
Developmental Effects of Multiple Looks
in Speech Sound Discrimination

Purpose: The change/no-change procedure (J. E. Sussman & A. E. Carney, 1989),
which assesses speech discrimination, has been used under the assumption that the
number of stimulus presentations does not influence performance. Motivated by
the tenets of the multiple looks hypothesis (N. F. Viemeister & G. H.Wakefield, 1991),
work by R. F. Holt and A. E. Carney (2005) called this assumption into question
(at least for adults): Nonsense syllable discrimination improved with more stimulus
presentations. This study investigates the nature of developmental differences and the
effects of multiple stimulus presentations in the change/no-change procedure.
Method: Thirty normal-hearing children, ages 4.0–5.9 years, were tested on
3 consonant–vowel contrasts at various signal-to-noise ratios using combinations of
2 and 4 standard and comparison stimulus repetitions.
Results: Although performance fell below that which is predicted by the multiple looks
hypothesis in most conditions, discrimination was enhanced with more stimulus
repetitions for 1 speech contrast. The relative influence of standard and comparison
stimulus repetitions varied across the speech contrasts in a manner different from that
of adults.
Conclusion: Despite providing no additional sensory information, multiple stimulus
repetitions enhanced children’s discrimination of 1 set of nonsense syllables. The
results have implications for models of developmental speech perception and
assessing speech discrimination in children.
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D evelopmental changes in speech perception appear to parallel
basic changes in psychoacoustic properties, such as temporal,
frequency, and intensity resolution. Temporal and frequency reso-

lution appear to mature by about 6months of age—earlier than intensity
processing, which develops into the school-age years (Werner, 2002). For
example, young infants are comparable to adults at following amplitude
modulations (Werner, 1996) and infants’ psychophysical tuning-curve
widths are adultlike by 6 months of age (Olsho, 1985; Spetner & Olsho,
1990). Although these data suggest mature frequency and temporal
resolution by themiddle of the first year of life, other investigators, using
a different psychophysical procedure than Olsho and colleagues, have
reported immature auditory filter widths in 3- and 4-year-olds (e.g., Allen,
Wightman, Kistler, & Dolan, 1989; Hall & Gross, 1991). Hall and Gross
suggested that the apparent discrepancy seems to be due to poor processing
efficiency rather than immature frequency selectivity on the part of
4-year-old children. Processing efficiency refers to an ability of the cen-
tral auditory system to extract signals from noise. The processing effi-
ciency hypothesis (Hill, Hartley, Glasberg,Moore, &Moore, 2004) suggests
that aspects of young children’s peripheral auditory systems are mature
but that their central auditory systems are still developing the ability to
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extract signals from noise efficiently such that they need
more advantageous signal-to-noise ratios (SNRs) than
adults. Therefore, it appears that frequency resolution
is mature by 6 months of age but that nonsensory pro-
cesses (such as processing efficiency) can influence the
outcome of the psychophysical procedure and ultimately
what children perceive.

In contrast to temporal and frequency resolution, ab-
solute sensitivity is not mature at all audiometric fre-
quencies until 10 years of age (Werner, 2002). The largest
gains are made in the first 6 months of life, with high-
frequency thresholds approaching adult values before
those at low frequencies (Werner&Marean, 1996). Changes
in absolute sensitivity are likely due to a combination of
factors: primary neural maturation of the auditory path-
way before 6 months of age (Werner, Folsom, & Mancl,
1993, 1994); external ear maturation, which improves
middle ear transmission efficiency in early infancy (Keefe,
Bulen, Campbell, & Burns, 1994); and middle ear matu-
ration itself, which develops into the school-age years
(Keefe, Bulen, Arehart, & Burns, 1993). In fact, develop-
mental changes in the middle ear have been reported to
occur until approximately 8 years of age (Werner, 1996),
whereas developmental changes in speech perception oc-
cur until at least 10 years of age (Elliott, 1986; Elliott,
Longinotti, Meyer, Raz, & Zucker, 1981; Sussman &
Carney, 1989) and possibly through the teenage years,
especially in the presence of background noise (Johnson,
2000). Further, there is evidence to suggest that the au-
ditory cortex develops up to 12 years of age (Moore, 2002;
Moore & Guan, 2001). Thus, to some extent, changes in
speech perception parallel developmental changes in the
auditory system.

Development of basic neural processing in the early
postnatal period likely is responsible for the early matu-
ration of some aspects of auditory processing, such as
frequency and temporal resolution. Other aspects of au-
ditory development, such as intensity resolution, abso-
lute sensitivity, and the processing of complex sounds
(such as speech) mature later in development and de-
pend, in part, on higher-level processing considered to
be central in nature (Werner, 2002). Note that higher-
level processing is required for all auditory stimuli but
might play a more prominent role in complex sound pro-
cessing. Higher-level auditory processing encompasses
nonsensory factors that can influence speech percep-
tion, particularly in children, such as attention, motiva-
tion, memory, and response bias. These factors have
long been a part of models of signal detection (Green &
Swets, 1966) and more recently have been applied to
children’s perception of speech.

The influence of selective attention in speech per-
ception has primarily centered on the issue of what chil-
dren attend to in the speech signal. From this work,

considerable support has emerged for the notion that
children and adults divide their perceptual attention
differently for acoustic components of the speech signal.
In her developmental weighting shift (DWS) hypothesis,
Nittrouer (1992) proposed that the linguistic decision
required in a speech perception task likely influences
where a listener ’s perceptual attention is directed and
that this can change with development: Children ages
3–7 years showed smaller effects than did adults for
formant transitions that crossed syllable boundaries in
a phoneme identification task. Thus, selective attention
to acoustic cues in the ambient language appears to play
a role in the maturation of speech perception.

The second nonsensory factor is that of motivation,
which gives the listener incentive to respond and pay
attention (Werner & Marean, 1996). In infant testing,
this usually takes the form of a lighted, moving toy that
testers presume is interesting to the infant (e.g., Eilers,
Wilson, &Moore, 1977). With children, this usually takes
the form of verbal praise. Whatever the form motiva-
tional force takes, there must be a payoff for listening.

Much of the interest inmemory ’s influence on speech
perception has come from attempts to account for the
wide variability in speech and language outcomes of
young children with cochlear implants. Pisoni and Geers
(2000) identified one factor that accounts for some of the
variability: workingmemory capacity. Quantifying work-
ing memory by measuring auditory digit span capacity,
Pisoni and Geers reported a moderately strong relation-
ship between measures of forward digit span and open-
set word recognition scores (r = .64). More recently, Pisoni
andCleary (2003) partialed out other factors, statistically,
that are known to influence open-set word recognition
ability and reported that nearly 20% of the variance in
pediatric cochlear implant word recognition performance
could be explained by individual differences in cognitive
factors underlying the speed and efficiency in which pho-
nological and lexical representations of words are stored
and retrieved fromworkingmemory. These types of find-
ings were used as evidence that “processing variables”
(Pisoni & Geers, 2000, p. 93) that are related to mem-
ory such as “coding, rehearsal, storage, retrieval, and
manipulation of phonological representations of spoken
words” (Pisoni & Geers, 2000, p. 93) influence open-set
word recognition abilities. Thus, memory plays a role in
the perception of speech—at least at the level of word
recognition.

Response bias, or one’s tendency to respond, is the
final nonsensory influence on perception performance
discussed in the literature. Psychophysicists often cite
response bias as a potential contributor to the difference
in detection thresholds between adults and children.
However, Werner (1992) argued that even if procedures
are used to control response bias, threshold differences
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are still found among infants, children, and adults. Fur-
ther, response bias can be controlled by using a per-
formance measure of sensitivity not influenced by bias,
such as d¶. Numerous investigators have demonstrated
age-related changes in threshold, even when using bias-
free estimates of sensitivity (Trehub, Schneider, Thorpe,
& Judge, 1991; Werner & Mancl, 1993).

The purpose of this discussion was to highlight the
fact that both sensory and nonsensory factors influence
speech perception testing in children (and infants and
adults, as well). Further, as processing becomes more
complex for stimuli such as speech, higher-level non-
sensory factors likely play an even greater role in per-
ception (Werner, 2002). In this investigation,we attempted
to limit the effects of some of these nonsensory factors
while examining the effects of one nonsensory factor that
we recently identified—the salience or strength of the
internal representation of speech sounds—on speech
discrimination.

