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Auditory localization is a fundamental ability enabling animals to find the
sources of environmental sounds. It is only since the early 1980s that
auditory development has been studied systematically. In the present chap-
ter we review recent trends in research on development of auditory local-
ization in humans. The primary focus is on three specific issues. First, we
discuss sensitivity to interaural sound localization cues. Recent work has
shown that sensitivity to interaural cues is well developed during early
infancy, in contrast to sound localization in free field, which matures
relatively slowly. The implications of this discrepancy are discussed. Second,
recent studies, which have utilized infants’ reaching behavior in the dark to
measure distance perception, have shown that infants are capable of dis-
criminating distance by 6 months of age. We discuss which cues may be
celevant to infants for this task. Finally, developmental changes in the
precedence effect (a sound localization phenomenon related to suppression
of echoes) are reviewed. The precedence effect develops slowly during
infancy and childhood, and to the extent that it may reflect integrity of
central auditory processing, it may be useful for detection of auditory
deficits. A general theme evident in this review is that developmental work,
like work with adults and lab animals, shows sound localization to be very
much an active, constructive process on the part of the listener.

INTRODUCTION

Auditory localization is a fundamental ability enabling animals to find the sources
of environmental sounds. Although visual development in humans and other
species has been intensively studied for several decades, the development of
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hearing, especially spatial hearing, has received attention only since about 1980.
Convincing demonstrations that infants orient their eyes (Crassini and Broerse,
1980) and head (Muir and Field, 1979) toward sound as soon as they are born
led to a considerable amount of research on the development of hearing, including
sound localization in infants and young children. Much of this research, especially
with newborns, was reviewed by Clifton (1992). In the present chapter we briefly
review recent trends in this research and then focus primarily on work reported
during the past five years or so, concentrating on three specific issues: sensitivity
to interaural sound localization cues, auditory distance perception, and the
precedence effect (a sound localization phenomenon related to suppression of
echoes). A general theme evident in this review is that developmental work, like
work with adults and lab animals, shows sound localization to be very much an
active, constructive process on the part of the listener.

. OVERVIEW OF DEVELOPMENTAL TRENDS

Perhaps the most obvious and compelling sign that someone can localize a sound
is that they shift their gaze toward its source. Measures of head and eye turning
toward sound sources have figured prominently in studies of the development of
sound localization. The first experimental demonstration that newborn infants look
toward sound sources was Wertheimer’s (1961) brief report. Although newborn
sound localization had been included in standardized neonatal assessment scales
(Brazelton, 1973), several attempts at demonstrating this ability experimentally
showed mixed results (Butterworth and Castillo, 1976; McGurk, Turnure, and
Creighton, 1977). Muir and Field (1979) showed convincingly that newborns turn
their heads toward the hemifield containing a sound source, a finding that was soon
confirmed by Clifton, Morrongiello, Kulig, and Dowd (1981). Although reliable,
this orienting response was not extremely robust, for it occurred on only half the
trials (with no response at all on most other trials), and its latency was typically
around 8 s. Several reviews of these findings are available (Clarkson, 1992; Clifton,
1992; Muir, 1982, 1985; Muir and Clifton, 1985).

Although newborns do orient toward sound sources, the development of sound
localization is far from complete at that age. Both the newborns’ posture and state
are important factors in their tendency to orient to sounds. In addition, stimulus
characteristics are important; for example, newborns do not orient toward brief,
transient sounds (see Clarkson, 1992), and conspecific stimuli are especially
effective in eliciting a response in many species, including kittens (Olmstead and
Villiblanca, 1980), puppy dogs (Ashmead, Clifton, and Reese, 1986), guinea pigs
(Clements and Kelly, 1978), chicks (Gottlieb, 1981), and humans (Zelazo, Brody,
and Chaika, 1984). But the apparent immaturity of newborns’ sound localization
is most dramatically illustrated by the nonmonotonic developmental trend of head
orienting toward sound sources. The head orienting response is reliably elicited
from the newborn period up to about 1 month, but then it “disappears” from
about 1 to 3 months, reappearing at approximately 4 months (Field, Muir, Pilon,
Sinclair, and Dodwell, 1980; Muir, Clifton, and Clarkson, 1989), at which time
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the latency of 4-month-olds’ head turns toward sounds is about a second or less,
much more brisk than that of newborns. Although several explanations for this
“U-shaped” developmental function have been offered (including the onset of
habituation and visual competition; Muir, 1985; Muir et al., 1989), the most
widely accepted hypothesis focuses on maturation of central (cortical) mecha-
nisms (Muir and Clifton, 1985). According to this theory, the newborn head-ori-
enting response is one of the neonatal subcortically mediated reflexes and is
suppressed by about 1 month. It is assumed to be replaced by “higher” cortical
mechanisms for sound localization, which are more volitional and less reflexive in
nature. This interpretation implies that the starting point for experimental
analysis of “mature” sound localization begins at around 4 months after birth.
Further evidence supporting this interpretation is that at about 4 months infants
first localize precedence-effect sounds (described in Sec. I1.C) in an adult-like
manner. Also, starting at 4-5 months of age, head turning can be used as an operant
response in discrimination learning paradigms for studying auditory development.
The most commonly used technique was first described by Moore, Thompson,
and Thompson (1975), known as visual reinforcement audiometry. Infants are
trained to turn their heads in response to an auditory stimulus and are reinforced
with attractive mechanically activated toys.

