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Listeners have a remarkable ability to localize and identify sound sources in reverberant
environments. The term “precedence effe¢PE; also known as the “Haas effect,” “law of the

first wavefront,” and “echo suppression’tefers to a group of auditory phenomena that is thought

to be related to this ability. Traditionally, three measures have been used to quantify tkl® PE:
Fusion at short delayg1-5 ms for click$ the lead and lag perceptually fuse into one auditory
event;(2) Localization dominancethe perceived location of the leading source dominates that of
the lagging source; an@) Discrimination suppressiorat short delays, changes in the location or
interaural parameters of the lag are difficult to discriminate compared with changes in characteristics
of the lead. Little is known about the relation among these aspects of the PE, since they are rarely
studied in the same listeners. In the present study, extensive measurements of these phenomena were
made for six normal-hearing listeners using 1-ms noise bursts. The results suggest that, for clicks,
fusion lasts 1-5 ms; by 5 ms most listeners hear two sounds on a majority of trials. However,
localization dominance and discrimination suppression remain potent for delays of 10 ms or longer.
Results are consistent with a simple model in which information from the lead and lag interacts
perceptually and in which the strength of this interaction decreases with spatiotemporal separation
of the lead and lag. At short delays, lead and lag both contribute to spatial perception, but the lead
dominates(to the extent that only one position is ever hgaw the longest delays tested, two
distinct sounds are perceivdds measured in a fusion taslut they are not always heard at
independent spatial locatioias measured in a localization dominance Ya$kese results suggest

that directional cues from the lag are not necessarily salient for all conditions in which the lag is
subjectively heard as a separate event. 2@1 Acoustical Society of America.
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I. INTRODUCTION enon is commonly known as the precedence eff€cemer,
1948; Wallachet al, 1949; Zurek, 1980; Blauert, 1997,
When a sound is produced in a reverberant environment,jtovsky et al,, 1999.
it propagates in multiple directions and is subsequently re-  Several perceptual phenomena related to the precedence
flected from various surfaces. The complex array of stimulieffect have been quantified over the yeﬂssion refers to
received by the listener consists of multiple sounds, each ahe finding that at short delays listeners hear one fused audi-
which carries its own set of localization cues. In order totory event, but fusion breaks apart as delays are increased
avoid localization errors, the auditory system must resolvge g. Blauert, 1997; Freymaet al, 1991). Discrimination
which cues belong to the source and assign greater weight &ppressiomefers to the general finding that a listener's abil-
them in the localization process. Efforts to understand hOVYty to detect Changes in directional cues in the |ag is poor
the auditory system processes sounds in complex enviror@ompared to sensitivity to changes in the Idady., Zurek,
ments have utilized Simple stimulus paradigms in which 319801 Shinn_Cunninghamt a|_, 1993, Tollin and Henning,
source(lead and a single simulated reflectidtag) are pre- 1999, Localization dominanceefers to the finding that the
sented in anechoic environments with short deldys5 ms  perceived location of a fused sound is dominated by the di-
for clicks, 30-50 ms for speech and myshetween their rectional information in the leate.g., Wallachet al, 1949;
onsets. Many studies have shown that the localization inforzrek  1980: Blauert and Divenyi, 1988; Divenyi, 1992;
mation in the source receives greater perceptual weight tha@hinn-Cunninghanet al, 1993; Litovskyet al, 1997.

or hasprecedencever, the reflections; hence, this phenom-  gydies of fusion date back to the early part of the cen-
tury (cf. reviews by Blauert, 1997; Litovskgt al, 1999. A
dElectronic mail: litovsky@bu.edu common experimental paradigm presents numerous trials
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with the lead—lag delay randomized; the listener reports hethem is not well understood, in part because measures on all
subjective impression of whether one or two sounds aré¢hree tasks have never been obtained in the same listeners.
heard on each trial. For click stimuli, at short deld{s-5  Although it is often assumed that all measures reflect the fact
ms) most listeners report hearing only one sound on 100% ofhat information in the lag is rendered perceptually inacces-
trials; at long delay$8—10 m3 most listeners report hearing sible (e.g., Zurek, 1980; Freymagt al., 1991, few studies
two sounds on 100% of trials; at intermediate delays there ibave included parallel measurements of lag discrimination
a transition in the percentage of trials in which “two and either fusion or localization dominance. Comparisons
sounds” are reported. In general, the percentage of “twathat have been made do not uniformly agree. For instance,
sound” trials increases fairly steeply with delay, althoughfusion and discrimination suppression are thought to reflect
the exact delay at which this sharp transition occurs variesimilar processes when single pairs of lead—lag stimuli are
across individualge.g., Freymaret al, 1991. This critical ~ used(Freymaret al,, 1991, but not when a train of lead—lag
delay, known as thecho thresholdis usually defined as the stimuli is presented and the “buildup of echo suppression”
delay at which two sounds are reported on some predetepccurs(Yang and Grantham, 1991 @oes the lag have to be
mined percentage of trialsisually between 50% and 75% perceived as a separate event from the lead in order for lead
Echo threshold varies with stimulus conditions, testing situ-and lag discrimination to be equivalent? Can directional in-
ation, and instructions given to the listen@urek, 1987; formation of the lag be accessed even when the lag is still
Blauert, 1997. Finally, it should be noted that the fusion task fused with the lead? While it has been suggested that local-
does not measure masking; listeners can detect the preserigation dominance and discrimination suppression reflect
of the lag even when they do not perceive the lag as a sep&imilar processeéShinn-Cunninghanet al,, 1993, the rela-
rate auditory event. tion of fusion and localization dominance has never been
Most localization dominance studies have been conexplored.
ducted under headphones using “adjustment” protocols. In ~ This study has two main purposes. The first is to quan-
these experiments, listeners match the position of a referendy localization dominance in conditions for which two dis-
stimulus by setting interaural parametéssch as time, ITD,  tinct sources may be perceived. Previous studies have either
or level, ILD) of a test stimulus. This approach provides anot allowed for responses that measure more than one source
quantitative measure of the relative influence of lead and lagosition (Shinn-Cunninghamet al, 1993 or have con-
binaural cues on lateralizatiofvon Bekesy, 1960; Wallach founded temporal order confusion with localization domi-
etal, 1949; Haas, 1951, 1972; Snow, 1954; Leakey andance(Stellmacket al, 1999. The second purpose is to di-
Cherry, 1957; Yost and Soderquist, 1984; Shinn-rectly compare fusion, discrimination suppression, and
Cunninghamet al, 1993. These studies show that when the localization dominance measures in the same listeners, using
delay is a few milliseconds, the heard location of a fusedfimilar stimuli. By directly comparing the delays at which
image is much nearer to the position of the léasented in listeners recover from “precedence,” as defined by each
isolation than that of the lag. Localization cues of the lagMeasure, we can begin to address whether a single compu-
also contribute to the lateralization; however, when the delaj@tional mechanism underlies these three phenomena.
is near or equal to zero, the perceptual influence of the lag In_ order to relate the current results to previous reports,
increases until it contributes almost equally to the overal€XPerimental procedures used in the current study are based
spatial impression. Although free-field measurements of 109N those commonly used in earlier experiments. Thus,
calization dominance are less common, these studies aldy1€reas the discrimination suppression experiment uses an
show that the lag contributes relatively little to the perceivedPPiective measure, the fusion experiment asks subjects to

location of the fused imagéHafter et al, 1992; Litovsky report their subjective impression of how many events are
et al, 1997. heard(an approach that confounds subject criteria with dif-

