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In a reverberant environment, sounds reach the ears through several paths. Although the direct
sound is followed by multiple reflections, which would be audible in isolation, the first-arriving
wavefront dominates many aspects of perception. The “precedence effect” refers to a group of
phenomena that are thought to be involved in resolving competition for perception and localization
between a direct sound and a reflection. This article is divided into five major sections. First, it
begins with a review of recent work on psychoacoustics, which divides the phenomena into
measurements of fusion, localization dominance, and discrimination suppression. Second, buildup
of precedence and breakdown of precedence are discussed. Third measurements in several animal
species, developmental changes in humans, and animal studies are described. Fourth, recent
physiological measurements that might be helpful in providing a fuller understanding of precedence
effects are reviewed. Fifth, a number of psychophysical models are described which illustrate
fundamentally different approaches and have distinct advantages and disadvantages. The purpose of
this review is to provide a framework within which to describe the effects of precedence and to help

in the integration of data from both psychophysical and physiological experiments. It is probably
only through the combined efforts of these fields that a full theory of precedence will evolve and
useful models will be developed. @999 Acoustical Society of America.

[S0001-496609)01910-4

PACS numbers: 43.10.Ln, 43.71.An, 43.71BYDP]

INTRODUCTION clutter of information, we can localize sound sources and
identify their meaning fairly accurately. Figure 1 illustrates a
This paper reviews recent work and current thinkingrecording of a source click and its reflections. The recording
about a group of auditory phenomena that are thought tvas made in a “typical” classroom(approximately 6
account for listeners’ abilities to function in reverberant x 11 m). The sound sourcéS) was a brief click delivered 1.3
spaces, and that for historical reasons have been attributed o in front of a blackboard and the recording measurement
the “precedence effect.” The most extensive review to datevas made 4 ft in front of the source. Three reflections can be
on this topic is in Blauert’s classic book on spatial hearingidentified and these are label&d, R2, andR3. They occur
which was just recently expanded and reprint@fiauert,  approximately 8, 8.5, and 10 ms after the direct click and are
1997. Blauert reviews the classic data on precedence up tattenuated relative to the source. For example, the first re-
about 1982, and then in a newly added chapter he reviewiection occurs about 8 ms after the source and its level is
some of the recent work on the buildup phenomefwhich  attenuated by about 9.5 dB from the level of the source click.
is covered in Sec. Il of this paperZurek (1987 also pro-  These reflections are sometimes referred to as “early reflec-
vides a review of the work through the mid-1980s, and retions” to differentiate them from the total reverberation cre-
lated chapters can be found in a recent book edited by Gilkejted by the interaction of all the reflectiofise., the total
and Andersor{1997. In recent years there has been a resuracoustic clutter produced by a sound in a reflective environ-
gence of interest in the precedence effect by psychoacoustnend. In general, a reflection is an attenuated, sometimes
cians and physiologists, and a new body of literature hagpatially separated, delayed and coherent copy of the origi-
been produced which has led us, and many others, to rewating sound.
evaluate our assumptions about the auditory and neural As a simplification of a natural situation, consider an
mechanisms involved. This review is our attempt to encomarrangement of two loudspeakers in an anechoic room such
pass all of these topics, especially those that have been stughat the speakers are equally distant, and stimulated by iden-
ied since the mid-1980s. tical sounds such that the onset of one sound is delayed
When a sound is produced in a reverberent environmentglative to the onset of the other sound. This can be consid-
it propagates in multiple directions and is subsequently reered a model of a direct sourithe lead with a single re-
flected from nearby surfaces. The auditory system is thuflection (the lag. This situation for click stimuli is shown in
faced with resolving competition between the first sound andrig. 2(A), and an idealized sketch of the perceived loca-
its reflections for perception and localization. Despite thistion(s) of the imagés) as a function of the lead—lag delay is
shown in Fig. ZB). The lead is at 45° to the right, and the lag
dAddress for correspondence: Boston University, Biomedical EngineeringiS at 45° to the left. When the delay is zero and the speakers
44 Cummington St., Boston, MA 02215; electronic mail: litovsky@bu.edu are stimulated equally, the stimuli to the two ears of the
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0025 speaker position, as one would expect for sequential, well-

oon| S separated stimuli.
\ 9.5dB This idealized situation can be used to provide the vo-

o 00151 cabulary used to describe these phenomena in general.
2 oot “Summing localization” refers to a delay0—1 mg when
S R1 R2
a //R3 the sounds from the lead and lag sources are perceptually
é 00059 e fused and when both the lead and lag contribute to the per-

0.000 ceived direction of the fused image.g., de Boer, 1940;

Warncke, 1941; for review see Blauert, 1997, pp. 2043206
Note that the simplest case of summing localization, as illus-
: , : : : : : trated in Fig. 2B), assumes no temporal overlap between the
5 10 15 20 25 30 35 40 direct and reflected signals and the perceived location is an

Time (msec) average_of _the two dir_ection_s. In_ cases wh_ere the stimuli

overlap in time, perceived direction is mediated by more

FIG. 1. The recording of the response to ad®electrical pulse in a college  complex averaging that include the amplitudes and phases of
classroom that was approximately@1 m in size. The source of the tran- the summed wave forms.

sient was placed 1.3 m in'front of a blackbogrd attached to the front of t_he As the delays are increased beyond 1 ms several obser-
classroom and the recording was made 4 ft in front of the source. The first ) ) .
40 ms of the recording shows the direct cli(® and several early reflec- Vations can be made. At relatively short deldgygpically in
tions labeled aR1, R2, andR3. These reflections stand out from the overall the range of 1 to 5 ms, or more, depending on the stimulus
reverberation. wave form and room acousticthe two sounds remain per-
ceptually fused, hence we refer to this percept as “fusion.”
listener are approximately equal and a sin@lised image is  As the delay increases, the lagging source becomes audible
perceived in the plane of symmetry, approximately straighits a separate auditory event; this perceptual boundary be-
ahead of the listener. As the delay increases, the fused imad@een “one fused sound” and “two separate sounds” is
moves toward the direction of the lead speaker, reaching thisften referred to as the echo threshold. Blay&&97) em-
direction after about a millisecond. For delays between abouthasizes this definition for two spatially separated sources.
1 and 5 ms, the image is still unitajused and remains We emphasize the fact that echo threshold is not the
located in the direction of the leading speaker. Finally, forthreshold of detectability of the lag; lead—lag sounds and
large delays, the image breaks into two images, one at eadbad-only sounds can be distinguished easily based on over-
all sound quality(e.g., Blauert, 1997 The echo threshold
estimates the delay at which the fused image perceptually

-0.005

-0.010

Fusion and L . . o . .
Localization Dominance splits into two images. This distinction is important since
A Lag B information contained in reflections is important for our abil-
-4.5" 5 45y ' ity to sense that the environment we are in is reverberant.
R oo Led § / - In addition to fusion, the finding that at short delays the
j@r\’ I go" . £ image location is dominated by the location of the leading
e b 3 § Lag source has been called the “law of the first wave front” or
N e “‘5_‘0; IS A “localization dominance.” Finally, “lag discrimination sup-
Delay (msec) pression” refers to the observation that at short delays stimu-
lus parameters of the lag stimulus are less discriminable due
Discrimination Suppression to the presence of the lead stimulus. Discrimination improves
C =™ as the delays increagsee Fig. 2C) and (D)]. In part, the
e L. ) purpose of this review is to introduce the vocabulary of fu-
\\'@// - ‘g sion, localization dominance, and lag discrimination suppres-
e 9: sion as a means to organize the various “effects” associated

with what has been called the precedence effect.
Delay (msec) Although the lead—lag stimulus paradigm is quite ideal-
ized compared with realistic stimuli in reverberant spaces, it

FIG. 2. Schematic diagram of spatio-temporal relation for a lead—lag click—h me widel in hoohvsical aindr n
pair. Panels A and C give examples of stimulus configurations for the as become widely used psychophysical &mdrecent

fusion/localization and discrimination tasks, respectively. In panel A theY€ars also in p_h¥Si0|09iC_a-l studies. The term “preced_ence
lead is at 45° to the right, and the lag is at 45° to the left. Panel B showseffect” was originally coined by Wallaclet al. (1949 in
changes in perceived locations of the auditory events as a function of thgnheijr classic study to describe the dominance of the lead

delay. With no delay, one fused image is heard at a “phantom” location _;: o : P :
between the lead and lag. Between 0—1 ms the image shifts toward the le S(Pmmus characteristics in the determination of the spatial

speaker. Between 1 ms and the “echo threshold” a fused image is heard 1@Cat|0n of the fused imagéocalization dominange How-

the lead location. When echo threshold is reached, a second image appeagy/er, in the past two decades this term has become popular-
initially near the lead location, and at longer delays at the lag location. In Gzed and is used to refer to most measurements made using
the lead is at 45° to the right, and the two lag locations are at 35 and 55° t? d—I timul nfigurations. r rdl f th ho-

the left. Panel D shows sample data for the discrimination task, in which €& . ag stimulus configu a, ons, regaraiess o . e pSyC_ 0

performance is poor at short delays and improves as delays are increasBiysical measurement that is made. Hence, fusion, localiza-

(panel B is modified from Blauert, 1997, with permission tion dominance, and discrimination suppression have all
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been used somewhat interchangeably. We view this as a po- A Lag
tential problem, which can easily result in confusion when §>
trying to understand the mechanisms underlying these per- ,
ceptual phenomena. The primary goal of this paper is to e i ¢ =45°
carefully delineate between studies that claim to measure
“the precedence effect,” but which may measure different ®>
perceptual effects. When appropriate, we will attempt to AN
draw parallels and to link related findings in these areas. To AN
date, few studies exist in which all three measurements have
been made in the same listeners, hence to the extent to which Lead
fusion, localization dominance, and discrimination suppres-
sion are directly related is not clearly understood.
In addition to delineating between perceptual phenom- B | |
T1 T2

AN

e ; i ) Right
ena, we feel that it is important to keep in mind which ear

method of stimulus presentation is used in the various stud- Left
ies. The situation depicted in Fig. 2 represents aspects of the ear
precedence effect in a free-field environment. However, <
much of what is known comes from headphone studies, in Delay (ms)
which stimuli from loudspeakers at different locations are
replaced by stimuli with different interaural time or level
differences for the lead and lag sourcesy., Wallactet al,, c Lead Lag
1949; Zurek, 1980; Gaskell, 1983; Yost and Soderquist, 48 deg 45 deg
1984; Shinn-Cunningharet al, 1993. There have also been ‘gt €
a few experiments with headphones using virtual acoustic Right Ear W T —
stimuli that attempt to recreate the same stimuli in the ear
canals that arise from free-field stimulatiqe.g., Dizon
et al,, 1997; Litovskyet al, 1999. These experiments allow Left Ear y
manipulation of spectral, temporal, and level differences
. . . . Delay (ms!

separately with the simulated free-field condition as the ref- I
erence condition. We draw attention to this distinction be- 0 2 4 6 8 10
cause some measurements indicate that effects differ depend- Time (msec)
ing on the method of stimulus presentation. In Fig. 3, the _ o _ _
stimulus configuration for the free field is shown in panel A, FIG- 3. Stimulus configurations commonly used in precedence studies. A:

h the lead and lag are each shown as arriving from anree-fleId setup. Two sounds are emitted from locations 45° to the right and
where i ; g . 9 left with the right signal leading the left signal by several milliseconds. B:
ferent locations with a delay between their onsets. Thepichotic headphone stimuli used by Wallaehal. (1949. Two click pairs
acoustic signals at the left and right earphones for the heag\d.th ITDs leading to the right ear and t_herl 'the left ear, with a delay of a few
phone stimulation case are shown in panel B, where the le rﬁllllseconds between t_he pairs. The |nd|V|_duaI wave forms at each ear_for

T . X _the lead and the lag pairs would be approximately the same levels and differ

and lag each contain interaural time differences that result igny in the interaural delay. C: Sketch of two impulse responses to click-
images with different perceived lateralization. Finally, the pairs as the sound sources reach the ears in free field from 45° to the right

resulting wave forms at the ears for the free-field case arand left. There are natural interaural differences in time and intensity be-
. tween the stimuli at the two ears, as well as some differences in the spectral
sketched in panel C.