Examination of the strength of the internal repre-
sentation of speech sounds grew out of previous work
in which we attempted to bridge the gap between find-
ings from psychoacoustic research and those from speech
perception experiments, an effort that often has been
met with limited success. We investigated the effects of
multiple looks on speech sound discrimination in normal-
hearing adults (Holt & Carney, 2005). Themultiple looks
hypothesis, proposed byViemeister andWakefield (1991),
is a promising theoretical approach from the psycho-
acoustic literature for speech perception research. The
hypothesis was developed to explain the contradictory
findings that there are two time constants involved in
temporal integration or summation (the observation that
detection threshold decreases with longer stimulus du-
rations). Specifically, the hypothesis proposes that rather
than working as long-term integrators, the auditory sys-
tem’s filters sample the incoming signal at a relatively
fast rate. Each sample provides the system a 3- to 5-ms
“look” at the signal. “These samples or ‘ looks’ are stored
inmemory and can be accessed and processed selectively”
(Viemeister & Wakefield, 1991, p. 864). Long-duration
signals provide the systemmore opportunities to be sam-
pled. Therefore, the longer a stimulus, the more “looks”
there will be at the stimulus and the more likely that
at least one look will be above the listener’s detection
threshold. This results in lower detection thresholds for
longer stimuli relative to shorter stimuli. The multiple
looks hypothesis predicts that if the looks are indepen-
dent and the information is combined optimally, d¶ for two
pulses should be 1.4 (square root of 2) times larger than d¶
for a single pulse.

Holt and Carney (2005) extended the multiple looks
hypothesis to longer stimuli in a speech discrimina-
tion task with 14 normal-hearing adults. We used the

change/no-change procedure (Sussman&Carney, 1989)
in which a series of standard and comparison nonsense
speech stimuli are presented to a listener who is to detect
a change in the stimulus array. During a change trial, the
stimuli change midway through the string; during a no-
change trial, all of the stimuli are identical. For example,
if the number of standard and comparison presentations
is two each, a change trial might consist of the stimuli
/pa/ /pa/ /ta/ /ta/ and a no-change trial might consist of
/pa/ /pa/ /pa/ /pa/. Adults’ discrimination of three pairs
of synthetic nonsense syllables (/pa/ vs. /ta/, /ra/ vs. / la/,
and /sa/ vs. /Sa/) was assessed at SNRs of –10, –8, –6, and
–4 dB using one, two, and four repetitions of standard and
comparison stimuli. The 108 conditions were pseudo-
randomly presented to each listener: Conditions were
blocked by syllable pair, and within each syllable pair,
repetition conditions were blocked by SNR. The syllable
pair, SNR, and repetition conditions were randomly
presented. Within each syllable comparison, half of the
listeners received one stimulus in the pair as the stan-
dard; the other half of the participants received the
alternate stimulus as the standard.

Each condition consisted of 50 trials—25 change
trials and 25 no-change trials. Listeners were tested in
a double-walled sound booth with the overall level of the
speech presented at 68 dB SPL from loudspeakers
placed at ±45° azimuth relative to the listener. At the
beginning of each visit, participants completed ten 2:2
(in which the numbers preceding and following the colon
indicate the number of standard and comparison rep-
etitions, respectively) trials in quiet to familiarize them
with the stimuli and to ensure task understanding. No
feedback was given during either the familiarization
trials or the test phase. Participants were told howmany
repetitions they would hear of the identified standard
and comparison stimuli in each condition to reduce any
auditory uncertainty. They were instructed to touch one
side of a touch screen monitor labeled “change” if they
perceived a change in the string of syllables and to touch
the side labeled “no-change” if they did not perceive a
change in the string.

We reported that discrimination performance im-
proved with more stimulus presentations. Performance
varied across syllable pair, with the best performance
achieved with the fricative pair, followed by the liquid
and stop-consonant pairs, respectively. Although the
multiple looks hypothesis’ prediction of an increase in
d¶ by a factor of 1.4 for every doubling in the number of
looks at the stimuli was not demonstrated under every
condition, the prediction was more consistent with per-
formance under conditions using lower numbers of pre-
sentations (e.g., 1 and 2) near d¶ scores of 1.0 than for
higher numbers of presentations (e.g., 4) and d¶ scores
substantially above or below scores of 1.0. For example,
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for the fricative contrast at –8 dB SNR (at which d¶
estimates were near 1.0), average d¶ estimates improved
by a factor of 1.46, 1.19, 1.41, and 1.14 when the number
of repetitions increased from 1:1 to 2:1, 1:1 to 1:2, 1:2 to
2:2, and 2:1 to 2:2, respectively. In contrast, d¶ estimates
improved by a factor of 0.877, 0.40, 0.70, and 1.53 when
the number of repetitions increased from 2:2 to 2:4, 2:2
to 4:2, 2:4 to 4:4, and 4:2 to 4:4, respectively. These low-
repetition number conditions near threshold (d¶ val-
ues of approximately 1.0) are similar to those used by
Viemeister and Wakefield (1991), in which they com-
pared threshold for detection (near d¶ = 1.0) for 1 pulse
versus 2 pulses. When similar conditions were used in
our speech discrimination procedure, the multiple looks
hypothesis was supported.

We are not the only investigators to suggest that the
multiple looks hypothesis might play a role in higher-
level auditory tasks such as discrimination and recogni-
tion. In his spectrotemporal excitation pattern (STEP)
work, Moore (2003) proposed that the internal repre-
sentation of an auditory stimulus in working memory
can be considered a vector of samples or looks that can
be analyzed, compared, and weighted intelligently within
the system. Further, the internal representation might
vary depending on whether the task is one of detection,
discrimination, or recognition. For example, the template
or internal representation of stimuli for a discrimination
task might be formed by a combination of the incoming
looks at the stimuli in working memory and previous ex-
perience with similar stimuli stored in long-term mem-
ory. Therefore, it is possible that more presentations of a
stimulus could enhance or strengthen the stimulus re-
presentation in working memory, allowing for improved
discrimination with other stimuli. Our work with adults
showing improved discrimination in the absence of ad-
ditional sensory information suggests that the internal
representation of the stimuli is enhanced for adults with
increased presentations of the nonsense speech stimuli.

Viemeister and Wakefield’s (1991) hypothesis ex-
plains sensory data from adults, and our work on dis-
crimination of speech sounds used adult listeners. Because
children’s auditory and speech perception skills develop
through age 10 years to adult values (Elliott, 1986; Elliott
et al., 1981; Sussman & Carney, 1989) and potentially
into the teenage years in noise (Johnson, 2000), it is likely
that the application of the multiple looks hypothesis
might be different for children than for adults. The cur-
rent investigation addressed the following question: Can
children’s discrimination be enhanced with multiple pre-
sentations of nonsense speech stimuli as it is in adults? If
pediatric performance indeed improves with more looks
at the stimuli, then it is prudent to examine the nature
of the influence. In other words, do the looks at the
standard and comparison stimuli contribute equally to
discrimination performance, or is one more important

than the other? Our work with adults (Holt & Carney,
2005) suggests that for low-repetition numbers, the num-
ber of standard and comparison stimulus repetitions is
equally important. However, for higher-repetition num-
bers, the number of comparison stimuli was more im-
portant. A proposed explanation for this finding was
that memory loads increase with higher numbers of
stimulus repetitions. This might force listeners to rely
more on the percept formed from themost recently heard
comparison stimuli than on the “older” standard stimuli
(which were heard first).

Much of the work on developmental speech percep-
tion has concluded that children focus on different aspects
of the acoustic signal and, thus, might approach the cur-
rent discrimination task differently from adults. Early
work by Parnell and Amerman (1978) and Morrongiello,
Robson, Best, and Clifton (1984) suggested that there
are developmental changes in the importance of acoustic
cues, such as formant transitions. And, more recently, in
herwork on theDWS,Nittrouer and colleagues (Nittrouer,
1992; Nittrouer, Manning, & Meyer, 1993) proposed
that the linguistic decision required by children in an
auditory task likely influences where their perceptual
attention is directed. Specifically, children preferentially
weight the dynamic spectral properties of the speech
signal, whereas adults weight the static properties more.
Focusing on the dynamic properties of the speech signal
might help the listener identify the syllabic structure
of the language, whereas attention to static properties
might assist in identifying the phonetic structure. In
Jusczyk ’s (1993) word recognition and phonetic structure
acquisition model of developmental speech perception,
he proposed that children’s attention to larger units is an
adequate strategy when children’s lexicons are small,
but as the lexicon grows, the need to attend to finer dif-
ferences at the phoneme level increases in order to ac-
commodate the increasing number of words learned and
stored. The DWS attempts to account for how children’s
attention to acoustic cues might change as their lexicon
grows to accommodate the need for learning an increas-
ing number of words. Because children’s memory spans
increase with age (Dempster, 1981), under the current
procedure, children might weight the comparisons more
than the standards (as the adults did when the total num-
ber of presentations was high), even in the low-repetition
conditions. Alternatively, theymight use a different strat-
egy altogether than the adults, as has been found by other
investigators on various kinds of speech perception tasks.

