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Echo suppression and discrimination suppression
aspects of the precedence effect

XUEFENG YANG and D. WESLEY GRANTHAM
Vanderbilt University Medical Center, NashviUe, Tennessee

The precedence effect is a phenomenon that may occur when a sound from one direction (the
lead) is followed within a few milliseconds by the same or a similar sound from another direction (the
lag, or the echo). Typically, the lag sound is not heard as a separate event, and changes in the lag
sound's direction cannot be discriminated. The hypothesis is proposed in this study that these two
aspects of precedence (echo suppression and discrimination suppression) are at least partially in
dependent phenomena. Two experiments were conducted in which pairs of noise bursts were pre
sented to subjects from two loudspeakers in the horizontal plane to simulate a lead sound and a lag
sound (the echo). Echo suppression threshold was measured as the minimum echo delay at which
subjects reported hearing two sounds rather than one sound; discrimination suppression threshold
was measured as the minimum echo delay at which subjects could reliably discriminate between
two positions of the echo. In Experiment 1, it was found that echo suppression threshold was the
same as discrimination suppression threshold when measured with a single burst pair (average 5.4
msec), However, when measured after presentation of a train of burst pairs (a condition that may pro
duce "buildup of suppression"), discrimination suppression threshold increased to 10.4msec, while
echo suppression threshold increased to 26.4msec. The greater buildup of echo suppression than of
discrimination suppression indicates that the two phenomena are distinct under buildup conditions
and may be the reflection of different underlying mechanisms. Experiment 2 investigated the effect
of the directional properties of the lead and lag sounds on discrimination suppression and echo sup
pression. There was no consistent effect of the spatial separation between lead and lag sources on
discrimination suppression or echo suppression, nor was there any consistent difference between
the two types of thresholds (overall average threshold was 5.9 msec). The negative result in Exper
iment 2 may have been due to the measurements being obtained only for single-stimulus conditions
and not for buildup conditions that may involve more central processing by the auditory system.

In a reflective environment, such as a normal-sized
room, listeners are generally able to localize a sound
source at the correct direction despite the presence of
echoes arriving from the walls, ceiling, and floor. The
directional information of the first arriving sound at the
ears dominates the perception of the location ofthe sound
source, whereas the directional information carried by
the reflections arriving only a few milliseconds later is
largely suppressed. This phenomenon is known as the
precedence effect, or the law ofthe first wavefront (Wal
lach, Newman, & Rosenzweig, 1949; Zurek, 1987).
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Measures of Precedence
In order to appreciate the various aspects of the prece

dence effect, consider the simple situation illustrated in
Figure 1, in which a direct sound is presented from one
direction in the horizontal plane (shown as A), and a sin
gle reflection produced by a wall arrives from a different
direction (A'). In this case, the position (angle) ofthe wall
relative to the listener determines the direction of the re
flection, and the distance of the wall determines the delay
ofthe reflection (the echo delay). The tasks that have typ
ically been employed to measure the dominance of the
first arriving sound may be classified into three categories.

(1) Fusion, or echo suppression: The subject is asked
to state how many events were perceived. For very short
echo delays, subjects report "one event" (i.e., the two
sounds are fused; the echo is "suppressed"). For long echo
delays, they report "two events" (i.e., the two sounds are
not fused; the echo is not suppressed). The critical echo
delay corresponding to the transition between "one" and
"two" is called echo threshold (Blauert, 1983, pp. 222-235;
Clifton & Freyman, 1989; Freyman, Clifton, & Litovsky,
1991). Experiments reported to date in this category have
been conducted with free-field stimuli. (2) Localization
dominance: The subject is asked to localize the "com-
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wall
Figure 1. Schematic diagram of acoustic information arriving

at a subject when a direct sound is presented in the presence of a
single reflecting surface (the wall). The direct sound arrives from
Position A, and the single reflection arrives a few milliseconds
later from Position A'.