. . . . . shape of the sounds. Finally, to simulate the precedence effect there is an
It is clear from Fig. 3 that stimuli that are often used in interstimulus delay, simulating the echo delay.

studies of the precedence effect differ dramatically from “re-

alistic” stimuli. The lead/lag simulation of a sound source

and its reflection differs in several ways from the acoustics inween a source and its reflection. Ultimately, experimenters
real rooms. Lead and lag stimuli are often clicks of equalshould aim to use more realistic stimuli; however, while the
amplitude and identical wave forms, while sound sourcesnechanisms underlying precedence are not well understood,
need not be transient and reflections are usually differentninimizing stimulus complexity remains essential.

from the sound source in amplitude and wave form. None- In this paper we will use lead and lag stimuli to refer to
theless, click stimuli have been popular in precedence studieonditions involving the types of simulations we have just
due to their transient nature, which avoids temporal overlaplescribed. We will reserve the terms “sound source” and
between the lead and lag. About 50 years ago there weré&eflections” to discussions of real acoustic environments or
some very interesting studies on the processing of compleapplications of experimental work to the real world. We also
stimuli in a source-reflection paradig(e.g., Haas, 1949  will reserve the word “echo” for situations in which fusion
and that work is reviewed in detail by Blaudi997. We  breaks down and a reflection or lag stimulus is perceived as
believe that studies on precedence, in which the stimuli ara separate sound source. The vocabulary we are applying to
optimized and nonrealistic, represent the first step towarthe study of precedence in this review is not necessary for
understanding basic auditory processes that are involved imnderstanding the literature. However, we believe that it will
resolving competition for perception and localization be-help the readebetter understand the literature, and it will

+400 usec | | -400 usec

>
7
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TABLE I. Crticial thresholds for fusion, discrimination suppression, and localization dominance.

Study Stimulus Thresholds Criterion for threshold

FUSION ECHO THRESHOLDS
Haas(1951) speech 30-40 ms  “echo annoying”
Lochner and Burge(1958 speech 50 ms lead and lag “equally loud”
Schubert & Wernick1969 noise

a) 20-ms duration 5-6 ms lead and lag “equally loud”

b) 50-ms duration 12 ms

€)100-ms duration 22 ms
Ebataet al. (1968 clicks 10 ms  fused image at center of the head
Freymanet al. (1991 clicks 5-9 ms lag heard on 50% of trials
Yang and Granthami1997a  clicks 5-10 ms lag clearly audible on 75% of trials
Litovsky et al. (1999 clicks 5-10 ms lag clearly audible on 75% of trials
DISCRIMINATION CRITICAL THRESHOLDS
Freymanet al. (1991 clicks 5-9ms d'=1
Yang and Granthanil997h clicks 5-10 ms discrimination 75% correct
Litovsky et al. (1999 clicks 5-10 ms  discrimination 75% correct

LOCALIZATION CRITICAL THRESHOLDS
Litovsky et al. (1997hH clicks 11.4 ms lead location chosen on 75% of trials
Litovsky et al. (19973 clicks 8 ms lead location chosen on 75% of trials

facilitate the integration of information about precedence agunction of delay. At short delay6<5 ms for clickg most
well as aid in modeling sound processing in reflective envidisteners report hearing one sound on the majority of trials,
ronments. and as the delays are increased the proportion of trials on
Most of this review is concerned with recent psycho-which “two sounds” are reported increases, usually reaching
physical research related to the precedence effect; this co00% by 8 to 10 ms. In addition to the audibility of the lag,
stitutes the material of Sec. I. In separate subsections, meather perceptual changes occur, including the influence of
surements of fusion, localization dominance, andthe lag on aspects of the fused image, such as its loudness,
discrimination suppression are discussed individually. Secspatial extent, and pitch. These types of perceptual changes
tion Il considers recent results showing how precedingalso depend on the type of signal, the signal level, the direc-
stimulation affects perception of simulated reflections, andion of the sources, and whether the sounds are presented in
we describe two important findings based on repeating leadfree field or over headphones. It is important to note that the
lag stimulus pairs: the buildup and the breakdown of some ofletectability of the lagging source is not of primary interest;
the effects of precedence. In Sec. Ill, material related to hulisteners are usually able to distinguish between trials in
man development and animal experiments is considered. Which a lag is present and trials in which the lead is pre-
Sec. 1V, attention is given to neural mechanisms that mightented alonéGuzman and Yost, 1999Rather, the focus is
underlie psychophysical phenomena related to precedenceh whether the lag is perceptually fused with the lead or
hence, we will attempt to weave together and correlate findwhether it is perceived as a separate sound.

ings in psychophysics and physiology. Finally, in Sec. Vwe A common measure of the temporal boundary between
consider current models of precedence and their limitationsseparating perception of “one fused sound” from “two

separate sounds” is thecho threshold(for review see

. PSYCHOPHYSICS WITH SIMPLE PAIRED STIMULI ZUTEK, 1987; Blauert, 1997Quantitative estimates of echo
thresholds vary tremendousi2—50 mg, depending on a
number of variables. The primary determinant of the echo

Fusion is a striking perceptual effect: at short delaysthreshold seems to be the nature of the stimulus, although
between a sound source and its reflection, while two or moréstructions to subjects are probably important and few labo-
equally loud, spatially separated sounds are physicallyatories used several types of stimuli within a single study. In
present, listeners perceive only one fused auditory evenaddition, spatial separation might be a determinant. Blauert's
This effect can be quite useful for avoiding multiple sound(1997 definition assumes that the lead and lag are separated
images that may arise from the source and its reflections. Avhile not all other writings do. In Table | we list examples of
listener's ability to negotiate sounds in a reflective space carcho thresholds obtained with different stimuli, showing that
be enhanced if the auditory system groups a sound souregho thresholds are much shorter for brief stimuli such as
and its reflections in to a single, coherent auditory percept.clicks than for longer duration stimuli such as noise and

In order to measure fusion in a controlled laboratoryongoing complex stimuli such as running speech. Although
environment, listeners are usually asked to provide a subjedhe table is not inclusive of all studies conducted on fusion, it
tive impression of how many sounds they hear, and measureepresents a good summary of the stimulus variables that
ments are usually repeated at various lead—lag delays. Resight influence echo threshold.
sults can be plotted as psychometric functions that show the Fusion studies have an inherent subjective nature, hence
percent of trials on which “two sounds” are reported as aestimates of echo threshold also depend on the instructions

A. Fusion
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given to the listener. Thus echo thresholds can vary dependrs), not unlike those that occur in relatively small enclosed
ing on whether one measures delays at which the “primanspaces. Sound travels at the speed of approximately 1 meter
auditory event and reflectidmare] equally loud” (e.g., Haas, per 3 ms, hence a reflection might take up to 6 ms to reach
1951; Meyer and Schrodder, 1952; Lochner and Burgerthe ears from a nearby wall, and up to 10 ms or longer from
1958; Franssen, 1960, 1963; David, 195%e ‘“reflection  a far wall. The advantages of fusion might therefore be most
[is] annoying” (Haas, 1951; Muncegt al, 1953, “a sec-  noticeable in small rooms, and decrease as the reflective sur-
ond sound is heard at the vicinity of the lag speaké’y., faces are placed farther from the listener. Fusion studies have
Freymanet al, 1991, or “one or more than one potential been mostly limited to subjective impressions reported by
sources of the perceived sound are detect@dy., Yost and listeners, with little emphasis on the perceived location of the
Guzman, 1996 A large majority of studies on fusion was lead, lag, or fused image. The next section on localization
conducted prior to 1971 and usually in the free field. Thesglominance focuses on processing of directional information.
studies are discussed extensively by Blay&&97. Much

less work has been done over headphones, and this woik Localization dominance

(e.g., Yost and Soderquist, 198duggests that echo thresh-

olds are shorter for headphones than for free-field delivered It_|s not hard 10 imagine what a I|ste_ner might experl-
stimuli ence if directional information contained in a source and in

More recently, several additional aspects of fusion hav its reflections were weighted equally by the auditory system.

been noted. There seems to be significant intersubject va‘r?[;E would be difficult to identify the true location of the
o ' ) gnit ) source. However, that is not the case. The reader can relate to
ability in the strength of fusiorie.g., Clifton and Freyman,

4 o : . his/her own experience, whereby a source can usually be
1?89,|_Freymar|¢_attal., 1991, Fln‘tonet al, ;9%' \fN't.h C“Ctk | correctly localized, and the reflections contribute relatively
?'mlu h EOTed 'IS ene2r34no ongehrilexpfr:lence usion at T€lae girectional information. This everyday experience is
ively short delays(2-4 m3, while others EXPETIENCe a \ hat we term “localization dominance.” In a controlled
strong effect that lasts beyond 10 ms. In addition, it has bee

. . [?aboratory situation this phenomenon is usually studied by
suggestedLitovsky and Colburn, 1998that spatial separa- simulating one sourcéead and one reflectioflag), and the

tion between lead and lag significantly reduces echo thres}b’ffect is thought to be strongest at short delay®ater than
old. In the classic li d h a millisecond and shorter than echo thresholdhis is not to
n the classic literature on precedence there seems to y that directional information from the lag is completely

an underlying assumption that the precedence effect is a blri'g?mored, but that the contribution of the lead to localization

aural phenomenon, mediated by the binaural circuits in th%f the fused image is much stronger than that of the lag.
auditory system, and hence it has been modeled using bin-

aural inputs(e.g., Blauert, 1997 It turns out that several 1. Headphone studies
aspects of precedence, including fusion, occur at similar de-  The bulk of studies on localization dominance have been
lays under binaural and monaural conditions. conducted under headphones using “adjustment” protocols

One might ask what natural situation would result inin which listeners match the position of the fused image to
presentation of sounds via a monaural system? In recemhat of a reference stimulugr to midline by varying a
years at least two such scenarios have been identified amfinaural parameter, such as interaural differences in time
studied. The first has been to compare listeners’ performana@TD) or level (ILD), of either the lead or lagvon Bekesy,
in the azimuthal and median-sagittal planes, where the relat930; Wallach et al, 1949; Haas, 1949: Snow, 1954b:;
tive strength of binaural disparity cues and spectral cues dift eakey and Cherry, 1957; Zurek, 1980; Yost and Soderquist,
fer in the two dimensiongLitovsky et al, 1999; Rakerd 1984; Shinn-Cunninghanet al, 1993, 1995 The domi-
et al, 1997. The second approach has been to measure furance of the lead is quite compelling. For example, in their
sion in listeners who have profound monaural deafnesglassic study, Wallacht al. (1949 reported combinations of
(Litovsky et al, 19974. Monaural listeners are accustomed lead and lag ITDgeach favoring a different epthat resulted
to functioning in their environment using information from in a fused auditory image at the center of the head. At a delay
one ear alone, hence they probably represent a “perfectdf 2 ms an ITD of 100us in the lead required an ITD of
monaural system much more realistically than wouldapproximately 40Qus in the lag. The fact that the lag did
normal-hearing listeners tested under monaural conditionsucceed in centering the fused image suggests that the lead
The results are suggestive of a fusion mechanism that is nalid not dominate perception completely. In fact, a simple
dependent on binaural processing. In the azimuthal-medialinear weighting function would imply that the directional
studies, the delay at which listeners perceived “one sound’cues contained in the lead were weighted four times more
or “two sounds” for either clicks(Litovsky et al, 1999 or  heavily than those of the lag.
speech(Rakerdet al, 1997 is nearly identical for most lis- A more precise estimate of localization dominance can
teners. In the study using monaural listeners, fusion wabe achieved by asking subjects to “point” to the perceived
found at similar delays for the normal-hearing and the moniocation of the auditory image using an acoustic pointer
aural populations. whose ITD can be manipulated by the listefery., Zurek,

To summarize, a basic perceptual consequence of listerd-980; Shinn-Cunninghanet al, 1993. The advantage of
ing in reflective environments is that sources and their reflecthis protocol is that the perceptual weight of the lead and lag
tions become perceptually fused into a single coherent audzan be directly estimated from the data using very few pa-
tory percept. This effect is strongest at short deléys8 rameters. Using a simple model, Shinn-Cunningheinal.

