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Localization dominance is an aspect of the precedence gftin which the leading source
dominates the perceived location of a simulated eéagging sourcg 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 AmericdDOI: 10.1121/1.1738687

PACS numbers: 43.66.Qp, 43.66.Rq, 43.66.RK ] Pages: 3142-3155

I. INTRODUCTION changes in source locations are associated with clearly de-
fined and often perceptible differences in binaural cues such
Sounds generated in reverberant rooms produce multiplgs interaural differences in time and level. Cue manipulation
reflections that arrive from hard surfaces such as walls, angh the azimuthal dimension has been preferred since interau-
that contribute to the spatial character of the sound. Howral cues map precisely to azimuthal locations. In addition,
ever, they have a surprisingly small effect on source localthey are easily generated, as well as replicated and presented
ization when the source contains a well-defined ofideft-  in a realistic manner to subjects. An additional benefit of
mann, 1983 This phenomenon has commonly been referrecpresenting sounds in the azimuthal dimension is that results
to as the “precedence effectPE) (Wallach et al, 1949;  can be compared with what is known about neurophysiologi-
Zurek, 1980 or “law of the first wavefront”(Blauert, 1997;  cal activity in the auditory pathway in a relatively straight-
Litovsky et al, 1999. The PE has gained interest since it is forward manner(Yin, 1994; Fitzpatricket al, 1995; Lito-
thought that the auditory system may perform specialized/sky et al, 1997a; Litovsky and Yin, 1998a,b Finally,
processing to achieve this performance. The PE has beanodels of the PE that can successfully predict performance
described as resulting from a temporary reduction in sensiely on interaural cues that are available in the azimuthal
tivity to localization information contained in reverberation dimension (e.g., Lindemann, 1986; Shinn-Cunningham
following the onset of a source. As such, in a simple paraet al, 1993; Hartung and Trahiotis, 2001; Tollin, 1998
digm whereby a sourcdead and single echdlag) occur, In contrast, the processes involved in determining the
perceived location of the lead—lag pair is dominated by th@ocation of sound sources occurring in the median-sagittal
localization information associated with the leading stimulus plane are more poorly understood and little is known about
For click stimuli, this dominance is most robust when thethe PE in the median plane. This problem is especially inter-
lagging stimulus occurs within a few ms of the lead. esting because localization in the median-sagittal plane is
The PE and related phenomena have been a topic @hediated primarily by spectral filtering by the pinnae, head
interest for over half a centuryfor review see Litovsky and torso of stimuli reaching the ears from various elevations
et al, 1999, although most of what is known relates to tem- (Searle et al, 1975; Gardner and Gardner, 1973; Butler,
poral characterization of the phenomena, rather than spatial69; Hebrank and Wright, 1974; Middlebrooks and Green,
variables, including the locations of the source and simulated991). While it has been shown that binaural cues cannot be
reflections. Furthermore, experiments have typically utilizedruled out as contributing to median plane localizatiery.,
or simulated stimuli that occur in the azimuthal plane, whereMiddlebrooks, 1992; Hofman and Van Opstal, 2008 sig-
nificant amount of evidence suggests that monaural spectral
dPresent address: University of Wisconsin, 1500 Highland Avenue, MadiCUES May be primary. To date, little is known about the PE in
son, WI 53705; electronic mail: Litovsky@waisman.wisc.edu. the median plane and the extent to which directional infor-
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mation in reflections can be outweighed by information con-
tained in the source when spectral cues are the primary cue 45° (6)
for localization.

One study reported that fusion echo thresholds measured
in the median sagittal plane are similar to those found in the
azimuthal plangRakerdet al, 2002. Two studies have at-
tempted to measure dominance of the leading source in lo-
calization for stimuli in the median-sagittal plane. In a brief
report, Blauert(1971) suggested that the leading stimulus
dominates localization for inter-stimulus intervals of 5§,
but not for smaller delay$within the summing localization
range. Litovsky et al. (19973 found dominance by the lead
location for delays up to 5-m@&within the range of the Pk
with diminished dominance at longer delays. In both studies
however, source locations were limited to front, back, and
overhead, where localization of single source sounds is dif-
ficult to interpret, both due to front—back errors and to the
fact that sounds presented overhead are very poorly local-
ized. There are also physiological data which suggest that the
strength of echo suppression in the responses of single neu-

rons in the inferior colliculus is highly similar in the azi- FIG. 1. Speakers are placed on a circular ring 2.4 m in diameter in the

muthal and median planékitovsky et al, 1997a; Litovsky  positions shown. The subject is seated with his/her head in the center of this
and Yin, 1998a Although that does not predict the relative ring.

strength of localization dominance in the two planes, it pro-

vides further evidence for the existence of precedence phes"lngle 6.35 cm driver in a sealed enclosure (7.9tm
nomena in the median plane. Our hypothesis, that well
localized sounds should produce localization dominanc

regardless of which directional cues are being utilized, coul rom 300 Hz to 15 kHz. Variations in frequency response

not be affirmed by previous work. among the speakers were minimal and not compensated for.