A common method used to study sound localization in infants is the minimum
audible angle task, which measures the smallest change in the position of a sound
that can be reliably detected. The task involves a reliably correct two-alternative
discrimination (usually right vs. left), where the infant’s response is scored by an
adult observer who watches the infant and is blind to the actual position of the
sound sources. For the horizontal dimension, or azimuth, the minimum audible
angle is about 1° in adults (e.g., Mills, 1958; Perrott, Marlborough, Merrill, and
Strybel, 1989), and this level of precision has also recently been reported for
5-year-old children (Litovsky, 1996). During infancy, there is a dramatic change
in the horizontal minimum audible angle (see Table 1 for a summary), from about
20° to 25° at 4 months to less than 5° at 18 to 24 months (Ashmead, Clifton, and
Perris, 1987; Ashmead, Davis, Whalen, and Odom, 1991; Litovsky, 1996; Mor-
rongiello, 1988a; Morrongiello and Rocca, 1990). Thus, even after “mature” sound
localization emerges at about 4 months after birth, there is a protracted develop-
mental period during which precision of localization improves. This led us to
speculate on whether developmental changes in sensitivity to binaural cues for
sound localization are involved, as well as on a need for perceptual calibration of
the cues. These issues are particularly interesting when we consider that during
this period infants’ heads grow rapidly, so that the correspondence between
binaural cue values and sound directions changes (Ashmead et al., 1991; Clifton,
Gwiazda, Bauer, Clarkson, and Held, 1988). We discuss these issues in Sec. IL.A.

Finally, although the minimum audible angle identifies the limits of auditory
spatial acuity, it is not very instructive regarding the development of localization
accuracy, by which we mean knowing precisely where a sound is coming from.
Little work has been done on the accuracy of sound localization by infants or
young children, primarily due to behavioral measurement problems. Infants
cannot be instructed to indicate where they perceive a sound source to be, so we
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TABLE 1: Developmental trend in minimum audible angle (MAA) thresholds.

Age MAA Study
5 months 19.8° Ashmead et al. (1991)
6 months 12.0° Morrongiello (1988a)
14.5° Ashmead et al. (1991)
19.0° Ashmead et al. {1987)
9 months 12.0° Morrongiello (1988¢)
12 months 8.0° Morrongiello (1988a)
9.4° Ashmead et al. (1991)
15 months 6.0° Morrongiello (1988q)
18 months 4.0° Morrongiello (1988q)
5.6° Litovsky {1996)
5 years s Litovsky (1996)
Adult 1-2° Mills (1958)
. Perrott et al. {1989)
<1° Hartmann and Rakerd {1989)

Litovsky and Macmillan (1994)

must rely on easily elicited behaviors. An obvious candidate is accurate head
orientation, or pointing toward a sound source. Morrongiello and Rocca (1987)
used this task and reported that accuracy improved across the age range of 6 to
18 months. However, this measure relies on 2 motor system, which is undergoing
its own set of changes, and there are measurement problems such as uncertainty
about when during a trial to assume that the infant has “decided” where the sound
source is. For these reasons, we think head turning is better suited as a measure
in discrimination tasks than as a graded response showing localization accuracy.
Another candidate measure for investigating localization accuracy is reaching,
which is inherently a spatially goal-directed behavior. This measure is discussed
later under the topic of auditory distance perception.

IL. SEL’ECTED ISSUES IN THE DEVELOPMENT
OF BINAURAL HEARING

In this section we review in more detail three topics that have been extensively
studied in recent years.