posite" (fused) image produced by the combined source
and reflection; to the extent that the subject points to the
source position at A, the first arriving sound dominates
the perception oflocation. In one version ofthis task, the
echo direction and echo delay are held constant, and the
subject must adjust the position of the direct sound so
that the apparent location of the composite image
matches a designated position (e.g., midline). Such "ad
justment" experiments (Shinn-Cunningham, Zurek, &
Durlach, 1993; Wallach et aI., 1949; Yost & Soderquist,
1984) have employed headphones and have had subjects
adjust the lateral position of images (simulated direct
sound and echo) within the head. In another version of
this task, Hafter, Saberi, Jensen, and Briolle (1992) had
subjects point to the apparent location of the fused image
in a free-field setting, such as that shown in Figure 1.
(3) Lag discrimination: The subject must discriminate
between two possible directions of the lag sound. Since
the discrimination of the lag sound's position is typically
worse in the presence of the lead sound than in its ab
sence, we may refer to the suppression of lag discrimi
nation produced by the lead sound, or, more briefly, to
discrimination suppression. Experiments in this cate
gory have been conducted both with headphones (Saberi
& Perrott, 1990; Shinn-Cunningham et. aI., 1993; Zurek,
1980) and in the free field (Freyman et al., 1991; Hafter
et aI., 1992; Litovsky & Macmillan, 1994; Perrott, Marl
borough, Merrill, & Strybel, 1989).

Experiments in the present study will be concerned
with the first and third of these tasks-that is, with echo
suppression and discrimination suppression.

The Relationship Among
Measures of Precedence

An important question in the study of the precedence
effect is whether it is a single phenomenon, mediated by
a single underlying mechanism (which appears to be the
typical view in the literature), or whether it may encom
pass multiple processes. One approach to this question
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would be to compare performance in the three tasks de
scribed above as a function ofcommon variables in order
to ascertain whether functional relationships for the dif
ferent measures coincide or diverge from one another. To
date, there has been little systematic comparison of per
formance in the three tasks; two notable exceptions are
the studies of Shinn-Cunningham et al. (1993) and Frey
man et al. (1991).

Shinn-Cunningham et al. (1993) obtained adjustment
(localization) and lag discrimination measures in the
same subjects from precedence-effect stimuli (noise
bursts) presented over headphones. They successfully
modeled the results from both experiments (and from
other adjustment and discrimination experiments in the
literature) within a single framework that quantified
the relative weights given to the lead and lag (echo)
events as a function of echo delay and the "direction" of
the lead and lag stimuli. These results suggest that lo
calization dominance and discrimination tasks (the sec
ond and third measures in the classification scheme out
lined above) may indeed reflect the operation of a single
underlying mechanism, at least for headphone-presented
stimuli.

The second study that has directly compared perfor
mance in different tasks (Freyman et aI., 1991) measured
echo suppression (fusion) and discrimination suppres
sion in the same subjects (the first and third tasks in the
classification). Using 4-msec noise burst stimuli, these
investigators modified the usual discrimination para
digm: Instead of holding echo delay constant and vary
ing the angle of the reflection to obtain a "minimum au
dible angle" for the echo (see Litovsky & Macmillan,
1994; Perrott et aI., 1989), Freyman et al. (1991) held the
angular distance between two echo positions constant (at
20°) and varied the echo delay to obtain a critical delay at
which the angular discrimination could just be made. In
this way, they were able to compare the echo threshold
for fusion (that delay at which subjects could just hear
"two events") directly with the echo threshold for dis
crimination (that delay at which subjects could just dis
criminate a 20° shift in echo position). For purposes of
the present paper, we will henceforth refer to these two
measures as echo suppression threshold and discrimina
tion suppression threshold, respectively.'

Three of the 4 subjects in Freyman et al.s experiment
showed approximately the same discrimination suppres
sion threshold as echo suppression threshold (between 8
and 12 msec); the 4th subject had a lower echo suppres
sion threshold (7 msec) than discrimination suppression
threshold (12 msec). These results were interpreted by
the authors as evidence that the two tasks were likely
measuring the same phenomenon.

The combined results from Shinn-Cunningham et al.
(1993) and Freyman et al. (1991) suggest that all three
measures of precedence outlined above reflect the oper
ation of a single underlying mechanism. If this is the
case, the degree to which the lead sound dominates in a
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localization task should be highly correlated with the de
gree to which information about the echo's position is
suppressed and the degree to which the echo's identity
as a separate event is suppressed.

The apparent coincidence among the three measures
ofprecedence in the studies ofFreyman et al. (1991) and
Shinn-Cunningham et al. (1993) was based on data ob
tained in "baseline" conditions, in which only a single
stimulus pair was presented to subjects on each trial.
However, there is evidence that the precedence effect can
be significantly enhanced if repeated stimulation is pro
vided over a long time interval (measured in seconds).
The question arises whether the measures ofprecedence
will be affected in the same way under conditions of re
peated stimulation.