In the p_rfasent study, we.selecte_d six locations, all i_n theI'he speakers were visible to the subjects and were labeled 1
frontal hemifield on the median-sagittal plane, where S'ngleywrough 6 as shown in the Fig. 1

source noise bursts were well localized by all subjects. Leal The subjects head was constrained by a headrest

and lag stimuli were presented from various combinations anounted on the rear of the se@hitmeyer Biomechanix
thesl;e I%cat|op S ind the effect of source dl:jra';:onhwashalsgoﬂ_zs_ The headrest has adjustable padded supports on the
explored. Us.mg t ese parameters we tested t © ypot 1€S63ck of the head and under the jaws that provide support but
that localization dominance is robust in the median-sagitt hich are not constrictive, while also being minimally
slane, prowﬁillng t?at:_co-located lead and lag stimulus proélcoustically obtrusive. The subjects were also told to keep
uces a well-localized image. their head still during stimulus presentation. They were how-
ever free to look at the speakers, which were all within the
Il. METHODS subject’s visual field.
A. Subjects Hardware including Tucker Davis Technologi€EDT)
. System Il hardwaréAP2,DD1,PM2 in conjunction with a
Four SUbJeCtS/?t\.NO mal_e, two fema_l)abetween the ages PC host, was responsible for stimulus computation and gen-
of 18 and 24 participated in the experiments. Each had some

. . X e : eration, control of the multiplexer for speaker switching,
prior experience in sound localization experiments. How-

i . . |communication with the response terminal, and used as the
ever, all subjects were naive as to the nature of the stimuli . . .
user interface for the experimenter. The direct sound and

and the goals of the experiment. Each was given at least all lated reflection sianals from the D/A converteam-
hour of practice with feedback to become familiar with the g

: ) ling rate 50 kHx were amplified by a Crown D-75 ampli-
experimental setup and paradigm before the start of the eﬁerg\,/vhich was cZaIibrated for equaﬁ gain to both chanF;]eIs.

periment. Subjects were also given 10 min of practice wit o . . . i
feedback prior to each session. All subjects had normal he:Ihe amplified signals were directed to the appropriate speak

ing as verified by a standard audiometric threshold exam. er(s) with a multiplexer(TDT PMJ).

30° (5)
15° (4)
0°(3)
-15°(2)

-30° (1)

X 7.6cmWx12cmD) were mounted at 15° increments be-
een—30° and 45°. The speakers produced a flat response

B. Apparatus C. Stimuli

The experiments were performed in an anechoic cham- Measurements were made on single-speaker and prece-
ber. The subject was seated with his or her head at the centdence(localization dominandetrials. On each trial, stimuli
of a circular arc approximately 2.4 m in diameter mountedwere comprised of a train of four identical broadband noise
vertically and positioned such that it was aligned with thebursts, whose onsets were spaced 250-ms apart, as shown in
subject’s median-sagittal plane. Six speakers composed ofig. 2. Noise bandwidth was effectively limited only by the
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' ' These, combined with all six single-speaker tridésad and

Lead lag from the same speakgeresult in twelve possible position
types. Each position type was presented at each of the four
durations 30 times, for a total of 1440 trials per subject.
Trials were mixed randomly and presented in blocks of 100
) . N (with one block of 40. Hence, single-speaker localization
' ' ' Lag was measured within the same blocks as the precedence tri-
‘H “ als.
¢ 200 400 speaker that was nearest to the perceived location of the au-
ditory image. If the stimulus appeared to emanate from more
FIG. 2. Plot of sample lead and lag stimuli for the precedence conditionsthan one speaker or from a location other than one of the six
This example includes 50-ms bursts, hence the 2-ms delay might be difficug)ossime locations, instructions were to choose the one

to discern on this scale. All bursts within each train are identical, as are th ker that dtob t lient dt tain th
lead and lag bursts. Lead and lag stimuli differ only in the onset delay of thesPEAKEr that appeared to be most safient and to contain the

lag. majority of the sound image. No feedback was provided dur-
ing the experimental runs. However, subjects were trained on
the single-speaker condition, and given feedback during a 1
speaker drivers, which are flat to 15 kHz. A different sampleh training session before the experiments begun, as well as
of noise was used for every trial. Onset and offset rampsgor 10 min at the beginning of each session.
were not applied, resulting in abrupt onsets and offsets since The forced choice protocol was chosen based on the
the broadband bursts were presented at full bandwidth by theesults of an earlier median plane stud@jizon et al., 1997
playback system. On precedence trials, two trains were prén which a more unconstrained response method produced a
sented from separate speakers; lead and lag noise bursts weigh inter-subject variability in the mapping of their percep-
always identical to one another except for the 2-ms onsefions onto the response choices. In that study, subjects were
delay in the lag. Noise burst durations were 1, 10, 25, anghermitted to choose either one or two locations, depending
50-ms. Since the lead—lag delay was always 2-ms, the leash which one better described their percept. One subject
and lag bursts overlapped in time for durations of 10, 25, ané¢hose two locations almost exclusively, while another chose
50-ms but not for the 1-ms duration. For the single-speaketwo locations only twice out of 1500 trials. Given the vari-
trials, the lead and lag stimuli were digitally summed prior toability in the data, the poor evidence of localization domi-
presentation from the single speaker. The lag is included imance for the nonfused judgments, and the informal com-
the single-speaker trials so that differences between singlenents regarding the vagueness of the stimuli, it was decided
speaker and PE performance can be attributed to lag locatiahat a simple and constrained response method would best
specifically, as opposed to both the presence and the locatiamcover a bias toward the leading stimulus. Finally, the iden-
of the lag. It is important to note that the spectral combtification paradigm was selected in an attempt to maximize
filtering created by the addition of the delayed repetitionany effects of localization dominance, bearing in mind the
would occur for the single-speaker trials as well as the prefact that identification paradigms are easier for subjects than
cedence trials. unconstrained localization paradigms. One of the motiva-

Presentation levels were chosen for each subject inditons for this study(see Sec.)lwas to extend an earlier report
vidually. Detection thresholds were first established for thepy Litovsky et al. (19973 in which an identification para-
1-ms stimulus presented from speake(d@ectly in frond.  digm was used with only three source positions, including
Subsequent presentations of 1-ms bursts were presented ditectly overhead.