The purpose of this investigation was threefold.
First, we set out to determine if the multiple looks hy-
pothesis applies to discrimination of speech sounds with
children as it does with adults. We hypothesized that
discrimination ability would improve withmore looks at
the stimuli. Second, we aimed to examine the nature of
the influence—are looks at the standard and comparison
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stimuli equally important? We predicted that the num-
ber of comparison stimulus presentations would be
weighted more than the number of standard stimulus
presentations. Third, we aimed to identify any develop-
mental differences in performance between children
and adults. We hypothesized that children would be able
to benefit from multiple stimulus presentations but to a
lesser extent than the adults tested in Holt and Carney
(2005) and that they would weight the standards and
comparisons differently than the adults, evenwhen other
nonsensory factors are carefully controlled.

Method
General Design

Typically developing children with normal hearing
were tested using the change/no-change procedure in
a combined repeated measures and factorial design.
Performance was measured for repetition conditions—
4:4, 4:2, 2:4, and 2:2—at two SNRs that varied with the
nonsense syllable comparison. Children were separated
into three groups based on the syllable comparison (stim-
uli varied by manner of articulation across the groups):
10 were assigned to /pa/ versus /ta/, 10 to /ra/ versus /la/,
and 10 to /sa/ versus /Sa/. Within each group, the syllable
comparison differed in place of consonant articulation. In
addition, all four repetition conditions were repeated at a
single SNR to assess test–retest reliability. This resulted
in each participant completing a total of 12 conditions
(4 repetition comparisons × 1 syllable contrast × 2 SNRs+
4 repetition conditions repeated at a single SNR). The
SNR order was counterbalanced, and the repetition com-
parisons were presented in random order within each
SNR. The design was similar to that used with the adults
in Holt and Carney (2005), with the following exceptions:
The adults were run in a completely repeated measures
design in which all participants completed all conditions,
whereas the children were separated into syllable con-
trast groups; the children completed a subset of the
repetition comparison conditions tested in adults; and
children completed fewer SNR conditions than did the
adults. These differences were due to the fact that chil-
dren take longer to complete the testing than adults and,
thus, are unable to complete as many conditions.

Power Analysis
To determine how many trials and the number of

children that would be needed to attain sufficient power,
a simulationwas performed usingR (Ihaka&Gentleman,
1996), in which power was calculated for various combina-
tions of number of change trials, number of participants,
and nominal values of changes in d¶. A nominal power
value of 0.80 was selected as the desired level of power

because this makes a Type II error (accepting a false null
hypothesis) 4 times as likely as a Type I error (rejecting a
true null hypothesis). This is generally considered a re-
flection of their relative importance (Howell, 1997). Based
on the simulation, this level of power (or higher) could be
achievedwith at least 10 participants and 25 change trials
per condition, assuming a minimum d¶ change of 1.3 for a
doubling in the number of stimulus repetitions. This al-
lowed us to achieve the desired level of power with a
slightly lowered change in d¶ (by a factor of 1.3) than is
expected based on the multiple looks hypothesis.

Participants
Forty-five children were recruited to participate.

Five children were eliminated for the following reasons:
Two children served as pilot participants to determine
the feasibility of the protocol; one child could not return
to complete the entire protocol; another child did not
pass the hearing screening because of middle ear prob-
lems and was referred to a physician for evaluation; and
a fifth child was unable to understand the task in quiet
and subsequently did not complete the protocol. This
was the only child encountered who was unable to learn
the task. After analyzing the data from the first set of
10 children assigned to the /ra/ versus / la/ contrast con-
dition, we realized that the SNRs selected were too
easy—the average d¶ achieved even in the easiest SNR
was above 2.5. This left a total of 30 participants who
were randomly assigned to one of three syllable con-
trast conditions, resulting in 10 children completing the
protocol for each syllable pair. These children ranged in
age from 4;0 to 5;11 (years;months), with a mean age of
5;2. The average age of the children in the /pa/ versus
/ta/ group, /ra/ versus / la/ group, and /sa/ versus /Sa/
groupwas 5;1, 5;2, and 5;3, respectively. Each child passed
a bilateral hearing screening at 20 dB HL (see American
National Standards Institute [ANSI], 1989) at 0.5, 1.0, 2.0,
4.0, and 8.0 kHz and 25 dB HL at 0.25 kHz. In addition,
each child passed the articulation/intelligibility, language,
information, sentence completion, and repeating sentences
portions of the Minneapolis Public Schools’ Early Child-
hood Screening Instrument (Minneapolis Public Schools,
1980) and the supplemental articulation screener of the
Preschool Language Scale–3 (Zimmerman, Steiner, &
Pond, 1992). All of the children were native English
speakers.

Stimuli
The same stimuli used in Holt and Carney (2005)

were used in the current investigation. These stimuli
were synthesized prototypical exemplars for four of the
six syllables and for the vowels of the remaining two stim-
uli. The synthesized syllables were /pa/, /ta/, /ra/, and
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/ la/, whereas /sa/ and /Sa/ were created by splicing a syn-
thetic /a/ to digitized natural tokens of /s/ and /S /. This
was done because it was difficult to synthesize fricative-
vowel stimuli that sounded natural. A detailed descrip-
tion of the creation of the stimuli and their respective
waveforms and spectrograms are provided in Holt and
Carney. These stimuli were selected for several reasons.
First, nonsense syllables were used because we did not
want lexical knowledge to influence performance on
the discrimination task. Second, /sa/ and /Sa/ were
selected because these fricatives have been used ex-
tensively in Nittrouer’s work on the DWS (Nittrouer,
1992, 1996; Nittrouer et al., 1993; Nittrouer & Miller,
1997). Nittrouer and colleagues have demonstrated that
these fricatives are particularly sensitive to develop-
mental changes in speech perception. Third, all of the
syllable contrasts vary in place of articulation, which
causes the most errors in perception for individuals with
normal hearing (Miller & Nicely, 1955) and those with
hearing loss (Bilger & Wang, 1976) while varying in
manner of articulation (stop consonants, liquids, and fric-
atives). These tokens will be used in the future with
listeners with hearing loss. Therefore, it was important
to have baseline data from normal-hearing individuals.

The noise used in each syllable pair condition con-
sisted of white noise shaped to match the long-term
average spectrum of each syllable pair. For example, the
noise used in the /ra/ versus /la/ condition was shaped to
have the long-term spectrum of /ra/ and /la/. Therefore,
three slightly differently shaped noises were used—one
for each syllable pair.

Equipment and Calibration
E-prime software Version 1.1 (Psychology Software

Tools, 2002) on a Pentium III computer ran the pro-
cedure and recorded responses. The signal from the com-
puter ’s sound card was routed to a Crown D-75 amplifier
and then to two GSI speakers placed at ±45° azimuth
relative to the listener in a double-walled sound booth.
Responses were made on a touch screen monitor placed
directly in front of the child. The overall level of the
speech was 68 dB SPL, with the noise level varying with
SNR. Calibration was checked each day of testing. The
same equipment and setup was used with the adults in
our previous investigation.

Procedure
Within each participant group, the SNR order was

counterbalanced, and the repetition condition order
(4:4, 4:2, 2:4, and 2:2) was randomized within SNR. All
repetition conditions were completed in a single SNR
before moving on to the next SNR. Half of the children
assigned to each syllable-pair comparison were retested

at all repetition conditions at the lower of the two tested
SNRs, whereas the other half were retested at the higher
of the two tested SNRs. This was done to assess test–
retest reliability without completing the entire protocol
twice. Half of the children in a given syllable-pair com-
parison condition heard one stimulus as the standard,
whereas the other half heard the other stimulus in the
pair as the standard. Within each tested repetition con-
dition, children listened to 50 trials, half of which were
change trials and half of which were no-change trials.
These procedures mimicked those used with the adults
in our previous investigation.

SNRs of –4 and +2 dB were chosen for the /sa/ ver-
sus /Sa/ comparison because they were successfully used
with children in a pilot study (Frush, 1999). Examination
of the adults’ performance-intensity functions in Holt
and Carney (2005) for /ra/ versus /la/ and /pa/ versus /ta/
indicated that less adverse SNRs needed to be used for
the children for these comparisons than were used for
/sa/ versus /Sa/ in order for them to have any success
with the task. Two older children (8 and 9 years of age,
respectively) were pilot tested at a wide range of SNRs in
both the /pa/ versus /ta/ and /ra/ versus /la/ conditions.
Based on their results, +2 and +8 dBSNRwere selected for
use in the /pa/ versus /ta/ condition, and 0 and +6 dB SNR
were initially selected for /ra/ versus / la/. As was dis-
cussed previously, the SNRs initially selected for the
liquid pair were too easy, so a different group of 10 chil-
dren completed the protocol at more difficult SNRs of
–2 and +4 dB. Even though the absolute values of the
SNRs were different across syllable comparison, the dif-
ference between the two selected SNRs within each com-
parison was held constant at 6 dB.