Studies of discrimination suppression have been conferences in sensitivily In addition, the number of intervals

ducted under headphones by measuring the just-noticeabll & trial differed across the three experiments, even though
difference (jnd) in the ITD (e.g., Zurek, 1980: Shinn- the basic stimuli were otherwise comparable. To the extent

Cunninghamet al, 1993; Saberi and Perrott, 1996r ILD that precedence build-up may have influenced results, differ-

(Zurek, 1980; Gaskell, 1983f the lagging source. In free ences across the three experiments may be partially ex-

field, measurements have been made for discrimination dfl@inéd by a difference in build-up. However, despite these
the azimuthal direction of the lagging sour@errottet al cautionary notes, the results reported herein are the first that

1989; Freymaret al, 1991; Litovsky and Macmillan, 1994; allow direct within-subject comparisons of performance on

Yang and Grantham, 1997a, 1997b: Litovsky, 109&t &l three precedence measures.

short lag delays, changes in the lag locati@n binaural

disparities are difficult to discriminate relative to compa-

rable differences in the lead. As the delay increases, lag dist. METHODS

crimination performance improves dramatically, presumably

because directional information in the lag becomes more séo-"

lient. Six adults(two male, four femalgparticipated as sub-
Historically, the three aforementioned psychophysicaljects in all experiments. All had pure-tone thresholds of 15

measures have all been attributed to a single phenomenodB HL or less at octave frequencies between 250 and 8000

namely, the precedence effect. However, the relation amongz. The ages of the listeners ranged from 19-22 years. Two

Subjects
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General Precedence Stimulus Pointer Stimulus were always present. Testing was repeated both prigirsd

Lead Lag Lead Lag run) and following (second rupall other experiments.
Left : I Echo Delay (msec)l Left l Echo Delay (msec) |
: : | SR . .. . :
Right I}MI Right f;l ‘&I 2. Discrimination suppression
4 2 B

On each trial, the general stimulus was presented three
times in an ABX forced-choice task. In this procedure, the
> “target” ITD of the first (A) and secondB) interval dif-
fered. The target ITD of the third intervéX) was randomly
FIG. 1. General precedence stimullisft) used for all three experiments chosen to equal either that of A or B with equal likelihood.
an_d p9|nter s_tlmuluérlght) used on‘the Iogallzatlon dommance p0|n‘ter task. The nontarget ITD and the lead/lag delay were the same in
Stimuli consisted of 1-ms Gaussian noise bursts with a 0-ms rlse—deca;é . . . .
time. The lead and lag each consisted of a pair of binaural noise bursi Il three 'nt?rvals Pf a given trial. Three conquns were
presented with a specified interaural time differend&®s), denoted as;,  tested that differed in the “target” ITD. In one condition, the
for the lead andr, fo_r the Ia_g. The echoldele_iy represents the delay_ bet\_/veer‘[arget was the ITD of the lead in the general precedence
the lead and lag pairs, defln_ed as the time interval between the midpoints ‘§timulus(Fig. 1). In the second condition, the target was the
7, and 7,. In the general stimulusg; and 7, could have ITD values that ITD. The final diti i hich onl
were either the same or different. In the pointer stimulus, the lead and la _g - The final condition vyas a control in W_ ICh only one
pairs had the same ITD value. inaural burst was presentéide., the control did not use a
precedence stimulius
listeners had previous experience in psychoacoustic tasks An adaptive procedure was used to estimate the jnd in
(S4, S5. All listeners were given a minimunfd h of prac-  the target ITD at different reference ITDs and delays. In each
tice on each of the tasks. run, the delay and reference ITD were fixed. The change in

All testing was conducted in a double-walled sound-the targ_et ITD(around the referen@:qaried adaptively using
proof booth. Testing was initially conducted on the fusion@ modified 2-down/1-up protocol with 14 reversgttawley,
task, was followed by a randomized sequence of trial blockd-994. The starting ITD was 40@s. For the first four rever-

for the discrimination and pointer tasks, and ended with sals the ITD was either increased or decreased by a factor of
repetition of the fusion measurements. 2; subsequent changes were by a factor of 1.4. Threshold was

estimated by averaging the ITDs of the last ten reversals.
Feedback was provided on every trial. Thresholds were ob-
tained at delays of 1, 2, 3, 5, 10, and 15 ms for the two
A Tucker-Davis Technologies System Il stereo analogconditions (lead- and lag discriminationusing the general
interface was used to construct the stimuli. The output wagrecedence stimulus. The reference target ITD was either 0
fed through a 16-bit DAC to Sennheiser HD 520 Il head-(centej or —400 us (left). In each trial of lead- and lag
phones. The general precedence stimukig. 1) was used discrimination, the ITD of the noise burst that was not being
for all three experiments. All stimuli consisted of 1-ms discriminated(lag and lead, respectivélyvas chosen ran-
Gaussian noise bursts with a 0-ms rise—decay time. A leadgomly (from a uniform distribution ranging from-500 to
lag stimulus configuration consisted of two pairs of binaural500 ys), forcing listeners to use directional information in
noise bursts presented with various combinations of interauthe target to perform the task. All delay and stimulus com-

ral time differenced(ITDs) for the lead ;) and lag @2)  binations were repeated three times with the order of the
pairs. Within a given interval, lead and lag were identicalonditions randomized.

noise samples with new samples chosen for each interval.
Delays varied from 1-15 ms.