40 dB above this level, while the amplitudes of the longer

duration signals were digitally attenuated by the square roqi|. SINGLE-SPEAKER RESULTS AND DISCUSSION

of their durations to provide some degree of loudness comA Results
pensation. '

For the precedence paradigm trials, three pairs of Single-speaker results are shown in Fig. 3. Each row
speaker positions were used. These were position pairs 1 amdmprises data from one subject and results for the four du-
5, 2 and 5, and 2 and 6, using the position numbering conrations are organized according to columns. These data cor-
vention shown in Fig. 1. These pairs contain angular separaespond to trials in which both the lead and the lag emanated
tions of 60°(1-5 and 2-6, or 45°(2-5). These wide separa- from the same speaker. Data are presented as confusion ma-
tions were chosen based on pilot défsizon et al, 1997,  trices, where thex-axis corresponds to the actual speaker
which suggested that separations as wide as these were neximber and thg-axis corresponds to the subject’s response.
essary to observe the influence of the PE, given the decrea3ée area of each closed circle is proportional to the number
in localization precision for the PE stimuli in that study. The of responses for each condition.
three position pairs, along with their alternate order equiva-  Perfect source identification performance would corre-
lents, result in six combinations of lead and lag positionsspond to subject responses exclusively consistent with the

D. Testing protocol

Responses were made using a small handheld response

6(‘)0 8(')0 terminal (QSI Qterm I). The subject’s task was to identify a

time (ms)
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Stimulus Duration The response standard deviatiofk] for each subject is

_Ams 1oms  25ms 50 ms the standard deviation from the mean respolge] ex-
6L . Cee .o o pressed in degrees,
5 o0 0 00 T c e e + « @0 4
ST alavet ™ T Lo 7T ¥ I v 2 N
2L o 0 - v loe® . . ) L e - j A 2
7 S , ofk]=\/ 7 2, (Fnx—MIKD?.
S A e A -]
j: DDA RPN AU | . ;‘ ] where A=the speaker spacing in degrdds°).

82 30 .0 v coe .o o The rms errofE[ k] for each subject is the standard de-
g 2t oo e P ] viation from the actual speaker numberexpressed in de-
2o 1 * Te .

R —— . Tt grees, as given by
800- Br + - * o * 4 . @
14 5r . LI o e« .
SIS P 1olett ] A?
IR e I E[k]=\/ 7y = (Tk— k)2
Y X L @ o p n=1
g_ . . Lo D Additionally, an average of each of these statistics over
s4 4] .o s A the four subjects was computed, which are denoted as
2F e e e ] coe - Liee o (M[KD]), (o[k]), and(E[k]).
N R T ] These across-subject averages are shown in Fig. 4. In
123456 123456 123456 123458 each panel, data for each burst duration are shown and dif-
Actual position ferentiated from each other with symbols as indicated in the

FIG. 3. Results for the single-speaker trials. Each row comprises data frof£9€nd. Also within each pan?lv.a sub-panel is _Sh'own which
one subject and results for the four durations are organized according ttepresents the standard deviation of that statistic averaged

columns. T|h9<'a><i5 'abe('js COfr:eSPOS_d to the actual Sgﬁakef nun}bef ?]”dl thever the four subjects for each duration. A “chance” statistic
e " " als0 shown within each panel using a dashed line, an s
computed from a hypothetical response distribution repre-
senting chance performance, in which responses to the 30
source speaker, which would appear as maximal respongsals for each source speaker position are distributed evenly
frequencies along the positive diagonal in each panel. Conover the six possible responses.
paring single-speaker performance across durations for each Considering the response me@vi[k]) in Fig. 4(a), the
subject reveals that identification accuracy improves as bursflopes of these mean curves start out shallow for the shortest
duration is increased. Specifically, there is only a weak trendluration, and approach a slope of 1 as duration is increased.
toward the diagonal in the responses for the 1-ms duratiorRerfect performance would correspond to a slope of 1, while
with variation in the trend between individual subjects, whilechance performance is indicated with the dashed horizontal
there is a strong trend toward responses near the diagonal fine, and is simply a mean of the angles of the six speakers.
the 50-ms duration case for each subject. Based onM[k]) alone, there appears to be a compression
Precision of responses improves as burst duration is inef perceived elevation that is more pronounced as burst du-
creased, which can be seen by qualitatively comparing theation is shortened. However, without considering the other
“spread” in the responses across the speaker positions fagtatistics, such as the standard deviation, it is difficult to
each burst duration. The response distributions for the 50-msiake a claim of a perceived compression of elevation.
case are much more tightly clustered than those in the 1-ms  The standard deviatiofu[k]) is shown in Fig. 4b), and
cases. Also noticeable is the inter-subject variability, which isrepresents the deviation from the medifk], for individual
most evident in the 1-ms duration data. Subjects 1 and 8ubjects at each duratiofw[k]) gets smaller as duration is
appear to be able to extract some directional information aincreased, with the largest jump {w[k]) between 1 and
this duration, while subjects 2 and 4 are less able to do sa.0-ms. In addition{o[k]) is of similar magnitude across the
These data were exposed to a number of statistical analyssix positions for each of the durations. All values(ef] k])
to allow more quantitative descriptions of trends in the dataare less than the chance statistic, which is fixed at 27.5°.
The response meak [k] was computed for each sub- Based on(o[k]), localization precision improves as burst
ject as the mean of that subject’s responses when sp&akeruration is increased. This is evident qualitatively in the raw
was presented, and is given by response distributions shown in Fig. 3.
The rms error E[k]) is shown in Fig. 4c). Similar to
1N (o[Kk]), (E[K]) decreases as duration is increased. However,
M[k]= = >, Mok unlike{a[k]), (E[K]) increases toward either edge of the set
n=1 of responses for the 1-ms case, and also somewhat for the
10-ms case, whiléa[k]) remained approximately constant
wherer , (=response to triah when speakek was presented with k relative to the response set. Sif&f k]) is referenced
(if the subject responded “4” when speaker 2 was presentedb the actual speaker presented, this statistic is a reflection of
for the 25th time, them 5 ,=4). N=the number of presen- the compression igM[k]), which is more pronounced for
tations at each speaké30). the shorter durations.
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These statistics, as well as the raw data, suggest thgree of compression at the shortest durati@Bsng with
localization of overlapping lead and lag bursts of noise in thencreasing gains with longer duration, stabilizing near unity
median plane is more difficult for burst durations less thanat approximately 80 ms.

