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Abstract

(language redundancy), so that all elements in the speech stream
have equal recognition likelihood (Smooth Signal Redundancy
[23, 24]). Aylett and Turk [24, 25] propose that speakers control the inverse relationship between language and acoustic redundancy through prosodic prominence and constituent structure: Elements that are highly predictable from context are less
likely to be prosodically marked, and therefore are less acoustically salient than less predictable elements. What this suggests
is that less predictable, prosodically strong elements (elements
preceded by a boundary, or prosodically prominent elements)
are more distinct and salient than prosodically weak elements
that are highly predictable from context. For example, it is
well established that word-initial consonants are more physically distinct in both amplitude and formant transitions than
are more predictable word-final consonants ([26] and others).
The Smooth Signal Redundancy view explains this difference
in terms of the greater contextual predictability of word-final
consonants.
As Norris and McQueen [27] point out, Bayes’ theorem
leads us to expect that listeners asked to identify a linguistic
element will rely less on acoustic information when this information is ambiguous or less distinct than when it is clear and
salient, and consequently will rely more on prior beliefs about
the likelihood of the element. Luce and Pisoni [28] presented
supporting evidence that shows that listeners rely more on word
frequency when identifying words presented in noise than when
identifying words presented in the clear.
In this experiment, we test the hypothesis that adult-child
differences in cue weighting are influenced by adult-child differences in knowledge of the relative predictability of wordinitial vs. word-final consonants, and of the relationship between predictability and acoustic salience/distinctiveness. We
hypothesise that adults will weight cues to final consonants less
heavily than cues to initial consonants because they expect cues
in this highly predictable position to be more ambiguous than
cues to consonants in initial position. In contrast, children who
have not yet learned about the relative predictability of wordinitial vs. word-final consonants should show less of a difference in cue weighting between word-initial vs. word-final consonants.
We test our hypothesis using synthetic speech continua with
formant transitions varying from /edi/ to /ebi/, which listeners
are encouraged to hear as either the VC#V contrast “Abe E/Ade
E” (ABE-ADE context) or as the V#CV contrast “A bee/A dee”
(BEE-DEE context). We test listeners’ reliance on /e/-C and
C-/i/ transitional cues in the two word boundary contexts. Cue
weighting is assessed by the extent to which changes in formant
transitions influence /d/ vs. /b/ categorisation. Because there is a
larger acoustic difference in /ed/ vs. /eb/ transitions compared to
/di/ vs. /bi/ transitions, we expect both age groups to weight consonantal transitions more heavily in /e/-C contexts compared to

In this experiment, we tested the hypothesis that adult-child
differences in cue weighting are influenced by adult-child differences in knowledge of (a) the relative predictability of wordinitial vs. word-final consonants, and (b) of the relationship between predictability and acoustic salience/distinctiveness. We
tested our hypothesis using synthetic speech continua with formant transitions varying from /edi/ to /ebi/, which listeners
were encouraged to hear as either “Abe E/Ade E” (VC#V context) or as “A bee/A dee” (V#CV context). We tested the extent to which changes in formant transitions influence /d/ vs.
/b/ categorisation. Results show that adults were more influenced by transitions cueing word-initial consonants (less predictable in English) than by transitions cueing word-final consonants (more predictable in English), whereas children showed
a more balanced pattern, with marginally more influence of
transitions cueing word-final consonants. Results are consistent with the view that adults have learned more about the relative predictability of word-initial vs. word-final consonants and
have learned that acoustic cues to the less-predictable initial
consonants are more distinctive. They therefore weight these
cues more heavily than less-distinctive, more contextually predictable, word-final cues.
Index Terms: speech perception, acoustic cue weighting, perceptual development, Smooth Signal Redundancy

1. Introduction
It is well established that adults and young children differ in the
perceptual attention, or weight, each group gives to different aspects of the speech stream [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12].
For example, when identifying members of a /so/-/So/ (“sewshow”) contrast, adults’ responses tend to be more influenced
by the frequency distribution of the frication noise than children’s, while children’s responses tend to be more influenced
by the frequency and direction of movement of the vowel-onset
formant transitions, as compared to adults [3, 4, 7, 13].
Two classes of explanation have been proposed to account
for these differences: i) differences in the perceptual acuity of
children’s vs. adults’ auditory systems ([10], but see [5]), and
ii) language learning/exposure/experience [14, 15, 16, 17, 18,
19, 20, 21, 22]. In this paper, we test the hypothesis that a particular type of learning affects the development of cue weighting behaviour, namely learning about the relative predictability
of speech sounds in different structural positions (here wordinitial vs. word-final positions), as well as learning about the
relationship between relative predictability and acoustic clarity/distinctiveness.
Our hypothesis derives from proposals in the production
literature that acoustic distinctiveness/salience/clarity (acoustic
redundancy) relates inversely with predictability from context
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C-/i/ contexts.