Prior to testing in noise, children listened to 10 trials
in quiet that corresponded to the first repetition con-
dition that they were assigned to that day. For example,
if a child’s randomization called for starting with the 2:4
repetition condition and he or shewas in the /ra/ versus /la/
group and /la/ was his or her assigned standard, the five
change trials in quiet would be “/ la/, / la/, /ra/, /ra/, /ra/,
/ra/” and the five no-change trials would be “/ la/, / la/,
/ la /, / la /, / la/, / la/.” This was done to familiarize chil-
dren with the stimuli and to ensure that they understood
the task. No feedback was given during either the fa-
miliarization or testing phases. A similar familiarization
procedure was used with adults in our previous investi-
gation with one exception: The adults’ familiarization
trials were always presented in a 2:2 format, regardless
of the first repetition condition to which they were as-
signed that day.

During each trial, two rows of pictures appeared on
the touch screen monitor. The top row corresponded to
the change condition, and the bottom row corresponded
to the no-change condition. All of the pictures in the
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bottom row were identical, whereas those in the top row
changed midway through the row, depending on the
repetition condition. The number of pictures corresponded
directly to the repetition condition. For example, for the
2:4 condition, the top row might have two soccer balls
pictured, followed by four bunches of bananas, whereas
the bottom row would have six soccer balls pictured.
Five potential combinations of response pictures were
available, although only one set was used at a time
within each condition. This served two purposes. First,
by keeping the pictures the same within a condition, the
child experienced no uncertainty about which was the
change row and which was the no-change row. Second,
having five combinations of response pictures fromwhich
to choose helped keep interest high. Children were in-
structed to point to the top row in which the pictures
changed if they heard a change in the string of syllables.
If the children heard no change in the string of syllables,
they were instructed to point to the bottom row, in
which the pictures did not change. In this way, no verbal
response was necessary, nor was it required that chil-
dren be able to read the labels on the touch screen
monitor, as it was for the adults in the previous study.

After the child touched the screen, the tester was
required to indicate if the answer was accepted or re-
jected and to record the other option (either “change” or
“no-change”) as the response. This was important be-
cause children tend to be more impulsive than adults
and occasionally, they would accidentally touch one re-
sponse row when they meant to press the alternate row;
therefore, a mechanism was needed for dealing with
unintended touch screen presses. The only occasion in
which the tester rejected a child’s response was if, in-
dependently, the child verbally indicated that he or she
had meant to press the alternate row of pictures. This
verbal indication occurred an average of 4.1 times per
child over the entire course of the study, which en-
compassed 600 total trials.

Citing a pilot study (Frush, 1999), we demonstrated
that keeping track of the number of trials remaining
was important in keeping children on task and main-
taining high motivation levels. To implement this in the
current investigation, we modified a procedure used by
Allen and Wightman (1994) in which 1 piece of a 10-piece
puzzle appeared successively on the touch screen monitor
after each trial. Unlike the method used by Allen and
Wightman, the presentation of each puzzle piece was
not used as feedback; rather, a puzzle piece appeared
after each response regardless of whether it was correct.
After every one or two puzzles (corresponding to 10 or
20 trials) were completed, depending on the attention
level of the individual child, he or she was given a short
break. During the breaks, children could play a gamewith
the tester or could color or talk for a few minutes. Five

different puzzles (all of which were pictures of animals)
were randomly used, such that within a 50-trial con-
dition, each puzzle only appeared once. The purpose of
varying the puzzles randomly was to keep interest as
high as possible. Along with verbal praise after each trial,
the puzzle also served as a reinforcer. Neither verbal
praise nor the puzzle itself was used as feedback as to
the correctness of a child’s response.

All testing took place in a double-walled sound booth.
Children completed the testing in two or three visits of
approximately 2 hr each. In addition to short play breaks,
children had a long snack break midway through each
visit.

Nonsensory factors such as motivation, attention,
response bias (Werner & Marean, 1996), and memory
(Pisoni, 2000; Pisoni & Cleary, 2003; Pisoni & Geers,
2000) influence child perceptual development research.
In the current investigation, wemotivated childrenwith
effusive praise after each response (whether correct or
not) by giving them breaks after every 10–20 trials and
by filling in a puzzle piece after each trial. Frush (1999)
demonstrated that the first two of these types of rein-
forcement helped maintain children’s interest in the
task (by maintaining the operant). The nature of the
change/no-change procedure allows one to minimize
the variable of sustained attention through cueing by
either telling the listener where in the array a change
will take place within a block of trials or varying where
the change can take place within the block. The latter
approach requires the listener to pay much more atten-
tion during each trial (as he or she would not be able to
predict where the changemight take place in the array),
whereas the former approach leaves no ambiguity as to
where the change will occur and thus, requires less at-
tention of the individual. The first approach was used in
this investigation to reduce the influence of sustained
attention on the task. By providing multiple opportuni-
ties to hear a stimulus, a clear and straightforward pro-
cedure with no auditory stimulus uncertainty, and a
pictorial “answer sheet” (pictures on a touch screenmon-
itor) with the number of pictures matching the number
of auditory stimuli, memory loads should be reduced
(although not eliminated) using the change/no-change
procedure in this investigation.

Finally, d¶ was used to measure performance. By
taking into account hits and false alarms, d¶ is unbiased.
It was calculated by subtracting the z score for a lis-
tener’s false alarm rate from the z score for his or her hit
rate. A listener can have 25 of 25 hits and some false
alarms or 25 of 25 correct rejections with many hits.
This type of response pattern requires corrections in the
calculation of d¶. In this study (as was used in our
previous study with adults), a value of 0.01 was added
to all hit and false alarm rates of 0.0, and a value of 0.01
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was subtracted from all hit and false alarm rates of 1.0
(similar to a procedure described by Hautus, 1995, and
Miller, 1996). Themaximum d¶ that could be achieved in
this study was 4.65, which is considered by many ex-
perimenters to be an effective ceiling (Macmillan &
Creelman, 2005). With these procedural controls, the
influence of these nonsensory factors—motivation, at-
tention, memory, and response bias—was expected to
be reduced, leaving the nonsensory factor of multiple
looks more prominent.

Results
Individual d¶ estimates for speech discrimination

performance across test conditions for each child are
displayed in Table 1. Consistent with the pediatric speech
perception literature, performance was variable across

children. Figure 1 displays mean group performance by
SNR. The top panel displays data for the stop-consonant
contrast, the middle panel displays those for the liquid
contrast, and the bottom panel displays data for the fric-
ative contrast. The parameter in all three panels is
repetition number: The open triangles and filled circles
each represent a standard number of 2 and 4 repeti-
tions, respectively, whereas the solid and dotted lines
indicate a comparison number of 2 and 4 repetitions,
respectively. For the stop-consonant and fricative pairs,
there was a trend for increased discriminability with
more looks at the stimuli. For example, for both /sa/
versus /Sa/ and /pa/ versus /ta/, either the 4:4 or the 4:2
conditions resulted in the highest performance, especially
at the more difficult SNRs, whereas the 2:2 and 2:4 con-
ditions resulted in the poorest performance. For /ra/ ver-
sus / la /, performance was similar across repetition
number within a given SNR.

Table 1. Individual d ’ estimates for the test conditions.