A. Sensitivity to interaural sound localization cues

As was noted earlier, the precision of sound localization as measured by the
minimum audible angle improves dramatically during infancy. Infants around 4
months old do not discriminate whether the position of a sound source changed
leftward or rightward of midline unless the position change is larger than about
20°. In contrast, 18- to 24-month-olds discriminate changes smaller than 5°, and
unpracticed adults and 5-year-olds easily discriminate a change of 1-2°. An



Development of Spatial Hearing 575

obvious question is whether these age-related changes reflect improvements in
perceptual sensitivity to the underlying sound localization cues. For localization
in the horizontal plane, the principal cues are interaural time differences and
interaural level differences. Here we summarize findings on infants’ sensitivity to
these cues and discuss them in the context of plasticity in the mapping of specific
cue values onto actual locations of sound sources.

Only a handful of studies exist on infants’ sensitivity to interaural difference
cues, using presentation of signals independently to the two ears. Bundy (1980)
tested infants aged 8 and 16 weeks, presenting them with large reversals in
interaural time differences (+300 ps to —300 ps) or interaural level differences
(+6 dB to -6 dB).

Although the infants did not look in the direction of the leading or louder
sounds, a measure of overall looking time at a visual display suggested that they
detected the reversals in cue values. This trend was significant on both cues for
the 16-week-olds, but only on the interaural time difference cue for the 8-week-
olds, showing that young infants can detect changes in interaural cues presented
under dichotic conditions. However, interpretation of the study is complicated
by several methodological factors, including the possibility that the level differ-
ence discrimination may not have been interaural, but could have been mediated
by perception of the change in level at a single ear. Thus, the question of whether
infants actually utilize interaural time and interaural intensity cues to lateralize
sounds remained unanswered.

In a more recent study, Ashmead et al. (1991) reported sensitivity to interaural
time differences in infants aged 16, 20, and 28 weeks. The procedure was similar
to a minimum audible angle test, in that it involved a discrimination paradigm
with a diotic click train (sounds through two earphones at the same time and
presumably perceived at the “center” of the head), followed by a dichotic click
train (with an interaural time difference favoring one ear). An observer, who
watched the infant but did not know the side of the leading sound, voted as to
which side contained the leading sound, mostly based on the infant’s eye and head
movements. Correct votes resulted in reinforcement for the infant, consisting of
a pleasant video/audio show on the appropriate side. Threshold values for
interaural time discrimination were in the range of 50-75 ps for all age groups
(compare with typical adult values of 10-20 ps). For these same ages, the actual
interaural time differences that correspond to minimum audible angles obtained
in free field are much greater, about 100-140 ps, as shown in Fig. 1 {from
Ashmead et al., 1991, Fig. 3). Interestingly, Gray and Jahrsdoerfer (1986)
reported a similar pattern with adult aural atresia patients who underwent surgery
to eliminate the atresia. These patients had fairly precise postoperative interaural
time discrimination but poor free-field sound localization.

The results from Ashmead et al. (1991) imply that sensitivity to interaural time
differences per se is remarkably good during the early stages in the development
of sound localization. We later discuss why it is unlikely that this sensitivity is a
limiting factor in the development of sound localization precision. In a second
study, Ashmead, Grantham, Murphy, Tharpe, Davis, and Whalen (1996) inves-
tigated 6-month-old infants’ sensitivity to interaural level differences. They also
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FIG. 1. Thresholds for interaural time discrimination from Ashmead et al. (1991, Experiment 4, triangles)
compared to interaural time differences corresponding to free-field minimum audible angles (other symbols) as
a function of age.

used a discrimination paradigm in which an interaural level difference of zero in
the stimulus was changed abruptly to a level difference favoring one ear (overall
signal levels were varied to preclude a monaural basis for the discrimination).
Infants had thresholds of about 7 dB, which is considerably higher than typical
adult values of 0.5 dB or so. We cannot say precisely how this 7 dB threshold value
relates to the actual interaural level differences infants experience naturally in the
free field. However, it seems likely that the angle changes in free field experienced
by 6-month-olds with the minimum audible angle correspond to interaural level
differences that are much smaller than 7 dB. This would suggest that interaural
level differences probably play a minimal role in localization precision at the age
of 6 months. This claim is further supported by another experiment from this
study, showing that 6-month-olds did not tend to mislocalize sounds when the
input to one ear was artificially attenuated, a manipulation that should have mainly
affected interaural level differences. One possibility that remains to be ruled out
is potential competition between interaural cues, because at all interaural level
differences the interaural time difference was zero, which might have dominated
over the level cue.