1637 J. Acoust. Soc. Am., Vol. 106, No. 4, Pt. 1, October 1999 Litovsky et al.: Precedence effect 1637



100

(1993 succeeded in calculating weighting factors for the

lead and lag from several published studies and found that
typical values ranged from 80%—-90% and 10%—20% for the
lead and lag, respectively. Hence, Wallaghal's (1949

A
-
P -

Percent Responses

original finding, that while the lead dominates localization 40 - guessing limit .
the lag contribution is also important, has been confirmed
. . . . 20 - —©— Azimuth
over the years in several labs using various techniques. _&- Median
0 T T T
2. Azimuthal-plane studies in free fields and rooms 0.1 1 10
While headphone studies were successful in providing a Delay (msec)

guantitative measure of the perceptual weights of the lead o _ _ _
di th tainly did t id “ listic” ti FIG. 4. Localization dominance measures in free field. Lead and lag loca-
an . ag, they cer am. y di no. provige a “realisic” acousuc tions varied in 90° steps along each plafe +90° in azimuth and 0, 90,
environment. Free-field studies, on the other hand, do protgoe in median Listeners reported the location that was nearest to that of
vide more realistic everyday scenarios, although they havthe fused event. Mean responses for eight subjects are plotted. For both
their own limitations Early studies in free field using a two- source planes, the plots show the percentage of trials in which the leading
) . . source was nearest to the sound imdgeprinted from Litovskyet al.

loudspeaker system showed that the perceived location of thg

fused image is dominated by the lead spedkay., Wallach

iggll 1:3 49k; Lealk;%gaFr;d ClTetLryt’ %r? 57, S?owl,_ 1954}?; t';:aaﬁbcation is presented with a sudden onset and a gradual off-

, Leakey, ecall that these stimuli are further set, and at a different location a tone is turned on gradually
unreal|s.t|c. n th_at the lag is not. attenqated relative to th.eand remains on for a long time, listeners will perceive a short
Iearld, t?tls 'S f[mdl'kel a}[.tru? rter:‘lectloz, Wh'IC:h c:;n:eldra_matl—tone at the onset from the leading speaker, then a room-
cally attenuated reative 1o Ine Souleeg., Fg. 1. A classic filling diffuse ongoing sound. When forced to choose a loca-
example of this effect was demonstrated by Leakey an

: . ion, subjects resort to the initial tone location. The illusion
Cherry (1957 for loudspeakers located at 45° to the ”ghtworks for midfrequency tones presented in reverberant

and left, using speech S|gnals._W|t_h no delay, th_e fused M:50ms. It does not work for noise stimuli, for stimuli pre-
age appeared at a central location in front of the listener, ang)

o . i ented in anechoic rooms or over headphones, or when the
a delay of a few milliseconds in one loudspeaker shifted th?ones are low or very high in frequendyartmann and
entire auditory image to the o.ther, Iegding speaker. Leake}ﬁakerd 1989; Yostt al, 1997. The ability to produce the
E\r;/?aé:ziz rr:élatf/osch\rl;?%g;gellgcgi?ffsm%éhfisl,i\cljeiln?;gtgebg Cranssen illusion is correlated with the ability of listeners to
. . S li in that that ifficult to locali
to its central location. Similarly, Haad951) demonstrated calize sounds, in that sounds that are difficult to localize

) . appear to generate the strongest Franssen illyslantmann
that when the level of the leading source is decreased therePIO g 9 u

f 1o be two simultan ; in the direction z%nd Rakerd, 1989; Yot al, 1997. Thus the Franssen ef-
appear fo be two simuftaneous sources € CIrections Q4+ is consistent with localization dominance in the prece-

the two speakers. Hence, there is trade-off in localizatior o effect, in that the first information arriving at the lis-

:l(;ﬂ;ﬂ;gclngetween delay and relative signal levels of thT’ener controls the reported location of the perceived sound.

To date, one published study has been conducted in the ) o ) )
azimuthal plane with more than two speakers. Figure 43 Free-field studies in the median sagittal plane
shows data from Litovsket al. (1997h with three speakers Since reflections in natural rooms arrive from multiple
(nine possible lead—lag combinatioret delays of 0 to 10 directions, including the walls, ceiling, and floor, they are
ms. In the azimuthal plan@pen symbolsat delays of 1-2 likely to contain directional information that includes binau-
ms, the leading source location was chosen on 95% of trialsal cues(ITD and ILD) as well as monaural spectral and
providing strong evidence that the lead dominated localizalevel cues. Until very recently, studies on localization domi-
tion. At longer delaygabove 5 mg both lead and lag loca- nance have focused exclusively on stimuli containing binau-
tions were chosen equally, suggesting that localization domiral cues, simulating reflections arriving from the walls. Little
nance was no longer effectiiéisteners heard two sounds attention has been paid to scenarios in which reflections
but could not determine which was the leading sourB®-  might contain few binaural cues and the primary directional
sults of free-field studies are generally consistent with theeues are monaural spectral, such as when they arrive from
headphone studies; however, the techniques have been lakg ceiling and floor directly in front of the listener. To the
sophisticated and have yielded little information regardingextent that models of localization dominance exist, they have
the relative weights of the lead and lag in localization. thus focused on binaural mechanisms.

Finally, a related auditory illusion known as the “Frans- To date, a handful of studies have attempted to measure
sen effect” occurs with similar stimulus conditions in which localization dominance under conditions in which monaural
the first sounds arriving at a listener dominate spatial percepspectral cues are prominent. The first such st(Bhauert,
tion (Franssen, 1963; see Hartmann and Rakerd, 1989; Y04971) demonstrated that when the lead and lag are presented
et al, 1997. This illusion refers to the finding that the loca- in the median sagittal plane from @front) or 180° (back
tion of a long duration tone at one spatial location is identi-and the lead—lag delay is greater than 0.5 ms, the lead domi-
fied as arising from the location of a short tone burst thahated the perceived location of the fused image. However,
precedes the longer tone. For example, if a 50-ms tone at orike longest delay used in that study was 0.88 ms, which is

97b, with permission
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within the “summing localization” window and not quite 1. Studies using headphones
within the temporal region normally used in azimuthal/
binaural studies on localization dominand@auert, 1997.

Several recent studieRakerd and Hartmann, 1997; Lito-

vsky et al, 1997b; Dizoret al, 1997 measured localization crimination effect was Zurek’$1980 report that listeners’

dominance in the median sagittal plane at delays greater th%rbility to discriminate changes in ITDs or ILDs of the lag-

1 ms. These studies employed a multiple-loudspeaker para- . .
digm with various combifla'?i/ons of Ieag—lag Iocztions gndglng source deteriorates in the presence of the lead. The ef-

. X : fect is largest at delays of 2—3 ms, the same delay range at
listeners were instructed to report which of the loudspeakers’, . o . :

. ) - Which localization dominance and fusion are also known to
was nearest to the perceived location of the fused sound i

age. The filled symbols in Fig. 4 show the results from Lito- € quite strongsee Secs. IA and 1B

. : . Various aspects of this finding have since been repli-
vskyet al. (19971 in the median-sagittal plane. At delays of cated, with some caveats regarding the exact delays at which

1-2 ms the leading source location was chosen on a majori . i .
of trials, as was found in the azimuthal plane. Thus the basi%ﬁe effect is strongese.g., Gaskell, 1983; Tollin and Hen

o . S - ning, 1998, limitations of the procedure due to high inter-
effect of localization dominance occurs at similar delays in : . I .
. . nd intra-subject variabilityY ost and Soderquist, 1984and
the azimuthal or median planes. The effect does seem a bit_~ . - .
. - . . .~ .~ possible effects of trainingSaberi and Perrott, 199@0ne of
weaker in the median plane, possibly since localization i

poorer in the median plane, and adding a reflection creat
coloration caused by a spectral rippl¥ost et al., 1996
which can lead to localization errofBlauert, 1997.

The advantage of headphone studies is that they allow
careful stimulus control and independent manipulation of
each directional cue. The classic demonstration of the dis-

ehe intriguing outcomes of such studies has been a report that
Gscrimination performance can be directly related to mea-
sures of localization dominance. Shinn-Cunninghatal.
(1993 developed a simple model for localization “adjust-
ment” data, which was able to accurately predict perfor-
mance on the discrimination task, suggesting a tight relation
between these two measurements. Thus when the leading
source dominates the perceived location of the fused image,
listeners are also unable to extract directional cues from the
While studies on fusion and localization dominancelag as easily as they can from the lead. This is consistent
measure perceptual effects that are somewhat analogous wgth Zurek’s (1980 postulation that the precedence effect
our experience in reflective environments, there exists a thiréesults from a temporary loss of sensitivity to interaural cues
approach to probing the auditory system’s sensitivity toshortly after the onset of the lead.
stimulus parameters of the lead or lag. These experiments on
lag discrimination suppression measure the ability of listen-
ers tq process spatlgl |nformat|on abou? the lagging stlmului Studies in free field
(relative to the leading stimuliuis Experiments have been
conducted both under headphones and in free field. Head- Discrimination studies in free field can be categorized
phone experiments measure just-noticeable-difference in thato two complementary experimental paradigms. One ap-
ITD or ILD of the lead and lade.qg., Zurek, 1980; Gaskell, proach, which is analogous to ITD or ILD just-noticable-
1983; Yost and Soderquist, 1984; Saberi and Perrott, 199@®ifferences(JND9, has been to measure the minimum au-
Shinn-Cunninghanet al,, 1993; Saberi, 1996; Tollin and dible angle (MAA; estimating the smallest change in the
Henning, 1998 whereas free-field experiments measure disdirection of a sound source that can be reliably detedtad
crimination of positional change®.g., Perrotiet al, 1989; the lead, lag, or a single source sound. In these studies the
Freymanet al,, 1991; Litovsky and Macmillan, 1994; Yang delay is kept shor{2-4 mg, within the range of delays
and Grantham, 1997a, 1997b; Litovsky, 1998 general, where fusion is known to be strong. Numerous studies have
when the delay is shoftess than 5 ms for clickschanges in  shown that lag-discrimination MAAs are higher than single-
the lag are extremely difficult to discriminate; changes in thesource MAAs by a few degred®errottet al,, 1987; Perrott
lead are much easier to discriminate, although performancend Pacheco, 1989; Perrett al., 1989; Litovsky and Mac-
is somewhat worse than on single-source discrimination. Asnillan, 1994; Litovsky, 199% In addition, lead-
Litovsky and colleagues have pointed oflifitovsky and discrimination MAAs are better than lag-discrimination, but
Macmillan, 1994; Litovsky, 1997; Litovsky and Ashmead, still somewhat worse than single-source MAAsitovsky
1997, while the lead-discrimination task requires listenersand Macmillan, 1994, Litovsky, 1997These results suggest
to ignore irrelevant information in the lag, the lag- that, while the presence of the lead renders directional infor-
discrimination task requires that listeners extract informatiormation present in the lag difficult to access, the lag also
from a sound that is not audible as a separate auditory everihterferes with lead discrimination. Hence, the precedence
Based on what is known about localization dominance, &ffect does not represent complete suppression of the lag, but
prediction can be made that lead discrimination should beather a strong dominance by the lead. A useful method for
somewhat hampered by the presence of the lag, since thmrmalizing performance is the ratio of lead/single or lag/
latter is not completely suppressed. In addition, lag discrimisingle thresholds(Litovsky, 1997; Tollin and Henning,
nation should be the worse condition since directional infor-1998, which is appropriate for comparing performance
mation contained in the lag is the primary target of the sup-across conditions or between groups of various ages or with
pressive mechanism. differing amounts of hearing loss.