Participant ID Syllable contrast

Low SNR High SNR

2:2 2:4 4:2 4:4 2:2 2:4 4:2 4:4

1 Stop 4.08 4.08 3.73 3.50 4.65 4.65 4.65 4.65
2 Stop 1.99 1.76 2.33 4.08 2.33 2.58 2.68 2.93
3 Stop 4.65 3.16 2.28 3.73 3.73 3.73 4.65 4.65
4 Stop 1.99 2.68 2.25 2.40 2.75 3.50 2.25 3.16
5 Stop 1.74 1.33 0.76 1.02 1.80 2.68 2.79 2.38
6 Stop 1.46 1.66 1.50 2.68 2.58 3.50 4.08 3.16
7 Stop 1.39 1.99 0.79 2.18 2.46 2.91 3.17 2.33
8 Stop 1.23 1.25 1.35 1.35 1.70 1.66 1.46 2.40
9 Stop 0.41 2.02 2.46 3.50 2.25 3.50 2.91 3.73
10 Stop 0.20 –0.20 0.76 0.24 1.35 0.64 0.76 0.73
31 Liquid 0.00 –0.41 1.70 0.86 2.79 3.50 1.84 1.99
32 Liquid 3.32 3.73 2.38 2.28 3.03 1.70 2.18 1.74
33 Liquid 4.65 3.73 2.59 3.50 4.08 4.65 4.65 4.08
34 Liquid 4.08 4.08 4.08 3.17 4.08 4.08 4.08 4.65
35 Liquid 0.59 0.10 1.46 1.23 0.21 1.05 3.73 2.00
36 Liquid 3.50 4.65 2.35 2.02 3.50 2.79 3.50 3.50
37 Liquid 1.66 1.15 1.88 3.73 4.08 3.50 3.16 3.16
38 Liquid 0.14 0.59 0.82 0.94 1.25 1.56 0.66 0.21
39 Liquid 0.71 1.41 1.56 1.04 2.59 2.46 2.75 2.46
40 Liquid 1.33 –0.10 0.82 0.94 1.56 1.99 2.33 3.73
21 Fricative 0.69 0.63 1.15 0.84 3.50 3.16 3.73 3.16
22 Fricative 4.08 4.08 4.08 4.65 3.50 3.73 4.08 3.50
23 Fricative 1.15 0.00 1.50 0.45 4.65 2.58 3.73 3.50
24 Fricative 1.43 0.72 1.29 2.81 1.88 2.58 2.17 2.17
25 Fricative 3.73 2.93 3.50 3.73 4.65 4.65 4.65 3.16
26 Fricative 1.33 1.76 2.58 2.17 1.76 1.84 1.99 3.50
27 Fricative 1.41 1.42 1.35 1.41 1.99 2.58 3.32 2.75
28 Fricative 4.08 2.17 3.16 4.08 4.65 4.08 4.65 4.65
29 Fricative 1.76 1.76 1.87 2.91 2.46 3.17 3.03 4.08
30 Fricative 0.79 0.86 1.53 0.52 1.87 1.55 3.16 2.58

Note. SNR = signal-to-noise ratio.
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Figures 2 through 4 display the same data shown in
Figure 1 but do so using box plots for each syllable pair
to show the variability in performance. Figure 2 shows
data for the stop-consonant contrast, Figure 3 shows
those for the liquid contrast, and Figure 4 displays data
for the fricative contrast. The panels in each figure reflect
each repetition condition tested—2:2, 2:4, 4:2, and 4:4.
The variability across participants tended to decrease as

the SNR improved for all syllable pairs. This effect was
less for /pa/ versus /ta/ than it was for other two pairs of
syllables. Inspection of the box plots also assists in demon-
strating the trend for the advantage of multiple presenta-
tions of the stimuli. For example, the top and bottom
panels of Figure 2 display data for the /pa/ versus /ta/ com-
parison in the 2:2 and 4:4 conditions, respectively. Median
d¶ in the most advantageous SNR (+8 dB) for the 2:2 con-
dition was equal to 2.4; this value was nearly identical to
the median performance (d¶ = 2.5) at the more difficult
SNR (+2 dB) in the 4:4 condition. The addition of more
looks (e.g., the 4:4 condition) allowed listeners to detect
the difference between /pa/ and /ta/ at nearly the same
rate as in the 2:2 condition, when the SNR dropped by
6 dB. Similar results can be seen for /sa/ versus /Sa/.
Performance for the liquid pair was too similar across the
repetition conditions to draw these types of conclusions.

The data were entered into three separate three-way
repeated measures analyses of variance (ANOVAs)—one
for each syllable contrast, because the variance in per-
formance across syllable pairs differed (evaluated by
testing for equality of group variances using the Levene
statistic). The factors were standard repetition number
(2, 4), comparison repetition number (2, 4), and SNR (low,
high). For all three syllable contrasts, the effect of SNR
was significant: stop-consonants,F(1, 9) = 40.835, p < .001;
fricatives, F(1, 9) = 13.579, p = .005; and liquids, F(1, 9) =
9.815, p = .012. For the fricative contrast, the effect of stan-
dard repetition number was significant,F(1, 9) = 15.115,
p = .004, whereas the effect for comparison repeti-
tion numberwas not significant,F(1, 9) = 0.535, p = .483.
Participants’ fricative discrimination significantly im-
provedwhen thenumber of standard repetitions increased
from 2 to 4 (2:2 to 4:2 and 2:4 to 4:4). For the stop-
consonant contrast, standard and comparison repetition
numberwere not significant,F(1, 9) = 2.129, p = .179 and
F(1, 9) = 4.345, p = .067, respectively, although therewas
a trend for participants’ stop-consonant discrimination to
be enhanced when the number of comparison repetitions
increased from 2 to 4 (2:2 to 2:4 and 4:2 to 4:4). For the
liquid contrast, neither the number of standard repeti-
tions nor the number of comparison repetitions signif-
icantly influenced discrimination performance, F(1, 9) =
0.065, p = .805 and F(1, 9) = 0.800, p = .394, respectively.
No interactions were significant for any syllable contrast.

Figure 5 shows the effect of doubling the number of
comparison stimuli while keeping the number of
standards constant by displaying the actual mean d¶
values (filled circles connected by lines) and predicted
values (open circles) in each repetition condition grouped
by number of standard stimuli. The predicted values
were calculated by multiplying the actual performance
in the 2:2 and 4:2 conditions by a factor of 1.4 (as is
predicted by the multiple looks hypothesis) to predict
performance in the 2:4 and 4:4 conditions, respectively.

Figure 1. Mean d ¶ performance across signal-to-noise ratio (S/N).
The top panel displays mean performance for the stop-consonant
contrast, /pa/ versus /ta/ (n = 10), the middle panel displays that for
the liquid contrast, /ra/ versus /la/ (n = 10), and the bottom panel
displays mean performance for the fricative contrast, /sa/ versus /Sa/
(n = 10). Triangles and circles indicate a standard number of 2 and
4 repetitions, respectively. Solid and dotted lines indicate a comparison
number of 2 and 4 repetitions, respectively.
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Figure 2. Group performance for the stop-consonant contrast, /pa/ versus /ta/, in the 2:2 condition
(top panel), the 2:4 condition (second panel), the 4:2 condition (third panel), and the 4:4 condition
(bottom panel; n = 10).
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Figure 3. Group performance for the liquid contrast, /ra/ versus /la/, in the 2:2 condition (top panel),
the 2:4 condition (second panel), the 4:2 condition (third panel), and the 4:4 condition (bottom
panel; n = 10).
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Figure 4. Group performance for the fricative contrast, /sa/ versus /Sa/, in the 2:2 condition (top panel),
the 2:4 condition (second panel), the 4:2 condition (third panel), and the 4:4 condition (bottom
panel; n = 10).
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Note that there are no data points for the predicted d¶ at
2:2 and 4:2 because these are the data points fromwhich
the predictions for 2:4 and 4:4 were made. The top panel
displays data for the stop-consonant contrast, the middle
panel displays data for the liquid contrast, and the bot-
tom panel shows the data from the fricative contrast for
the lowest SNR tested in each syllable pair. Each pair
of data points along the abscissa represents a serial

doubling in the number of comparison repetitions, while
keeping the number of standard repetitions constant.
Figure 6 is set up similarly to Figure 5, except that it
shows the effects of doubling the number of standard
repetitions while keeping the number of comparisons
constant by grouping the actual and predicted data by
number of comparison stimuli. In general, actual mean
performance fell below that which was predicted by the

Figure 5. Actual (filled circles) versus predicted (open circles) performance (based on multiple looks),
grouped by number of standard stimulus repetitions. The top panel shows performance for /pa/ versus
/ta/ at +2 dB signal-to-noise ratio (SNR; n = 10), the middle panel shows that for /ra/ versus /la/ at
–2 dB SNR (n = 10), and the bottom panel shows performance for /sa/ versus /Sa/ at –4 dB SNR
(n = 10).

Figure 6. Actual (filled circles) versus predicted (open circles) performance (based on multiple looks),
grouped by number of comparison stimulus repetitions. The top panel shows performance for /pa/ versus
/ta/ at +2 dB SNR (n = 10), the middle panel shows that for /ra/ versus /la/ at –2 dB SNR (n = 10), and
the bottom panel shows performance for /sa/ versus /Sa/ at –4 dB SNR (n = 10).
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multiple looks hypothesis in most of the conditions
tested. However, when the number of comparisons in-
creased from 2 to 4 with four standard stimuli (going
from 4:2 to 4:4), the multiple looks hypothesis explained
performance for the stop-consonant contrasts well (see
Figure 5). Similarly, when the number of standards in-
creased from 2 to 4 with four comparison stimuli (going
from 2:4 to 4:4), the multiple looks hypothesis explained
performance for the fricative contrasts well (see Figure 6),
consistent with the results of the repeated measures
ANOVA for the fricative group.