increased difficulty is manifested as a decrease in precisiog,gie-speaker data to permit direct comparison with Hofman
and an apparent compression of perceived elevation as Weghd Van Opstal’s statistics. Table | lists the correlation coef-

B. Discussion ficient p, the elevation gaigy, they-interceptb in degrees, as

The most notable features in the above-presented singld!€ll as the rms5 of the differences between each data point
speaker data are the influence of stimulus duration on sourcdnd the fitted line. The statistics indicate that the correlations
location identification and the compression that characterize@re too low for the 1-ms duration for the computed slopes to
performance for shorter durations. Preliminary experiment®e meaningful. However, the correlations for 10, 25, and
(Dizon et al, 1997 indicated that clicks were difficult to 50-ms are significant. The elevation gains for these durations
localize precisely, while 100-ms noise bursts were well lo-climb steadily for each subject, indicating less elevation
calized. Hence, the present study focused on stimuli witttompression as duration is increased from 10-ms (O3
intermediate durations. Evidence of duration-dependent g g2) to 50-ms (0.94g<0.95). Hofman and Van Op-
ComPfesls‘Q” irr]' rrll_edian-plane localization has been reporteg, s gains, measured for durations between 3 and 80 ms, are
previously in the literature. R . - .

. . quite similar both qualitatively and quantitativelyable Il in

Hofman and Van Opstall998 studied median plane Hofman and Van Opstdl998)].

localization for stimuli with identical long term spectra, but )
with varying short term spectra. The intent was to character- Macpherson and Middlebrook8000 also found eleva-

ize the temporal course of spectral estimation, and also tH°" compression for short 3-ms bursts that was not evident

investigate the ability of subjects to benefit from “multiple With the longer 100-ms bursts. However, this result was
looks” of a short-time spectrum. The authors fitted an “el- found to be dependent on presentation level, such that higher

evation gain” to their data, corresponding to the slope of thdevel (~50-60 dB Sl stimuli produced significant elevation
best fit line to the scatter plot data of response elevatiowompression while lower level stimuli did not. The stimuli
versus actual elevation. Elevation gains indicated a high daised in the present study were presented at 40 dB SL only,
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TABLE |. Linear regression statistics for the single-speaker data for eackthe spectra of noise samples of sufficient length. For shorter

sgbject. Incl_uded are the correlation coefﬂaenthe elevation gaimg, the samples, peaks and notches may persist beyond peripheral

y-interceptb in degrees, as well as the ri®f the differences between each . . . . .

data point and the fitted line. filtering due to their wider spacing, and thus may compete
with the spectral features that are the primary cues for me-

_ Dur ' Offsetb g dian plane localization.
Subject (m$ ~ Corp  Gaing (deg (deg In a hypothesized model of performance, Hofman and
S1 1 0.32 0.42 8.58 16 Van Opstal suggested that the compression observed in their
10 0.82 0.82 0.28 9.8 studies could have been due to subjects relying on an initial
25 0.88 0.87 —145 8.2 “default” estimate of elevation when there is an absence of
50 0.92 0.95 -0.39 7.4 . . '
sufficient spectral information to generate a more accurate
S2 1 0.30 0.64 -3.2 25 judgment. In their study, the subject responded with saccadic
10 0.75 0.75 2.4 1 eye movements, where the saccade always originated from a
25 0.86 0.85 13 8.6 location directly in front of the listener. In our study, the
50 0.89 0.95 -15 8.4 - . ) )
subject’'s head was constrained to face directly in front,
S3 1 0.09 0.24 11 18 which is near the center of the speaker array. It is thus pos-
;g 8-‘75; g-gg i-‘l‘ E sible that in our experiment, subjects were biased toward the
50 0.89 0.95 11 8.7 center of the distribution when localization was difficult.