Buildup of Suppression
A few investigators (Clifton, 1987; Clifton & Freyman,

1989; Clifton, Freyman, Litovsky, & McCall, 1994; Frey
man et al., 1991; Thurlow & Parks, 1961; Yang & Gran
tham, 1993, 1994) have employed stimulus trains to study
dynamic aspects ofecho suppression and discrimination
suppression. These studies reported that a "buildup" of
suppression could be produced over the course ofan ex
tended train ofclicks; in other words, the amount ofecho
suppression and/or discrimination suppression appeared
to increase with extended or repeated stimulation from a
particular source. (To date, there have been no published
reports on the effects of repeated stimulation on local
ization dominance.) Clifton et al. (1994) hypothesized
that buildup ofsuppression is brought about by subjects'
changing expectations about the acoustics ofa particular
room based on their auditory experience in that room;
thus, the longer a person remains in a normal room (over
time intervals measured in seconds), the more the audi
tory system suppresses information about the acoustic
reflections. These results suggest that the precedence ef
fect should be conceptualized as a dynamic process that
is influenced by previous and ongoing stimulation (Clif
ton & Freyman, 1989; Clifton et al., 1994).

Not only does the amount of suppression increase in
most subjects under conditions of repeated stimulation,
but it has been shown that certain features of suppression
are revealed under buildup conditions that are not ap
parent under baseline conditions. For example, Grantham
(1996) showed that discrimination suppression threshold
is asymmetric (with more suppression occurring for
most subjects when the direct sound comes from the sub
ject's right side than when it comes from the left side),
but that this asymmetry occurs only under buildup con
ditions. These results suggest that the effects observed
in buildup conditions may involve more central media
tion than that observed with simple baseline presentation.

During the course ofsome previous work on the prec
edence effect (Yang & Grantham, 1993, 1994),2we seren
dipitously observed an unexpected and somewhat coun
terintuitive result: Echo suppression appeared to be greater
than discrimination suppression under buildup condi-

tions. In other words, a listener would sometimes report
hearing only one event, and yet, if forced to make a dis
crimination decision about the echo, he or she would be
able to respond above chance. Such a result suggests that
the precedence effect may not be the result of a single
auditory process.

In order to confirm these informal observations, Ex
periment I was designed to systematically compare echo
suppression and discrimination suppression under base
line and buildup conditions.

Spatial Tuning of the Precedence Effect
A second purpose ofthis investigation was to measure

echo suppression and discrimination suppression as a
function of the spatial separation between lead and lag
sources. To date, there have been only a few scattered al
lusions in the literature to the effects on precedence of
lead-lag spatial separation. Some localization domi
nance experiments have reported that dominance of the
lead event in a lateralization task (these studies em
ployed headphones) increased as the spatial separation
between direct and reflected sounds increased (the ad
justment experiments of Shinn-Cunningham et aI., 1993,
Wallach et al., 1949, and Yost& Soderquist, 1984). Like
wise, in a discrimination suppression experiment, Litov
sky, Dizon, Pazmany, and Colburn (1996) found that sup
pression increased as the lead-lag separation increased
(for virtual-field horizontal-plane sources). On the other
hand, the opposite result has been reported in some fu
sion experiments: Echo suppression increased as the
separation between direct and reflected sound decreased
(Boerger, as reported in Blauert, 1983; Hafter et al., 1992;
Yost & Guzman, 1995).

From these scattered reports, it appears that discrimi
nation suppression increases while echo suppression de
creases as the directions of the lead and lag sources di
verge. Such a result would lend further support to the
relative independence ofdiscrimination suppression and
echo suppression aspects of the precedence effect. Ex
periment 2 was designed to test the hypothesis that the
two types of suppression are tuned differently with re
spect to lead-lag spatial separation.

EXPERIMENT 1

Method
Subjects. Six adults (2 males, 4 females; 23-38 years of age)

with normal hearing in both ears were recruited to participate in
this experiment. All subjects were paid, and none was familiar
with the purposes and hypotheses of the study. The subjects were
tested individually in sessions that lasted 1-2 h. The subjects were
given frequent breaks during each session to avoid fatigue.

The first two to four sessions for each subject were considered
practice, and the data from these sessions were not included in the
later analyses; subsequent inspection of the data indicated that
performance had stabilized by this time.