C. Lag discrimination suppression
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Number of Clicks In contrast, discrimination suppression has not been found in
FIG. 5. Discrimination ession measured in free field is similar t f the median plane. Figure 6 shows results from a recent study
sion- uﬁdelrsggmle iéidifigﬁz,ekfjtlonot :tﬁsel:s?A:l Lis?eene"ras r:pc?rt rluc;lw ?n;n)?y LItOVSkY et al. (1999, who compgred dls?”mmat!on pgr-
sources they hedfusion; squaresor discriminate between two possible lag formance in the two planes. Consistent with previous find-
locations (discrimination suppression; circlesData were obtained using ings, in the azimuthal plane performance is poor at short
e et et 0 N preotelays and improves dramatcally by S-10 g, Freyman
thiggﬁozlilss(delgys at which di)s/criminat.iyon pe’rforme?nce reacﬁeci 75% cor-et al, 1991; Clifton _et al, 1994_; Yang_ and Grantham,
rect, or at which listeners reported hearing “two sounds” on 75% of trials 19978. In contrast, in the median-sagittal plane, perfor-
are shown for 1-click and 9-click conditiori®eplotted from Yang and mance is roughly independent of delay. When asked to de-
Grantham, 1997a, with permission scribe which auditory cues were used during the task, all
subjects reported that in the azimuth the only reliable cue
A second experimental paradigm in free field has beevas lateral movement of the sound, but in the median plane
to measure discrimination of a fixed change in the lag locaperceptual changes in the pitch of the fused auditory event
tion while varying the delay. This method was originally were quite obvious and reliable. The authors postulated that
developed by Freymast al. (1991 in an attempt to link in the median plane listeners were able to rely on cues pro-
discrimination suppression to fusion. FiguréA shows re- vided by directional filtering by the pinnae, which are known
sults from Freymaret al. (1991) which suggest that, under to be important for identifying the elevation of sources
some conditions, echo threshold obtained in the fusion taskFisher and Freedman, 1968; Blauert, 1969; Butler, 1969;
is similar to the thresholds obtained with the discriminationShaw, 1974; Gardner and Gardner, 1973; Middlebrooks and
task (defined as the delay for whioth’ equals 1. Freyman Green, 1991 Given the nature of the objective lag-
and colleagues postulated that, if listeners can subjectivelgliscrimination task, where feedback is provided and listeners
“hear out” the lag as a separate sound then they should bean use whatever cues are available to them, the delay de-
able to extract directional information from the lag. Con-pendence may only be robust when binaural cues are being
versely, if the lag is fused with the lead then discriminationvaried, such as in the azimuthal plane in free field or using
performance should be at chance. It turns out that this reldTDs and ILDs under headphones. In fact, a recent report
tion between fusion and discrimination holds true under spetFreymaret al, 1998 suggests that also in azimuth, listeners
cific conditions which depend on the locations of the stimuli,are quite sensitive to various aspects of the lag, including its
the number of stimuli presented within a given trial, andintensity and spectral content. Taken together, these findings
possibly other variations not studied. are consistent with the notion that although we are usually
There are two very interesting parameters that suggest 2ot actively aware of reflections, we remain sensitive to in-
decoupling between auditory mechanisms mediating fusiofiormation carried by these sounds. This sensitivity can be
and discrimination. The first parameter is the number ofuseful for enhancing certain information carried by the
clicks presented within each trial. It appears that while thesource and for a person’s awareness of room acoustics.
strength of fusionmeasured with echo thresholdecreases
substantially as the number of lead—Ilag pairs increéfses

ther explored in Sec. )J discrimination suppression is less D. Cross-frequency effects and uncorrelated lead—lag

dependent on this stimulus variabl¥ang and Grantham, Most studies on precedence have used idealized short-
1997a; see Fig.(B)]. This effect relates to the influence of duration stimuli such as clicks. However, it is clear that in
prior stimuli which are discussed in more detail in Sec. Il. order to understand how reflections are processed by the au-

A second situation in which there appears to be decouditory system, more realistic stimuli should be used. For in-
pling between fusion and discrimination is one in which stance, one could ask whether the reflection must be an iden-
stimuli are presented in the median-sagittal plane. As wasical copy of the source, which can be accomplished by using
discussed earlier, fusion is observed at nearly identical destimuli with different spectral contents or that are noncorre-
lays in the azimuthal and median planes, where binaural ankdted. Several such studies have been conducted, and taken
monaural spectral cues, respectively, dominate localizatiortogether, they suggest that all aspects of the precedence ef-
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fect are strongest when the lead and lag are identical, but tproduce stronger suppression of the directional information
some extent they also operate when the lag is not an exacbntained in the lag.
replica of the lead. In fact, it would be strange if precedence  Similar results have been reported by others. Yang and
failed completely unless the lead and lag were identical. IrGrantham (19970 studied discrimination suppression for
most reverberant rooms the acoustics are such that some friead and lag stimuli that differed in their spectral overlap in
guencies contained in the source are reflected while otheisoth the free fieldin an anechoic chambeand with head-
are absorbed; hence, reflections are rarely identical to thghones(by manipulating interaural time differenge§hey
source. However, realistic reflections can only be comprisedhowed that the parameters affecting discrimination suppres-
of frequencies originally contained in the source, thus onjon appear to be different in the two listening environments.
might expect noncorrelated lead and lag signals to yieldn the free field, the amount of spectral overlap between the
weak precedence. lead and lag stimuli was most effective in determining the
To our knowledge, only one study has been conducte@mount of discrimination suppression as was found by
on cross-frequency effects using the fusion paradigm. Perrog|auert and Divenyi(1988. However, over headphones,
et al. (1987 compared performance in free field for broad- low-frequency information seemed to dominate high-
band noise burst¢50-ms duration that were correlated to  frequency information even when there was little or no spec-
various gradations, and showed that fusion is somewhats| overlap between the lead and lag stimuli. This domi-
weaker when the lead and lag consist of uncorrelated tokengsnce of low frequencies over high frequencies in lag-
of noise than when the tokens are correlated. In the uncorrgsiscrimination suppression is consistent with the fact that
lated condition, listeners reported hearing two sounds ORyresholds for processing interaural time differences are

most trials, regardless of delay; at delays below 10 ms therg, e for low frequencies compared with those for high fre-
was a small proportion of trials on which one sound WaSyyencies.

reported. In contrast, in the correlated condition listeners ex- Using the pointer adjustment method with narrow-band

perienced the “classic” fusion phenomenon; at short delay%oise bursts, Shinn-Cunninghagt al. (1995 measured the

they reported hearing one sound on the majority of trials, ang, et 1o which the ITD in the lag influenced the perceived
at longer delays they reported two sounds on the majority ofr5 of the fused image, and found that a high-frequency lag

trials. - S

The effects of the relative frequency of lead and Iag&zcseoo?z Irg\(/:vi\r/:c?uilrrlzgég ?{Selrec;dptléiv;/ellc?vr\:cf:r;;rdznr‘):r;s
components have been explored in more detail using the I%g was perceptually weighted equ,al to a high-frequency
calization dominance and discrimination suppression PaJ 1 To test Divenyi’s hypothesis that these findings arise
digms. Scharf(1974 measured localization for a pair of from' differences in the “localization strength” of compo-
tones presented from 45° to the right and left in an anechoic

. nents with different frequencies, Shinn-Cunninghairal.
room. When the tones were the same frequency, a singl 995 balanced the low- and high-frequency components b
fused image was heard from the leading speaker. As th 9 q y P y

frequency difference increased, the effect weakened, but Wé:Sentenng the image of simultaneously presented components

still present for tones differing by 1900 Hz. Blauert and Di- with adjusted levels. The components were equally effective

venyi (1988 used virtual sound stimuli to show that the in centering an image when the level of the high-frequency

amount of lag-discrimination suppression increases as th(éomponent was greater than the level of the low-frequency

overlap between the lead and lag spectra was increased. L”ggmponer_lt. When the levels of the I_ead__lag §t|m_ul| were
the fusion study noted above, this result is consistent with théd/usted In this way the asymmetry in discrimination was
notion that naturally occurring reflectiorthat contain more ~ €liminated and the weight of the lead was the same for both
spectral overlap with the sourcare more likely to be sup- cases. ) . . o
pressed than unrelated stimuli. Similarly, in a headphone 1he eémphasis on the lead stimulus seen in localization
study of ITD discrimination, Diveny{1992 found that lag- results can al§o be seen in results related to the interaural
discrimination suppression is stronger if the lead frequency'0SS correlat|0((Aok| and Houtgast, 1992 In measure-

is lower than the lag. Divenyi fixed the lag frequency at 2000ments of the width or the compactness/diffuseness of the
Hz, varied the lead frequency from 500 to 3000 Hz, angsound image, this study demonstrated that the dominance of
found that sensitivity to lag ITD was poorest for the lowestthe 1éad is the same for localization and diffuseness. These
lead frequencies. In fact, when the lead frequency was 200(®sults suggest that the precedence effect, at least under some
Hz or greater, there was little effect on performance, withconditions, is not exclusively one of localization or lateral-
ITD discrimination thresholds less than 1p@. In contrast, izationper se but rather a more general effect of reduction in
lead frequencies of 500 or 1000 Hz resulted in lag ITD dis-the binaural information available in the lag.

crimination thresholds as high as 4Q®. This finding is These data suggest that suppression of the spatial infor-
somewhat unexpected if one assumes that precedence shoti@tion contained in the lag is strongest when the lead and
be strongest for lead—lag stimuli that are similar in spectralag are spectrally similar. However, there are still many un-
content. However, Divenyi interprets his findings to suggesknowns about how the three measures of precedence depend
that discrimination suppression depends on the relative locabn the spectral similarity between the lead and lag stimulus.
izability of the lead and lag, rather than their spectral simi-Since real-world reflections are spectrally correlated, but not
larity. The lower-frequency lead stimuli are more easily lo-identical, additional information about precedence and spec-
calized than the higher-frequency stimuli, hence theytral differences is necessary with the originating sound
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source in order to fully understand sound processing in re- o~
verberant environments. @

E. Summary

We have reviewed psychophysical literature on percep- D
tual phenomena which are based in single pairs of stimuli |:|
and which are thought to be related to the precedence effect. D
While fusion and localization dominance probe listeners’
subjective impressions of how many auditory events are []
heard and what their perceived positions are, lag-
discrimination suppression probe the extent to which aspects
of the lag or lead are difficult to access due to the presence of

the other. The discrimination studies avoid a problem inher- ————————Switch lead & lag
ent to fusion and localization dominance studies: the subjec- Lead Lag

tive nature of the tasks required of the listeners. The fusion

and localization dominance tasks measure a perceptual “im- D EI

pression,” for which there is no objectively correct answer. |:| []

Although subjective studies yield valuable information re- I:l

garding auditory processing, the experimenter must be con-

cerned with changes over time in listeners’ criteria. On the D

other hand, discrimination experiments must be evaluated

: ; ; _FIG. 7. This figure is a schematic cartoon describing the buildup and the
with full awareness that any of the multlple, changlng as breakdown of fusion. The first presentation of the lead anddagop may

pects of the perceptions may be used as a cue. Thus perfQfs; cause fusion leading to the perception of both stimuli. After several

mance may be related to timbre changes, for example, angesentations fusion occurs. Following the switch of the spatial location of

not to spatial attributes directly. the lead and lag stimuli, fusion breaks down and is reestablished after the
Over the years, several attempts have been made to eg?_ad and lag stimuli are repeated at their new spatial locations.

plain the time-course of precedence phenomena and to iden-

tify their locus in the auditory pathway. McFaddéto73

described a neural network that heavily weights the locatior] "€Se results reveal ,th_at the measures of precedence are de-

of a sound source in the presence of reflections by inhibiting#)endent on listeners’ immediate prior experience with the

neurons that carry directional information regarding the opl€2d—lag presentations. If such experience is important for

posite hemifield. Although this network does not take acProcessing sound sources and their reflections then this im-

count of results in the median plane, it emphasizes the pod!i€s that reflection processing may be more complicated

sible role of inhibition of directional information carried by than had previously been thought.

the lag. The temporal window of precedence, which lasts for ~ 1Nese recent data show that several measures of prece-

approximately 1-8 ms for clicks, was elegantly described hyl€nce change after several presentations of the lead-lag
Harris et al. (1963 as a stimuli (buildup). For instance, after several repetitions of

) ) ) the lead and lag stimuli, listeners perceive a subjective “fad-
“...neural gate previous to the place of blna_ural mter-ing out” of the lagging stimulus(Clifton and Freyman,
action that closes about 1 ms after the first neuralggg f after the fade-out some parameters of the lead and
response, permitting no further neural timing signals|ag are suddenly changed, such as their relative locations,
to be sent to the brain. This gate would reopen two, Ofen the |ag reappears and is perceived again. Fusion is re-
slightly more, milliseconds later. A mechanism for ogapjished if the lead and lag stimuli are repeated several
such a neural gate could be self-inhibition and inhibi- o6 times at their new spatial locatiof@lifton, 1987. A
tion of lateral nerves by the nerves firing on the initial gchematic diagram of this phenomenon is displayed in Fig. 7.
stimulus. This inhibition would have an inherent de- Thege findings suggest that aspects of the lag become more
lay that would permit nerves to be fired in an interval suppressed with number of presentatiébsildup of prece-
of about 1 ms after the initial neural response. Theéyence and are no longer suppressed after certain parameters
inhibition would also last for about 2 ms.(p. 677 are switched(breakdown of precedenceThese recent re-
This postulated inhibition might effectively reduce sensitiv- sults are reviewed and the implications discussed below.
ity to directional information, but not to other cues such aS) The buildup effect
timbre, pitch, and loudness. '
Recent experiments have shown that, not only is echo
threshold influenced by properties such as stimulus type, du-
ration, and the spectral makeup of lead—lag stimuli, but
While most real-world sound sources and reflections ocshort-term previous experience with a stimulus also influ-
cur only once or a few number of times, recent research oences echo threshold. In particular, it has been found that if a
measures of precedence involving repeating the lead and ldgad—lag click stimulus is repeated over and over agan
stimuli several times have revealed some unexpected resultgrred to as a click traip echo threshold for the last lead—lag