F3=2766 Hz. A complex stop burst was created, with spectral
peaks of 24 dB at 2500 Hz and 38 dB at 5200 Hz. This burst
was neutral as to whether it cued a /d/ or a /b/ stop closure. A
9-point continuum of /i/-vowels was created by changing the
time-varying values of F2 and F3 in the onset transition of the
vowel, from values appropriate for having followed /d/ to values
appropriate for having followed /b/. The onset frequencies of
the formants at the /di/-appropriate end of the continuum were:
F1=214 Hz, F2=2209 Hz, F3=2772 Hz. The onset frequencies
of the formants at the /bi/-appropriate end of the continuum
were F1= 214Hz, F2=1977 Hz, F3=2508 Hz. The /i/ vowel
target values for all stimuli were: F1=263 Hz, F2=2282 Hz,
F3=2816 Hz. The two /e/-vowels were each combined with the
neutral stop burst, and then with each of the points on the 9point /(d)i/-/(b)i/ continuum, creating a pair of /edi/-/ebi/ continua, one with /ed/-offset transitions, and the other with /eb/offset transitions. This resulted in 18 different stimuli.
The duration of the steady-state portion of the /e/-vowel and
the duration of the intervocalic stop closure were manipulated
to create the two different syllable boundary conditions. In the
ABE-ADE condition, the vowel target portion of the /e/ was
235 msec and the intervocalic stop closure was 35 msec. In
the BEE-DEE condition, the vowel target portion of the /e/ was
175 msec and the intervocalic stop closure was 75 msec. This
doubled the number of individual stimuli from 18 to 36: 18 for
each syllable boundary condition.
All of the synthesized stimuli had an F0 contour designed
to signal a high pitch accent on the /e/ vowel, appropriate to
contrast “Abe” with “Ade”, and “A” with an implied “B”, and
a downstepped high accent on /i/. The total duration of each
ABE-ADE stimulus was 530 msec, with 235 msec of /e/-vowel
(including transition), 35 msec of stop closure, 5 msec burst and
255 msec of /i/-vowel. In these stimuli, F0 for each /e/-vowel
began at 130 Hz at voicing onset, rose to 1400 Hz 60 msec after
onset, rose again to 1500 Hz 45 msec following this, and fell to
1200 Hz at voicing offset. The total duration of each BEE-DEE
stimulus was 510 msec, with 175 msec of /e/-vowel (including
transition), 75 msec of stop closure, 5 msec burst and 255 msec
of /i/-vowel. In these stimuli, F0 for each /e/-vowel began at
140 Hz at voicing onset, rose to 1500 Hz 45 msec after this, and
fell to 1200 Hz at voicing offset. F0 for each /i/ vowel began at
1200 Hz at voicing onset and fell to 900 Hz at voicing offset.
In the ABE-ADE contrast, the stop burst occurred 270 msec after the onset of the /e/ vowel (235 msec of vowel, plus 35 msec
of closure), while in the BEE-DEE contrast, the stop burst occurred 250 msec after the onset of the /e/ vowel (175 msec of
vowel, plus 75 msec of closure).