Apparatus and Stimuli. The experiment was conducted in a
6 X 6 X 6 m anechoic chamber lined on all six surfaces with
O.75-m foam wedges. During a session, the subject was seated in
a chair at the center of the chamber. The subject's head was not rc-
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Figure 2. Loudspeaker arrangement and stimulus timing employed in Experi
ment 1. In the buildup conditions, each trial began with a train of 9 burst pairs,
with the lead burst coming from the loudspeaker at -45° and the lag burst com
ing from the loudspeaker at 0°(delay between lead and lag bursts was T msec). For
the test burst pair, the lead burst came from the loudspeaker at -45°, and the lag
burst came from Loudspeaker 1 at 0° in the echo suppression task or from one of
the flanking loudspeakers (Loudspeaker 2 at -5°, or Loudspeaker 3 at +5°) in the
discrimination suppression task. In the baseline conditions, the preceding train of
burst pairs was not presented; only the test burst pair was presented.

strained, but she or he was instructed to face directly ahead and
not move the head during the run. A semicircular array of loud
speakers (JBL 811OHhigh-compliance full-range) was positioned
in front of the subject at ear level, 1.8 m in distance. From this array,
four loudspeakers were employed in Experiment I. The room
lights were extinguished in order to eliminate possible visual in
fluences on performance.

Stimuli were 4-msec bursts of Gaussian noise, output at a 20
kHz rate through a two-channeI12-bit DAC and bandpass-filtered
from 100 to 10000 Hz. The spectrum of the resulting bursts had a
gradual (5 dB) rolloffbetween 250 Hz and 10 kHz, followed by a
steep rolloff (126 dB/octave) above 10 kHz. Bursts were always
presented in pairs: one from a lead loudspeaker and one from a lag
loudspeaker. The two bursts within a pair were identical temporal
waveforms with a specified delay between lead and lag; each new
burst pair was unique, generated from a Gaussian random number
generator at run time. Level of the bursts (calibrated separately
for each loudspeaker) was set such that the average intensity was
65 dBA when played continuously and measured at the position of
the subject's head.

Two measures of performance were obtained: discrimination
suppression threshold and echo suppression threshold (described
below). For each of these tasks, threshold was obtained in two
conditions: (I) a baseline condition in which the subjects made
judgments about a single burst pair, and (2) a "buildup" condition
in which the subjects made judgments about a test burst pair that
followed a train of nine preceding burst pairs. Thus, a total offour
types of threshold were obtained: echo suppression and discrimi
nation suppression thresholds in both baseline and buildup con
ditions. Order of the four conditions was random and counterbal
anced across subjects.

Loudspeaker configuration and timing sequence are shown in
Figure 2, which will be referred to in the following paragraphs.

Measurement of discrimination suppression threshold. For
the measurement of discrimination suppression in the buildup
condition, a train of nine pairs of noise bursts was presented to
begin each trial (at a rate of 4 bursts/sec), with the lead burst from
a loudspeaker at -45° and the lag burst from a loudspeaker at 0°
azimuth (see left side of Figure 2). Following a delay of750 msec,
a test burst pair was presented, in which the lead burst came from
the same loudspeaker as the lead burst during the train (at -45°),
and the lag burst came from one of the two loudspeakers flanking
the midline loudspeaker (Loudspeaker 2 at - 5° or Loudspeaker 3
at +5°, see right side ofFigure 2). The subject's task was to choose
which lag loudspeaker was activated, using a lap-held response box.
Immediate feedback was given by LEDs on the response box.

Echo delay (T in Figure 2), which was always the same on any
given trial for the train burst pairs and the test burst pair, was var
ied adaptively to track threshold. Each adaptive block began with
an initial echo delay of 60 msec between the lead and lag sounds
(a condition that the subjects found easy). After two correct re
sponses in a row,echo delay decreased (by a factor of 1.4);after each
incorrect response, echo delay increased by this factor. The block
terminated after 10 reversals of echo delay change, and discrimi
nation suppression threshold (70.7% correct discrimination level)
was computed as the mean of the last 8 of these reversals (Levitt,
1971). If 10 reversals had not occurred within 50 trials, the block
terminated and the run was discarded (this rarely happened).

Discrimination suppression threshold in the baseline condition
was obtained in a similar fashion, except there was no leading
train; each trial consisted of only a single test burst pair (as shown
on the right side of Figure 2), and the subject had to respond
whether the lag burst came from Loudspeaker 2 or 3.

For both baseline and buildup conditions, at least four thresh
olds (i.e., four runs) were obtained from each subject. If the stan
dard deviation for a run (calculated across reversal points) was
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Figure 3. Timing sequence for test trials and for catch trials in
the measurement of echo suppression threshold. A lead and lag
stimulus was presented on each trial; however,for the catch trials,
the echo delay was well below echo threshold, so it was always
identified as "one event."

greater than one third of the threshold magnitude, that run was
discarded. If the standard deviation calculated across the four
thresholds was greater than one third of the average of the four
thresholds, two more thresholds were obtained for that condition,
and all six were included in the final analysis. Additional thresh
old runs were obtained in about 50% of the cases.