Il. EFFECTS OF PREVIOUS STIMULATION
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stimulus is raised by several millisecond§hurlow and
Parks, 1961; Clifton and Freyman, 1989; Freymetral,

—e— Average

. . . 1.0 |
1991, with the most important parameter being the number 0 — t;
of click-pairs in the train rather the train duration or the click —a- 13

-—o- L4

rate(Freymaret al, 1991). The slopes of echo threshold as a
function of number of click-pairs in the train show the sharp-

est increase in threshold between 1-5 click-pairs, and an 03
asymptotic value by 12 click-pairs, suggesting that echo
threshold becomes stable following the acquisition of a cer-
tain amount of information about the lead—lag stimulus 0.0 -

Proportion "two sounds" reported

(Clifton and Freyman, 1997This increase in echo threshold , . . ,
suggests that some sort of adaptation occurs over repetitions, 0 5 10 15 20
such that listeners become less sensitive to reflections. In
terms of fusion, lagging clicks are heard at first and then

perceptually seem to fade away with stimulus repetitions. I1F1G. 8. The percent of times that “more than one stimulus” is reported as

[ : ; ; function of the number of presentations of the lead and lag stimulus
terms of discrimination suppression, the time delay needed taeparated by 6 ms. Between the 10th and 11th presentation the locations of

discriminate the lag click increases as m_U|tip|e re_petitions the lead and lag were reversed and remained reversed for the remainder of
the stimulus occur. In terms of localization dominance, thehe presentations. Listeners indicated how many sound sources they per-

image would be expected to move toward the Ieading sourceeived for the last lead—lag presentation for each repetition condition. When

- there are three or fewer presentations, listeners occasionally report perceiv-
location, althOUgh measurements have not been made. Th more than one sound source. For additional lead—lag presentations only

phenomenon has been called buildup of precedence. one sound source is reportéauildup). After the switch, most of the time
Surprisingly, whether the lead stimulus originates frommore than one sound source is reportedeakdown of fusion Then addi-
the left or the right side also affects the amount of builduptional presentations yield reports of one sound soutugidup agaif.
. . o . Adapted from Yost and G , 1996, with .
seen. This was first reported as a finding by Clifton and( apied from Yostand tzman with permission
Freyman (1989, in which it was found that buildup was .
stronger when the leading click originated from the right sidelggl' Cliftonet al, 1994, Yang and Grantham suggest that

rather than from the left. Grantha(@996 pursued this no- fuhsion and di_ls_(r:]rimifnati(()jnthsutpfpressi(_)n Im?y gelindep_endent
tion and found that for a single noise burst no difference ipPhenomena. they found that for a singlé lead—lag pair, per-

discrimination suppression was seen between conditions i&)rmance on these two tasks was similar. But, with a train of

which the leading stimulus originated from the left or from ursts, fu5|0|_1 mcrgased far more than dlscr|m|n_at|on sup-
the right side. If a judgment followed a train of lead—lag pression. This finding suggests that these two different as-

pairs(i.e., after buildup occurrédhowever, much more dis- pects of precedence, fusion and discrimination suppression,

crimination suppression was found on the right side than Orﬂ?éhziigrﬁ\s/emed at least to a certain extent by different

the left side. Asymmetry in buildup has been suggested as Yang and Granthan1997a; see Fig. 5Bhave shown

evidence that more central brain mechanisms are involved i . e )
. . . at when the lead—lag click-pair is preceded by a train of 9

this phenomenor(Clifton and Freyman, 1989; Grantham, . : . . L .
click—pairs there is a strong dissociation between fusion and

1996. L T : .
Another stimulus characteristic which has been found tod|scr|m|nat|on. Fusion echo thresholds increase by 15-20

. . . . . . ms. In contrast, discrimination echo thresholds are less af-
be important in buildup is the number of lagging clicks pre- . ) .

. . : fected by the preceding stimulus, and increase by 3-8 ms. It

sented. Rather than presenting a simple lead—lag stimulus

Yost and Guzmai(1996 presented multiple lags at different s_hou_ld .alsc.) be po_lnted out that a change in the threshold_ for
: ) . discriminating an interaural parameter or the spatial location
delays following the lead portion of the stimulus. Yost and

Guzman found that. when the stimulus was a simole lead of the lead and lag stimuli in these experiments does not
| uz lick t u (that L W | | imuiu vlv K imp Bt ‘necessarily mean that the lead or lag stimuli were heard as
ag click train {fnat 1s, only one 1agging click was preskn separate signal§.e., that fusion did not occur The dis-

the time delay needed to see a buildup of fusion had to b

h shorter th hen two | " CF rimination can be based on the changes in the fused image
fuch shorter than when two 1ag portions Were present. Fof, ., a5 the diffuseness or spatial extent of the perceived

instance, no buildup of fusion occurred for a 12-ms separag, . image, or lateral position of the fused eveee Yang
tion between the lead and lag. However, if two lag clicksand Granthar,n 1997b

were presented, so that the first lag occurred 6 ms after the
lead click and the second lag occurred 12 ms after the Ieag
click (the same time separation as for the lead—lag stimulus ~
buildup was seen. This finding suggests that there is an in- It has been found that buildup of fusion or of discrimi-
teraction between the time separation and number of laggingation suppression can be interrupted by presenting certain
clicks present. kinds of changes to the lead and lag portions of the stimulus,

Recent work suggests that the amount of buildup defesulting in a dramatic decrease in echo threshaif,
pends upon the type of task a listener is asked to perforrfig. 7). This interruption of buildup is often called a “break-
(Yang and Grantham, 199)&lthough earlier studies have down” or “release from suppression.” If the locations of the
used both fusion and discrimination suppression tasks virtulead and lag suddenly switch, so that the lead now occurs
ally interchangeably to measure buildépreymanetal,  where the lagging stimulus had been and vice véwrs@rred

Presentation Number

The breakdown of precedence phenomena
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to as a reversal switghfusion is disrupted and listeners hear repeated clicks causes a restart of the system that governs the
both clicks. An example of this effect is shown in Fig. 8 with way in which interaural information is associated with re-
recent data from Yost and GuzmétD96. This release from peating click events.

suppression due to a switch in location was first reported by

Clifton (1987 and has thus become known as the “Clifton C. Possible consequences of the buildup and the

effect” (Moore, 1996; Blauert, 1997 Other changes to the breakdown of precedence

stimulus have also been shown to disrupt buildup. Clifton Several ideas regarding processes involved in the prece-

etal. (1994 found that if the time delay between the lead yonce effect have emerged based upon findings of buildup
and lag of the last lead—lag pair was changed, discrimination 4 preakdown. The breakdown of suppression, especially
suppression was reduced and listeners could detect the locgys preakdown of fusion, suggests that the auditory system
tion of the lagging click more easily. Yost and Guzman maintains information about the lageflection stimulus,
(1996 found that only a particular kind of change in location gy when fusion occurs and localization is dominated by
results in a breakdown. If the lead and lag clicks are Simplye |ead stimulus. That is, for the early click events in a train
sh|]‘ted one Iogdspeaker to the'ng@eferred to as a lateral ¢ repeating clicks, the lag appears to be completely fused
switch), there is no breakdown in fusion. with the lead, and source location is dominated by that of the
Hafter and his colleaguelsee reviews in Hafteetal,  |gad. However, when certain types of “switches” or incon-
1988; Hatfter, 1997; Yost and Hafter, 198ieasured the gistencies involving the lead and lag take place, the lag is
ability of listeners to detect an interaural time differefi@sd  perceived as separate with its own perceived location. Thus
in some experiments, an interaural level difference; seg appears as if information about the lag is not eliminated,
Hafter et al, 1983 of a train of clicks. They consistently i rather that certain information about the lag is sup-

found that the early clicks in the click train contribute more pressed. Certain changes in the acoustic environment then
than later clicks in the discrimination of a dichotic click train re|ease this suppression.

with an interaural difference than from a diotic click train Phenomena such as left—right asymmetry and the rela-

without interaural differences. As one would expect, thetjyely long time course over which buildup and breakdown
more clicks there are in the click tra{np to some limit, the  occur suggest to some researchers that buildup and break-
lower the interaural difference thresholds become. Howeverlgown are governed bgentral brain processeéClifton and
for short temporal separations between the clicks in the trair];reyman, 1997; Grantham, 199@& has been suggested that
the later clicks contribute less information than the earlietpreakdown occurs with changes to the stimulus that are in-
clicks. They developed a model which assumes the auditoryompatible with a listener's immediate previous experience
system adapts to the early arriving interaural informationjn an acoustic environment. Blauert and Cb992 hypoth-
such that the early arriving binaural information dominates.esized that the precedence effect is at least partially con-
While most of their work has been done using headphongolled by processes in higher centers of the nervous system,
delivered stimuli, Hafteret al. (1992 demonstrated that gnd suggest that a model such as one involving a pattern
similar effects occur in an anechoic room. These results ar@cognition process may be appropriate to account for the
like many cited in the precedence literatufgee Hafter, |istener's ability to selectively listen to the lagging source
1997 in that spatial processing is dominated by early arriv-under certain conditions. Rakerd and Hartm#h885 pro-
ing information (the precedence effgctlater samples have pose what they have termed the “plausibility hypothesis.”
less binaural information than earlier samples, and there is According to this theory, interaural parameters are assessed
buildup of binaural information over repeated events. by listeners to determine their plausibility given the informa-
Hafter and Buel(1990; see also Hafteat al, 1988 and tion listeners have about the environméfar instance, vi-
Hafter, 1997 studied stimulus conditions involving click sual images Thus interaural variables deemed to be implau-
trains and interrupted click trains. These experiments sharsible (such as a very large interaural difference of tinaee
many similarities to those measuring for the breakdown ofdiscounted. Clifton and colleagués.g., Cliftonet al,, 1994
precedence. For instance, suppose that a tralfaicks has  suggest a similar hypothesis, in which reflections provide
an interaural time discrimination threshold of approximatelyinformation about a listener’s acoustic environment. Based
60 us. If the train of clicks is made half as long, i.&d/2  on this (previous information, listeners form “expecta-
clicks long, the threshold can increader instance, to about tions” about the sounds that can occur given the acoustic
70 ws) since a short click train has less useful binaural infor-environment. If a sound does not follow their expectations
mation than a longer click train. However, if halfway (such as in the case of a reversal swifdisteners reevaluate
through the long click trainafter the N/2 click) noise is  the acoustic stimulus, causing breakdown of fusion and/or of
added, or something eldeven silencginterrupts the train discrimination suppression. It should be noted that to date
momentarily, the interaural-time difference threshold for thethere is no evidence that either buildup or breakdown are
interrupted, long click train decreases to p8. This indi- learned effects or that they can be modified by pradi@ié-
cates that the information in the interrupted click train iston and Freyman, 1997
more effective than in the continuous train. It is as if the The fact that buildup and the breakdown of precedence
interruption caused the binaural system to restart its adaptaccur for several different conditions has been used to sug-
tion process and the click train is processed as two sets @fest that reflection processing relies on central mechanisms
N/2 clicks, rather than a long train df clicks. This is similar  such as those that are involved with cognitiaee Blauert,
to the Clifton effect, in which an interruption in the flow of 1997. While this is one possible way to theorize about pre-
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cedence mechanisms, data may be too sparse to resolve onigy 100

theory over another. For instance, if buildup and breakdown @ |

of precedence cannot be modified by practice or other con- g 80 -

ditions that control learning, then many theories of cognition © _

would not be applicable for dealing with these precedence 8— 60 -

effects. Precedence buildup and breakdown suggest that we @

do not fully understand the basic processes governing prece-0&

dence, especially fusion. If fusion changes as a function of ‘E 40 -

immediate prior experience with the lead and lag stimuli, @ 1 —M Human (Litovsky etal., 1997b)
what aspects of the lead and ldgr the environment in o 20 | —©- cat(Cranford, 1982)
which the lead and lag occucause fusion? A full under- g 0 —5— Rats (Kelly, 74)

standing of reflection processing in real-world situations re- ' A
quires knowledge of precisely which aspects of the lead and 0.01 0.1 1 10
lag alter the effects of precedence. ) )