2. Methods
2.1. Participants
Sixteen adults (age range 19-29 years, average age 21 years),
and 34 five-year-olds (age range 4;8-6;0, average age 5;3) were
tested. All were monolingual native speakers of Scottish Standard English (SSE), and all reported themselves (or were reported by parents) as being free from speech/language/hearing
disorders and (at the time of testing) upper respiratory infection.
Child subjects were in their first year of full-time education and
performed appropriately for their age on standardised tests of
reading (Schonell Graded Word Reading Test, [29]) and receptive vocabulary (BPVS, [30]).
2.2. Stimuli
Two sets of trading relations stimuli were designed to show
whether children and adults weight formant transitions differently in word-initial vs. word-final contexts. These two sets of
stimuli had identical segmental contrasts and contexts for those
contrasts, namely /ebi/-/edi/. Both sets of stimuli also had physically identical vowel formant transitional cues to the contrasts:
(i) the /e/-offset vowel formant transition into the /b/ or /d/ closure, which was varied across each pair of continua, and (ii) the
/i/-onset vowel formant transition out of the /b/ or /d/ closure,
which was varied along each pair of continua.
The two sets differed in terms of the placement of a
word/syllable boundary. In the ABE-ADE set of stimuli, the
syllable boundary appeared after the consonant: /eb#i/-/ed#i/
(“Abe E” vs. “Ade E”) and in the BEE-DEE set of stimuli, the
word/syllable boundary appeared before the consonant: /e#bi//e#di/ (“A bee” vs “A Dee”).
The difference in word boundary location was signalled in
two ways: 1) by manipulating two durational cues, the duration
of the steady-state portion of the pre-stop /e/-vowel, which was
longer in the ABE-ADE condition and shorter in the BEE-DEE
condition, and duration of the stop closure, which was shorter in
the ABE-ADE condition and longer in the BEE-DEE condition,
and 2) by telling listeners what contrast they would be hearing
(e.g., “You will now hear examples of two phrases, ‘Abe E.’
and ‘Ade E.’ ”), which explicitly indicated how to segment the
stimuli. Crucially, the formant transition manipulations were
identical in both boundary conditions.
2.3. Synthesis
Synthetic speech continua were created for the contrasts used
in the study using the Sensyn [31] version of the Klatt cascade/parallel synthesizer [32]. The congruent endpoints of the
continua were copy synthesised based on acoustic analysis of
natural tokens of /ebi/ and /edi/ produced by an adult male
speaker of SSE.
Two /e/-vowels were created, with offset transitions appropriate for preceding either a /d/ closure or a /b/ closure.
The /ed/-transition vowels had offset values of: F1=310 Hz,
F2=2213 Hz, F3=2733 Hz; the /eb/-transition vowels had offset
values of F1=310 Hz, F2=1500 Hz, F3=2640 Hz. The duration of the offset transitions of the /e/-vowels was 20 msec for
the /ed/-transition stimuli and 30 msec for the /eb/-transition
stimuli. The onset values for the formants of both /e/-vowels
were: F1=389 Hz, F2=2210 Hz, F3=2735 Hz, while the target values for both vowels were: F1=389 Hz, F2=2256 Hz,

2.4. Procedure
All participants were tested individually in a quiet room. The
stimuli were presented over headphones (Sennheiser HD 490,
frequency response 17-22000 Hz), via a CD player at a comfortable listening level. Testing for the children took place over
two or three days. Testing for the adults took place on one day,
with a short break half way through testing. All listeners heard
both ABE-ADE and BEE-DEE contrasts, but were only ever
presented with stimuli from one contrast at a time. The listeners’ task was to identify individual stimuli as either one or the
other half of the relevant contrast (e.g., as either “Abe E.” or
“Ade E.” or as either “A bee” or “A Dee”). The adult participants performed the task alone, by entering their responses on a
form. The child participants provided their responses to the experimenter by saying the word aloud, and by placing a counter
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on a picture corresponding to the relevant word (for “Abe E.”“Ade E.”: a boy called “Abe” and a girl called“Ade”, both with
surnames beginning with the letter “E”; for “A bee”-“A Dee”: a
bee with an “A” on it and a girl called “Dee” with an “A” on her
shirt).
Before testing, the children were given an opportunity to
practice responding to natural productions of the target words.
This ensured that the children were able to identify the targets
in natural speech, and that they clearly associated the provided
pictures with the relevant targets. The children received corrective feedback throughout this practice, and did not proceed until
they had, unprompted, correctly identified a complete set of 10
randomly presented natural stimuli (5 of each VCV syllable).
A pre-test was administered to both child and adult participants
to ensure that they understood the task. This test consisted of
the congruent endpoints of the synthetic continua presented in
random order. There were 10 stimuli in the pre-test (5 per congruent endpoint). No corrective feedback was given during this
pre-test.
During the main test, each individual stimulus was presented 10 times each (in random order) to the five-year-old
and adult participants. This resulted in 180 stimulus presentations for each of the contrast pairs (ABE-ADE or BEE-DEE).
The stimuli within a contrast pair were split into blocks of 10
for presentation. The inter-stimulus interval for the adults was
3 seconds, with an inter-block interval of 10-seconds. Following [33], there was no fixed inter-stimulus interval for the child
participants. Instead, the presentation was paused briefly after
every stimulus, allowing the children sufficient time to respond.
At the end of each block, the children were allowed to choose
a small prize (a sticker). Noncontingent encouragement was
given to the child subjects throughout the pre-test and the main
test.

