
R. Dizon and R. Y. Litovsky: Precedence effect in the median plane



FIG. 6. Same as Fig. 5 but for subject S2.
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sponse distribution for position pair 6-2 is clustered ve
close to position 6, while the response distribution for t
swapped-speaker counterpart~2-6! is spread fairly evenly
over the whole distribution range. The other three subje
did not exhibit this pattern of performance. Additionally, f
the same subject and duration, the response distribut
across the three position pairs can differ as well~consider
subject S1 at the 50-ms duration!.

As a comparison of localization precision between
single-speaker and PE trials, Fig. 9 shows the standard
viations of the response distributions for both single-spea
and PE trials as a function of duration. For each data po
data are averaged over all positions for the single-spe
data, and over all lead–lag pairs for the PE data. Preci
appears to be better for the single-speaker trials than for
PE trials at the longer-duration stimuli, as evidenced by
higher standard deviations for the PE trials. Note also t
while precision generally improves for single-speaker tri
as duration is increased, there is little evidence of an in
ence of duration on precision for the PE trials, other than
increase in precision in S2’s data going from 1 to 10-ms

The extent of localization dominance in a paired se
can be quantified using a descriptive statistic~accounting for
both localization dominance and discrimination suppress!
proposed by Shinn-Cunningham~1993! for headphone data
and validated for free-field data by Litovsky and Macmilla
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~1994!. A single metricc is calculated, which is bounde
between 0 and 1 and represents the extent of leading so
localization dominance. It is calculated using the followin
formula:

c5~ap2t2!/~t12t2!,

whereap is the judged position~or ITD!, andt1 andt2 are
the lead and lag positions, respectively. The metricc will
equal 1.0 for localization judgments at the leading positi
0.5 for judgments consistent with an equal contribution
lead and lag, and 0.0 for judgements at the lagging posit
We extend this model to the median-sagittal plane by us
the elevation of the lead and lag speaker positions in deg
for t1 andt2 , and the elevation of the judgment in degre
for ap .

A c value was computed for every trial at each lead–
pair. The means are plotted in Fig. 10, with one subject’s d
in each panel. A thickened horizontal dashed line mark
the point at whichc equals 0.5 demarcates the bounda
between lead dominance and lag dominance in localizat
Data for all six of the lead–lag pairs are plotted in a gro
above the appropriate duration indicated on thex axis. The
symbols indicate the lead–lag pair as indicated in the lege
and the error bars represent the standard deviation ofc across
the 30 trials.
3149zon and R. Y. Litovsky: Precedence effect in the median plane



FIG. 7. Same as Fig. 5 but for subject S3.
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A majority of the mean values ofc are above 0.5, with a
few close to 1. Note that it is possible forc to be above 1 or
below 0 if the judgment is not within the range between
lead and lag positions. The standard deviations are q
high, indicating that subjects were not consistent across
als, and frequently localized nearer to the lagging stimu
These observations on the mean and standard deviation
qualitatively consistent with the scatter plots in Figs. 5–
which showed response distributions with a lot of spread
generally skewed toward the lead, especially at the lon
durations.

Also interesting in Fig. 10 is the variation inc over the
lead–lag pairs. For example, S3’s data at 25 and 50-ms
dicate higherc values when the lead is at high elevations~the
open symbols! as compared to when the lead is low. Th
may indicate individual bias toward the higher elevations
this paradigm. Conversely, S4’s data indicate the oppos
with lower elevations having higherc values.

The low means~near 0.5 to 0.7, rather than 1.0! and high
variance in thec values highlights the fact that the PE is n
as strong in the median plane as it is in the free-field a
muthal plane or when ITDs are used over headphones. In
study by Shinn-Cunninghamet al. ~1993! in which c values
were computed for their own data as well as other studies
precedence using ITDs,c values typically reached close t
unity ~generally above 0.8! for delays near 2 ms. Similarly
3150 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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Litovsky and Shinn-Cunningham~2001! reported averagec
values of 0.9–1.0 for localization dominance with ITDs
delays of 1 and 2-ms. In free field, Stecker and Hafter~2002!
used a similar observer weighting method to estimate lo
ization dominance for lead–lag click pairs, and reported v
ues between 0.7 and 0.8 for delays of 1 to 3-ms.

