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Chapter 1

General introduction

1.1 Introduction

One of the processes that contribute to the comprehension of speech is the segmentation of the

speech stream into separate phonemes (vowels and consonants). Without this segmentation
process, the speech signal is a meaningless blur of sounds, as it is when one listens to an

unfamiliar forei gn language.

Although the segmentation process is important, it is not always necessary to categorise
each sound in order to comprehend a spoken message. Listeners are very flexible in their use

of meaningful speech units, i.e. ptrases, words, syllables, and phonemes. What units the
listener will use depends largely on the 'noise' in the acoustic signal and the 'predictability' of
the message. In the case of stock phrases like "How are you?" or "Have a nice day",listeners
need relatively little information about the individual segments for recognition, because these

highly frequent utterances are stored as a whole in long-term memory. In addition, they are

associated with a very specific speech situation: "How are you?" belongs to the situation in
which one person meets another person. Therefore, the speech situation will predict this
utterance to a high degree, which also reduces the need to actually process all individual
segments.

With less predictable speech utterances, the listener needs to analyse the acoustic
speech signal in more detail, e.g. analyse the utterance into separate words. However, in many
cases environmental noise or sloppy articulation will cause the speech stream to be partly
incomprehensible. Despite these 'gaps' in the speech signal, the listener will usually not have
much difficulty comprehending the message, because the semantic and syntactic context will
predict to a very great extent the words that are distorted. For instance, in the sentence "John
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was writing a letter to his . ...", the missing word is more likely to be "girlfriend", than 'odog"

or "Wednesday".
The most demanding speech comprehension situation for the listener is speech with

low predictability, such as words produced in isolation, proper names, or unfamiliar words. In
this situation the listeners will need to analyse the speech signal into successive speech

segments. This task is not as easy as it may seem, because the acoustic speech signal is
characterised by high variability. Even in the realisation of identical speech sounds (e.g. a

repetition of the word "doll") there is a Iarge variation due to talker-specific factors, such as

gender, individual voice characteristics, speech rate, dialect, etc.

Apparently, the listenerhas learnedto abstract away from the acoustic input and to use

only the information that distinguishes one speech sound from another, but to ignore
sometimes widely varying acoustic properties that do not distinguish speech sounds in the
language. This abstraction from the acoustic signal towards phonemes is called categorical
perception (categorical perception is not a special speech mechanism, but a common cognitive
principle).

1.2 Categorical speech perception

In the past 40 years of speech perception research there has been a special interest in
categorical perception, especially in the ability or inability of listeners to perceive differences
between speech sounds that belong to the same phoneme category. In general it has been

claimed that listeners have diffrculty perceiving differences between different realisations of
the same phoneme, but that they find it easy to hear differences between dffirent phoneme
categories. As a result of decades of research, 'categorical perception' has become identified
with a particular laboratory paradigm and with particular results. In the 'categorical perception
paradigm', a stimulus continuum between speech sounds is presented to listeners in two
psychoacoustic tasks: a discrimination task and a classification task. 'Categorical perception
results' are results that demonstrate a strong relationship between listeners' discrimination and
classification performance: speech stimuli classified as belonging to the same category are

diffrcult to discriminate, whereas stimuli classified as belonging to different categories are

easy to discriminate. This means that discrimination performance is predictable from
classifi cation performance.

In the first categorical perception study, Liberman, Harris, Hoffman, and Griffith
(1957) investigated listeners' classification and discrimination of a stimulus continuum
between the stop consonants lb-d-gl. Liberman et al. (1957) concluded that their results did not
agree with their own "extreme assumption": discrimination results were better than predicted by
classification. This outcome apparently represented the listener's ability to distinguish the speech
sounds not solely on the basis of the phonemic labels, but also on the basis of the acoustic
differences between the stimuli. In spite of the authors' conclusion, however, this frst study is
often cited as a paradigmatic example of categorical perception (for a review, see Repp, 1984).
Even though a strict relationship between discrimination and classification has rarely been
demonstrated in subsequent research, results are often inteqpreted in terms of absolutely
"categorical" or "continuous" perception (Macmillan, I 987).

In continuous perception, discrimination performance is not restricted by phoneme
categorisation, but based on the acoustic differences between the stimuli. As a result,
discrimination is uruelated to classification performance, and typically much better than
predicted by classification (Massaro & Cohen, 1983). However, discrimination results that are
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interpreted as indicating categorical perception are often also much better than predicted by
classification. In other words, it is not clem on what basis the distinction between categorical and

continuous perception can be made. There is no explicit criterion for the maximum difference

between discrimination and classification results that would still be compatible with
'categoricalness'. This has consequences for the interpretation of differences in the relationship

between classification and discrimination performance, for instance between stop consonants

and vowels. Stop consonants are said to be categorically perceived, whereas the perception of
vowels is continuous (Fry et al., 1962; Pisoni,1973; Repp, 1981; Stevens et al., 1969).In view
of the lack of a clear distinction between categorical and continuous perception it would be

better to interpret the results as being more categorical for stop consonants than for vowels,

rather than making an arbitrary binary distinction between categorical and continuous perception
(Studdert-Kennedy, et al., 1970). We use the original definition of Liberman et al. (1957):

perception is fully categorical only if there is no significant difference between phoneme

categorisation and discrimination.
Despite the unclear criterion for categorical perception there have been numerous

demonstrations of a fairly strong relationship between discrimination and classification of
speech sounds. But what is it that makes listeners' classification performance predict their
discrimination performance? How are the categorical perception results explained?