Time

B. Stimuli

3. Localization dominance

C. Test parameters ~Inthe final task, listeners adjusted an acoustic pointer to
) indicate lateral positions of a target stimulus. On each trial,
1. Fusion listeners alternated between listening to the general stimulus

On each trial, the general stimulus was presented threg@argej and the pointer stimulug=ig. 1). The pointer stimu-
times, with interstimulus intervals of 500 ms. The ITDs of lus had the same basic structure and temporal characteristics
the lead and lag were constant within each trial. ITDs foras the general stimulus, except that the lead and lag ITDs
lead and lag were chosen from the €400, 0,—400) us,  were equal. Listeners controlled the ITDs of the pointer by
for a total of nine combinations. For five of the six subjects,adjusting a potentiometer dial. ITDs could vary between
eight delays were used, 2, 3, 5, 7, 10, 12, and 15 m&he  =1000us in steps of 1Qus. Subjects were asked to indicate
sixth subject was also tested at longer delays of 20, 30, 5@he perceived locatide) of the lead/lag target by adjusting
70, and 100 mgsee Sec. ). On each trial, the ITDs and the pointer ITDs. Since two images are often perceived at the
delays were randomly chosen. A total of 20 trials were predonger delays used in the experiment, measurements were
sented at each delay and lead/lag ITD combination for a totalepeated twice for all stimuli, with two separate sets of in-
of 1440 trials per listener. On each trial, listeners were in-structions. On half of the trials listeners were told to match
structed to report whether they perceived “one fused audithe “right-most” image; on half of the trials instructions
tory event” or “two sounds” on the third interval. Listeners were to match the “left-most” image. If only one image was
were aware of the fact that two events were always present ineard, both instructions should yield identical results. The
each interval. No feedback was provided, since two stimulright-most and left-most trial types remained constant within
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a block, and the order of the blocks was randomized within 1st Run 2nd Run
each session. The final ITD of the pointéhe subject re-
sponsg will henceforth be referred to as “alpha” or the
“matched ITD.”

Stimuli alternated between seven presentations of the
target and nine presentations of the pointer. The pointer lo-
cation could be adjusted while it was being presented.
Stimuli automatically alternated between target and pointer 100
until the listener indicated confidence in their match by
pressing a button. The ITDs of the lead and (agand 75), 50
and the delayl, 2, 3, 5, 10, and 15 mwaried from ftrial to
trial, but were held constant within each trial. ITDs of both 0
lead and lag were chosen from the §&#400, 0,—400 us}
for a total of nine combinations. Each condition was repeated
five times for every listener. Presentation order of all ITD
combinations and delays was randomized, and testing wa:
conducted in blocks lasting approximately 1.5 h.

100 S1

50

S2

100 S3

50

100

1. RESULTS S4

A. Fusion 50

Data from all six listeners are shown in Fig. 2. For S1—
S5, the first and second measuremétait and right panels,
respectively are shown(S6 is discussed in more detail be-
low). The percentage of trials on which listeners reported
two sounds is plotted as a function of delay; dashed horizon-
tal lines indicate 70.7%echo threshold as proposed by Yang
and Grantham, 1997aData from conditions with the same 0
absolute difference between ITDs of lead and lag are aver-
aged, and each plot compares data for differences of magni 100
tude 0, 400, and 80ps. _ s
For all subjects, fusion was strongest at short delays, 501 |~ NTD1-TD2I =800
where the proportion of two sounds reported was very low.
As delay increased, fusion broke down and two sounds were 0 | sse—t—ts—t—t =
heard on a majority of trials. Three aspects of the data are 0 5 10 15 20 40 60 80 100
noteworthy. First, echo threshold delay varied dramatically
across listenerésee Table)l For example, in the first run, Delay (msec)
some listeners reached echo_ threshold _a_t delays equal to PiG. 2. Fusion results are shown for the six listeners tested. Left and right
less than 5 ms for the majority of conditioS2, S3, Sh columns show data collected before and after the discrimination and pointer
Echo thresholds were slightly higher for 8.7—-6.5 mgand data, respectively. Each plot shows the percentage of trials on which the
even |arger for S48.7—-12 ms. One listener(S6) needed subjects reported r_mearing two sound images as a function of the lead—lag
. . . delay. For five subjectéS1-S5 delays ranged from 1-15 ms. For S6 the
extraordinarily long delayéi_)n the Orde_r of ter_15 of mllll_s_ec- left column shows data at 1-15 ms, and the right column shows results from
ondg to recover from fusion. For this subject, additional further testing conducted at longer delays. Within each plot the different
delays were tested after the initial results had been gathereides show data collapsed according to the absolute value of the difference
on all three tasks. Results using these longer delays af§tween the lead and lag ITDs.
shown in the bottom-most right panel. For this subject, echo
thresholds were around 45 ms. conditions in which the spatial separation was eithexd
A second interesting aspect to note is that fusion resultfead and lag at same locatlo@00 us (lead at 0 and lag at
changed for some subjects between the first and second fu=400, or vice versga and 800us (lead at+400 and lag at
sion sessiongmeasured before and after the discrimination—400, or vice versa There was no consistent influence of
and localization data were gatheyedfor S2, S4, and S5, lead/lag ITD on echo threshold in the fusion data measured
there was a tendency for fusion to increase during the secorid the current study.
session compared to the first session. The echo thresholds for
S3 did not seem to change. Echo thresholds for S1 showed .. = = .
small decreases between the first and second sessions. For%’ap'scnm'nat'on suppression
and S6, there was no clear effect of experience on echo Data for the six listeners are shown in Fig. 3. Interaural-
threshold. time differenceITD) jnd’s are plotted as a function of delay
Finally, we examined the effect of spatial separation befor lead (filled symbolg and lag discriminatiofopen sym-
tween lead and lag. In Fig. 2, results are combined acrossols). Each data point in Fig. 3 represents the overall mean

100
S5

Percent Two Sounds Reported

50

S6
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TABLE |. Mean echo threshold&or six subjects for conditions in which the absolute difference between
lead—lag ITDs were either 0, 400, or 8. Thresholds are shown for the first and second measurements
obtained before and after testing discrimination and pointer tasks, respectively.

First run Second run

Subject |7,—75|=0 |7—7,/=400 |7,—7,|=800 |7,—7|=0 |7,—7,|=400 |7,—7,/=800

1 6.7 6.3 4.7 2.6 2.9 2.7
2 2.6 25 2.7 6.4 6.2 5.8
3 15 1.4 14 1.7 1.6 1.4
4 11.9 11.4 8.7 >15 14 >15

5 4.4 4.1 3.7 5.9 6.8 7.0
6 N/A N/A N/A 45.6 44.0 45.2

for the conditions at each delay. Error bars show the standarddys increased, lag discrimination improved so that by 10 ms,
error around the means across six repetitighsee per con- lead and lag performance was roughly equal. This result sug-
dition). Performance depended strongly on delay for five ofgests that precedence was no longer effective by 10 ms. For
the six listeners and weakly for Séhe remaining subjegt  some listener$S1, S3, Sk lead discrimination was actually
At short delays lag discrimination was poor, evidenced byworse than lag discrimination at delays greater than 10 ms.
large ITD jnd’s. In contrast, lead discrimination performanceThis reversal suggests that at these long delagd for these
was relatively good at the short delays, as evidenced bgubject$, the lag interfered with the lead ITD information
much smaller ITD jnd’s. Analyses of variance tests examin-more than the lead interfered with the lag ITD information.
ing the effect of the two reference conditiof® us and  Finally, intersubject differences were large. For instance, the
—400 us) found no significant difference between the con-difference between lead and lag conditions was greater for
ditions (p>0.05), as expected from the results shown inthree listener§S1, S2, SR primarily due to better lead dis-
Fig. 3. crimination at the shortest delays. In contrast, results for S6
The results show that at short delays, listeners were ablseuggest that lead and lag interact strongly at all delays, as
to use directional information in the lead much more readilyevidenced by poor discrimination in both the lead and lag
than directional information in the lag. This presumably re-conditions for all measured delays.
flects the fact that for precedence effect conditions, the lead
carried more perceptual weight in localization than the lagC. Localization dominance

(e.g., Zurek, 1980; Shinn-Cunninghaznal, 1993. As de- Figure 4 shows a sample data set for the pointer task.