A note of caution to observing thec values alone is tha
a highc value does not necessarily imply localization dom
nance in our analyses, since a highc value ~.0.5! for a
lead–lag pair combined with a lowc value ~,0.5! for the
swapped pair counterpart can indicate apositional domi-
nance, signifying a dominance of one elevation over anoth
independent of which contained the leading stimulus. To
why this is the case, recall that whenc equals zero, the sub
ject localizes toward the lag. Ifc equals one for a lead–la
pair and zero for the swapped pair, then the subject locali
both pairs at the same position. Thus, to more effectiv
gauge the strength of localization dominance, we must lo
at statistics that compare the response distribution of a le
lag pair with that of its swapped-pair counterpart.

The following discussion focuses on statistical analy
comparing the responses to presentations of a lead–lag
with those of its swapped-speaker counterpart. If localizat
dominance is not effective, then an appropriate statistical
should indicate that the two distributions are not statistica
different. The two distributions could have any of the follow
R. Dizon and R. Y. Litovsky: Precedence effect in the median plane



FIG. 8. Same as Fig. 5 but for subject S4.
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FIG. 9. Standard deviations of the responses for each subject in uni
degrees. Each point represents the mean of the individual standard d
tions across all positions~for the single-speaker trials! or position pairs~for
the precedence trials!. Closed symbols represent the precedence trials, o
symbols the single-speaker trials.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 R. Di
ing configurations:~1! near one of the two locations, reflec
ing biased judgments,~2! bimodally distributed in the even
that the lead and lag were both heard/localized, or~3! at a
location between the lead and lag, in the event that b
sounds contributed equally to localization.

A t-test was performed on the response distribution fo
given lead–lag pair with that of its swapped-speaker co
terpart. For example, for the combinations of 1-5 and 5
~stimuli at 230° and 130°!, a strong PE would produce
distributions that were near location 1 for the 1-5 case a
near location 5 for the 5-1 case. The generalized t-stati
for two distributionsA andB is given by

t2N225
MA2MB

ŝA,B
,

whereŝA,B is a pooled variance given by

ŝA,B5AsA
21sB

2

N
,

and whereMA , MB , sA , andsB are the mean and standa
deviations of the response distributionsA andB.

We denote the mean of the distribution for a lead–
pair asM @k1 ;k2#, wherek1 denotes the lead speaker numb
andk2 the lag.M @k1 ,k2# is given by

of
ia-

n
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FIG. 10. c values computed as indicated in the tex
Data represent the meanc value across the 30 trials a
each position-pair and duration for each subject. Po
tion pair is indicated by symbols defined in the legen
The error bars represent the standard deviation of thc
across those 30 trials. Data are shown grouped ab
the duration indicated on thex axis, and are shifted
laterally for clarity.
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M @k1 ,k2#5
A

N (
n51

r n,k1 ,k2
,

where r n,k1,k25response to trialn when the leading sound
was presented from speakerk1 and the lagging sound wa
presented from speakerk2 . Similarly, s@k1 ;k2 ,k2 ;k1# de-
notes the pooled variance for the two swapped-pair distr
tions, and is given by

ŝ@k1 ;k2 ,k2 ;k1#5As2@k1 ;k2#1s2@k2 ;k1#

N
,

where

s@k1 ,k2#5AA2

N (
n51

N

~r n,k1 ,k2
2M @k1 ,k2# !2.

The t-statistic for the swapped-pair test is given by

t2N225
M @k1 ;k2#2M @k2 ;k1#

ŝ@k1 ;k2 ,k2 ;k1#
.

Note that this formulation of the t-statistic presumes t
M @k1 ;k2#.M @k2 ;k1# for the statistic to be positive. Thi
requires the mean of each distribution to be biased tow
the leading siderelative to the other mean—a requirement
that is consistent with localization dominance. This requi
ment held for all but one of the 48 statistics computed.

It is useful to compare the swapped-pair t-statistic w
the ‘‘single–single’’ statistic, which is a t-test comparing th
distributions of responses to each position presented in
lation. These distributions are available from the sing
speaker trials. If localization dominance was complete,
leading source completely dominates the lag, so we wo
expect the statistic from the swapped pair comparison to
identical to the single–single statistic.

The t-statistic for the single–single test is given by
3152 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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t2N225
M @k1#2M @k2#

ŝ@k2 ,k1#
,

wheres@k1 ,k2# is a pooled variance given by

ŝ@k2 ,k1#5As2@k2#1s2@k1#

N
.