Test–Retest Reliability
Themean d¶ difference scores between test and retest

(retest score – test score) in each syllable repetition con-
dition ranged from –0.28 to 0.25. To assess reliability
across testing sessions, Pearson correlations between
test and retest data were calculated for each syllable pair
separately. As with any test procedure that is adminis-
teredmore than once to the same group of participants, it
is expected that performance at the first session will not
be independent from performance at the second session.
However, if the test procedure is reliable, performance at
test and retest should be highly correlated (Anastasi,
1961). Table 2 presents the r values for each syllable
pair’s test–retest comparison along with the corre-
sponding alpha levels. For both the stop-consonant and
liquid contrasts, significant (p ≤ .05) test–retest correla-
tions were found in all conditions except the 4:2 condition
(in which the r values were .562 and .458, respectively).
For the fricative contrast, test–retest correlations in all
four repetition conditions were significant (p ≤ .05). The
significant r values ranged from .657 to .941 across syl-
lable pairs. Correlation coefficients equal to or greater
than .80 are considered strong for real variables, whereas
those near .63 are considered moderate in strength
(Howell, 1997). These results suggest that the change/
no-change procedure has good test–retest reliability (par-
ticularly for the 4:4, 2:4, and 2:2 conditions), thereby
extending the findings of Carney et al. (1991) to normal-
hearing children.

Developmental Effects
There were four conditions in common between this

investigation with children and our previous study with
adults: /sa/ versus /Sa/ at –4 dB SNR in the 4:4, 4:2, 2:4,
and 2:2 conditions. Because the children were separated
into groups on the basis of syllable pair, 10 children com-
pleted these four conditions, whereas 14 adults were
tested in these conditions in our previous investigation.
Figure 7 displays mean d¶ performance by repetition
condition for the adults from Holt and Carney (2005;
filled bars) and the children in the current investigation
(unfilled bars) for the repetition conditions common to
both studies. The error bars indicate +1 standard de-
viation. The data were entered into a one-way ANOVA
to examine the effect of age in each repetition condi-
tion. Children performed significantly more poorly than
adults in all four conditions—4:4 condition, F(1, 23) =
25.570, p < .001; 4:2 condition, F(1, 23) = 72.313, p < .001;
2:4 condition, F(1, 23) = 80.743, p < .001; and 2:2 con-
dition, F(1, 23) = 41.788, p < .001.

Recall that adults from our previous investigation
demonstrated improvements in d¶ near the predicted fac-
tor of 1.4 under low stimulus number repetition condi-
tions and when performance was near d¶ = 1.0, but with
higher stimulus repetition numbers and d¶ scores sub-
stantially above or below scores of 1.0, performance fell
below that predicted by the multiple looks hypothesis. A
direct comparison of degree of benefit frommultiple stim-
ulus presentations between the current data and those
from our previous investigation is limited by at least two
factors. First, because of time constraints and children’s
shorter attention spans, children were tested at fewer
SNRs than were adults, thereby limiting the number
of sampling points along the psychometric func-
tion. Further, the SNRs selected were advantageous
enough that on average, children were performing around
d¶ values of 2.0, even at the more difficult SNR. This
occurred despite pilot testing the SNRs on older children,
who presumably would have even less difficulty discrim-
inating speech sounds at these SNRs. Second, children
were tested at fewer stimulus repetition combinations
than were adults. If children’s performance were like
that of the adults, we would expect that increasing the
number of stimulus presentations from two to four at
SNRs at which they were performing above threshold
would result in d¶ improvements of less than a factor of
1.4. Table 3 displays the children’s factorial increase in
d¶ with a doubling in the number of standard and com-
parison stimulus repetitions at both the lower and higher
SNRs for each syllable comparison. The mean factorial
increase in d¶ did not always undershoot the multiple
looks hypothesis’ prediction of a factor of 1.4. In fact, 6 of
the 24 values were at or above the multiple looks pre-
diction, and another 5 were within .21 of it.

Table 2. Pearson correlation and alpha values for d’ estimates at test
and retest.

Syllable
contrast

Repetition condition

2:2 2:4 4:2 4:4

Stop .912* (<.001) .891* (.001) .562 (.091) .657* (.039)
Liquid .941* (<.001) .771* (.009) .458 (.183) .750* (.013)
Fricative .916* (<.001) .845* (.002) .847* (.002) .894* (<.001)

*p ≤ .05.
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The separate syllable pair analyses on the child
data indicated that the effects of multiple stimulus rep-
etitions varied across syllables with different manners
of articulation. In our previous investigation, we en-
tered the adult data into one overall repeated measures
ANOVA because all adults completed all of the testing
conditions. All of the main effects (standard and com-
parison repetition number, SNR, and syllable pair) were
significant, as were a number of interactions (p ≤ .05).
To compare the current results with the adult data in
our previous investigation, we reanalyzed our adult
data by entering the data for each syllable pair into a
three-way repeated measures ANOVA. The factors were
standard repetition number, comparison repetition num-
ber, and SNR. The adult results for the stop-consonant
contrast were similar to the children’s results: the ef-
fect of SNR was significant, F(3, 39) = 37.711, p < .001,
whereas standard and comparison repetition numbers
were not significant, F(2, 26) = 1.269, p = .298 and
F(2, 26) = 2.648, p = .090, respectively, although as
with the children, there was a trend for adults’ stop-
consonant discrimination to be enhanced when the num-
ber of comparison repetitions increased. Recall that
although SNR was significant for the liquid contrast,

neither the number of standard repetitions nor the num-
ber of comparison repetitions significantly influenced
children’s discrimination of /ra/ and /la/. In contrast, both
the number of standard repetitions, F(2, 26) = 3.663,
p = .040, and the number of comparison repetitions,
F(2, 26) = 10.599, p < .001, significantly influenced adults’
discrimination of the liquid syllable contrast, as did SNR,
F(3, 39) = 213.625, p < .001. Finally, as with the liquid
contrast, there were developmental differences in dis-
crimination of the fricative contrast. Children’s perfor-
mance was significantly influenced by the number of
standard repetitions and SNR, whereas adults’ discrim-
ination was significantly influenced by the number of
comparison repetitions, F(2, 26) = 4.405, p = .023, and
SNR, F(3, 39) = 147.344, p < .001. Although there was a
trend for adults’ fricative discrimination to be enhanced
when the number of standard repetitions increased, the
effect was not significant, F(2, 26) = 3.020, p = .066.

Discussion
Despite providing no additional sensory informa-

tion, multiple stimulus repetitions enhanced children’s

Figure 7. Mean adult performance (shaded bars; reprinted from Holt & Carney, 2005) and mean
child performance (unfilled bars) at conditions in which they had in common: /sa/ versus /Sa/ at
–4 dB SNR in the 2:2, 2:4, 4:2, and 4:4 repetition conditions. Error bars indicate +1 SD.

Table 3. Mean factorial improvement in d ’.

Syllable
contrast

Doubling in standard repetition number Doubling in comparison repetition number

Low SNR High SNR Low SNR High SNR

2:2–4:2 2:4–4:4 2:2–4:2 2:4–4:4 2:2–2:4 4:2–4:4 2:2–2:4 4:2–4:4

Stop 1.65 1.04 1.13 1.05 1.22 1.40 1.14 1.07
Liquid 1.71 0.90 2.58 1.07 1.27 1.02 1.40 0.92
Fricative 1.25 1.55 1.19 1.19 0.82 1.05 1.02 1.01
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discrimination of a single set of nonsense syllables. Spe-
cifically, increasing the number of opportunities to per-
ceive the standard fricative stimuli significantly improved
children’s discrimination. No significant effects of stimu-
lus repetition were found for the liquid or stop-consonant
contrasts. Further, even though the SNRs selected might
not have been optimal for stringently examining the
multiple looks hypothesis, gains of the magnitude pre-
dicted by the multiple looks hypothesis were still made
in some conditions, whereas other conditions resulted in
smaller gains than the hypothesis would suggest. There-
fore, our first hypothesis—that discrimination ability
would improve with more looks at the stimuli—was
supported for the fricative contrast.

The stimuli used in each syllable contrast in this
investigation vary linguistically in their places of artic-
ulation. However, the contrasts are quite different from
one another acoustically. The primary acoustic cues avail-
able for discriminating /pa/ and /ta/ are the second and
third formant transitions: Both transitions increase for
/pa/, whereas they decrease for /ta/ due to the relative
frequency content of their respective bursts. The pri-
mary acoustic cue for discriminating /ra/ and /la/ is the
third formant transition: /ra/ has a much lower third
formant than /la/. Finally, the primary acoustic cue for
discriminating /sa/ and /Sa/ is the bandwidth of the fric-
atives’ relative noise spectra: The spectrum for /S / is much
wider than that for /s/, which has energy restricted pri-
marily to the high frequencies. The fricative contrast is the
only one of the three contrasts that does not rely primarily
on a formant transition cue for discrimination, and it is
the only one in which children benefited from multiple
stimulus repetitions.