For brevity, we will refer to the various experimental condi-

400 tions in the pointer task using two letters to denote the lateral
positions(right, R; center, C; and left,)Lof the lead and lag,
300 ; . . . .
respectively. The instructions are denoted by which letter is
200 S1 bold (recall that listeners were instructed to match either the
100 5 l41] sS4 right-most or left-most imageThe bold letter denotes which
o ol , of the bursts in the target was farther to the side indicated by
Z o SS the instructions. For instance, in tieC condition, the lead
A 40 e ',::gd ITD was +400 us (right) and the lag ITD was Gcentey.
E 300 Since, in isolation, the R stimulus is right-most compared
S 200 S2
.('% 100 Lead L/R
£ 0 EF S5 S1 Lag C
e 0 7 Lvt,
s Right 400 —_——
© 400 o —eo— R-C
O a0 > 2 —— RC
Eaj 0 —a— L-C
200 o
> o0 —o— L-C
100 E#J S3 S6 < -
0l 9, Left -400
0 5 10 15 0 5 10 15
0 5 10 15
Delay (ms) Delay (msec)

FIG. 3. Discrimination results are shown for the six listeners tested. ITDFIG. 4. Example of pointer results for subject S1 at one set of conditions in
jnd’s are plotted as a function of delay for ldgpen symbolsand lead  which the lead was either on the rig#00 us) or left (—400 us) and lag
(filled symbols conditions. Data were collapsed across reference ITD due tovas at center. The average perceived positign based on five repetitions
the lack of any statistically significant differences between these conditionsat each condition, is plotted as a function of lead—lag delay. The symbol fill
Means and standard error bars are based on the six data (ibietsat each  indicates whether instructions were to match the Ig#éled) or lag (open.
reference ITD. Symbols indicate whether the lead was on the rigircle) or left (square.
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LeadL/R Lead C LeadL/R Lead = Lag

Lag C LagL/R LagL/R L/R/C
—e— R-R
¥ —e— R-R
—e— C-R —o— R-L —=— C-C
—o— C-R —o— R-L —0— C-C

—a— C-L —=— L-R —a— L

A ——CL —0— LR —o— L

Right 400
200
0
-200
FIG. 5. Pointer results for six listeners portray the av-
erage(of five trials) alpha values—the perceived loca-
tions (ITDs) under various conditions, at delays 1-15
ms. Each row contains data from one listener. In the
legend(top), lead—lag positions are denoted by order,
so that R-C denotes lead on right and lag at center.
Instructions included cases in which listeners were told
to match the “right-most” or “left-most” auditory im-
age in the event that more than one image was heard;
the bold letter indicates whether instructions were con-
sistent with matching the lead or lag. Each column con-
tains data for a set of complimentary conditions. The
left column shows cases in which the lead was on either
the right(+400 us) or left (—400 us), and the lag was
always at center. The second column shows cases in
which the lead was always at center and the lag was
either on the right or left. In the third column, both lead
and lag could be on the right or left. In the right-most
column, lead and lag were always at the same location,
either on the righ{R-R), or at cente(C-C), or on the
left (L-L). The dashed lines within each plot indicate
the ITDs for the left, center, and right-400, 0, 400Qus,
respectively.

Left -400

Right 400
200

0

-200

Left .400
Right 400

200

0

-200

Left -400

Average
o

Right 400
200

0

200

Left -400

Right 400
200
[
-200

Left -400 ]

Right 400
200

0

-200

Left -400

] 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15

Delay (msec)

with the C stimulus, the R is bold when the instructions werebe near the lead ITD at400 us and the RE matches would

to match the right-most. In & the C is bold because the then be near the lag ITD at 0. However, if the lead dominates
instructions were to match the left-most. We henceforth refetocalization, bothR-C and RE stimuli would be heard near
to a condition such aR-C as one for which “the instructions the lead ITD at+400 us, regardless of instructions. Simi-
were to match the lead(and, similarly, RE as a condition larly, in the two L-C conditions, if the lead dominates local-
for which “the instructions were to match the lag”even ization, match ITD should fall near400 us, independent of
though the instructions were always to match either the leftinstructions. Conversely, if matches fall near the lag ITD, it

or right-most sound image. indicates that directional information from the lag is influ-
In the example in Fig. 4, four conditions are shown: twoencing performance.
with lead on right and lag at cent@R-C and RE), and two In Fig. 4, when instructions were to match the lead, the

with lead on left and lag at centé.-C and LC). Closed matched ITD(pointer ITD) was near the lead ITD at all
symbols denote cases in which the instructions were talelays. At the shorter delays, the listener matched the lead
match the lead, and open symbols denote cases in which th€D regardless of instructions, consistent with a strong pre-
instructions were to match the lag. Each horizontal dashededence effect. When instructions were to match the lag, the
line marks one of the noise bur&ither lead or laglTDs. matched position only approached the lag ITD at 15 ms for
If the listener hears two images at separate locations thdahe L-C condition. In the RE condition, the matched ITD
are roughly equal to the locations of each burst in isolationywas 100us even for a delay of 15 ms, indicating that the
the same stimulus should yield different results depending ofead still carried a great deal of influence in the localization
the instructiongwhether or not the subject can tell the tem- process.
poral order of the two imagésThe R-C matches would then Figure 5 shows the entire data set for the pointer task.
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Results show a strong effect of delay and a dependence ol - =

the relative ITDs of the lead and lag for all listeners. In this ~ ** g ’

figure, the open and closed symbols should differ if listeners 2 o 2

hear two distinct positions. For instance, the open symbols in _202 ‘ .zoz )

the left column would fall at Qus if listeners matched the ! B | o Matchiag.

position of the lag(independent of the leadSimilarly, the ’ ® i

closed symbols should remain at eithe400 or —400 if o0 2000 200 400 400 2000 200 400

listeners matched the position of the Igatlependent of the s s o

Iag) A 400 L] 400 o ] ;
At short delays, regardless of instructions, all Iisteners'i e : 0 . o

placed the pointer near the ITD of the lead, suggesting thatg ° ° *

they perceived one location near the lead. As delay in-= e g jzz @ 8 o

creased, different instructions elicited different responses for e s

the same stimulus, although not all listeners perceived two 400 200 0 200 400 00 2000 200 400

images at longer delays. In addition, the likelihood of per- p - .