T T T T T T T T T

Delay (msec)
I1l. ANIMAL BEHAVIOR AND HUMAN DEVELOPMENT

. . . . IG. 9. Behavioral measurements in animals. Data for three species are
Early behavioral-ablation studies showed that unilatera ompared: humangquare: from Litovskyet al, 1997: replotted with per-

ablation of the auditory cortex severely impairs the ability of mission, cats(circle; from Cranford, 1982; replotted with permissiand
cats to accurately choose the hemifield containing the leadats (triangle; from Kelly, 1974; replotted with permissiorin each case
ing source, while the ability to find the hemifield Containing pe_rformance is plotted as a fun_ction of lead—lag (_1e|ay. Hur_nan_data are
. azimuthal data replotted from Fig. 5; percent of trials in which listeners
a smgle-s.ogrce sound was not aﬁea@ranford et ?‘I" reported that the sound was located at the lead speaker are plotted. Cat data
1971; Whitfield et al, 1972. Performance was consistent represent the percent of trials in which cats oriented toward the leading
with elimination of lead dominance in localization on the speaker. Rat data represent animals’ performdraed from 0%-100%
side of the lesion. The deficit was limited to cases in whichscere for discrimination of right—leffead—lag trials from left—right trials.
the leading source was in the contralateral hemifielabo-
site to the lesion sije For instance, if the left auditory cortex Other studies reported similar findings in rdtselly,
was ablated, left—right lead—lag pairs of tone pul®ms 1974, Fig. 9, trianglesand crickets(Wyttenbach and Hoy,
delay were localized at the leading source but right—left1993. Finally, Keller and Takahasltil996 measured sound
lead—lag stimuli were not localized consistently. Later stud4ocalization in owls for lead—lag stimuli. Since the owls were
ies (Cranford and Oberholtzer, 1976; Whitfield, 1978und  asleep or not appropriately positioned on 90% of trials, the
this effect in some but not all animals. These differencedehavioral data are scarce in seven of the ten animals tested.
have been attributed to differences in the extent of the lesiorin three animals, at lead—lag delays of 2 to 10 ms the owls
individual differences in behavioral learning strategiesturned their heads consistently toward the leading speaker on
amongst cats, and differences in testing procedures. the majority of trials. Most recently, Populin and Y(h998
Behavioral correlates of localization dominance and fu-used a magnetic search coil technique to measure eye move-
sion have been found in several animals at delays that amaents in cats whose heads were fixed in place. These cats
similar to those reported for humans. Cranf¢i®82 made were able to localize a single-source click or noise burst to
psychophysical measurements of localization dominance iwithin a few degrees. Lead—lag trials included two sources
normal animals. Click trains were presented with varyingplaced at 18° to the right and left. At a delay of 0 ms, cats
lead—lag delay$from 0.2 to 9 m$ either with a speaker on oriented their eyes toward midline, suggesting that they
the left leading a speaker on the right, or vice versa. Catheard a “phantom” source at that location. As the delays
were trained to release a foot pedal on the right if they hearavere increased, the eye movements shifted gradually toward
a sound on the right, and another foot pedal on the left if theyhe leading speaker, approximating single source by /380
heard a sound on the left. Cats were only rewarded if they = Hochster and Kellf1981), motivated by the earlier ab-
released a foot pedal corresponding to the side of the leadirigtions studies in cats, measured localization dominance in
click. (For the case of 0-ms delay, cats were rewarded fochildren 6—16 years of age with temporal-lobe epilepsy. For
releasing either foot. This symmetric case was run in sepastimuli consisting of single clicks, these children were able
rate sessionsMean results from six cats tested in the Cran-to identify which of two loudspeakers contained the stimu-
ford study and from studies in rats and humans are shown ilus. On precedence trials containing lead—lag stimulus pairs
Fig. 9. In the Cranford studgcircles, all animals responded with short delayg1-4 mg, both epileptic and normal chil-
mostly to the leading side at lead—lag delays of 0.5 to 2 msdren were able to identify the leading speaker on nearly
At longer delays some cats still responded only to the leadl00% of trials. However, the effect was substantially weaker
while others responded to both lead and lag. These results fan the epileptic children than normal children or adults, sug-
cats are very similar to the human localization-dominancegesting that the temporal lobe might be functionally involved
results(Litovsky et al,, 1997h plotted in the same figure. It in mediating localization dominance.
appears that the delays at which cats seem to show localiza- A series of precedence studies in human infants and
tion dominance are about the same as the delays for whicthildren and in newborn and young dogs were undertaken,
human listeners experience localization dominance and fupartly motivated by the animal behavior studigsr exten-
sion. sive reviews see Clifton, 1985; Litovsky and Ashmead,
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1997. Localization dominance, measured in much the same
way as it was in the cats, does not seem to be present in
newborn human infantgClifton etal, 1981, although
single-source discrimination occurs within hours after birth
(see Clifton, 198k Localization dominance is first measured
in humans at 4 to 5 months of age, but at that age fusion echo
thresholds are quite hig25 to 45 m$ compared with adult
thresholds measured under the same condiii8rie 15 ms.
Echo thresholds in human infants were measured using a
conditioned head-turning task. Lead—lag sounds were pre-
sented from loudspeakers located at 90° to the right and left!G. 10. Examples of recovery functions of neural half-maximal ISDs are
and their relative onsets were delayed by 5-50 ms. At th@lotted. For‘ all neurons, both leading and Iggglng stlmgll were at locations

. . Or ITDs which elicited robust responses with single stimuli. The recovery
onset of each trial there was a 7-ms delay, which had prevignctions represent the normalized lagging responses as a function of ISD.
ously been shown to produce effective fusion in infants. The&Replotted from Litovsky and Yin, 1998a, with permission.
delay was abruptly lengthened; when infants heard the lag-
ging sound at its location they responded by turning their
heads toward this “novel” sound. Echo thresholds in'Y: PHYSIOLOGICAL CORRELATES OF

. . . . PRECEDENCE

5-month-old infants are approximately 26 ms for click

stimuli, which is significantly higher than adults’ thresholds In recent years there has been a surge of activity explor-
of 9 ms. By 5 years of age, adult thresholds are reached fqpg physiological substrates of precedence. Two decades ago
click stimuli, however, for long duration more complex (Altman, 1975, and more recentlyCarney and Yin, 1989
stimuli echo thresholds are significantly higher in childreniphere were suggestions made that such a substrate might be
than in adult{Morrongielloet al, 1984. Behavioral studies  found in responses of single neurons in the central nucleus of
on localization dominance have also been conducted ifhe inferior colliculus(IC). Using stimuli that consisted of a
young dogs, who do not show any evidence of precedencgingle click to each ear with unusually long ITD&ns of
through the fifth month of lifgAshmeadet al,, 1986. millisecond$, Carney and Yin(1989 found that the re-
Discrimination suppression also undergoes significansponse to the lagging click was suppressed in most cells,
developmental changes during early childhood. Litovskyeyven when the leading click did not elicit a response. In
(1997 measured MAAs in free field for the leading source gddition, at very short delaydess than 1 ms the lagging
(in the presence of the lag at midlipdor the lagging source click often produced a backward suppression of the leading
(in the presence of the lead at midlipend for a single click. Carney and Yin(1989 hypothesized that while the
source, at ages 18 months, 5 years, and adult. The stimybng-lasting forward suppression might reflect a neural cor-
were 25-ms noise bursts and the lead—lag delay was 5 mgelate of echo suppression, the backward suppression may be
Since this lead—lag delay is below the echo threshold foimportant for summing localization.
these stimuli, the image is fused. Single-source MAAs are  Several years later, Yifl1994 tested that hypothesis by
adultlike (1 to 29 at 5 years of age and fairly lo¢6°) by 18  presenting stimuli from two locationgor with different
months of age. Lead MAAs are quite low in adulls79),  |TDs) during the time period associated with summing local-
somewhat elevated at 5 yed#s4°), and substantially higher jzation (less than 1 mss when listeners hear a fused auditory
at 18 monthg23°). Lag MAAs are still low in adult§1.79),  event at a phantom location near the leading speaker. Several
but substantially higher in 5-year old87.59 and 18-month IC neurons gave responses consistent with summing local-
olds (65°). Lead MAAs reflect listeners’ ability to focus on ization: as the lead—lag delay increased from zero, the re-
the first-arriving wave front and to discriminate betweensponses to the lead—lag combination followed the response
leading source locations in the presence of the laggingf the neuron to ITDs in between the lead and lag delays,
source, and this ability improves dramatically with age. Lagprogressing with increasing delay to the response expected
MAAs reflect listeners’ ability to extract directional informa- from the lead alone. Yi§1994 suggested that the discharge
tion from a sound that is not heard as a separate auditomates of these neurons might be related to the location at
event; this ability improves somewhat with age but is stillwhich the animal would perceive the phantom sound source.
quite underdeveloped at 5 years relative to adults. Thes€he same study also explored neural responses to lead—lag
findings are consistent with the fusion echo threshold datatimuli at longer delays. Note that IC neurons are usually
which were obtained using a task that measures children’sensitive to specific ITDs and azimuthal locations, hence
ability to localize the lag as a separate sound. In the MAAmeasurements were consistently made for lead and lag loca-
study, normalizing the lead and lag results by the singletions at each neuron’s “best” azimuth or ITD. At short de-
source results maintained the developmental differences ollays most neurons responded only to the leading source, and
served, suggesting that lead and lag MAAs are not merelgs the delays were increased the lagging response recovered
the “by product” of a “noisy” single-source discrimination from suppression, resulting in recovery curves much like the
ability. As Litovsky (1997 points out, while the develop- fusion psychometric functions seen in human listeners. For
mental work may point to maturational changes in the centralhe 65 cells studied, the half-maximal delays which the
auditory pathway, attentional and learning processes canntdgging response recovered to half of the nonsuppressed re-
be ruled out. sponsg ranged from 1 to 100 ms with a median of 20 ms.

Normalized Lag Response

Delay (ms)
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Similar results were reported by Litovsky and Y(ih998a  than the values obtained in anesthetized cats. In the awake
for a population of 94 neurons studied in free figédg., Fig.  barn owl(Tyto albg, Keller and Takahashil996 measured
3(A)] and with dichotic stimuli[e.g., Fig. 3B)]; half-  responses of 51 neurons in the external nucleus of the infe-
maximal delays ranged from 1.5 to 154 ms with a median ofior colliculus (ICx) to pairs of noise bursté3 or 100 m$
27 ms. Figure 10 shows normalized lagging resporiegs  with lead—lag delays of 0.5 to 5 ms. These neurons, which
response at each delay divided by lag response at maximale excited maximally by stimuli presented from specific lo-
delay from a sample of 12 neurons in the IC. The datacations in space, responded only to the leading stimulus at
suggest that all neurons show strong suppression at thiese short delays. While some neurons’ lagging response
shorter delays tested and no suppression at long delays. tacovered by 5 ms, others did not. Behaviorally, at these
addition, there is substantial variability in delays at which ICsame delays the owls only turned their heads toward the
neurons exhibit suppression of the lagging respofiadact, leading sourcésee Sec. Il above
this variability is also apparent in Fig. 12, where IC data are  As several authors point oue.g., Fitzpatricket al,
compared with data collected at other levels in the auditory 995; Litovsky and Yin, 1998ait is difficult to determine
pathway) whether the differences stem from species differences or the
Seeking further physiological correlates of precedencegffect of barbiturates. One of the challenges in trying to re-
Litovsky and Yin(1998a, 1998bmeasured responses of IC |5t neural evidence of echo suppression to behavioral echo
neurons using stimulus parameters that are known to influyesholds, is that for brief stimuli a large proportion of neu-
ence echo thresholds in human listeners. They reported @ns recover from suppression at delays that extend far be-
te_ndency for suppression tollast Ionger at lower _OVeralk/ond behavioral echo thresholds. Behavioral echo thresholds
stimulus levels, which is consistent with psychophysical reo, prief stimuli are usually reached by 5 or 10 ms in humans
sults for localization dominancée.g., Shinn-Cunningham 5.y gther animals. However, the proportions of neurons with
et al, 1993. Suppression was also stronger for noise bursts, 5 it-maximal delays less than 10 ms ranged from approxi-
than for clicks, for long-duration noise than for short- mately 15%(Yin, 1994) to 22% (Litovsky and Yin, 1998
duration noise, and when the leading level was increased, g, ,pethetized cats, and reached over 30% in awake rabbits

oggvhichdarebfonsiﬁtent with ﬁ)(gychoph);si(see Bliuert, q (Fitzpatricket al,, 1995. It has been arguein, 1994 that
1997, and Table)! The most striking correlate was obtaine perceptual echo thresholds are most likely generated by

for s.tlmuh presented either in t'he azimuthal plane or in thethose neurons with the lowest half-maximum delays in much
median-sagittal planesee also Litovsket al, 19970. Com-

parisons were made by positioning the lagging source at e same way that behavioral thresholds of pure tones have
: . : een related to physiological thresholds of auditory nerve
azimuth—0° elevationia location common to both planes phy 9 Y

and the leading source at locations along the azimuth an]:.!lberS (Liberman, 1978 It has also been noted that several

median planes that produced similar discharge rates. For ﬂ]aespects of precedence, such as accurate localization of the