At this point, the findings on sensitivity to interaural cues suggest that infants
are more sensitive to interaural time differences, but less sensitive to interaural
level differences, than we would predict from their free-field minimum audible
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angles. The discrepancy between the free-field and dichotic studies led us to
conclude that age-related changes in the precision of free-field sound localization
cannot simply be accounted for by sensitivity to interaural time and level cues. A
more likely explanation is the need for ongoing recalibration of the relation
between values of sound localization cues and the actual locations of sound sources
in the environment. If recalibration is constantly occurring in the nervous system,
it would be reasonable to have a period during which localization is not as precise
as the underlying cue sensitivity might otherwise allow, particularly if the cue
values themselves are changing rapidly. Two groups of investigators have called
attention to the large, rapid changes in interaural cue values that must occur during
human infancy (Ashmead et al., 1991; Clifton ez al., 1988). In neither case were
the interaural cues measured directly. Rather, interaural time differences at
various ages during development were estimated from measures of head circum-
ference, using a widely accepted spherical model (Woodworth, 1938). Figure 2
shows estimated interaural time differences expressed as a percentage of a typical
adult value. The rapid change in this cue value during the first year after birth
suggests that if the sound localization system “locked on” to very precise relation-
ships between cue values and sound source directions during that time, the
recalibration process would be rather burdensome. An alternative approach would
be to permit considerably more error in sound localization during the time when
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FIG. 2. Interaural time difference as a proportion of adult (21 years) interaural time difference, for ages from
birth to 21 years, estimated from head circumference data of Eichorn and Bayley (1962). (From Ashmead et
al., 1991, Fig. 4.) Reprinted with permission.
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head growth is causing rapid changes in both the binaural (interaural time, level,
and spectral differences) and monaural (spectral) cues. If we consider that during
infancy an organism need merely direct its attention in the general direction of
important events, then from an evolutionary perspective it may be adequate to
have a relatively crude sound localization system.

Evidence for this idea comes from neurophysiological work conducted in several
laboratories. The superior colliculus of a variety of species is thought to contain a
spatial map based on a conglomeration of visual, auditory, and somatosensory inputs
(King and Moore, 1991). In fact, auditory neurons in the superior colliculus of a
newborn guinea-pig are very broadly tuned for sound location, but within a few
weeks after birth a refined map of auditory space emerges (Withington-Wray,
Binns, and Keating, 1990). This space map, which has a similar developmental
trend in other species as well, is known to be susceptible to altered localization
cues during experience. For example, in barn owls (Knudsen and Knudsen, 1985)
and ferrets (King, Hutchings, Moore, and Blakemore, 1988) reared with an
occluded ear (producing abnormal binaural cues), normal visual input plays a major
role in alignment of the auditory space map. This finding supports the notion that
auditory localization is one aspect of a complex array of sensorimotor functions
that play a role in an organism’s ability to find the source of a sound.

In addition to interaural differences in time and level, a third interaural cue
thought to be important for sound localization in humans and other animals is
differences in the spectra of auditory stimuli as they enter the two ear canals.
These cues are considered important for localization of elevation, as well as
front/back discrimination and distance perception (Blauert, 1983). These cues
have been quantified in recent years through work on direct measurement through
probe microphones inserted into the ear canals. Indeed, this was one of the
dominant themes at the conference on which this volume is based (for example,
Brugge, Reale, and Hind, Chapter 22, this volume; Duda, Chapter 3, this volume;
Shaw, Chapter 2, this volume; and Wightman and Kistler, Chapter 1, this volume).
No systematic measurements like this have been reported for infants, so our
conclusions about the potential effects of changes in head size and shape on
localization cues are based on indirect evidence. However, Ashmead and Gran-
tham (1994) recently collected preliminary data on a 1-month-old infant. Meas-
urements were made at the entrance to each ear canal using probe microphones.
Sounds (noise bursts) were presented from 45° or 60° to the right. Figure 3 shows
the interaural transfer functions, which have positive values when the levels are
higher in the right ear; it shows a clear difference in the low- to mid-frequency
range (below 8 kHz) between the two locations. Estimates of interaural time
differences were also computed from the interaural phase shift function, and they
agree reasonably well with predictions from classical spherical models. Although
these findings are preliminary, they indicate that direct measurement of sound
localization cues is a feasible task in infants. This new approach might facilitate
studying how these cues change during early infancy and how these changes might
be related to the development of binaural hearing. These measurements might
also be useful in studying the development of sound localization in the vertical
plane, which has received little attention (Morrongiello, 1988b).
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FIG. 3. Interaural transfer functions for sound sotirces at 45° and 60° to the right, in a 3-week-old infant. Positive
values indicate a higher sound level in the right ear than in the left ear. (Ashmead and Grantham, 1994)