ceiving two distinct images depends on the relative ITDs of ~ **| ° g o 8

the lead and lag. Listeners S1-S4 generally heard two sepa  ** @ 20 @

rate images for delays equal to or greater than 15 ms. How- e g ° Q *

ever, some results are asymmetric, most notably for listeners e 8 e 8 °

S2 and S4, who heard an image near the lag ITD when the L s

lead was on the right, but not when the lead was on the left. 400 200 0 200 400 400 200 0 200 400

Even at the longest delays measured, listeners S5 and S6 diu Lead ITD Lead ITD

not appear to hear.tWO separate images- _For these subjecifs. 6. Estimated matched ITD at the fusion echo threshold déayd by
results are roughly independent of instructions: the open anidlterpolating matched ITDs across delagach plot shows data from one

closed symbols are near the lead ITD at short delays and afigtener. For every lead/lag ITD and instruction combination, the matched

. . osition is plotted as a function of lead ITD. The symbol and fill indicate
apprOX|mater mldway between the lead and Iag ITDs a hether instructions were to match the side closer to the lead$fjDares

longer delays. or the lag ITD(open circlex Filled circles are used for matches in which

When the lead was at center and lag laté@kither the  lead and lag ITD were equal and instructions were expected to have no
I’ight or left; second colum)nthree Iisteners{Sl—S3 heard effect. Fo_r eac_h condition, two data points appear with the same symbol,
one image for delays ranging from 1 to 5 ms and two imageéeloresentlng different values of lag ITD.
at longer delays. The other three listen€34—S6 heard one
image whose location was near the lead at short delays aritgtion, the matched position is plotted as a function of lead
midway between the lead and lag at longer delays. ITD. The symbol and fill indicate whether instructions were

Finally, when the lead and lag were on opposite sidego match the leadsquares or the lag(open circles Filled
(+400 us; third column, four listeners(S1-S4 localized ~ circles are used for matches in which lead and lag ITD were
two distinct images at the longer delays. The matched posiequal and instructions were expected to have no effect. In
tions of the two images were essentially equal to the locaFig. 6, if the lead ITD completely dominated perception, the
tions at which the lead and lag bursts would be perceivedlata would fall along the diagonal, independent of instruc-
when presented in isolation, indicating that the lead and lagions or lag ITD. In other words, the matched ITD would be
images did not interact for these subjects and conditiongoughly equal to and highly correlated with lead ITD, inde-
Listener S5 showed some asymmetry. S5 matched two digendent of instructions. If two locations were perceived, the
tinct images when the lead was on the right or left, but thesquares would generally be expected to fall nearer the diag-
spatial separation of these images was much smaller whetnal and the open circles to be independent of lead ITD
the lead was on the left. Listener S6 never matched twedalue.

distinct locations. Table Il shows correlation values between lead or lag
ITD and match ITD at fusion echo threshold when instruc-
D. Match performance near echo threshold tions were to match lead or lag. For some subjects, the cor-

The ability of listeners to locate two distinct images does _
not seem to be directly related to their Subjective reports 0ii'ABLE_II. Correlations between lea@r lag) ITD and matched ITD, when
. . . Instructions were to match the legar lag).
whether one or two images are present. Fusion (fita 2

show that many of the listeners reported hearing two sounds Lead ITD and Lead ITD and Lag ITD and Lag ITD and
at delays near 5 ms; however, at these delays the same lis- instructions to instructions to instructions to instructions to
teners matched a single location near the lead, independefiPiect ~matchlead ~ matchlag ~ matchlead  match lag
of instructions(Fig. 5). Thus, it appears that localization 1 0.99 0.97 0.06 0.18
dominance persists to longer delays than fusion. 2 1.00 0.99 -0.01 0.01

To illustrate this point, Fig. 6 plots estimated matched 3 8-39 8-99 8-02 8-;0
ITD at the fusion echo threshold del@pund by interpolat- g olsi oég 0'é7 0'33
ing matched ITDs across delayach plot shows data from ¢ 065 0.39 0.64 0.90

one listener. For every lead/lag ITD and instruction combi
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w0 ¥ o 5 ¢ | w0{¥g 8 . c=(ap—T1)/(11—T2),
200 ° o 200
°1 @ ] °1 5 . 8 wherea, is the matched ITD and, and 7, are the lead and
200 g o | g lag ITDs, respectively, for a given condition. Avalue of
01 e e § 1.0 indicates that precedence is complete and that the lead
400 200 0 200 400 400 200 O 200 400 dominates lateralization entirely. & value of 0.5 indicates
- ” s that the lead and lag both contribute equally to localization
R @ A . ; perception. Ac value of 0 indicates that the lag dominates
E - s | . lateralization completely. In our study, instructions varied,
2 °l e : ° * and listeners were told to match either left or right images
-200 -200 . .
= oo o 5 | oo 3 # (see Figs. 4 and 5 for detailsNhen told to match the lag, a
' $ ¢ value of 0 would be expected if listeners heard two distinct
@00 B0 0 200 40 400 2000 B0 400 images, one near the lead ITD and one near the lag ITD. If
= - . listeners were told to match the lead and a distinct image was
400 [c] 400 . . .
wo! @ o LN g g heard near the location at which the lead would be heard in
. . : . . isolation, ac value of 1 is expected. Finally, if the lead and
0| B ol g 8 | o Macheed lag form a single image., thecnshould fall between 0 and 1
wo| g 8 0] o o Lead-ln and be independent of instructions.
; In Fig. 8, c values for each listener are shown as a func-
-400  -200 4] 200 400 -400 -200 o 200 400 . . . . . .
tion of delay for combinations of conditions in which the
Lag ITD LagITD