39 neurons studied there was a hiah correlation in half-29 at its respective position and equal-loudness perception
maximal delays (=0.8) for the two ;?Ianes These results of the lead and lag, are not released from the influence of the
. N : : lead until the delays are in the tens of milliseconds, which
are consistent with the psychophysical measurements of furﬁa account for thye neurons with lona half-maximal delavs
sion (Litovsky and Colburn, 1998and localization domi- (Fit)z/patricket al, 1995: Litovsky and \?in 1998b Y
nance(Litovsky et al, 1997b; see Fig. /4in the azimuthal ’ ' S ’
and m(edian plgnes. The combined p%y)giological and psychcf- The extent of suppression in the IC also depenqs on .the
physical findings suggest that fusion is mediated by the samgéﬁ:):n%glgagf;zg :gaclj:)nc%t%l:;uslzzr?:tc}ha?f;ilta::nrsohr:z in
neural mechanisms regardless of whether binaural disparit? i 9 : ) urons |
cues(azimuth or spectral cueglevation are prominent. As a_Va”etY of ways. In a headphone study_usmg dichotic
was discussed abovSec. B3, Litovsky et al. (1997h clicks, Fitzpatricket al. (1995 reported that while half of the

have argued that models of fusion which assume that intef2€Urons show longer suppression when the ITD is near the
aural delays are an integral aspect of the precedence effec?€St” ITD, the other half show stronger suppression with
(Lindemann, 1986a; Franssen, 1963; Shinn-Cunningharfie 1ead near the “worst” ITD. The “worse” neurons,
etal, 1993 do not address the similarity of fusion for which never fire in response to the lead, provide the strongest
stimuli in vertical and horizontal planes. Models which inte- evidence that the suppression observed in ICC neurons is not
grate spectral cues are yet to be developed. merely a function of refractoriness, whereby once a neuron
The studies discussed thus far were conducted ifmas already fired in response to the leading source the prob-
barbiturate-anesthetized animals. The potential problems i@bility that it will fire in response to the lagging source is
data interpretation stems from the fact that barbiturates ardiminished. Litovsky and Yin(1998h made measurements
thought to enhance physiological inhibition in the centralboth dichotically and in free field. In the latter case the lag
auditory pathway(Kuwada et al, 1989. Responses of IC Was held constant at each neuron’s “best” location and the
neurons to lead—lag stimulus pairs have also been measuré&fd location was varied along the azimuth in 15° incre-
in awake rabbitgFitzpatrick et al, 1995 and owls(Keller ~ ments. When considering only the neurons whose lead re-
and Takahashi, 1996In the awake rabbit, half-maximal de- sponse is modulated with azimuth, they found that the great
lays in 55 neurongusing dichotic click stimuli with both majority (85%) showed maximal suppression when the lead
lead and lag at the neuron’s “best” ITDanged from 1 to was at the neuron’s “best” location, and a minority showed
64 ms with a median of 6.3 ms, which is somewhat lowermaximal suppression when the lead was at the neuron’s
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A: "Best / Best” Although the physiological recordings discussed above

1.0 o _ o were made in the IC, which is a major site of binaural con-
3 e . o vergence and interaction in the auditory pathway, the genera-
g = —o—5ms tion of inhibitory effects may not necessarily be in the IC
E 4 y y y
= . \ - A 10ms . . . .
2 o5 A w % |-=-20ms itself. Inputs to the IC arrive in the form of direct monaural
$ e o [ 8= Receptive Field input from the cochlear nuclei, indirect binaural input via the
& 4 [tag ¢ superior olive, and multisynaptic inputs via the lateral lem-
0.0 niscus. Auditory studies in the monaural pathway have

% 0 3 6 3 60 % shown that in response to click pairs with varying lead—lag
Lead Azimuth delays suppression of the lagging response occurs in the au-
ditory nerve (Parhamet al, 1996 and ventral cochlear
nucleus(Wickesberg, 1996; Parhaet al, 1998. In these
studies, the half-maximal suppression occurs at around 2—4
ms with full recovery seen for all fibers by 8 ms. In a slice

B: "Worst / Best"

[

3 preparation, Wickesberg and Oertdl990 found putative

§ - sme inhibitory projections from one subdivision of the cochlear
P —a- 15ms nucleus to another, which is most effective at interstimulus
.%’_ o Receptive Fleld intervals of 2 ms; they have thus suggested that intrinsic
7]

inhibitory circuits in the cochlear nucleus might mediate a
monaural correlate of echo suppression. Several other studies
% 60 30 0 30 60 90 have shown that a neural correlate of forward-masking in
Lead Azimuth response to tones can be seen in the cochlear nud@eet-
FIG. 11. Examples of neurons with “best” and “worse” lead location tcheret al_-' 1990; Kaltenbactet al, 1_993; Shore, 19951In
suppression. A: Example of a “best/best” neuron where suppression ighe superior olivary comple¢(SOQ), Fitzpatricket al. (1995
strongest when the lead is in the neuron’s “best” azimuthal locationsfound that most neurons recovered by 4 to 8(median 1.9
(CF=3 kHz). Responses to single clicks are shown in dark circles, reprey, o \vith monaural stimulation. However, the short time
senting the neuron’s receptive field. The arrow points to the location of the ; .
lagging source+30°); if no suppression occurs then the lagging responseCOUrses of monaural suppression compared with the much
should equal the response of the neuron to a single click at 30°. Responsésnger time course of suppression observed in the IC sug-

to the lagging clicks at ISDs of 5, 10, and 20 ms are shown. At 20 ms,gtests that much of the suppression is generated at levels
suppression is relatively weak and occurs only when the lead is at the be

response area. At 10 ms, the suppression spreads out to the neuron’s n(%pove the m_onaural pa_lthway. In fact, reports of m_easure'
responsive area, and at 5 ms suppression is almost complete, regardlessl8€Nts made in the auditory cortéRealeet al, 1995; Fitz-

the lead location. B: Example of a “worse/best” neuron where suppressiorpatrick et al, 1995 suggest that suppression can last for
is strongest when the lead is in the neuron’s “worse” azimuthal IocationshundredS of milliseconds

(CF=1.6 kHz). Suppression for this neuron also increases as the delays are | tt tt th t of ion that
decreased, with almost complete suppression at 5 ms, regardless of the lead n an attempt to compare the amount of suppression tha

location. (Reprinted from Litovsky and Yin, 1998b, with permissipn. can be measured at various levels in the auditory pathway,
we have replotted data from a number of studies conducted
in the following areas: auditory nerveerived from Parham

“worse” location. Examples of these two neuron types areet al, 1996, antero-ventral cochlear nucletderived from

shown in Fig. 11. Parhamet al,, 1998, inferior colliculus(replotted from Lito-

Of course, the full story is only told when all of the vsky and Yin, 1998pand auditory cortexfrom Realeet al,,
neurons in the population are considered, including thos@999. Figure 12 shows population histograms of half-
that do not show a directionally sensitive response to thénaximal delays at each of these stages in the auditory path-
lead. In a recent study using “virtual space” stimuli, way. These panels point to the marked increase in suppres-
Litovsky et al. (1999 quantified both the amount of response sion as one ascends the auditory pathway, going from
modulation(directional sensitivity related to the excitation monaural circuits to binaural ones. While suppression in the
produced by the lead, and the modulation related to the sugochlear nucleus is no longer present by 10 ms, in the IC
pression of the lag. In their population of IC neurons, 80%suppression is quite strong at those delays for most neurons,
show modulation of both lead excitation and lag suppressiorgnd cortical neurons do not begin to recover before 50 ms.
and 20% show modulation of either the lead excitation or the=inally, given the extensive physiological measurements
lag suppression. In their study, the directional properties otonducted to date, in Table Il we summarize half-maximal
the lead stimulus were then digitally manipulated such thatdelays observed at various levels in the auditory pathway, in
as the azimuth of the lead was varied the ILD was helda number of different species, and with either anesthetized or
constant while the ITD and spectrum varied naturally. Thisawake preparations.
manipulation resulted in loss of either lead excitation or lag  Yin (1994 makes a convincing argument that long-
suppression in the majority of neuro®3%). The authors lasting suppression observed in the IC is not due to long
have thus argued that the inputs mediating directional sensiefractory periods caused by intrinsic neural mechanisms,
tivity to the source(excitation produced by leadcand the and is therefore probably due to synaptic inhibition. The IC
reflection (suppression of the lagnay be decoupled, and contains abundant inhibitory synapses, primarily from the
arrive from different populations of neurons. lateral superior olivgLSO, e.g., Saintmarie, 198%nd the
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B cessfully modeled both “best” ITD and “worse” ITD neu-
AVCN rons, as well as other effects observed by Litovsky and Yin
N=65 (1998a, 1998) assuming ITD-sensitive inhibition from the
DNLL.

To date, little else is known about the actual physiologi-
cal mechanisms that mediate precedence phenomena. It is
unlikely that perception can be explained solely on the basis
of single-neuron responses, hence more sophisticated analy-
ses such as determination of population codes may be nec-
essary. Further, although initial stages of echo suppression
may occur in the brainstem, single-neuron results cannot ac-
count for all perceptual phenomena related to precedence.
For example, Litovsky and Yi(1998a conducted an analy-
sis which suggests that single neurons do not show signs of

o ) _ _buildup. Perhaps the most convincing evidence that the IC
FIG. 12. Population histograms of half-maximal delays for click stimuli t t for behavi | ts of d
measured in cats at various levels in the auditory pathway. A and B: re[MaY NOL account for benaviora measuremen S Of precedence
cordings made in the auditory nerv&N) and anteroventral cochlear COMes from a recent study by Litovsk¥998, who showed
nucleus(AVCN), respectively. In both populations stimulation was monau- that neurons in the ICC of newborn cats exhibit the same
ral and click stimulus level was 85 dB SPL peak20 uPa. AN data were type of Suppressive effects as the adult neurons. This occurs
derived from 77 fibergwith permission from Parharet al, 1996; for two | 8-9d f bef he full . fth
fibers values were not obtainall€]). AVCN data were derived from 65 as early as o— _ays or age, e_ore the full maturation of the
units (with permission from Parharet al, 1998; for two units values were ~ Structure or function of the auditory system and before the
not obtainablg*]). C: Recordings made in 94 units in the inferior colliculus time that a young cat functions behaviorally in its auditory
(IC) by Litovsky and Yin(1998a. Recordings were made using binaural environment. Recall that human infants and young dogs do
stimulation with ITDs or azimuthal locations of both lead and lag placed in e . . LS
each neuron’s maximal response area. Levels ranged from 50—80 dB. DafRPt exhibit Iocallzatlon'domlnance or fusion early in life, and
are reprinted with permission. D: Recordings made in 20 units of the audithat the phenomenon is only observed at 4-5 months of age.
tory cortex by Realet al. (1995. As in the IC, ITDs of both lead and lag  Thus, Litovsky (1998 concludes that behavioral manifesta-
elicited maximal responses. Data provided to the authors by Dr. ‘]Ohrfion of precedence is mediated at higher levels in the audi-
Brugge via personal communication, 1999. . . . .

tory pathway than the IC, which is consistent with the cat

lesion studies and the human development studies, all of
which suggest that the auditory cortex is essential for prece-
dence to occur behaviorally.