Measurement ofecho suppression threshold. The sequence
ofstimulus presentation for the measurement of echo suppression
was very similar to that described above for discrimination sup
pression. In the buildup condition, each trial began with the train
of 9 burst pairs (presented at a rate of 4/sec) as shown on the left
side of Figure 2. Following a delay of 750 msec, a test burst pair
was presented, for which the lead and lag bursts came from the
same loudspeakers that had produced them during the train (the
lag sound came from Loudspeaker 1, as shown on the right side of
Figure 2). In this case, the subject's task was to report whether she
or he heard one or two sounds in the test burst (i.e., was the echo
event heard as separate?). Feedback was not presented (unbe
knownst to the subject, two sounds were always presented-one
from the lead and one from the lag speaker).

As described above for discrimination suppression thresholds,
echo delay was always the same within a given trial for both train
bursts and the test burst and was varied adaptively to track a
threshold. The initial delay was sufficiently large (30-90 msec) so
that all subjects would clearly hear two events. After two succes
sive responses of "two events," echo delay decreased (by a factor
of 1.4); after each response of "one event," echo delay increased
by this factor. Echo suppression threshold (70.7% correct dis
crimination level) was calculated from the last 8 of 10 reversals of
echo delay change, as described earlier for discrimination suppres
sion threshold (Levitt, 1971).

A feature that was different for the measurement of echo sup
pression threshold from that described earlier for discrimination
suppression threshold was the inclusion of "catch trials" among
the "standard trials" just described (see Figure 3). Echo delay in
the catch trials was set well below echo threshold (randomized be
tween 1.5 and 1.8 msec), and these trials were always perceived as
"one event." Catch trials were employed in an attempt to obtain a
more objective measure of echo suppression than that obtained in
previous studies.? The proportion of catch trials was .5 at the be
ginning of a run but was reduced to .25 after the first 2 reversals
in the adaptivetracking procedure, since the lowerproportion proved
in preliminary testing to be more efficient for threshold determi-
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nation. The adaptive tracking was carried out on the basis of the
responses to the standard trials alone and not to the catch trials.

The measurement ofecho suppression in the baseline condition
was the same as that just described for the buildup condition, ex
cept there was no leading train: Each trial consisted of a single
test burst, to which the subject had to respond "one" or "two."

At least four thresholds were obtained from each subject in both
baseline and buildup conditions, with the same rules for inclusion
as described earlier for discrimination suppression thresholds.

Results and Discussion
Echo suppression thresholds and discrimination sup

pression thresholds for each of the 6 subjects in the two
conditions are displayed in Figure 4, along with the mean
across subjects (lower right panel). In the baseline (with
out train) conditions, average discrimination suppression
threshold and echo suppression threshold were 5.6 and
5.2 msec, respectively. In the buildup (with train) condi
tions, average thresholds increased to 10.4 and 26.4 msec,
respectively.

A 2 X 2 analysis of variance (ANOVA) was per
formed on the subjects' mean thresholds, with condition
(baseline and buildup) and type of suppression (echo
suppression and discrimination suppression) as within
subjects factors. Results of the ANOVA and follow-up
post hoc tests confirmed the patterns shown in Figure 4.
First, there was a significant interaction between condi
tion and type of suppression [F(l,5) = 12.33,p < .017].
Second, in the baseline condition, there was no significant
difference between echo suppression threshold and dis
crimination suppression threshold [F(l,5) = 0.84], thus
replicating the findings of Freyman et al. (1991). Third,
the train produced a significant threshold elevation for
both echo suppression threshold [F(l ,5) = 19.78, p <
.001] and discrimination suppression threshold [F(l,5)
= 8.11, P < .05]. Finally, as predicted, there was a sig
nificant difference between echo suppression and dis
crimination suppression in the buildup conditions [t =