In summary, sensitivity to interaural cues that presumably underlie free-field
sound localization is well developed early in life and is therefore probably not the
limiting factor for developmental changes in free-field sound localization. Rather,
the need for ongoing recalibration of the relation between cue values and sound
locations may play an important role. One approach toward addressing this
question is the study of sound localization abilities of congenitally totally blind
individuals, because they would have no opportunity for visually based calibration.
Unfortunately, we are not aware of any measures of this type performed with
acceptable psychoacoustic methods.

B. Auditory distance perception

Sound localization is inherently three-dimensional in that we experience not only
the horizontal and vertical directions of a sound but also its distance. Despite this
everyday phenomenology, the directional aspects of sound localization have been
investigated far more than those related to distance. Indeed, the acoustical bases
for auditory distance perception by adults are not well understood. (For reviews,
see Coleman, 1962; Blauert, 1983, pp. 116-137. For recent work, see Ashmead,
Davis, and Northington, 1995; Little, Mershon, and Cox, 1992; Shaw, McGowan,
and Turvey, 1991.) For developmental work on auditory distance perception there
is the added question regarding what response measure might veridically reflect
an infant’s or young child’s perceptual experience of distance. In this section we
review recent findings on infants’ distance perception as measured by their
reaching behavior for sound-producing objects.

Anyone who has been around infants knows that they are quite proficient at
reaching for objects and successfully grasping them by about 5 to 6 months after
birth. A number of studies on visual depth perception have shown that infants
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make an impressive distinction between objects that are within versus beyond
reach (see Yonas and Granrund, 1985, for a review). They display this distinction
by only attempting to grasp objects that are within reach, not ones that are beyond
reach, which implies that they can relate distance perception to their motor
performance. These findings make reaching a promising measure for investigating
infants” auditory distance perception. However, in order to study auditory dis-
tance perception per se, one must eliminate all visual input. In the series of studies
discussed next, this was accomplished by presenting infants with sounding objects
in complete darkness.

The first systematic study of infants’ reaching for sounds, by Perris and Clifton
(1988), did not focus on distance perception, but rather was aimed at demon-
strating that infants reach willingly and accurately for unseen sounding objects,
and thus it established the methodology used in later studies. Infants aged 6
months were trained in the light to reach for a visible sounding object (rattle)
with a removable finger puppet attached to it. When tested in the dark with the
sounding object placed in any of six directions (separated by 30°), infants touched
the objects on their first reaching attempt on 77% of the trials, which was well
above chance. Two subsequent studies extended this experimental paradigm to
study distance perception. Clifton, Perris, and Bullinger (1991) presented 6-
month-olds with sounding objects, 45° to the left or right, either within reach (10
cm from the torso) or beyond reach (100 cm). Infants reached correctly on the
majority of the within-reach trials, but they did not attempt to reach at all on
most of the beyond-reach trials. This study proved that by 6 months infants can
rely on auditory information alone to make a dichotomous distance discrimina-
tion. It remained unclear what the effective distance information was. Recently
Clifton, Rochat, Robin, and Berthier (1994) measured 6-month-olds’ hand move-
ments while reaching for objects in a lighted room, glowing objects in a dark room,
and sounding objects in a dark room. They used a motion analysis system that
allowed fine-grained measurement of reaching movements. Although infants were
less accurate when they could not see the object (third condition just listed), they
still showed a smooth deceleration of the hand movement at the end of a reach
for a sounding object. Thus, rather than merely swiping at the object, they
appeared to have some notion of exactly where it was located. This further
reinforces the value of the reaching response as a measure of the accuracy of
infants’ sound localization.