1.3 Explaining the categorical perception results

Since phoneme categories are language-specific rather than universal, it seems obvious that the
categorical percepion data are best explained with reference to extensive experience with the
native language (Fujisaki & Kawashima, 1970, l97l; Moore, 1997; Pisoni, 1973, 1975; Rosen

& Howell, 1987). When we learn the phonological system of a particular language, we learn to
attend to acoustic differences which affect the meanings of words, and to ignore acoustic
differences which do not affect word meanings. Once we have mastered this, it may be diffrcult
to hear acoustic differences which do not affect word meanings. A strong relationship between
discrimination and classification of speech sounds will arise as a natural consequence of this.

A different explanation for the categorical perception results came from Liberman and

colleagues, who claimed that they formed evidence for a unique speich mechanism, and hence

that categorical perception should not occur for nonspeech sounds (e.g. Liberman et al. 1957;
Liberman et al., 1961, or see the collected papers in Liberman, 1996). The basic idea behind this
view, represented in the Motor Theory of Speech Perception, is that perception is strongly
influenced by speech production. Discontinuities in speech perception, e.g. the phoneme
boundaries between lpa-ta/, are supposed to reflect discontinuities in the production of these
speech sounds, such as the discontinuity between a movement of the lips for lpal and a
movement of the tongue for ltal. However, the motor theory could not explain some of the
highly categorical results with speech sounds, such as the voicing confiast ldo-tol, for which it is
difficult to show that there is a strong discontinuity in production (Liberman et al., 196l). Nor
could it explain the relatively low degree of categorical perception for the voiceless
afticate/fricative contrast /tJo-Io/, for which there is a clear discontinuity in articulation (Howell
& Rosen, 1984). Interestingly, in more recent versions of the Motor Theory of Speech
Perception, categorical perception has been abandoned as an argument in support of the
correlation between speech production and perception (Liberman, 1996).

In reaction to the motor theory and as a consequence of categorical results with
nonspeech sounds and non-human listeners, an explanation was developed based on auditory
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sensitivities (e.g. Pastore, 1987; Stevens, l98l). [n this view, categorical perception had nothing
to do with any speech specific mechanisms, but was based on auditory threshold phenomena

(e.g. Pastore, 1987; Pastore et al., 1977; Schouten, 1980). According to Pastore, a stable and

relatively precisely defined internal or external limitation gave rise to categorical perception.
This limitation could be an intemal psychoacoustic threshold or a constant reference stimulus.

However, there are several arguments against this auditory explanation. Firstly, in many
nonspeech studies, the criterion for categorical perception is the phoneme boundary effect,
which is not indicative of categorical perception according to the definition, since it ignores
within-category performance. Classification and discrimination performance have to be strongly
related both at the phoneme boundary and on both sides of it.

Secondly, it has been argued that categorical results with animals substantiate the general

auditory explanation of categorical perception (e.g. Kluender & Lotto, 1994; Kuht, 1981; Kuhl
& Padden, 1982). Yet, the animal studies describe performance on only one of the two
perception tasks: classification or discrimination. Therefore, these findings show only that
animals (after prolonged training) can learn to divide a stimulus continuum between two speech

sounds into two categories, but they tell us nothing about the correlation between classification
and discrimination and thus about categorical perception.

Finally, it has been argued that the results of speech studies with non-humans do not
necessarily imply that general auditory processes, or mechanisms common to humans and non-
humans are at work. Non-human performance with speech is only analogous to human
performance; it indicates that similar processes may arise from disparate evolutionary sources
(Jusczyk & Bertoncini, 1988; Remez, 1989).

1.4 How robust are the categorical perception results?

As we have said before, numerous studies have claimed to have found evidence for
'categorical perception', but in reality these studies demonstrate different degrees of
categorical perception. The differences between the empirical results have led to some
discussion about the status of categorical perception (e.g. Cutting, 1982; Kluender, 1994;
Massaro, 1987; Massaro & Cohen, 1983, Pisoni, 1973; Schouten, 1980, 1987).