3.71,p < .014].
Is there a facilitative effect of the train on discrim

ination performance? Despite considerable intersub
ject variability, echo suppression thresholds were con
sistently larger than discrimination suppression thresholds
under buildup conditions (Figure 4). Prior to considering
possible implications of this result for precedence effect
mechanisms, we consider some features of the stimulus
and task paradigm that may have contributed to this dif
ference. In particular, it is possible that the presentation
of the preceding train of bursts actually served to facili
tate performance in the discrimination task, such that
even though the preceding train generally produced an
increase in both types of suppression, the increase in dis
crimination suppression was less than it would have been
ifthis facilitation effect had not occurred. Such a relative
facilitative effect on discrimination performance might
have occurred, for example, because the repeated bursts
in the train may have served to stabilize the subject's in
ternal representation of the burst pair's composite loca
tion or percept, thus rendering the subsequent discrimi
nation of the test burst echo position relatively easier.
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Figure 4. Echo suppression thresholds (filled circles) and discrimination suppression thresholds (open triangles) for

the baseline condition (without preceding train) and the buildup condition (with preceding train). Data are shown for
the 6 subjects in different panels (means across subjects are shown in the far right panel). Error bars show 2: 1 standard
deviation computed across runs for the individual subjects or computed across subjects for the mean data (in the far
right panel).

Another possibility is that the :::': 5° shift in the echo po
sition for the test burst presentation actually served to re
lease some of the buildup achieved during the train, thus
restoring some discriminability (Clifton et aI., 1994,
showed that a change in echo delay after a preceding
train-simulating a sudden change in the position of a
reflecting wall-could restore discriminability to near
baseline levels).

These types of facilitative effects suggest that the
buildup discrimination suppression thresholds shown in
Figure 4 may be underestimates of the true degree of dis
crimination suppression. It is difficult from the present
data to assess the extent of such underestimation; however,
there is some indirect evidence suggesting that the de
gree of underestimation of these thresholds is small, at
best, and therefore does not affect the general pattern of
data shown in Figure 4. With respect to the first factor
(stabilization of the internal representation), the effect of
stimulus duration on horizontal-plane localization accu
racy is minimal, even for presentations down to 5 msec
(Rakerd & Hartmann, 1986), suggesting that stabiliza
tion of the internal image with repeated bursts would not
show a large effect. With respect to the second factor (re
lease of buildup), the:::':5° shift in echo position em
ployed in the present experiment is much smaller than
the changes found by Clifton et al. (1994, a shift in depth
of 1-2 m) to produce significant restoration of discrim-

ination threshold. In short, we feel the differences in
buildup thresholds for echo suppression and discrimina
tion suppression, although perhaps exaggerated some
what due to the factors mentioned in the previous para
graph, are real differences that reflect the operation of
the precedence effect.'

Implications for mechanisms underlying the prece
dence effect. The results shown in Figure 4 suggest that
when a single burst pair is presented in isolation, dis
crimination suppression and echo suppression reflect the
processing of a common mechanism (possibly of rela
tively peripheral origin). However, with more extended
or repeated presentation ofstimuli (as would occur when
an observer gains acoustic experience in a room), a
higher level processing might be invoked that serves to
reduce the load from incoming signals that can be iden
tified as echoes (and, thus, as unimportant or confusing
signals). Both types of suppression increase under these
circumstances, but the larger increase in echo than in dis
crimination suppression indicates that an echo's identity
as a separate event is the first thing suppressed. The fact
that an echo's direction can be discriminated over a range
of echo delays for which it is not identifiable as a sepa
rate event (when presented from midline) supports the
conclusion that echo suppression and discrimination
suppression are distinctive phenomena, at least under
buildup conditions. It also indicates that "echo suppres-
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Figure 5. Loudspeaker configuration employed in Experiment 2. Lead source position was at one of the five az
imuths shown by the open loudspeaker symbols, Lag source position, shown by the filled loudspeaker symbols,
was constant at +450 azimuth for the echo suppression task or at one of the flanking positions, 2 or 3, for the dis
crimination suppression task.

sion" by no means implies that all information concern
ing the echo is necessarily unavailable to the listener (see
Saberi & Perrott, 1990): When a subject's attention is
specifically drawn to the echo event, as it was in the pres
ent experiment, there is a range of echo delay (10-20
msec for our subjects) for which the echo's direction can
be discriminated even when it is "suppressed."

In terms of the different aspects of precedence out
lined in the introduction, the present data, together with
the data and analysis of Shinn-Cunningham et al. (1993),
are consistent with the following scenario: Under base
line conditions, the three aspects of precedence are me
diated by a common mechanism; however, under buildup
conditions, echo suppression and discrimination sup
pression are mediated by distinct mechanisms. To date,
there are no published data reporting whether localization
dominance shows any change under buildup conditions.

EXPERIMENT 2

Experiment 2 was designed to measure echo suppres
sion and discrimination suppression as a function of the
azimuthal separation of lead and lag sources.