lead was laterall or R) and lag at centefleft column), the
FIG. 7. Data from Fig. 6, replotted as a function of lag ITD. lead at center and lag later@hiddle column, or both lead
and lag were lateralright column. The fill indicates the
relation with lead ITD was quite high regardless of instruc-instructions; open and closed symbols reflect conditions in
tion. For other subjects, these correlations were morgyhich instructions were to match the lead and lag, respec-
modest. For all subjects, correlations were low between lagvely.
ITD and matched ITD regardless of instructions. These re-  Four listener§S1-S4 showed strong precedence at de-
sults suggest that, at fusion echo threshold, listeners wergys |ess than 5 ms. Regardless of instructions, they matched
primarily utilizing directional cues contained in the lead.  the lead location and values were near 1. For these sub-
The data are replotted in Fig. 7 as a function of lag ITDjects, as delays increased, precedence weakened. When in-
to further illustrate this point. If data fell along the diagonal, structed to match the side of the leadyas high, indicating
it would indicate that subjects heard a single location neathat these listeners heard the lead with little influence of the
the lag ITD, independent of lead ITD. If subjects heard twolag. However, as delay increased, two distinct images were
independent images at the lead/lag locations, open circlegseard. When instructed to match the lagyas less than 0.5,
would fall on the diagonalbe highly correlated with the lag indicating that subjects heard a second image that was influ-
ITD) and squares would show little dependence(lb@ es-  enced more by the lag ITD than the lead ITD. For listeners
sentially uncorrelated withlag ITD. Both the lack of struc- S5 and S6¢ rarely fell below 0.5, indicating strong prece-
ture in the data in the plot and the low correlation betweemjence at all delays tested.
matched ITD and lag ITD(Table Il) further confirm that The data also suggest that precedence was weaker when
precedence is strong at echo threshold. the lead—lag ITD difference was large. To illustrate this
For three listenersS1, S2, SBthe lead was clearly point, we calculated the difference betwesvalues for pairs
dominant, with the correlation between lead ITD andof conditions in which the lead ITD was identical, instruc-
matched ITD close to 1.0 regardless of instructidsee tions were consistent, but the magnitude of the lead—lag ITD
Table ll). Listener S4 had high correlatiofs) between lead difference was either 800 or 4Qs. For example, we found
ITD and matched ITD when instructions were to match thethe difference in the calculated values for the condition
lead, andb) between lag ITD and match ITD when instruc- |_-R and the conditior.-C for each subject and delay. Simi-
tions were to match the lag. This result suggests that S4 wagr comparisons were made fBrL versusR-C, L-R versus
able to match the location of either source. Both S5 and S§-C, and RL versus RE. For each subject, these differences
showed only moderate correlations with either lead or lagare plotted in Fig. 9 as a function of delay when instructions
ITD. S5 showed some asymmetry, with matches dominatedvere to match the lead. Within each plot, differences be-
more by the lead when the lead ITD was to the rightt00  tween left-center and right-center are shown separately. If
us) than to the left(—400 us). the lag interferes with the lead more when lead and lag are
spatially close, then the difference should tend to be positive,
since we would expeatto be nearer to 1 when the lead—lag
separation is 80(s. Similar computations were conducted
The metricc (described in Shinn-Cunninghamt al,  for the match-lag conditions, but are not plotted; statistical
1993 was calculated to quantify the relative influence of theanalyses of the data are, however, includeek Table ).
lead and lag in localization. According to the model, the Results show that when listeners were instructed to
value ofc is estimated by match the leadc values tend to be largeiprecedence is

E. Model estimate of precedence weight based on
pointer results
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FIG. 9. Difference inc values for largg(l800 mg and moderat¢400 ms
difference between lead and lag ITD. For each subject, delay, and lateral
source location, the value calculated when the absolute lead—-lag ITD
separation is small is subtracted from thealue when the lead—lag sepa-
ration is large. Each panel shows results for a different subject. Error bars
show standard deviation in the differences. To the extent that spatial sepa-
ration results in less influence of the lag on the perceived location of the
primarily lead source image location, these differences will be positive.

S5

S6
values(e.g., by combining data for conditiohsR andR-L).

For each subject, the pairs of conditions whose differences
oob————— —_— are plotted in Fig. 9 were compared using one-tailed, paired
t tests to evaluate whether there was a statistically significant
0 5 10 15 0 5 10 15 0 5 10 15 . .
Delay (msec) effect of the spatial separation of lead and Iag:p_iﬁhe same
analyses were conducted for match-lag conditions, although
FIG. 8. Averagec values(based on five repetitionss a function of delay. the raw data are not shown in Fig. 9. Results from these
Each row shows data for one listener. Each column contains conditions Wiﬂénal ses are shown in Table IIl. where comparisons vieldin
different combinations of positions for the lead and lag. Left column: lead y . Lo . p .y 9
was lateralL or R) and lag at center. Center column: lead at center and Iagp<0-001 are |nd|cate_dx). St_at|3t'ca||y S'Qmﬂcant differ-
lateral. Right column: both lead and lag latets¢e legends at top of col- ences were observed in four listeners for the match-lead con-
umns. For each condition, the burst that listeners were instructed to matchyitions, and only for intermediate and long delays. Signifi-
is indicated in bold. The fill indicates the instructions; closed and open . _ s
symbols reflect conditions in which instructions were to match the lead anc‘fzant differences ]TOI‘ the match-lag condition were only
lag, respectively. observed for one listener at one del@41, 10 m;
In summary, when lead and lag are spatially near one
o another, localization dominance does not abruptly disappear;
strongey when the lead—lag separation is 806 compared rather, a single image moves away from the lead gradually
to 400 us. This effect is especially pronounced at longerpefore breaking into two images, one of which grows to-
delays. Thls_ fmdmg suggests that interference from the lag,5rds the lead and one which grows towards the lag as delay
on the lead image is greater when the lead and lag are Spgjcreases. When lead and lag are spatial far affig. 8,

tially close. However, when listeners were instructed toright column, any second image is very near the lag ITD
match the lag, there was no consistent difference between g g is relatively unaffected by the lead ITD.

values for the 800- and 40@s lead—lag separations, sug-
ge_stlng that the strength _of the interference of the lead on thR/. DISCUSSION
primarily lag image was independent of spatial separation.
These observations were confirmed statistically. Left—  Wallachet al. (1949 introduced the term “precedence
right symmetry was assumed in a statistical analysis otthe effect” to describe the finding that when two pairs of di-
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TABLE IlI. Test of significance p<0.001) of difference irc values when In this discussion we first compare our data to results
subjects are instructed to match the source position on the side of the le : ; ; : :

burst(A) or lag burst(B). In (A), ¢ values for condition$ -R andR-L were Wom prewous studies, th_en consider the relatlonshlp betwgen
compared tc values for conditions -C andR-C in a one-tailed, paired t e dlffergnt tasks used in t_he Curr?nt study, and finally dis-
test. In(B), ¢ values for conditions IR and RL were compared tovalues ~ cusS Why it may be appropriate to view the precedence effect
for conditions LC and RC in a one-tailed, paired t test. Individual subject not as a mechanism for Suppressing echoesy but as a more

results are given in initial rows; results across subjects are shown in th@eneral process for enabling robust localization

bottom row.
Delay (ms)
Subject 1 2 3 5 10 15 o i .
A. Basic findings and relation to previous work
(/i) X X Fusion results were generally in agreement with previ-
2 X ous reports: at short delays:’5 mg listeners heard one fused
3 X X sound image, and as the delays increased a second source
. o X X X emerged. The delay at which subjects perceived two sounds
6 on 70.7% of the trialdecho thresholdvaried across sub-
Across subs X X X jects, although the extent of the variability observed here has
not been previously reported. For click stimuli measurements
(B) made in free field, echo thresholds have been in the range
; X 5-10 ms(Ebata, 1968; Freymaet al, 1991; Yang and
3 Grantham, 1997aln our study, thresholds for five subjects
4 fell near or within this range; however, subject S6 had echo
5 thresholds(45—-50 m$ significantly longer than any previ-
6