Figure 11 shows the t-statistic for the swapped-pair test
the y axis plotted against burst duration on thex axis for all
four subjects~one in each panel!. In each panel, the statistic
for each of the three lead–lag pairs~open symbols! are

FIG. 11. t-statistics for both the precedence data~open symbols! and the
single-speaker data~closed symbols!. Symbols indicate position or position
pair as shown in the legend. t-statistics for the 0.05 and 0.001 levels
shown as dashed lines.
R. Dizon and R. Y. Litovsky: Precedence effect in the median plane
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shown along with those for the single–single comparis
~closed symbols!. Dashed horizontal lines are shown repr
senting t-statistic values significant to the 0.05 and 0.0
levels. One value is not shown~S4, square symbol at 1-ms!
since the means for the two distributions were biased tow
the lag rather than the lead. The standard deviations of
response distributions were frequently very high for t
stimulus, particularly for subject S4.

The single–single statistics are consistently higher t
those for the swapped pairs. This indicates that either
mean shifts are larger for the single–single case, or the v
ance is smaller. It is notable, however, that the swapped-
statistics are still highly significant. It is not surprising th
the single–single statistics are high given the accuracy
precision of localization of the single-speaker stimuli~Fig.
3!. However, the high significance of the swapped pair s
tistics is not as obvious from a qualitative view of the ra
data in Figs. 5–8. The statistical results also suggest s
dependence on duration, since the 1-ms statistics are lo
for almost all cases. From 10 to 50-ms there is no clear tr
in the swapped-pair statistics. It is likely that the higher va
ability in the responses to these stimuli makes any tre
difficult to observe. There is also some inter-subject va
tion, with subjects S1 and S2 having generally higher sta
tics overall.

Overall, these analyses indicate that there is a stat
cally significant temporal order effect favoring the leadi
stimulus. Recall that this result was not obvious from thc
values, which consider the distributions in isolation, rath
than relative to each distribution’s swapped speaker coun
part. Specifically, this means that the response distribu
for a lead–lag pair is biased toward the leading stimu
relative to the distribution for its swapped-speaker coun
part. The distributions themselves may be both biased tow
one position or another, they may differ in width, or one
both may have bimodal qualities. The raw data in Figs. 5
indicate that many of these cases occur. The t-statistics
indicate that the temporal order influences judgments i
manner consistent with localization dominance.

B. Discussion

This study was designed to find evidence for localizat
dominance in the median-sagittal plane. The two stud
cited in Sec. I~Blauert, 1971 and Litovskyet al., 1997a!
indicated that certain aspects of precedence exist in
median-sagittal plane, but neither used as fine an eleva
spacing as that used in the present study, nor did those s
ies investigate the influence of duration. The results of
present study are significant in that they are free of fro
back confusions~as a result of the positions chosen!. Also,
they are compared to the single-speaker conditions, allow
the effects of precedence to be separated from localiza
phenomena related to the comb filtering. This compari
establishes a link between the single-speaker performa
and PE performance. Specifically, if a stimulus comprised
a lag co-located with the lead cannot be localized accura
then one cannot expect to find localization dominance w
the lag is at a different location.
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The reasons for the poor performance at 1-ms for b
the single-speaker and precedence trials could include s
tral variability in the short samples of noise, and also t
comb filtering imparted by the presence of the lag. As no
in the Single Speaker Discussion~Sec III B!, one might have
expected the comb filtering to degrade localization for
durations, yet only the 1-ms duration performance is sign
cantly degraded. Perhaps in the 1-ms case, both factors
responsible. The poor single-speaker performance at 1
leads logically to the weak evidence of localization dom
nance at this duration. Specifically, localization dominan
of a leading source over a lagging source at a different lo
tion is not expected, given that the same stimulus but w
the lag co-located with the lead could not be localized p
cisely.

The choice of positions enabled a better characteriza
of localization dominance in the median plane than had b
shown in the literature. In the present study, both the le
and lag positions are localized accurately, yet the comb
tion produces localization dominance. In the prior med
plane studies, there was evidence that a strongly localiz
location ~front! dominated a weakly localizable locatio
~above! ~Litovsky et al., 1997a!. This ‘‘positional domi-
nance’’ makes it difficult to observe the influence of localiz
tion dominance.