Although previous work suggests that elevation com-
S4 1 0.09 0.25 3.1 20 pression is not unexpected in these experiments, it is possible

;g 8"7‘3 g'gg _21:;6 1;6 that “edge effects,” which refer to the influence of the lim-
50 0.80 0.91 19 12 ited spatial range of response choices available to the listener

in this identification task, may contribute to the apparent

compression in our study. The two studies discussed above
d(Hof'fman and Van Opstal, 1998; MacPherson and Middle-

brooks, 200D used analog response methods which were ef-

which is a level for which the data of Macpherson an

Middlebrooks did not show significant compression. . .
Interestingly, neither Hofman and Van Opstal nor fectively unconstrained at the _edges. . .

Macpherson and Middlebrooks found any dependence of lo- If we assume here that a listener who localized a stimu-

calization precision on duration, even for a duration of 3—m$,Ius ata position outside the range of responses would choose

the shortest duration used in either study. In our study, wéhe speaker nearest the perceived_elevation, which would
find a slight increase in variability between 10 and 504@#s simply be the speaker at the appropriate edge of the response

in Table I, with a much larger increase in variability for a range, we would expect the standard deviatgk] and the
duration of 1-ms. rms errorE[K] error to decrease toward the edge speakers

The difference in performance for the shortest duratio since the spatial variance in the responses is rectified by the
in our study compared with either of the referenced studie mited response range. In th.e. datgk] is relatively con-
stant across the speaker positions wiki[&k] grows toward

may relate to the shorter duratidfhi-ms as compared to 3- the ed K Thus. th tatisti i istent
ms), but may also relate to the comb filtering present in our € edge Speakers. Thus, the error statistics are not consisten

study that was not present in either of the referenced studie}o‘\{'tlhI thte h)épothef?sttha\;[vthel eleva;[|or;hc?n|j|p;e55|on 'g 3ue
One might expect the comb filtering to influence localizationSC'€Y 10 €dge €efiects. Ve also note that Holman and van

performance due to the additional notches in the high fre-OIOStaI (1998 as well as Macpherson and Middlebrooks

guency spectrum. However, the comb filtering did not appea@ooq observed compression in elevation using paradigms

to degrade performance for the three longer durations. Thghere edge effects were likely not a factor.

elevation gains and the response variability at these durations . In summary, the most notable features in the data. de?
scribed in the present study are the apparent compression in

are quite similar to those found by Hofman and Van Opstal: . ) ; X .
erceived elevation as well as the increased spatial variance

Perhaps the 1-ms duration combined with the comb filteringf . .
was sufficient to degrade performance. n the responses, especially for the 1-ms duration. It was

Regarding the compression at the three longer duration§nggeSteOI that the compression may have been partly due to

two possible sources for the compression in the eIevatioHz1e stimul themselveejuration dependent speciral variabil-

responses can be considered: spectral variability in the noiéy) or to the response paradigfedge effects

bursts, and edge effects resulting from the response para-

digm. Since localization in the median plane is assumed t¢y. PRECEDENCE RESULTS AND DISCUSSION

depend on elevation dependent spectral filtering by the pin-
. e . . A. Results

nae, it follows that good localization performance is contin-

gent on the subject’s ability to acquire an accurate and clean The single-speaker results provide a measure of baseline

estimate of this spectral filteringWightman and Kistler, localization performance of stimuli at the six speaker loca-

1997. Stimuli such as clicks or Gaussian noise are welltions for the four durations chosen. The results with prece-

suited for use in median plane localization experiments duelence pairs can be compared directly with the single-speaker

to the smoothness of their magnitude spectra. However, theesults as a means of investigating whether and how the lo-

perceived smooth spectra of Gaussian noise results from peation of the lagging noise burst influenced localization. In

ripheral filtering of the finely spaced peaks and notches irfFig. 5, results for the PE trials for subject S1 are shown using
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FIG. 5. Raw precedence data for subject S1. Each panel shows response distributions for a position pair and its swapped-speake(aqmemsnpdt 5
flanked by the single-speaker distributions for each of the speakers in the positignlgséd symbols Each of the three rows contains data for the same
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.

bubble plots similar to those used for the single-speaker datqualitatively that while the localization dominance is not
in Fig. 3. Each panel in Fig. 5 shows PE data for a singlecomplete, in most conditions there is a clear bias in re-
lead—lag combination, its swapped-pair counterpart, as wellponses toward the speaker position corresponding to the
as the matching single-speaker results for the lead and ldgading speaker of each PE pair. However, this bias toward
positions. By comparing the perceived location on singlethe leading speaker is in all cases not as strong as it is for the
speaker trials(closed symbolswith that of the PE trials single-speaker response distribution for the leading speaker.
(open symbols in which either the leading or lagging It can be concluded from this difference in bias shifts that
sources matched the single-speaker position, the extent of R&calization dominance is not complete, since absolute local-
can be effectively visualized. If the PE is operating, then thazation dominance predicts that the precedence stimuli would
distribution of perceived locations on PE trials should bebe localized identically with their single-speaker counter-
similar to that of the single speaker condition matching theparts corresponding to the leading speaker location. In addi-
lead. It is important to consider the single-speaker data whetion, subjects appear to be able to localize the single-speaker
viewing the PE data, since a certain amount of the variabilitystimuli more precisely, with the exception of the 1-ms dura-
and bias in performance should be common to the singletion, where performance is generally poor for both single-
speaker and PE conditions. Certainly, one would not expedpeaker and precedence stimuli. Thus, it appears that the
performance in the PE trials to be any better than that seen ipresence of the spatially separated lagging stimulus influ-
the single-speaker trials. ences the variance in the responses for the combined lead—
In Fig. 5, each row of panels contains data for one lead-ag stimulus as well.
lag pair combination, one panel for each of the four dura- The influence of the lag on the shape of the response
tions. The three rows correspond to the three lead—lag paidistributions is often not consistent across subjects for the
chosen(1-5, 2-5, and 2-§ as described in Sec. Il. Figures same position and duration. For instance, for the 50-ms du-
6—8 show the same data for subjects S2, S3, and S4, respeaeation, position pair 1-5 response distribution for subject S1
tively. (Fig. 5 is bimodal, while that of the other three subjects are
Considering the data in Figs. 5—8, it should be evideniot. For subject S3Fig. 7) at a duration of 50-ms, the re-
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FIG. 6. Same as Fig. 5 but for subject S2.