Method
Subjects. Five ofthe 6 subjects from Experiment I participated

in this experiment. The 6th, K.F., was unavailable. Thus, there
were 2 males and 3 females, 23-38 years of age.

Apparatus, Stimuli, and Procedure. Testing chamber and
stimuli were identical to those described for Experiment I. Dis
crimination suppression thresholds and echo suppression thresh
olds were determined according to the adaptive procedures de-

scribed for Experiment I; however, thresholds were measured
only for the baseline condition and not for the buildup condition.

In order to have a large range of azimuthal separations, a dif
ferent loudspeaker configuration was employed from that em
ployed in Experiment I (see Figure 5). The lag position was held
constant at +45°, and the lead loudspeaker was positioned at one
offive azimuths (-60°, -15°, +15°,+45°, and +60°). As described
previously, in the echo suppression task, the lag loudspeaker was
at +45°, and the subject reported "one" or "two" events; in the dis
crimination suppression task, the lag loudspeaker was either at
+35° or at +55°, and the subject had to report which speaker de
liveredthe echo. Within an adaptiveblock oftrials, lead loudspeaker
azimuth was held constant; the order of the 10 conditions (5 lead
azimuths X 2 types of suppression thresholds) was random and
counterbalanced across subjects. At least four thresholds were ob
tained for each condition (using the same rules for inclusion as de
scribed for Experiment I), and the final reported thresholds are the
averages across all threshold runs completed for that condition.

Results and Discussion
Figure 6 presents the data for the 5 subjects individually

as well as the mean data across the 5 subjects (in the lower
right panel). In each panel, thresholds are plotted as a func
tion of the lead source azimuth (the position of the lag
source is indicated as an arrow on the abscissa). Echo sup
pression thresholds are shown as filled circles; discrim
ination suppression thresholds are shown as open triangles.

Lead-lag spatial separation exhibited no consistent ef
fect on performance. A 2 X 2 ANOVA performed on the
data, with azimuth (-60°, -15°, 15°, 45°, and 60°) and
suppression (echo suppression and discrimination sup
pression) as within-subjects factors, indicated that nei
ther of the main effects nor the interaction between them
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Figure 6. Echo suppression thresholds (filled circles) and discrimination suppression thresholds (open trian

gles) as a function of the location of the lead loudspeaker. Data are shown for the 5 subjects in different panels
(means across subjects are shown in the lower right panel). The position of the lag loudspeaker is shown as the
arrow along the abscissa in each panel. Error bars show ± 1 standard deviation computed across runs for the in
dividual subjects or computed across subjects for the mean data (in the lower right panel).

was significant. Follow-up tests revealed no significant
effect of lead source azimuth on either echo suppression
or discrimination suppression.

Large individual differences were apparent; however,
within each subject, discrimination suppression and echo
suppression functions had similar patterns. For example,
Subjects M.H. and YL. showed increasing functions for
both discrimination suppression and echo suppression,
Subjects X.X. and L.D. showed rather flat functions, and
Subject M.B. showed nonmonotonic functions. Overall,
the results support the finding from Experiment I that dis
crimination suppression and echo suppression are medi
ated by a common mechanism for baseline (i.e., single
stimulus) presentation.

The results do not support the prediction that discrim
ination suppression would increase and echo suppres
sion would decrease as lead and lag source positions di
verge. This expectation was based on previous reports in
the literature that had suggested this direction of results.
One reason our results did not show the same pattern as
those previously reported is that the earlier studies em
ployed stimuli that might have produced some buildup
effects. With regard to the previous reports that echo
suppression decreases with increasing lead-lag separa
tion, the Yost and Guzman (1995) study employed click
trains, such as those employed in Experiment 1 of the
present study, and was explicitly investigating buildup

effects.> Similarly, the one previous study that examined
discrimination as a function of lead-lag separation em
ployed two pairs of two clicks on each trial, and the total
set of four clicks may well have produced buildup ofsup
pression. On the basis of increasing evidence that buildup
stimulation results in patterns of suppression that are sig
nificantly different from those of baseline stimulation
(Experiment 1 in present study; Grantham, 1996), it is
possible that the present negative result was due to test
ing only under baseline conditions, where any possible
differential effects may have been too small to have been
detected.