The use of longer duration noise bursts in the pres
study was shown to improve both the accuracy and the
cision of single-speaker localization. This performance i
provement was helpful for demonstrating statistically sign
cant effects of localization dominance that may not
obvious with shorter duration stimuli. Overall, the resu
reaffirmed that localization dominance is effective in med
plane localization. The results also indicate that the effec
weaker in the median plane as compared to its strengt
reported in the azimuthal plane in other studies~e.g., Shinn-
Cunninghamet al., 1993!. Accompanying the present resul
are considerable inter-subject variability and evidence of
sitional dependence~variance in performance across positio
combinations!, neither of which are typically as influential in
azimuthally based PE experiments~e.g., Litovsky and Shinn-
Cunningham, 2001; Saberi and Antonio, 2003!.

The reason for weak localization dominance in the m
dian plane is not entirely clear. Echo suppression~measure of
whether the lag is heard as a separate sound! appears to be
similar in strength in the azimuthal and median-sagit
planes, as measured with single-neuron responses~Litovsky
et al., 1997a; Litovsky and Yin, 1998a! or psychophysically
~Litovsky et al., 1997b; Rakerdet al., 2000!. Hence, it is
difficult to argue that auditory mechanisms underlying su
pression of echoes are generally weaker in the median pl
However, there is another aspect of the PE, discrimina
suppression, which appears to be different in azimuth
elevation. Listeners’ ability to discriminate small shifts in th
vertical position of the lag is not compromised at any dela
but discrimination of small shifts in the azimuthal position
delay-dependent, being quite poor at brief delays and
proving as delays are increased~Litovsky et al., 1997b!.
Taken together, previous work along with findings from t
present study suggest that, while at brief delays the lag m
3153zon and R. Y. Litovsky: Precedence effect in the median plane
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not be subjectively audible, directional properties of the le
do not dominate~take precedence! over those of the lag a
strongly in the median plane as they do in azimuth. Wea
dominance of directional cues might be due to the fact tha
the median plane there is poorer spatial resolution for sou
locations than in azimuth. That is, the strength of localizat
dominance may be a by-product of localization accuracy
each plane.

Computational models of precedence in the azimut
plane would be difficult to adapt to median plane data. Mo
eling of elevation localization for single sources is itself n
well understood. Computations based on the actual rece
spectra using the subject’s HRTFs as well as the actual n
samples may provide some insight into performance. Ho
ever, if long term statistics are used, these are likely to b
little fruit in predicting precedence since long-term spec
~assuming that all operations are linear! will be the same if
the leading and lagging positions are switched, whereas
chophysical performance clearly depends on which posi
is leading. More complex models incorporating periphe
nonlinearities~Hartung and Trahiotis, 2001!, onset-driven
suppression~Lindemann, 1986!, or spectral weighting of in-
teraural differences~Tollin, 1998! have shown some succe
in describing many aspects of azimuthally based precede
To describe median plane precedence, all of these mo
would need to be modified to produce an elevation judgm
and may also require sensitivity to spectral profiles. On
other hand, if pinna disparity cues provide a usable cue
median plane localization~e.g., Middlebrooks, 1992; Hof
man and Van Opstal, 2003!, perhaps interaural differenc
models of precedence could predict median plane local
tion dominance as well.

V. CONCLUSIONS

The experiments presented here studied localiza
dominance in the median-sagittal plane. Localization
single sources in the median plane is mediated primarily
spectral cues, and localization performance in this plan
characterized by front–back confusions as well as high v
ability when compared to azimuthal localization. The sing
speaker data provided a baseline measure of performan
the task using speaker positions in the frontal portion of
median-sagittal plane as a function of burst durations. Th
data indicated that stimulus duration has a big effect on
single-speaker localization, with longer durations leading
greater precision and less elevation compression. The pr
dence data were characterized by higher variability in
response distributions, but with a statistically significant b
toward the leading speaker for the longer burst duration c
ditions. Thus, thec values reported here, when compar
with those of Shinn-Cunninghamet al. ~1993! are consistent
with there being weaker localization dominance in t
median-sagittal plane than in the azimuthal plane, not un
the differences observed by Litovskyet al. ~1997a!.

Considering the precedence effect in general, the e
tence of localization dominance in the median plane in
cates that it is a general phenomenon that applies to pa
stimuli in ~at least! a two-dimensional space, rather than b
ing confined to the azimuthal dimension only. If one pr
3154 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004
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sumes that the phenomenon serves as a means of suppre
reflections, then it should not be surprising that it is a gene
spatial effect.
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