sponse distribution for position pair 6-2 is clustered very(1994. A single metricc is calculated, which is bounded
close to position 6, while the response distribution for thebetween 0 and 1 and represents the extent of leading source
swapped-speaker counterpd®-6) is spread fairly evenly localization dominance. It is calculated using the following
over the whole distribution range. The other three subjectformula:
did not exhibit this pattern of performance. Additionally, for
the same subject and duration, the response distributions c=(ap—75)/(71— 1),
across the three position pairs can differ as wetinsider
subject S1 at the 50-ms duratjon wherea,, is the judged positiorior ITD), andr, and 7, are
As a comparison of localization precision between thethe lead and lag positions, respectively. The metriwill
single-speaker and PE trials, Fig. 9 shows the standard dequal 1.0 for localization judgments at the leading position,
viations of the response distributions for both single-speaked.5 for judgments consistent with an equal contribution of
and PE trials as a function of duration. For each data poiniead and lag, and 0.0 for judgements at the lagging position.
data are averaged over all positions for the single-speakaie extend this model to the median-sagittal plane by using
data, and over all lead—lag pairs for the PE data. Precisiothe elevation of the lead and lag speaker positions in degrees
appears to be better for the single-speaker trials than for ther 7, and r,, and the elevation of the judgment in degrees
PE trials at the longer-duration stimuli, as evidenced by thdor a,.
higher standard deviations for the PE trials. Note also that A c value was computed for every trial at each lead—lag
while precision generally improves for single-speaker trialspair. The means are plotted in Fig. 10, with one subject’s data
as duration is increased, there is little evidence of an influin each panel. A thickened horizontal dashed line marking
ence of duration on precision for the PE trials, other than athe point at whichc equals 0.5 demarcates the boundary
increase in precision in S2’s data going from 1 to 10-ms. between lead dominance and lag dominance in localization.
The extent of localization dominance in a paired setupData for all six of the lead—lag pairs are plotted in a group
can be quantified using a descriptive statigéiccounting for above the appropriate duration indicated on thaxis. The
both localization dominance and discrimination suppregsionsymbols indicate the lead—lag pair as indicated in the legend,
proposed by Shinn-Cunningha(993 for headphone data and the error bars represent the standard deviaticraofoss
and validated for free-field data by Litovsky and Macmillan the 30 trials.

J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 R. Dizon and R. Y. Litovsky: Precedence effect in the median plane 3149



1-ms duration 10-ms duration 25-ms duration 50-ms duration

6 5
§sp o ° e 7 s o e ( « O e o e
‘@
S_ 4 3 o [o] [ ] [e] [ ] -3 L3 o
3
S 3 . ° [e] . ° ° r— r
Q
13
&’ 2t . ° . 4 ® o . . 4 P o . 4 . °
1+ . . . . 4 . . + ® . + o o
T T T T v T v T T T ¥ T T v T ¥
1 1-5 51 5 1 15 51 5 1 15 61 5 1 15 51 5
speaker(s) speaker(s) speaker(s) speaker(s)
6 . { 4 4
c
S 5¢r . ° L] F ° . T ] [ J [e] [ )
‘@
8 4 'y ° [ . ° o ® . [e] o . 1 [e] -]
3
5 3 . [} o . [ o o . o
Q
1’3
&’ 2 . ° . ° o ° )
1 -
v T T T T T T T T T T T T T T T
2 25 52 5 2 25 52 5 2 25 52 5§ 2 25 52 5
speaker(s) speaker(s) speaker(s) speaker(s)
6t . . . 1 . o [ 4 . O o 4 . . O [
5 5F [ . [ [ ] T . . (o) . + ° © . -L o o
.‘5
8 4 e O o . o ° . ° . °
§ 3 ®
* o o ® [« o
g
& 2 . o . ° ° ° °
1 -
T T T v T — T v T T T T T v v
2 26 62 6 2 26 62 6 2 26 62 6 2 26 62 6
speaker(s) speaker(s) speaker(s) speaker(s)

FIG. 7. Same as Fig. 5 but for subject S3.