This contrast also happens to be the same one used
extensively by Nittrouer in developing the DWS hy-
pothesis. This hypothesis suggests that one important
developmental speech perception difference between
adults and children is that children tend to weight for-
mant transition cues more than do adults, whereas
adults weight spectral noise cuesmore than do children,
at least for /S / and /s/ (Nittrouer, 1996; Nittrouer &
Miller, 1997; Nittrouer & Studdert-Kennedy, 1987). How-
ever, Harris (1958) demonstrated that adults change
their listening strategy based on context: for the /s / ver-
sus /S / contrast, adults weight the spectral noise cues,
whereas for /f/ versus /q/, perceptual decisions are based
on formant transition cues. Based on these results,
Nittrouer (2002) predicted that children’s weighting func-
tions for /f/ and /q/ would be similar to those of adults
because adults weight the formant transition cues for this
contrast just as children have been shown to do for /s/ and
/S /. The results largely supported the hypothesis: Chil-
dren and adults’ weighting functions were similar for /f/
and /q/ but were different for /s / and /S / (as had been
shown previously). Therefore, developmental differences

in acoustic cue weighting strategies appear to vary with
phonetic context.

Our data suggest that the advantage of multiple
stimulus presentations also varies with context. Multiple
opportunities to perceive the fricative stimuli enhanced
children’s discrimination sensitivity, whereas it did not
have the same effect for the other contrasts. Perhaps
repetition of the fricative stimuli helps children attend
to the acoustic cue that they generally do not weight—
the noise spectra—thereby improving their discrimina-
tion.Multiple repetitions of the stop-consonant and liquid
stimuli allow children access to the acoustic cues that
they already heavilyweight—formant transitions—which
might not be as useful to them as highlighting the cues
to which they do not generally attend.

Our second hypothesis—that comparison stimuli
would be weighted more than the standards—was based
on the performance of adults in our previous work who
showed a stronger weighting for the comparison stimuli
with more stimulus repetitions. We interpreted these
results tomean that listeners weighted themost recently
heard stimuli when the memory load increased. Because
children’s memory spans are shorter than adults’, we
predicted that children would weight the comparisons
more than the standards regardless of the number of
stimulus presentations. However, we did not find this to
be true: For the fricative contrast, the standards were
more important than the comparisons. This outcome,
however, is consistent with our original hypothesis with
adults regarding the relative importance of standard and
comparison stimuli. At the time, we proposed that the
standards would be weightedmore than the comparisons
because once the change was detected, more presenta-
tions of the comparisons were superfluous to the task.
However, adults weighted the standards and compar-
isons equally at low-repetition numbers, whereas with
higher-repetition numbers, comparisons were weighted
more heavily. Perhaps this experimental outcome is not a
true developmental difference but, rather, a reflection of
methodology. Both adults and children were told which
stimulus was the standard, which was the comparison,
and where the change would occur during change trials.
It is possible that adults, who are more experienced
listeners than children, focusedmost of their attention on
the comparison stimuli with high numbers of stimulus
repetitions, a strategy that is sufficient for completing
the task with relatively good accuracy. Children, with
less listening experience, might have used everything
offered, not knowing that paying more attention to the
second set of stimuli over the first was sufficient for com-
pleting the task. Thus, the result that children attend
more to the standards than the comparison stimuli for
the fricative contrast would suggest that once they
perceived the change, further presentations of the com-
parisons were, indeed, no longer necessary for completing
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the task. Further work is needed to determine if these
different weighting strategies are true reflections of de-
velopment or of methodology.

Addressing our third hypothesis—that children
would benefit from multiple stimulus presentations
but to a lesser extent than adults, and that they would
weight standard and comparison stimulus repetitions
differently than adults—is limited, to some extent, by
the SNRs used with the children. Despite this limita-
tion, some conclusions regarding developmental differ-
ences between adults and children can be drawn. First,
the children performed significantly more poorly than
did the adults in our previous investigation in the
conditions common to both experiments. Even in this
task, in which there is virtually no auditory stimulus
uncertainty (meaning that the listener was told what
speech stimuli would be presented, how many would be
presented, and when the change would occur on a change
trial), these 4- and 5-year-old children had much more
difficulty discriminating /sa/ and /Sa/ than did adults at
a SNR commonly found in educational environments,
–4 dB SNR (Knecht, Nelson, Whitelaw, & Feth, 2002).
Although no direct developmental comparisons can be
made between the other conditions tested in this in-
vestigation, it is clear that children need more advanta-
geous SNRs to perform like adults. This finding supports
the results of many investigators on the developmental
changes in speech perception in noise (e.g., Elliott et al.,
1979; Johnson, 2000; Nabelek & Nabelek, 1994; Neuman
& Hochberg, 1983). Further, the data here also show that
children, like adults, are differentially susceptible to vary-
ing amounts of noise. It is not that noise in general in-
terferes with their perceptual processing but, rather, that
differing noise levels differentially influence their ability to
discriminate between stimuli.

Second, despite higher average d¶ estimates than
adults (because of the SNRs used), the magnitude of the
increase in d¶ was still in line with that predicted by the
multiple looks hypothesis in 25% of the conditions and
undershot the prediction by less than .22 in another
25% of the conditions. These results suggest that even
in conditions in which adults show a benefit from mul-
tiple looks that is consistently less than that predicted by
the hypothesis, children still can benefit from multiple
stimulus repetitions in a way that is consistent with the
hypothesis some of the time. Future work with children
using more difficult SNRs would help clarify if children
actually benefit more from multiple looks than do adults
when the difficulty levels of the listening conditions be-
tween the two age groups are more comparable.

The relative weighting of standard and comparison
stimuli was different between adults and children for
the liquid and fricative stimulus pairs. For the liquid
contrast, multiple stimulus repetitions did not affect

discrimination performance in children, whereas both
multiple standard and comparison stimulus repetitions
enhanced adults’ discrimination. For the fricative
contrast, multiple repetitions of the standard stimuli en-
hanced children’s discrimination, whereas the compar-
ison repetitions significantly enhanced discrimination
in adults. In contrast, both adults’ and children’s dis-
crimination was not influenced by either multiple rep-
etitions of the standard or comparison stimuli for the
stop-consonant contrast. These findings partially sup-
port our third hypothesis—that children would weight
the standards and comparisons differently than the
adults. As previous investigators have found, children
often use different listening strategies than adults under
similar listening conditions (Morrongiello et al., 1984;
Nittrouer, 1992, 1996; Parnell & Amerman, 1978). Fur-
ther work is needed to determine if the developmental
differences are due to the way in which the task was
performed or the relative locations of the adults and chil-
dren on the psychometric function, or if they are accurate
reflections of true developmental differences.

Our extension of the multiple looks hypothesis sug-
gests that increased opportunities to hear stimuli also
improve discrimination, perhaps by enhancing the stim-
uli’s representation in working memory, thereby making
each individual stimulus more salient so that differences
between them are more easily detected. Therefore, the
increased number of opportunities not only enhances the
individual internal representations but also might in-
crease the contrast between the two stimuli. A somewhat
analogous argument has been proposed in vision re-
search on edge detection (Palmer, 1999) and in the psy-
chology literature in research on category formation. In
vision, object edges are believed to be signaled by
changes in luminance. Uniformly colored, smooth sur-
faces tend to have subtle changes in luminance, whereas
visual fields with multiple surfaces tend to have abrupt
changes in luminance. These abrupt changes in lumi-
nance are important in visual processing because they
tend to signify the edge of one object or a change in the
surface orientation of an object. Admittedly, the edge
detection process is quite complex, but it appears that
edge operators, which calculate the values of adjacent
pixels in an image, will not respond when two adjacent
visual regions have the same (or nearly the same) lumi-
nance values. However, if two adjacent visual regions
are very different in their luminance values, the edge
operators’ output is great. This increase in output occurs
at the edges of images where the contrast between one
image and another is enhanced. In auditory discrimina-
tion terms, it appears that increasing the internal rep-
resentation of at least one of the stimuli in a pair helps
enhance the contrast between it and a novel stimulus,
thereby facilitating better discrimination. We are not
proposing that the same neural mechanisms involved in
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edge detection are necessarily at work in our speech dis-
crimination task but that, functionally, a similar effect
appears to take place.