Litovsky and Clifton (1992) focused on sound pressure level, a distance cue
known to be relevant for adults. Sound pressure varies inversely with distance,
with a change of approximately 6 dB for every halving or doubling of distance
(e.g., see Coleman, 1962). In everyday language, if one assumes a sound to be
constant at its source, it would be louder when in close proximity but softer when
further away. In the Litovsky and Clifton study, sounds in the near and far positions
(15 and 100 cm, respectively) had a natural difference of 7 dB. Unknown to the
subjects, the sound pressure from the source (a small loudspeaker) could be
manipulated to simulate different distances. All infants first heard and saw the
sounding objects in the light, straight ahead, with the natural level cues corre-
sponding to the near and far positions. The infants reached accurately for the near
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objects on virtually all trials, indicating that the near object was readily contacted.
On dark trials the objects were presented 45° to the left or right. For the control
group of infants, the near and far objects had their natural sound levels, louder
and softer, respectively. The experimental group was presented with inconsistent
combinations of sound pressure and distance. On half the near trials the sound
was naturally loud, but on the other half it was reduced by 7 dB (measured from
the position of the subjects’ head). The reverse was true for the far trials, half of
which were naturally soft and half increased by 7 dB. As is shown in Fig. 4, all
infants reached more for the near than for the far objects, even when the sound
pressure was misleading. In other words, the infants were not fooled by the sound
pressure manipulation, and they seemed to utilize other distance cues. This
contrasted sharply with findings for a group of adults run under similar conditions,
who were asked to make verbal judgments about distance. The adults judged the
louder objects to be near and the softer objects to be far, regardless of the actual
distance. In summary, by 6 months infants have a basic capacity for discriminating
between sound-producing objects that are within versus beyond reach. Because
infants do not appear to rely on one distance cue, sound pressure, as strongly as
adults, it seems likely that there is considerable experience-dependent develop-
ment in the processes underlying auditory distance perception. In terms of
methodology, the infants’ reaching behavior has turned out to be a valuable tool
for studying auditory distance perception.

C. The precedence effect

The precedence effect refers to an auditory illusion that occurs when two similar
sounds are presented from different locations at slightly different times. Only one
sound image is actually “heard,” and its perceived location is dominated by the
leading sound. This phenomenon is most intriguing because the second sound is
above threshold, and, if presented in isolation, would be localized at its correct
position. Thus, the nervous system plays an interesting trick on our experience of
the world by actively shutting out prominent auditory information. Although this
effect is typically studied in the laboratory by using two discrete sound sources
(different loudspeakers), the underlying auditory processes presumably work in
everyday life to suppress our perception of sounds reflected off surfaces such as
walls, ceilings, and floors (Blauert, 1983, pp. 222-237; Zurek, 1987). Several
chapters in this book focus on the precedence effect in human adults; thus we
refrain from reviewing that literature in depth and focus on developmental aspects
of the precedence effect.

A fundamental finding on the development of the precedence effect is that it
does not appear to be present during early infancy. This has been demonstrated
for human newborns (Clifton et al., 1981) and young dogs (Ashmead et al., 1987).
In both studies, infants or puppies were presented with sounds from loudspeakers
located 90° to the left and right. On “single-source” trials, the sound came from
one loudspeaker only. On precedence-effect trials, the sound came from both
loudspeakers with a 7 ms delay between them. With this delay, adults perceive
the sound to emanate entirely from the loudspeaker having the leading sound.
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Finally, on control trials the sound came from both loudspeakers at the same time.
Infants and puppies turned reliably toward the active loudspeaker on single source
trials, but on precedence-effect trials they typically did not turn at all (which was
also the case on control trials). Despite the fact that infants and puppies “perk
up” when they hear sounds in the precedence-effect configuration, they do not
appear to localize the sound image toward the leading speaker, as adults do. It has
since been shown that infants turn toward the leading side of precedence-effect
sounds beginning at about 4 months of age (Muir e al., 1989). The timing of
appearance of the precedence effect is tightly coupled with the age at which
head-turning toward single source sounds reappears (discussed earlier).