A majority of the mean values afare above 0.5, with a Litovsky and Shinn-Cunningharf200)) reported average
few close to 1. Note that it is possible foito be above 1 or values of 0.9-1.0 for localization dominance with ITDs at
below 0 if the judgment is not within the range between thedelays of 1 and 2-ms. In free field, Stecker and Haf2€02
lead and lag positions. The standard deviations are quitased a similar observer weighting method to estimate local-
high, indicating that subjects were not consistent across trization dominance for lead—lag click pairs, and reported val-
als, and frequently localized nearer to the lagging stimulusues between 0.7 and 0.8 for delays of 1 to 3-ms.
These observations on the mean and standard deviations are A note of caution to observing thevalues alone is that
qualitatively consistent with the scatter plots in Figs. 5—8,a highc value does not necessarily imply localization domi-
which showed response distributions with a lot of spread bubhance in our analyses, since a highvalue (>0.5) for a
generally skewed toward the lead, especially at the longelead—lag pair combined with a low value (<0.5) for the
durations. swapped pair counterpart can indicatepasitional domi-

Also interesting in Fig. 10 is the variation mover the  nance signifying a dominance of one elevation over another
lead—lag pairs. For example, S3's data at 25 and 50-ms irindependent of which contained the leading stimulus. To see
dicate highec values when the lead is at high elevatidgtiee ~ why this is the case, recall that wherequals zero, the sub-
open symbolsas compared to when the lead is low. This ject localizes toward the lag. f equals one for a lead—lag
may indicate individual bias toward the higher elevations inpair and zero for the swapped pair, then the subject localized
this paradigm. Conversely, S4's data indicate the oppositdhoth pairs at the same position. Thus, to more effectively
with lower elevations having highervalues. gauge the strength of localization dominance, we must look

The low meangnear 0.5 to 0.7, rather than 1&nd high  at statistics that compare the response distribution of a lead—
variance in thec values highlights the fact that the PE is not lag pair with that of its swapped-pair counterpart.
as strong in the median plane as it is in the free-field azi- The following discussion focuses on statistical analyses
muthal plane or when ITDs are used over headphones. In theomparing the responses to presentations of a lead—lag pair
study by Shinn-Cunninghamt al. (1993 in which c values  with those of its swapped-speaker counterpart. If localization
were computed for their own data as well as other studies odominance is not effective, then an appropriate statistical test
precedence using ITDg, values typically reached close to should indicate that the two distributions are not statistically
unity (generally above 0)8for delays near 2 ms. Similarly, different. The two distributions could have any of the follow-
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FIG. 8. Same as Fig. 5 but for subject S4.
ing configurations(1) near one of the two locations, reflect-
ing biased judgments?) bimodally distributed in the event
that the lead and lag were both heard/localized(3prat a
s1 2 location between the lead and lag, in the event that both
sounds contributed equally to localization.
A t-test was performed on the response distribution for a
‘\,//o——- given lead—lag pair with that of its swapped-speaker coun-
terpart. For example, for the combinations of 1-5 and 5-1
(stimuli at —30° and +30°), a strong PE would produce
distributions that were near location 1 for the 1-5 case and
near location 5 for the 5-1 case. The generalized t-statistic
o3 o for two distributionsA andB is given by

—&— precedence

—O— single speaker

-

10 25 50
Duration (ms)

10 25
Duration (ms)

50

Ma—Mg

bon—2=———=—,
oaB

wherea, g is a pooled variance given by

R Ui‘f’ﬂ'é
oag=\/—
A,B N

and whereM 5, Mg, o4, andog are the mean and standard

FIG. 9. Standard deviations of the responses for each subject in units qfeviations of the response distributioAsand B.

degrees. Each point represents the mean of the individual standard devia-
tions across all positiongor the single-speaker trigl®r position pairgfor

We denote the mean of the distribution for a lead—lag

the precedence triglsClosed symbols represent the precedence trials, op':-zr{:)air asM[kj;k,], wherek; denotes the lead speaker number
symbols the single-speaker trials.
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was presented from speakler and the lagging sound was A o[k, + o[ K]
presented from speakés,. Similarly, o[kj;k,,k,;k,] de- olky . ki]= BV E—

notes the pooled variance for the two swapped-pair distribu-

tions, and is given by Figure 11 shows the t-statistic for the swapped-pair test on
5 5 they axis plotted against burst duration on thexis for all
5Ty Ky Ky ke ]= \/‘7 [kq;kal+ o Tka k] four subjectgone in each panglin each panel, the statistics
1022 N ' for each of the three lead—lag paifepen symbols are
where
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The t-statistic for the swapped-pair test is given by

t-statistic

¢ :M[klikz]_M[kzikl]
2N-2 olkyiky korky]

Note that this formulation of the t-statistic presumes that o1
M[K;;ko]>M[ks,;kq] for the statistic to be positive. This
requires the mean of each distribution to be biased towarc
the leading sideelative to the other meana requirement
that is consistent with localization dominance. This require-
ment held for all but one of the 48 statistics computed.

It is useful to compare the swapped-pair t-statistic with ¢
the “single—single” statistic, which is a t-test comparing the
distributions of responses to each position presented in iso
lation. These distributions are available from the single- °' o v 5 p 10 2 0
speaker trials. If localization dominance was complete, the Burst duration (ms) Burst duration (ms)
leading source completely dominates the lag, so we would o
expect the statistic from the swapped pair comparison to bEIG' 11. t-statistics for both the precedence dafpen symbolsand the
. . . . . single-speaker datalosed symbols Symbols indicate position or position
identical to th_e s_mgle—smg_le statistic. o pair as shown in the legend. t-statistics for the 0.05 and 0.001 levels are

The t-statistic for the single—single test is given by shown as dashed lines.