Figure 1: Regression curves at the model level for adults and
children. The x-axis corresponds to point along the /i/-onset
transition continuum. The y-axis corresponds to number of [b]
responses: solid curves (cond=0) correspond to stimuli presented in the ABE-ADE syllable boundary condition, and dotted
curves (cond=1) correspond to stimuli presented in the BEEDEE condition. Red curves (off=-1) correspond to stimuli with
/e(d)/-appropriate offset transitions, and blue curves (off=1)
correspond to stimuli with /e(b)/-appropriate offset transitions.

3. Results
Multilevel logistic regression was used to model listener behaviour [34]. Logistic regression allows us to model listeners’
responses ([d] or [g]) from a number of predictors (/e/-C context vs. C-/i/ context; VC#V context vs. V#CV context), and
the multilevel structure allows us to fully accommodate data
from individual listeners, and to also incorporate a group-level
predictor of listener type (child vs. adult). Parameters are estimated as distributions rather than points; the equivalent to a
null hypothesis is that a parameter’s mean is zero. If the actual
estimated value is greater than 1.96 standard deviations from
zero, it is equivalent to being statistically significant in the traditional sense, because 95% of the distribution lies below 1.96
standard deviations from the mean. Parameter values that are
not significant in that sense are not shown in the models below
(they are assumed to be zero and the corresponding term in the
model drops out).
For each listener, each contrast pair (ABE-ADE or BEEDEE) engendered two S-shaped response curves. Figure 1
shows models of these curves for all adults and children (note
that modelled curves may represent a stretched S-shape, or only
a portion of an S-shape). For purposes of visual analysis, the
slope of each curve can be seen as resulting from the perceptual weight assigned to the acoustic cue that changes along
the corresponding continuum—here the /i/-onset transitions—
while the degree of separation of two curves in a pair can be
seen as resulting from the weight given to the acoustic cue that
changes across the two continua—here the /e/-offset transitions.

3.1. Influence of /e/-transitions vs. /i/-transitions
The separation and slopes of listener response curves shown in
Fig. 1 indicate that overall, adult listeners were more influenced
by manipulations of /i/ transitions than by manipulations of /e/
transitions, whereas children were more influenced by manipulations of /e/ transitions.
The multilevel logistic regression analysis supports this interpretation. In the model, each individual listener has its own
set of coefficients, but all parameters must be constrained by the
modelled group behaviour (i.e. adult or child): this allows for
the combination of individual and group effects. Each coefficient is modelled as a default or baseline for the non-adult (i.e.,
child) condition, plus a second coefficient that accounts for the
difference when the response is for an adult. This model gives
the following result: P (yi = 1) = [0.49 + 1.03 × a] × on +
[0.58+−0.4×a]×off+[−1.01]×cond+[0.74×a]×off×cond.
Note that for this and all following models: yi is the response
(either [b] or [d]) to one presentation of a stimulus, on is the co-
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efficient for the /i/-onset transitions, off is the coefficient for the
/e/-offset transitions and cond is the coefficient for the syllable
boundary condition (either ABE-ADE or BEE-DEE), a is adult
(thus 1 = adult, 0 = child), and if a = 0, some terms drop out
of the model.
We see from this that the /e/-offset transition coefficients
are 0.58 for a child listener, and 0.58 − 0.4 = 0.18 for an
adult listener. The /i/-onset transition coefficients are 0.49 for
a child listener, and 0.49 + 1.03 = 1.52 for an adult listener.
Therefore, as suggested by the response curves, adults are not
more affected by /e/-offset transitions than by /i/-onset transitions, as might be expected given the relative acoustic informativeness of these two cues. Instead adults are more affected
by /i/-onset transitions. Children are weakly more affected by
/e/-offset transitions than by /i/-onset transitions. On the assumption that the /i/ transitions were less acoustically salient
than the /e/ transitions (/i/ transitions: 30 ms, 232 Hz difference
in F2 offset values; 264 Hz difference in F3 offset values; /e/
transitions: 20 ms, 713 Hz difference in F2 offset values, 93
Hz difference in F3 offset values), these results are consistent
with the view that children respond more to acoustic salience,
whereas adults respond more to CV transitions.