Another aspect of the precedence effect that has been investigated develop-
mentally is the echo threshold. When the delay between the leading and lagging
sounds is longer than the echo threshold, directional information from the lagging
sound is no longer suppressed and the listener hears two distinct sounds at their
respective locations. For adults, this value is 5-9 ms for clicks, 10-12 ms for noise,
20 ms for speech, and 40 ms for music (see Blauert, 1983, p. 231; Zurek, 1987).
The echo threshold changes during development, as shown in Fig. 5. For simple
stimuli such as clicks, the echo threshold is higher at 6 months (25 ms) than at 5
years or in adulthood (about 12 ms) (Clifton, 1985). For more complex stimuli
of longer duration the echo threshold also differs somewhat between 5 years (30
ms) and adulthood (25 ms) (Morrongiello, Kulig, and Clifton, 1984). Burnham,
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FIG. 5. Echo thresholds for precedence-effect stimuli are compared at three age ranges for two different
stimulus types. For click stimuli, echo thresholds decrease between 5-10 months and 5 years, but not between
5 years and adult. Thresholds also decrease with age for the rattle stimulus between all three ages. The difference
between click and rattle thresholds is noticeable at all ages as well. (Circles were redrawn with permission from
Morrongiello ez al., 1984; triangles were redrawn with permission from Burnham, et al., 1993.) Reprinted with
permission.
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Taplin, Henderson-Smart, Earnshaw-Brown, and O’Grady (1993) recently sug-
gested that echo thresholds change developmentally as a function of maturation
from time of conception, rather than from experience since birth. They found
that the echo thresholds of preterm infants tested about 9.5 months after birth
were more similar to full-term infants matched for conceptual age than to
full-term infants matched for age since birth. Taken together, developmental
studies of the echo threshold indicate that there is considerable age-related change
in processing of sounds presented in the precedence-effect configuration, even
beyond the period of infancy. It is possible that in everyday listening situations,
infants and young children may experience more difficulty than older children
and adults at suppressing “extra” sounds in reverberant settings. In fact, it has
been shown that children’s speech comprehension (Neuman and Hochberg,
1983) and sound localization (Besing and Koehnke, 1995) are diminished in a
reverberant environment.

Developmental studies of the precedence effect have been motivated by the
idea that it reflects maturation of the central auditory system (Clifton, 1985; Muir
etal., 1989). This is based on neurobehavioral evidence that cats without an intact
auditory cortex do not localize stimuli presented in a precedence-effect configu-
ration toward the leading sound (Cranford and Oberholtzer, 1976; Cranford,
Ravizza, Diamond, and Whitfield, 1971; Whitfield, Cranford, Ravizza, and Dia-
mond, 1972). Also, people with temporal-lobe lesions show deficits in perform-
ance on precedence-effect tasks (Hochster and Kelly, 1981). Finally, myelination
of auditory cortex in humans begins about 3 months after birth, with considerable
development up to 2 years (Dekaban, 1970; Yakovlev and Lecours, 1967). This
convergence of behavioral and neural evidence suggests that the auditory cortex
may play a substantial role in the onset of the precedence effect in humans at 3
to 4 months after birth. The cortex may also be involved in continued refinement
of the precedence effect for several years thereafter.

The role of the auditory cortex in the ontogeny of precedence-effect processing
has been further supported by recent neurophysiological studies of brainstem
auditory processing in the cat recorded from single cells in the inferior colliculus
of adult cats, using stimuli that mimic the precedence effect (Litovsky and Yin,
1993, 1994; Yin, 1994; Yin and Litovsky, 1993). Auditory stimuli were presented
either dichotically (separate stimuli to each ear) or in free-field while animals
were anaesthetized. At long delays, when the “echo” would presumably be heard,
most cells responded to both the leading and lagging sounds. As the delay was
decreased, the response to the lagging sound was suppressed, as shown in Fig. 6.
Thus, the inferior colliculus, a subcortical structure, codes for suppression of the
lagging sound in adult cats. Litovsky (1994) recently reported that cells in the
inferior colliculus of young kittens also show suppression of lagging sounds, even
within the first postnatal week, prior to the onset of behavioral orientation toward
sounds (Olmstead and Villiblanca, 1980). Representative data from 14 kittens
are compared with those of 14 adult cats in Fig. 7. The echo thresholds for
individual cells (delay at which response to the lagging sound was suppressed by
50%) ranged from about 2 to 70 ms in both adult cats and kittens; however, the
overall suppression was significantly weaker in kittens than cats, with respective
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FIG. 6. The response of one neuron in the inferior colliculus of the cat. Stimuli were two dichotic pairs of clicks,
both with an interaural time delay favoring the contralateral ear, where the neuron respended vigorously to the
stimuli. Each set of responses represents 50 trials, with the second click pair being delayed relative to the first
one. The delay was varied from 1 to 101 ms. For all delays the neuron responded to the first click pair. For
delays of 41 to 101 ms the neuron also responded to the second, or lagging, click pair reliably. However, the
response to the lagging stimulus was decreased at 31 ms, and disappeared at delays 0of 21, 11, and 1 ms (Litovsky,
1994).