ously reported for click stimulifor a review, see Litovsky
et al, 1999. We cannot eliminate the possibility that long
echo thresholds might reflect unusual central auditory pro-
cessing, not unlike that reported for localization dominance
chotic clicks are presented with a brief delay, they are fusedh listeners with temporal lobe epilepsg.g., Hochster and
into a single auditory image whose perceived direction isKelly, 1981). However, all previous studies report measure-
dominated by the interaural cues of the leading click pairments for only a handful of subjects, and relatively little is
This result offered a simplified and elegant analogy to theknown about the range of echo thresholds in the population
perception of simple sounds in reverberant spaces, whe large. It is therefore premature to rule out the possibility
information concerning the source reaches the ears first artiat the “normal” range of echo thresholds for click stimuli
is followed by information from the reflections or echoes.can extend to 50 ms, at least when measured under head-
The obvious conclusion was that the auditory system miniphones.
mizes confusion regarding the true location of the source by  Discrimination results in the present study are in agree-
attributing greater perceptual weight to the first-arrivingment with previous reports in which performance was mea-
wavefront and minimizing the influence of later-arriving re- sured at numerous delages.g., Zurek, 1980; Tollin and Hen-
flections. This phenomenon has also been attributed taing, 1998; Stellmaclet al., 1999. For lag discrimination
mechanisms involved in localization dominar(eeg., Dive-  thresholds, the general phenomenon is illustrated with ex-
nyi, 1992; see Litovsket al, 1999. While interaural differ-  tremely high ITD jnd’s at short delays. The difficulty that
ences in time and intensity as well as spectral cues are disteners encounter in extracting directional information from
important in directional hearing, the focus of the presenthe lag is thought to reflect a suppressive mechanism that is
study was on comparing various measures related to precectivated by the presence of the lead. This suppressive
dence, with a focus on interaural time cues. mechanism strongly suppresses lag information at brief de-
Over the years, investigators have studied not only lodays; at longer delays, performance improves as the suppres-
calization dominance, but also related perceptual phenomersive influence of the lead becomes less effective. Lead dis-
using the leading—lagging stimulus paradigm. The othecrimination results further suggest that, while listeners are
measurements include identifying conditions under whichable to ignore lag information at short delays, at longer de-
the sounds are perceptually fused and determining the extelatys the lag becomes increasingly more intrusive. This find-
to which directional changes in the location of the lagginging is consistent with one previous rep¢8&tellmacket al,
source can be discriminated. These various measures of ti®99 which found that at long delays not only is the lag not
perception of stimuli consisting of a direct sound and a latersuppressed but the lag interferes with the ability to extract
arriving reflection have all been included under the umbrelldead information more than the lead interferes with the lag.
term “precedence effect.” Although it is assumed that thereHowever, this asymmetryor antiprecedenges thought to
is a strong relationship among these different effects, tharise because subjects df9 uncertain about the temporal
extent to which they are mediated by the same auditorprder of the two auditory events, arigl) tend to be biased
mechanisms is unclear. To address this question, the presdntvards responding to the more recent stimulus in the pair.
study systematically compared all three phenomena in the Localization dominance measures using the pointer
same listeners. technique are more extensive here than in previous reports

Across subs
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performed either using headphoné&&urek, 1980; Shinn- B. Comparison of the three precedence phenomena

Cunninghamet al, 1993 or in free field (Leakey and No previous studies have compared performance across
Cherry, 1957; Snow, 1954; Haas, 1951; Litovskyal, 4| three precedence tasks, and few have compared two. No
1997. Although there are few existing parametric data forprevious studies have compared localization dominance and
comparison, current results are generally consistent with preysion results.

vious reports: localization dominance is strongest at delayi Localization dominance and discrimination
of 1-5 ms and weakens thereaftéor review, see Litovsky s.uppression

et al, 1997. Unfortunately, our data set did not include de- . L .
Only one previous study compared localization domi-

lays in the range between 5 and 10 ms, which was the de|a|¥ance and discrimination suppressi@®hinn-Cunningham

range across which lead dominance changed most dramagf al, 1993. Results of that study suggest that similar pro-

cally for most subjects. The current data are also consisteifygges govern these tasks, in that discrimination performance
with a previous report(Shinn-Cunninghamet al, 1993 coyd be predicted relatively well from localization domi-
which suggested that the dominance exerted by the lead jgance measures. In the current study, the two subj&Ss
stronger when the lead and lag ITDs are similar and weakesnd S6 who showed the strongest tendency to match only
for larger spatial separations. A similar effect was relativelyone source location in the localization dominance task also
strong in four(S1-S4 of our six subjects. This finding sug- exhibited little change in lag and lead discrimination as a
gests that both temporal and spatial separation between le&ahction of delay. These results are consistent with the idea
and lag affect the strength of the precedence effect. that, for these subjects, localization information from the
Current data are unique from two standpoints. First, thdead and lag is combined to form a single estimate of source
individual variability observed in localization dominance haslocation even for long delays. If positional changes in this
not been previously reported. Although localization domi-Single image are the only cues that S5 and S6 could use to
nance is thought to be most effective for click stimuli at 1_gperform the discrimination task, the interference from the

ms. two of our listeners did not recover from this effect bynontarget burst will be pronounced and discrimination will

15 ms. Both of these listeners had high fusion echo threshtze relatively poor,_m;lependent of delay._ In other wor_ds, _the
current study qualitatively supports the view that localization

olds(one of the subjects had an extremely large echo thresrHominance and discrimination suppression are closely re-
old; see above Since instructions and testing protocol was lated.

identical for all subjects, we tentatively conclude that the
widely accepted duration of the suppressive windofl—-5
ms) does not apply to all subjects. It is therefore important

that a population study be conducted to determine the ranqe Freymangt al.. (1993 measgred fuspn and Q|scr|m|na-
. . i o . ion suppression in the same listeners in free field and con-
of “normal” behavior for localization dominance and to es-

. . ) ~cluded that these two aspects of precedence are related. Spe-
t'lmate the suppressive temporal window for normal-hearmg:iﬁca"y, Freyman etal. found that discrimination
listeners. _ S _ B ~ performance was significantly above chance at a delay near