o

-1.001
v 05

t-statistic
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shown along with those for the single—single comparison  The reasons for the poor performance at 1-ms for both
(closed symbols Dashed horizontal lines are shown repre-the single-speaker and precedence trials could include spec-
senting t-statistic values significant to the 0.05 and 0.00%ral variability in the short samples of noise, and also the
levels. One value is not show®4, square symbol at 1-ms comb filtering imparted by the presence of the lag. As noted
since the means for the two distributions were biased towarth the Single Speaker Discussi¢Bec Il B), one might have

the lag rather than the lead. The standard deviations of thexpected the comb filtering to degrade localization for all
response distributions were frequently very high for thisdurations, yet only the 1-ms duration performance is signifi-
stimulus, particularly for subject S4. cantly degraded. Perhaps in the 1-ms case, both factors were

The single—single statistics are consistently higher thamesponsible. The poor single-speaker performance at 1-ms
those for the swapped pairs. This indicates that either thieads logically to the weak evidence of localization domi-
mean shifts are larger for the single—single case, or the varlhance at this duration. Specifically, localization dominance
ance is smaller. It is notable, however, that the swapped-paif a leading source over a lagging source at a different loca-
statistics are still highly significant. It is not surprising that tion is not expected, given that the same stimulus but with
the single—single statistics are high given the accuracy anthe lag co-located with the lead could not be localized pre-
precision of localization of the single-speaker stim@ig.  cisely.

3). However, the high significance of the swapped pair sta-  The choice of positions enabled a better characterization
tistics is not as obvious from a qualitative view of the raw of |ocalization dominance in the median plane than had been
data in Figs. 5-8. The statistical results also suggest somghown in the literature. In the present study, both the lead
dependence on duration, since the 1-ms statistics are lowghd lag positions are localized accurately, yet the combina-
for almost all cases. From 10 to 50-ms there is no clear trenglon produces localization dominance. In the prior median
in the swapped-pair statistics. It is likely that the higher vari-plane studies, there was evidence that a strongly localizable
ability in the responses to these stimuli makes any trendfpcation (front) dominated a weakly localizable location
difficult to observe. There is also some inter-subject varia{above (Litovsky et al, 1997a. This “positional domi-
tion, with subjects S1 and S2 having generally higher statisnance” makes it difficult to observe the influence of localiza-
tics overall. tion dominance.

Overa”, these analyses indicate that there is a statisti- The use of |onger duration noise bursts in the present
cally significant temporal order effect favoring the leading study was shown to improve both the accuracy and the pre-
stimulus. Recall that this result was not obvious from ¢he jsion of single-speaker localization. This performance im-
values, which consider the distributions in isolation, ratherprovement was helpful for demonstrating statistically signifi-
than relative to each distribution’s swapped speaker countegant effects of localization dominance that may not be
part. Specifically, this means that the response distributiogpyious with shorter duration stimuli. Overall, the results
for a lead—lag pair is biased toward the leading stimulugeaffirmed that localization dominance is effective in median
relative to the distribution for its swapped-speaker counterpiane |ocalization. The results also indicate that the effect is
part. The distributions themselves may be both biased towargesker in the median plane as compared to its strength as
one position or a'nother, they may differ in width, Or one Ofyaported in the azimuthal plane in other studiesy., Shinn-
both may have bimodal qualities. The raw data in Figs. 5-8&nninghanet al, 1993. Accompanying the present results
indicate that many of these cases occur. The t-statistics onlyye considerable inter-subject variability and evidence of po-
indicate that the temporal order influences judgments in &jtional dependenceariance in performance across position
manner consistent with localization dominance. combinationy, neither of which are typically as influential in
azimuthally based PE experimeltésg., Litovsky and Shinn-
Cunningham, 2001; Saberi and Antonio, 2D03

The reason for weak localization dominance in the me-

This study was designed to find evidence for localizationdian plane is not entirely clear. Echo suppres¢imeasure of
dominance in the median-sagittal plane. The two studiesvhether the lag is heard as a separate spapgears to be
cited in Sec. I(Blauert, 1971 and Litovskyet al, 1997a  similar in strength in the azimuthal and median-sagittal
indicated that certain aspects of precedence exist in thplanes, as measured with single-neuron respotises/sky
median-sagittal plane, but neither used as fine an elevatioet al., 1997a; Litovsky and Yin, 1998ar psychophysically
spacing as that used in the present study, nor did those stuf-itovsky et al, 1997b; Rakerdet al, 2000. Hence, it is
ies investigate the influence of duration. The results of thalifficult to argue that auditory mechanisms underlying sup-
present study are significant in that they are free of frontpression of echoes are generally weaker in the median plane.
back confusiongas a result of the positions chogeAlso, = However, there is another aspect of the PE, discrimination
they are compared to the single-speaker conditions, allowinguppression, which appears to be different in azimuth and
the effects of precedence to be separated from localizatioelevation. Listeners’ ability to discriminate small shifts in the
phenomena related to the comb filtering. This comparisomvertical position of the lag is not compromised at any delays,
establishes a link between the single-speaker performandmut discrimination of small shifts in the azimuthal position is
and PE performance. Specifically, if a stimulus comprised oflelay-dependent, being quite poor at brief delays and im-
a lag co-located with the lead cannot be localized accuratelproving as delays are increaséditovsky et al, 1997h.
then one cannot expect to find localization dominance wheifaken together, previous work along with findings from the
the lag is at a different location. present study suggest that, while at brief delays the lag may

B. Discussion
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not be subjectively audible, directional properties of the leadsumes that the phenomenon serves as a means of suppressing
do not dominatgtake precedengenver those of the lag as reflections, then it should not be surprising that it is a general
strongly in the median plane as they do in azimuth. Weakespatial effect.

dominance of directional cues might be due to the fact that in

the median plane there is poorer spatial resolution for source
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