Proportion Units

B e E

<1 12 2:3 34 4.5 5:6 6-7 7-8 >8 »15>30 *

<1 122334455667 >8 *

40 I 40 D
IC CORTEX
N=94 N=20

20 20

Proportion Units

1-5 10 20 30 40 50 60 70 80 90 100-180 55 65 75 85 95 100 120 140 160 180

Half-maximal delay (ms) Half-maximal delay (ms)

dorsal nucleus of the lateral lemnisd@@NLL) (e.g., Adams
and Mugnaini, 1984; Moore and Moore, 198as well as
some that originate within the IC itselOliver et al., 1994.
Fitzpatricket al. (1995 have postulated that the DNLL pro-

jections may play a prominent role in the results seen in th%Rl\égEDgléflégEFTFiEcqrglEs RELATED TO

IC. Most neurons in the DNLL are sensitive to ITDs, hence

the “best” ITD and “worse” ITD neurons could be invoked There have been a few published models addressed to
by ipsilateral and contralateral activation, respectively.the precedence effect; however, there is no model currently
Based on similar assumptions, Gaial. (199824 have suc- published that is able to accommodate available data satis-

TABLE Il. Physiological studies in mammals.

Intra/ Stim presentation 50% recovery

Recording site Animal State xtra (Clicks) range(median Study
Auditory nerve cat decerebrate xtra-cell headphones >1 to 20 ms(2.4) Parhamet al. (1996
Cochlear nucleus cat decerebrate xtra-cell headphones >1 to 32 ms(2.7) Parhamet al. (1996
(DCN)
Cochlear nucleus chinchilla anesthetized xtra-cell headphones 1-2ms Wickektifg
(VCN)
Cochlear nucleus mouse slice intra-cell shock 2 ms Wickesberg & Qéaed
(PVCN)
Superior olivary rabbit awake xtra-cell headphones 4-8 Fitzpatricket al. (1995
complex
Inferior colliculus cat anesthetized xtra-cell headphones 1.5-10@ans Yin (1999
Inferior colliculus cat anesthetized xtra-cell free field 1-90 (2B Yin (1999
Inferior colliculus cat anesthetized xtra-cell free-field azimuth 2-18328p Litovsky & Yin (1988a, 1998pb
Inferior colliculus cat anesthetized xtra-cell free-field elevation 1485 Litovsky & Yin (1998a, 1998p
Inferior colliculus cat anesthetized xtra-cell headphones 1.5-11@8&s Litovsky & Yin (1998a, 1998b
Inferior colliculus cat anesthetized xtra-cell virtual azimuth 2-80(trs Litovsky et al. (1998
Inferior colliculus rabbit awake xtra-cell headphones 2—-60(6n3) Fitzpatricket al. (1999
Inferior colliculus owl awake xtra-cell free field 1-5ms Keller & Takahalll996
Auditory cortex cat anesthetized xtra-cell virtual 2D free field 48-175109 Realeet al. (1995; Abstract
Auditory cortex rabbit awake xtra-cell headphones 1-100208 Fitzpatricket al. (1998; Abstract
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FIG. 13. This model represents a modified version of a model proposed by
Zurek (1987 to account for precedence under binaural conditions, in azi-
muth. In its original form the model contained the localization inputs and an
onset detector, which accounted for inhibition of localization information ’('%L
contained in echoes. In its extended form the model also contains a “timbre  right
detector,” which lacks inhibition and allows listeners to attend to spectral ~ °
information contained in echoe@Jpper path reproduced from Zurek, 1987,
with permission.

B k{m,n)

non-linear
lowpass

factorily. In addition, none of the models can account for
phenomena such as the buildup or breakdown of the prece- 1@
dence effect, which are thought to be more cognitive. The
discussion here focuses on four models of psychophysical
performancgZurek, 1980, 1987; Lindemann, 1986b; Shinn-
Cunninghamet al,, 1993; Tollin and Henning, 1999 pre-
sented in order of their appearance in the literature. As we
shall see, these models illustrate fundamentally different ap-
proaches and have distinct advantages and disadvantages. |
addition, they take a “bottom-up” approach with a focus on
relatively peripheral effects. At the moment there is no satfIG. 14. Inhibited interaural cross-correlation modgihdemann, 19860
isfactory model that encompasses basic aspects of the precds-Input signals are representéd(—M,n) andI(M,n)] which are func-

e - . jons of discrete time variables, The delayed and attenuated input signals
dence effect. In addition to these psychophysically O”emec!\re represented at location asr(m,n) andl(m,n). Input signals are at-

models, some models of phys.i0|09ica| resporges., Wi(?k' tenuated as they pass along their delay lines, indicated by the symbol
esberg and Oertel, 1990; Caii al., 1998a, 1998pbdescribe  Attenuation is derived such that it increased with level of the contralateral

neural responses and mechanisms that may be related $gnal- The output at a given location is roughly the correlation between the

. and right signals at a given location in the delay line. Hence, wave forms
some aspects of the preCEdence effect and they are bne#&tm each side can cancel each other as they pass along the delay line, and

noted. Finally, we discuss briefly the general question of how is possible for strong output to inhibit outputs at other locatiddter
much of the precedence phenomena can be understood frdrmdemann, 1986b; reproduced from Colburn, 1996, with permission.

a relative peripheral mechanism point of view and how much
a more cognitive model is required.

The first model, proposed by Zurdk980, 1987, is a  (1997); the model reproduced the basic trends of the data.
phenomenological model that is not designed for quantitativd he general idea of a transient, central inhibitory process that
predictions but provides an intuitive representation of thesuppressed location information is consistent with the sug-
basic observations. This model is illustrated in Fig. 13. Thegestion of Harriset al. (1963 as quoted abovénd of Sec.
upper path of the model was originally proposed by Zurekl).

(1987, who suggested that stimulus onséts onsetlike The second model, proposed by Lindema(i®86a,
transitiong initiate an inhibition or suppression process that19860, is an extension of the classic mechanism for sound
blocks the generation of location information from the ongo-localization suggested by Jeffreq4948. The Jeffress

ing stimulus for a brief period. This upper path thus repre-mechanism, described primarily as a network of coincidence
sents a key aspect of the precedence effect: that the early paletectors, can be represented as a two-dimensional array of
of a stimulus leads to suppressive effects on the later part aofeurons with each neuron’s characteristic frequency along
the stimulus. However, given additional data collected sincene axis and its internal delay along the other axis. Each
1987, we have modified the model by adding the lower pathneuron responds maximally when its immediate inputs are
which emphasized the fact that only localization/ coincident; thus a given neuron responds most vigorously
lateralization information is suppressed and not other subjeawvhen the stimulus delay is compensated by the neuron’s in-
tive attributes of the stimulus such as loudness, pitch, oternal delay. For correlated inputs, therefore, interaural delay
timbre. Although this model provides a useful representations translated to a place of maximal stimulation for each fre-
of the basic observations, it does not allow quantitative preguency. Alternatively, the neural response versus internal de-
dictions, nor an internal mechanism for the generation ofay can be thought of as a cross-correlation function of the
these effects from the stimulus wave forms. A computationabandpass-filtered input wave forms for each characteristic
model that incorporated these ideas was analyzed by Martifiequency.[For a general discussion of models of binaural

- -0
from left ear

from right ear
o -

r{m,n)
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processing and the role of the Jeffress-type network in theseominance results. In addition, by assuming that discrimina-
models, see the review papers of Stern and Trah{@895  tion of ITD is made on the basis of the combined variadle
and Colburn(1996.] Lindemann(1986a extended the cor- and that the separate ITDs are not available, one can predict
relation mechanism to include lateral inhibition along theresults of lead—lag discrimination experiments. When these
delay line (see Fig. 14 This inhibition, which includes a predictions were evaluaté@hinn-Cunningharet al.,, 1993,
static and a dynamic component, suppresses the propagatitige model was shown to explain the quantitative relationship
wave form across the delay lines so that outputs away fronbetween the results of these two different types of experi-
the current site of coincidence output are reduced. For stanents. Specifically, Shinn-Cunninghaet al. (1993 mea-
tionary stimuli(tones and noigethe model was shown to be sured these two tasks in the same listeners. Their model pa-
consistent with time-intensity trading and with perceptions oframeters, which were estimated from data obtained with the
image width for decorrelated noises. For nonstationary sig“pointer adjustment” methodsee Sec. | B were able to
nals, such as bandpass-filtered transieifitsndemann predict results of the ITD discrimination task quite accu-
19860, the inhibitory factors lead to a reinforcement of the rately. The disadvantage of this model is that no mechanism
current locations of activity and a consequent emphasis oy described, so that the model does agtriori predict the
the lead sound when there is a lead—lag click pair. In theize of ¢ for different experiments, nor is there a natural
same paper, this model was also shown to be consistent witktension to other types of experiments or stimuli. Also, as
several sets of measurements of echo threshold, including thescribed so far, the model is limited to ITD experiments and
general time scales and the influence of the leading stimulug two stimulus components with well-defined lead and lag
on the location of the echo. Specifically, the stimulus overlapjelays with a single fused image, but the model could be
resulting from the narrow-band filtering of the input leads tonaturally extended to multiple bursts, to angles instead of
the echo location being pulled toward the lead position, evedelays, and to multiple images. This model has been ex-
after the echo is perceived as a distinct object. Although thisended to free-field experiments by Litovsky and Macmillan
is a powerful model that makes important contributions t0(1994. More recently, Stellmackt al. (1998 confirmed the
our theoretical understanding, the model has not been agmsefulness of this model for interpreting discrimination ex-
plied extensively to precedence effect situations, presumablyeriments and obtained similar values for the weighting pa-
because of its complexity and lack of available implementargmeterc.
tions. This model is consistent with Suggestions of McFad- The fourth modeKTo”in, 1998) provides a mechanism
den (1973 in that initial sounds from one direction suppressfor the combination of interaural phase and level information
later sounds from different directions more than sounds fronyith the time relations of the stimulus components explicitly
the initial direction. Extensions of this model have been dejncluded in the model. This model has been applied to pairs
veloped by Gaik1993 to improve the model's response to o click stimuli with a focus on the discrimination of ITD in
naturally occurring interaural level differences and by Bod-jgad or lag stimulus. In general, estimates of ITD and ILD
den (1993 to address aspects of the cocktail-party effect. e combined to generate a decision variable corresponding
The third model, proposed by Shinn-Cunninghat@l. {4 |ateral position. A notable feature of this model is that, for
(1993, is a descriptive model that allows the quantitativeine cases to which it has been applied, namely the discrimi-
prediction of lead—lag discrimination data from localization pation of wideband clicks, there is no inhibition contained
dominance data. The model has been applied to experimenfGinin the model, and yet the model is able to predict that
in which the stimulus contains a lead stimulus with ITH gjiscrimination of the lead click is significantly better than
and a lag stimulus with an IT,, separated by the lead-lag giscrimination of the lag click. The basic elements of this
delay. According to this model, an internal variable is gen-y e include: a bandpass, rectified cross-correlation func-
erated which corresponds to the IT@of the pointer in a  ion calculation to generate an ITD-based estimate of loca-
localization matching experiment when the lead ITD7is  yjon: 4 short-term energy ratio calculation for an ILD-based
and the lag ITD isr,. The model postulates that estimate of location; and a linear weighting of these esti-
mates to generate a final lateral position. A central feature of
the model is that the bandpass filter that is used for the esti-
wherec is a non-negative weight that represents the emphamate of position of a wideband transient stimulus is the filter
sis on the lead relative to the lag stimulus. For example, ithat is close to 750 H#the dominance regigonand that is
the value ofc=0.5, then lead and lag are equally weighted,near a peak of the stimulus magnitude spectrum for one ear.
there is no precedence effect, and the matching ITD is equdlhis model is also able to predict several “anomalous local-
to the average of the lead and lag ITDs. If the value &  ization” results seen in reports from Wallaeh al. (1949,
unity (c=1.0), then the lead completely dominates the genGaskell (1983, and Tollin and Henning1998. In these
eration of the location and the matching ITD is equal to thecases, the localized direction is opposite to the direction ex-
lead ITD. (If the value ofc were zero, this equation would pected from the overall ITD and ILD of the stimulus. The
describe lateral position that is determined by the lag ITD, arfocus on the 750-Hz region and the combination of time and
extreme form of “antiprecedence).’The linear relation as- intensity differences for the generation of the lateral position
sumed here appears to be adequate for almost all positiorariable and the discrimination decision variable are consis-
matching data. The dependence of the paranteterstimu-  tent with the ideas in Gaske{l983. The model has yet to
lus attributes, such as lead—lag delay and stimulus frequencige applied to a wide class of stimuli and to a wide range of
allows a simple, quantitative description of localization- parameters.

a=c*1y+(1—C)* 7y,
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