means of 22.6 and 36 ms. These findings suggest that in cats the initial stages of
echo suppression are processed in the inferior colliculus. The difference in mean
thresholds might suggest that precedence is somewhat weaker early in life. The
fact that IC neurons show precedence at all, and that newborns do not display
the behavior, suggests that there is a decoupling between the capacity of the young
nervous system to encode stimuli so as to suppress lagging sounds and its capacity
to manifest this coding in terms of orienting toward the leading sound. The exact
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FIG. 7. The stimulus configuration from Fig. 6 was presented to a population of neurons in both adult cats and
young kittens (ages 8-28 days). For each neuron the response to the lagging stimulus at every delay was divided
by the “maximal lagging” response of the neuron, that is, response to the second click pair at the longest delay.
Representative neurons from (A) 14 adult cats and (B) 14 kittens were then plotted as a function of delay. The
point at which the functions recover to 50% of the maximal response is marked by a horizontal line in each
figure, with means of 32 ms and 29 ms in cats and kittens, respectively (Litovsky, 1994).
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Yin, 1993, 1994; Yin, 1994; Yin and Litovsky, 1993), so it appears to be mediated
at a higher level.

determined by a weighted sum of the leading and lagging stimuli (Shinn—Cunning—
ham, Zurek, and Durlach, 1993). Litovsky ( 1996) measured this effect in
18-month-olds, S-year-olds, and adults, using a version of the minimum audible
angle procedure described earlier. Each subject was tested in three conditions,
One was the classic single source test in which a sound location changed from
midline to the left or right. In the other conditions the stimuli were in pairs that
satisfied conditions of the precedence effect. In both conditions the first sound
on each trial was a single source sound from midline. In the “lead discrimination
condition, the shifted stimulys consisted of a leading sound from the left or right
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the leading sound was from midline and the lagging sound was from the left or
right. The data are summarized in Fig. 8. At all ages the minimum audible angle
was greater (worse) in the lead discrimination condition than the single source
condition, suggesting that the lagging sound at midline interfered with the
precision of localization. However, the discrepancy between the conditions
decreased with age, suggesting either that the “pulling” by the lag sound is smaller
in older people, or that suppression of the lagging sound is stronger in older people.
In addition, at all ages lag discrimination minimum audible angles were greater
(worse) than both lead discrimination and single source, but they decreased
significantly between 18 months, 5 years, and adults, suggesting that with
increased age listeners’ ability to extract subtle directional information from an
“inaudible” echo improves.

These findings can be related to the work with newborns’ responses to
precedence-effect stimuli discussed earlier (Clifton et al., 1981). In that situation,
newborns were presented with the leading and lagging stimuli on either side, and
they did not orient to the leading sound, but rather, they looked straight ahead
(see earlier discussion). It is conceivable that newborns “have” the precedence
effect, such that they do not hear the lagging sound separately from the leading
sound. However, another aspect of the precedence effect may be very weak. That
is, they may be incapable of suppressing the influence of the lagging sound, thus
they may perceive one sound whose location is determined almost equally by the
lead and lag, and that sound appears near midline. This issue could be investigated
by presenting newborns with sounds from symmetrical locations, but no such
findings have been reported.
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FIG. 8. Minimum audible angle thresholds at 18 months, 5 years, and adult are plotted for three stimulus
conditions: single source (asterisks), precedence-lead discrimination (triangles), and precedence-lag discrimina-
tion (squares). (From Litovsky, 1995.) Reprinted with permission.
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In summary, the precedence effect has proved extremely useful for investigat-
ing the development of sound localization. Mature sound localization clearly
depends on processes such as the suppression of later arriving sounds. The
developmental acquisition of these processes occurs over a time span of at least
months and probably years, perhaps requiring considerable auditory experience
and cognitive elaboration. To the extent that the precedence effect may reflect
integrity of auditory processes, it may also be a useful task for detection of auditory
deficits in a clinical setting.

1l. SUMMARY

Perhaps the most important general point to emerge from the work described in
this chapter is that the development of sound localization is very much a
constructive process. Whether it be calibration of changing values of directional
cues, utilization of sound level as a cue for distance, or weighting of leading and
lagging sounds in the precedence effect, adult-like sound localization seems to be
a constructive act on the part of the listener. We have been led to this conviction
on the basis of developmental evidence, but it is very much in keeping with recent
work on sound localization in adults and laboratory animals, including much of
the work described in other chapters of this volume. Localization depends on
integrating information across different cues, across frequency regions, and even
across time (as listeners and sound sources move).
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