This study is also unique in that it quantifies localization gcno threshold. In this free-field study, Freynedral. (1991
dominance in conditions where two sources are perceived bbéndom|y presented the lag from one of two locations, sepa-
allowing two different responses to the same stimulus conrated by 20°, and measured discrimination performance as a
ditions. In a previous study using a similar paradigBhinn-  function of delay. These results indicate that subjects are able
Cunninghamet al, 1993, only one matched position was to extract some directional information from the lag at echo
measured. As a result, if two sources were heard at ththreshold; however, it must be pointed out that the detected
longer delay, it is not clear how subjects would decide tospatial change of the 1a@0°) was quite large compared with
respond to nonfused events, let alone whether their decisighd’s measured in the present study. The current results in-
rule was consistent. In the current study, the pointer experidicate that at echo threshold, subjects may be able to extract
ment was repeated two times with different instructiétts ~ SOme directional information from the lag, but this informa-
match either the right- or left-most imageThe raw data tion is combined(i!’lteractslwith inforr_nation fr_om the lead.
(Fig. 5 as well as the model estimation of the strength of '€ !€ad and lag information form either a singhveraged

precedencéFig. 8 suggest that subjects S1-S4 heard Only_spatial estimate or two separate images, each of which is

one spatial location at shorter delays and two separate irr%r_1fluenced by the spatial information in both bursts. Thus,

ages at longer delays. However, the sec@oimarily lag vv.hlle'the apd|tory §ystem might be capable of .extractmg
. ; . 4 irectional information from the lag at the fusion echo
image was influenced by the location of the lead in sever

. i . i i hreshold, some suppression is still present at those delays
instances, especially for the condition with lag on the right O'and best performance is not reached until longer delays.

left and lead at center. Similarly, the “lead” image was in- In a second attempt to link fusion and discrimination,
fluenced by the “lag” image for some conditions and sub-yang and Granthant1997a compared the same two tasks
jects, particularly when the lag ITD was similar to the leadfor a train of lead—lag stimuli which produce what is known
ITD. For two subjects(S5, S6 two separate images were as the “build-up of echo suppression,” whereby the strength
never perceived, perhaps because these subjects were wftthe precedence effect increases with the number of lead—
tested at delays long enough to reveal this separation. lag pairs. This effect has been attributed to “higher-order”

2. Fusion and discrimination suppression
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mechanisms that are involved in ongoing assessment @hnces in echo threshold are qualitatively similar to intersub-
room acoustics(Clifton and Freyman, 1997 Yang and ject differences in localization dominance.
Grantham(1997a found that fusion is more susceptible than All results are consistent with a simple model in which
discrimination to the build-up of precedence and concludedead and lag information interacts perceptually and the
that the mechanisms mediating these two aspects of precstrength of the interaction decreases with spatiotemporal
dence are different. separation of the lead and lag. At short delays, lead and lag
Our study was not aimed at investigating aspects of théoth contribute to spatial perception, but the lead dominates
build-up effect. Both discrimination and fusion experiments(to the extent that only one position is even hga#t the
presented three lead/lag intervals in each trial; however, itongest delays tested, two sounds are perceived, but are not
the fusion experiment, all three intervals were identical,always heard at independent spatial locations. Spatial sepa-
while in the discriminatiofABX) paradigm, one of the in- ration of lead and lag affects the degree to which two images
tervals differed in its spatial cues. There is some evidencare heard, but has no observable effect on the results of the
that build-up is affected by the “consistency” of the re- fusion experiment performed in the current study. Overall,
peated stimuli(e.g., see Clifton and Freyman, 199As a  these results suggest that fusion and localization dominance
result, there may have been less build-up in the discriminamay be mediated by somewhat different auditory mecha-
tion stimuli compared to the fusion stimuli; however, any nisms.
difference in build-up is likely to be small given the overall
similarity of the stimuli in the discrimination and fusion ex- C. General notions regarding the precedence effect

periments. We found that fusion breaks down at shorter de- Historically, the precedence effect has been discussed as

lays than di_scriminatic_)n suppression. It is possiple that Witha mechanism for suppressing directional information from
a anger stlmulus train, using our psy_chqph_yspal memOdechoes in order to allow robust localization of a sound
fusion would indeed be stronger than.dlscnmmau_on. Furthersource. However, there are some aspects of the precedence
tests must be conducted to reach a firm conclusion. effect that are inconsistent with a mechanism whose primary
purpose is suppression of localization information in echoes.
For instance, echoes can come from virtually any direc-
tion, independent of the source direction. However, both cur-
The current results suggest that the delays at which lisrent and previous result&Shinn-Cunninghanet al, 1993
teners recover from fusion and from localization dominancesuggest that the relative directions of the lead and lag affect
differ. Although there are intersubject differences observedhe strength of the suppression. Specifically, the suppression
in both tasks, overall there emerges a consistent story regardf the lag is greater when the lead and lag arise from similar
ing the relative strength of these two aspects of precedencdirections than when they are spatially separated. In addition,
In general, fusion ends at relatively short delays comparethe spectral content of an echo is a filtered version of the
with the localization dominance; at echo threshold listenersriginal source spectrum, so that there is always significant
are not able to match the location of the lagging sourcespectral overlap of the direct sound and any echoes. How-
Intersubject variability also suggests that listeners who reever, under some circumstances suppression occurs also
cover from fusion at shorter delays also tend to hear twavhen there is no spectral overlap of lead and (Bg/enyi,
separate positions at shorter deldifse latter always being 1992; Shinn-Cunningharat al., 1995.
longer than the formér For instance, the two listene(S5 If the spatial auditory system is capable of resolving the
and S6 who have unusually high echo thresholds are alsdocations of both the lead and lag sources separdtedy,
least likely to match two independent source locatidiased there is little interference between the directional information
on “left” or “right” instructions ) in the localization domi- in the lead and the lagthen there is little need to suppress
nance task. lag information to preserve accurate localization of the lead.
As pointed out in the above discussion of fusion andCurrent theories of binaural interactiga.g., see Stern and
discrimination results, it is known that fusion increases withTrahiotis, 1997 suggest that the interference between direc-
repetitions of lead/lag stimuli. No one has ever measuredional information from the lead and the lag may be greatest
whether a similar increase in suppression occurs using localwhen the lead and lag give rise to similar interaural phase
ization dominance measures; however, the number of predelays (IPDs) and excite overlapping populations of IPD-
sentations of the lead/lag stimuli differed in the two experi-sensitive neurons. However, such interference will be re-
ments reported here. In the localization dominance task, thduced when the lag excites a distinct, separate population of
“target” stimulus was presented as a train of seven identicaheurons, allowing both lead and lag to be localized indepen-
lead/lag pairs, whereas in the fusion experiment, comparabléently. With this analysis, the tendency for suppression to be
stimuli were presented in a train of three identical lead/lagveaker when lead and lag arrive from very different direc-
pairs. These differences may contribute to the trend to hearons may reflect the fact that in this condition, the lag will
two sound events at lead/lag delays for which only onecause less interference with estimation of the lead position.
source image was localized. Further work is necessary to There is growing evidence that localization information
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Nonetheless, current results suggest that intersubject diffed989; Stern and Trahiotis, 1997uch cross-frequency inte-
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