In category formation, the term concept refers to
mental representations of classes of objects, and the
term category refers to the classes themselves (Murphy,
2002). A relatively new debate has arisen over whether
the formation of categories is primarily knowledge driven,
primarily perception driven, or some combination of the
two (Jones&Smith, 1993;Murphy, 2002). The knowledge-
driven approach suggests that children use prior knowl-
edge of a particular relevant domain to determine
categorymembership of an object, whereas the perception-
driven approach argues that it is our perceptual repre-
sentation of objects that allows us to make similarity
comparisons between objects. If, indeed, category forma-
tion has a perceptual component, thenmultiple encounters
with a particular object could enhance the representa-
tion and the formation of categories. For children, the
change/no-change procedure could be a useful tool for
assessing children’s abstract knowledge of categories. In
this study, we used the change/no-change procedure to
examine slightly more concrete knowledge regarding
discrimination of speech sounds. But the same paradigm
could be adapted to sample more abstract knowledge of
categories involved in language acquisition across the
developmental span by examining a potential basis for
category formation—perception of speech units. This kind
of methodology might be mutually beneficial for speech
and hearing sciences and psychology.

These results have both theoretical and clinical
implications. From a theoretical perspective, the results
highlight the importance of a newly identified factor
in speech perception—that of multiple looks at the
stimuli—and extend the findings to children’s speech
discrimination. The data suggest that for at least one
fricative speech contrast, additional repetitions of the
stimuli in a pair allow children more opportunities to
form a stronger perceptual representation of the stim-
ulus in working memory. This leads to an improved
ability to discriminate that stimulus from a novel one.
Even when context and vocabulary are removed from
the task, discrimination ability is not solely driven by
the acoustic–phonetic characteristics of the input. The
acoustic–phonetic cues were constant across each fric-
ative token, and yet there were significant performance
differences.

The results have implications for models of devel-
opmental speech perception in that models will need to
account for the strength of the internal perceptual rep-
resentation, particularly under adverse listening con-
ditions such as background noise and/or hearing loss.
Accounting for the strength of the internal representa-
tion of the stimulus might be important under these

conditions because multiple looks appear to be particu-
larly useful when perceptual errors are more likely. Fur-
ther, it is possible that as speech categories take form
during development and as children gain experience
with the ambient language, the influence of multiple rep-
etitions strengthening the internal representation might
change over time. For example, in his STEPmodel, Moore
(2003) proposed that the internal representation of stim-
uli for a discrimination task might be formed by a com-
bination of (a) the incoming looks at the stimuli in
workingmemory and (b) previous experiencewith similar
stimuli stored in long-term memory. Perhaps early in
development, when experience with similar stimuli is
limited, the incoming looks are more important than
later in development, when the representations are bet-
ter formed in long-term memory because of more experi-
ence with the ambient language. This might partially
explain why children in this investigation still tended to
demonstrate enhanced discrimination under more advan-
tageous listening conditions, whereas adults’ enhance-
ment was generally limited to more difficult listening
conditions. Perhaps adults had stronger templates formed
for the speech stimuli processed in long-term memory
than children and did not need to rely on the incoming
looks at the stimuli when there was less stimulus uncer-
tainty. In this way, the strength of the internal represen-
tation of speech sounds could be an important component
of developmental speech perception theories.

Another potential theoretical application is to the
body of research on the formation of categories. The results
might suggest experimental design considerations and
the general idea that the perceptual salience of objects
(whether concrete, such as “cat,” or relatively abstract,
such as speech) might contribute to how children form
categories for objects. It is possible that salience could be
enhancedwithmultiple presentations of stimuli or objects.

Entire bodies of literature are dedicated to infant
detection and discrimination abilities through about
18 months of age, beginning with the seminal work of
Eimas, Siqueland, Jusczyk, and Vigorito (1971). How-
ever, between 18 and 36 months of age, there are few
data on speech perception development, even at this
critical age when children’s vocabularies are growing at
a rate of about two to four new words per day (Smith,
1926). Children at this age tend to be difficult to test,
and there are few techniques available for assessing
toddlers. Consistent with the paucity of data on toddler
and young children’s speech perception development,
there is little theoretical discussion on speech perception
development at these ages, even though we know that
speech perception develops at least through 10 years of
age (Elliott, 1986; Elliott et al., 1981; Sussman&Carney,
1989). The change/no-change procedure is a tool that can
be used to evaluate changes in speech perception that
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occur during this critical time in development and, as
shown here, can be used to identify developmental dif-
ferences in listening strategies, suggested by Nittrouer
and colleagues (Nittrouer, 1992; Nittrouer et al., 1993)
to be important in speech perception development. Fur-
ther, the procedure was shown in this investigation to
have good test–retest reliability across all syllable con-
trasts with the children. This lends further support for
this procedure’s use with children to track performance
over time.

From a clinical perspective, there is a need for speech
perception procedures that can assess perceptual devel-
opment at the level of discrimination without the con-
founding influence of vocabulary skill. Increasing numbers
of children need objective evaluation of sensory aid ben-
efit. At this time, nearly 10,000 children have cochlear
implants in the United States. Becausemany implanted
children have not developed sufficient speech and au-
ditory language skills to use word recognition measures
due to their age and/or degree of hearing loss, it is crit-
ical to have alternative tools that can measure the de-
velopment of speech perception skills both pre- and
postoperatively. Another growing group of children who
will need this same type of monitoring is the group of
infants identified with hearing loss through universal
newborn hearing screening (UNHS) programs. As of
2006, 37 states (plus the District of Columbia and Puerto
Rico) have instituted UNHS programs, resulting in
more very young children being fitted with amplifica-
tion than ever before. This group of children, regardless
of their degree of hearing loss, will have limited spoken
language skills because of their developmental ages.
Therefore, measuring the development of their speech
perception skills will be critical in determining device
benefit and potentially could influence the choice of sen-
sory aid. At least two other populations might benefit
from this line of work on non-language-biased assessment
tools—children with phonological impairments and chil-
dren with specific language impairment. To assess per-
ception in these populations, it is important to have a
tool that does not confound basic perception with expres-
sive language production knowledge.

The final potential clinical application relates to the
finding that multiple repetitions enhance discrimina-
tion for stimuli that differ in the very acoustic cue to
which children do not generally attend. This finding
might suggest that multiple presentations in a speech
discrimination task could be used to help train listeners
on difficult contrasts—contrasts with cues that are lim-
ited by hearing loss or those that are nonnative to
second-language learners.

There are some limitations of the current investi-
gation that require further work. First, the procedures
used in this study were developed to reduce the effects
of nonsensory factors in order to focus on the effects of

multiple looks. In doing so, we told participants where
the change would occur in the string of nonsense syl-
lables. This cueing might affect how listeners completed
the task. Rather than listening to the entire stimulus
array, listeners might have primarily focused their at-
tention on the stimuli surrounding the transition be-
tween the standards and comparisons rather than
during the entire stimulus array. Although this cannot
be ascertained from the current procedure, it could be
tested by varyingwhere the change occurs without telling
participants where the change will take place in the stim-
ulus array. Thismight uncover further developmental dif-
ferences between adults and children because there is no
guarantee that either group, but especially children, will
approach the task in themost efficientway. In otherwords,
even though cueing was used, we cannot be sure that chil-
dren, in particular, focused their attention at the critical
time during each trial when, on a change trial, the stimuli
would change. Second, the SNRs were not difficult enough
to force the children to make enough errors that would
place them near d¶ values of about 1.0—the best location
on the psychometric function to test the multiple looks
hypothesis on the basis of what we know of adults’ per-
formance. The SNRs used were sufficient for demonstrat-
ing the effects of multiple stimulus repetitions for the
fricative contrast and for showing gains of the magni-
tude predicted by the multiple looks hypothesis in 25% of
the conditions but not for stringently testing themultiple
looks hypothesis. Therefore, future work could involve
more difficult listening conditions to determine if children’s
performance consistently follows the predictions of the
multiple looks hypothesis.

The change/no-change procedure is sensitive to
developmental changes in auditory discrimination and
is easy enough to be used with young children. The pro-
cedure also fills the need for a non-language-biased,
flexible, reliable, and developmentally appropriate tech-
nique for assessing speech perception in children with
hearing loss, very young children, children with specific
language impairment, children with phonological im-
pairments, and children who use American Sign Lan-
guage or Signed English. Finally, it has been used with
limited success in toddlers (e.g., Dawson, Nott, Clark &
Cowan, 1998), a population on which we have little data
about speech perception development. If the procedure
could be refined in future work to be used more suc-
cessfully with toddlers, it could be useful in beginning to
develop theories on speech perception between late
infancy and early childhood and for examining how speech
perception abilities serve as a basis from which children
form more abstract categories for the acquisition of lan-
guage. With a better understanding of typical speech
perception development during the early stages of word
learning in toddlers, we might be able to provide better
intervention for young children using sensory devices.
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These children may, for the first time, be experiencing
sensory input or, at least, less degraded sensory input.
However, almost immediately, demands are placed on
them to organize this new perceptual input and to at-
tach linguistic meaning to it. The change/no-change pro-
cedure is a tool that can be used to better understand
how children organize the perceptual representations of
speech into a higher-level linguistic code.
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