SUMMARY AND CONCLUSIONS

The precedence effect, whereby a direct sound and its
echo are heard as a single sound coming from the vicin
ity of the lead sound, encompasses three aspects, repre
sented by three types of tasks that have been reported in
the literature. The present study investigated two ofthese
aspects: (I) echo suppression (the direct sound and its
echo are fused, and subjects can hear only one event),
and (2) discrimination suppression (subjects cannot reli
ably discriminate the position ofthe echo). Echo suppres
sion threshold and discrimination suppression threshold
were relatively small for single burst-pair presentation
(5 msec in the present investigation). Under buildup con-
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ditions (when a train of redundant burst pairs preceded
the test burst), both discrimination suppression thresh
old and echo suppression threshold increased; however,
the amount of increase in echo suppression threshold
(21 msec) was substantially greater than that in discrim
ination suppression threshold (5 msec). This result indi
cates that there is a range ofecho delay for which the sub
ject reports only a single event, but for which she or he
is able to discriminate the echo's position at an above
chance level. The differential increase in threshold, to
gether with the long time period involved in buildup,
may be due to the involvement ofmore central processes
in the buildup precedence effect, which serves to reduce
subjects' awareness of the echoes produced in a familiar
environment. These findings also suggest that mecha
nisms involved in the buildup of echo suppression may
be different from those involved in the buildup of dis
crimination suppression.

Neither echo suppression nor discrimination suppres
sion was dependent upon the azimuthal separation be
tween lead and lag sources when measured in a baseline
condition. However, on the basis ofscattered results from
previous studies, it is reasonable to expect that different
results might be obtained if these measurements were
made with buildup stimuli. In particular, previously cited
data suggest that echo suppression threshold will de
crease but that discrimination suppression threshold will
increase as the echo's position moves away from that of
the direct sound; in other words, the echo's position will
become more difficult to discriminate with increasing
lead-lag separation, even as it becomes more perceptible
as a separate event. Whether these predictions will be
borne out with buildup stimuli remains to be investigated.
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NOTES

I. What we call discrimination suppression in the present paper was
referred to as localization suppression in the published abstract de
scribing some of the same data (Yang & Grantham, 1995). We now be
lieve the former term is more appropriate to describe the task employed
(discriminating the location of the echo event); also, it is in concert
with the terminology employed by Shinn-Cunningham et al. (1993).

2. We reported some data at the 125th Meeting of the Acoustical
Society of America (Yang & Grantham, 1993) on discrimination sup
pression. We found that discrimination suppression increased when
the test click pair was preceded by a train of nine similar click pairs
(this result replicated some of the findings of Freyman et aI., 1991);
furthermore, the amount of increase in discrimination suppression
tended to be greater when the spatial and temporal characteristics of
the test stimulus were the same as those of the preceding train than
when they differed from those of the preceding train (this result is sim
ilar to some findings of Clifton et aI., 1994). The following year, we
reported some data on the effects of stimulus frequency and band
width on echo suppression (echo suppression threshold tended to in
crease as stimulus center frequency and/or bandwidth decreased; Yang
& Grantham, 1994). Two listeners were common to these two experi
ments, and we noticed that, for comparable stimulus conditions in the
two studies, they showed consistently higher echo suppression thresh-
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olds than discrimination suppression thresholds. Subsequent informal
listening confirmed this directional difference for cases when a test
click was preceded by a train of similar clicks.

3. In this experiment, it was not possible to use the catch trials to es
timate a false-alarm rate, since the subjects reported "one event"
100% of the time to the catch trials. For purposes of the present study,
catch trials served to provide the subjects with a periodic exemplar of
a single sound; even though the subjects' criterion could thus not be
quantified, it was felt that the periodic presentation of an exemplar
served to stabilize the subjects' criteria.

4. One of the reviewers ofthis paper suggested a clever modification
of our experiment, which may produce a "purer" measure of the dif
ference in echo suppression threshold and discrimination suppression
threshold under buildup conditions than the measure we obtained. In
the echo suppression experiment, the train would be presented nor-

mally (as shown on the left side of Figure 2), but, for the test burst pre
sentation, the lag burst would be presented from Loudspeaker 3 in
stead of the midline loudspeaker (Loudspeaker I); the subject would,
as before, respond "one" or "two." In this way,the responses in both the
fusion and the discrimination tasks would be based on a loudspeaker
position shifted 5° from that employed during the train, and any "re
lease from buildup" would thus be equivalent for the two tasks.

5. The other two previously mentioned studies (Boerger, as reported
in Blauert, 1983; Hafter et a!., 1992) may have also effectively employed
buildup stimuli, depending on such factors as the pace ofstimulus pre
sentation and duration ofthe stimulus on each presentation. These de
tails were not evident from the respective papers.

(Manuscript received June 7, 1996;
revision accepted for publication November 4, 1996.)