sive to /e/ and /i/ transitions cueing word-initial stop place of articulation in the ABE-ADE stimuli than to the same transitions
cueing word-final stop place of articulation in the BEE-DEE
stimuli.
In the model of child listener behaviour the results are, as
above, presented as a default condition (COND=0: ABE-ADE)
and a non-default condition (COND=1: BEE-DEE). This model
produces the following result: P (yi = 1) = 0.24+0.39×on+
0.44 × off + −0.63 × cond + 0.1 × on × off + −0.08 × on ×
cond + −0.14 × off × cond.
From this we observe that when cond = 0 (ABE-ADE) the
effect of the /e/-offset transitions on the children’s responses is
0.44/4 = 0.11, and the effect of the /i/-onset transitions was
0.39/4 = 0.09. When cond = 1 (BEE-DEE) the effect of
the /e/-offset transitions is decreased by 0.14 compared to its
effect in the ABE-ADE condition, which means that the /e/offset effect is now (0.44 − 0.14)/4 = 0.07. This term is
significant, but tiny. The effect of the /i/-onset transitions in the
BEE-DEE condition is decreased by 0.08 compared to its effect
in the ABE-ADE condition, meaning that the /i/-onset effect is
now (0.39 − 0.08)/4 = 0.02. This term is not significant.
In summary, there is a small difference across syllable
boundary placement in the effect of /e/-offset transitions: children are—weakly—more affected by /e/-offset transitions in the
(word-final, predictable) ABE-ADE context than in the (wordinitial, unpredictable) BEE-DEE context. There is no difference in the effect of /i/-onset transitions on children’s responses
across the two syllable boundary conditions.

3.2. Adult listeners
Slopes and separation of response curves (see Fig. 1) show that
adults are more responsive to /e/ and /i/ transitions cueing wordinitial stop place of articulation in the ABE-ADE stimuli than
to the same transitions when they cued word-final stop place of
articulation in the BEE-DEE stimuli.
In the model built to account for adult listener behaviour the
results are presented as a default condition (COND=0), which
in this case is the ABE-ADE condition and a non-default condition (COND=1, or BEE-DEE), therefore when examining the
non-default BEE-DEE condition it is necessary to look at the interaction terms (× COND). This model produces the following
result: P (yi = 1) = 0.21 + 1.18 × on + 0.16 × off + −0.9 ×
cond + 0.25 × on × off + 0.58 × on × cond + 0.51 × off × cond
(see above for definition of coefficients).
This model tells us that when cond = 0 (i.e., when the
syllable boundary condition was ABE-ADE) , the effect on
adults’ responses of the /e/-offset transitions is 0.16/4 = 0.04,
and the effect of the /i/-onset transitions is 1.18/4 = 0.29
(note that the above coefficient values are divided by 4 to reflect the approximate influence on probability: at the maximum of the derivative of the invlogit function it has a value
of β/4). When cond = 1 (BEE-DEE), the effect of the /e/offset transitions is increased by 0.51 compared to its effect in
the ABE-ADE condition, which means that the /e/-offset effect is now (0.16 + 0.51)/4 = 0.17. This term is significant.
The effect of the /i/-onset transitions in the BEE-DEE condition is increased by 0.58 compared to its effect in the ABEADE condition, which means that the /i/-onset effect is now
(1.18 + 0.58)/4 = 0.44. This term is significant.
In summary, adult listeners show a much greater effect of
/e/-offset transitions in the (word-initial, unpredictable) BEEDEE condition than in the (word-final, predictable) ABE-ADE
condition. Similarly, adults show a much greater effect of /i/onset transitions in the BEE-DEE context than in the ABE-ADE
condition.

4. Summary and discussion
Our results show that adults and children responded differently
to /e/ and /i/ transitions in “Abe E.Ade E.” and “A Bee/A Dee”
stimuli. Adults were more influenced by transitions cueing
word-initial consonants than by the exact same transitions cueing word-final consonants, whereas children showed a more
balanced pattern, with marginally more influence of transitions
cueing word-final consonants. Our proposal is that 5-year-old
children have not yet learned about the relative predictability
of word-initial vs. word-final consonants in English, and therefore are “equal opportunity” listeners who give approximately
equal weight to cues to word-initial and word-final consonants.
On this view, children have not yet learned that they can usually identify word-final consonants on the basis of stored, topdown, lexical information, and can afford to pay less attention to
cues to these consonants. In contrast, adults who have learned
that word-initial consonants are less predictable than word-final
consonants in English, pay more attention to cues for consonants that are less predictable in their language. In addition,
we found that overall, adults were more influenced by /i/ transitions (CV transitions in our stimuli), as compared to /e/ transitions, whereas children were more influenced by /e/ transitions.
These results are consistent with existing findings that children
give less weight than do adults to some less distinctive or acoustically salient cues [10].

3.3. Child listeners
Response curve separation and slope as shown in Fig. 1 show
that, in contrast to adults, children are marginally less respon-
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