1.4.1 The effects of phoneme class and stimulus naturalness

The most striking evidence for a large variation in the degree to which classification predicts
discrimination is the one obtained as a function of phoneme class. The highest degrees of
categorical perception have been demonstrated for the place and voicing contasts between stop
consonants (e.g. Abramson & Lisker, 1970; Liberman et a1., 1961; Repp, 1981). Nasal
consonants are perceived less categorically than stops, and liquids, semivowels, and vowels are

perceived less categorically still (see review Repp, 1984). For fricatives the results are mixed:
the fricative noises tested by Fujisaki and Kawashima (1970) were perceived highly
categorically; however, Healy and Repp (1982) and Howell and Rosen (1984) found a low
degree of categorical perception for their fricative noises. In short, this suggests that strongly
categorical results are specific for stop consonants, with vowels at the other end of the scale.

However, Pisoni (1973) found that relatively short vowels are perceived more categorically than
longer vowels. Furthermore, Schouten and Van Hessen (1992) found a high degree of
categorical perception for vowels, which they explain by the natwalness of the stimuli. This was
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confirmed by their study on the effect of stimulus quality on categorical perception: more natural

stimuli were perceived more categorically than less natural stimuli (Van Hessen & Schouten,

1999). This suggests that stimulus factors may have an effect on the degree of categorical

perception. And more importantly, it indicates that the variation in categorical perception of
different phoneme classes may diminish it instead of synthetic, more natural stimuli are used.

This motivated us to investigate the influence of stimulus naturalness on categorical

perception. We compared categorical perception of vowel stimuli modelled on productions in
isolated words with vowel stimuli that resembled productions in everyday speech. In
particular, we compared categorical perception of stop consonants with the categoricalness of
text vowels.

1.4.2 The effect of the discrimination task

Another source of variation is the discrimination task. One of the arguments against the

categorical perception hypothesis has been the use of the ABX-discrimination task, which is
the standard discrimination test for categorical perception research. This task is said to bias

results towards categorical perception (e.g.Massaro & Cohen, 1983; Pisoni, 1975; Schouten,

1987). In the ABX task, listeners have to indicate whether stimulus X is identical to stimulus
A or stimulus B. In doing so, they may try to remember both the auditory traces and the labels
assigned to the A and B sounds. When X is presented, they try to match the sound of X with
the auditory traces of A and B, but by this time they may have forgotten what A and B
sounded like. If they have, the subjects must rely on the labels they have assigned to A and B
and choose the one that matches the label they have assigned to X. This strategy is similar to
classification and will be indicative of categorical perception. Therefore, the ABX task is not
the most appropriate task to use when assessing categorical perception. However, the success

of the ABX paradigm has led to its continued use. Only Crowder (1982), Pisoni (1973) and

Repp, Healy and Crowder (1979) have compared ABX with a different discrimination task.
Their results imply that categorical perception may depend, to some extent, on the type of
discrimination task used. But, as Repp (1984) writes in his extensive review of the categorical
perception literature, "A comparison of more than two paradigms for speech discrimination in
a single study still remains to be done". This is precisely what was done in the present study.
Categorical perception was tested with five different discrimination paradigms, using the same
vowel stimuli and the same subjects.

1.4.3 The effect of the inter-stimulus interual

The duration of the temporal interval (inter-stimulus interval, ISI) between stimuli to be
discriminated has also been suggested to affect categorical perception results (Cowan &
Morse, 1979; Pisoni, 1973; Van Hessen & Schouten, 1992). It has been proposed that, as a
consequence of a relatively long ISI, there will be a decay of the auditory trace in short term
memory, which will encourage listeners to base discrimination on phonetic representations in
long term memory. This is one of the factors that contribute to the categorical results in the
ABX task: ISI is often as long as 1 second. Studies that systematically varied ISI report that
discrimination results show an increasing effect of phoneme labelling with a longer ISI
(Cowan & Morse, 1979; Pisoni, 1973; Van Hessen & Schouten, 1992). In addition, the ISI
effect appears to vary as a function of the discrimination task (Van Hessen & Schouten, 1992).
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It has to be noted that these studies only show the effect of ISI on listeners' discrimination
performance. Because no direct comparison is made between discrimination and

classification, the effect on categorical perception remains speculative. This motivated us to
conduct a series of experiments in which the influence of ISI on the relationship between
discrimination and classification was explicitly tested.

1.4.4 Other factors

Other factors that may influence the degree of categorical perception, but that have been

reported in only few studies, are the individual listener (Pastore, Friedman & Buffato, 1976;
R*pp, 1981), instructions (Pastore, 1981), feedback (Hanson, 1977), and extent of training
(Pisoni et al., 1982).

1.5 The present study

1.5.1 A test of the categorical perception hypothesis

The findings discussed above indicate that categorical perception results are not as robust as

has often been claimed. lnstead, it appears that the evidence for categorical perception in a
particular experiment depends largely on specific choices made concerning the stimulus, the
task, and task procedure. The variation in categorical perception led Cutting (1982) to
conclude that "lt makes it unworthy of being held in too high esteem as a touchstone for a

specific process in speech perception". Before we concur with such a strong rejection, we
want to investigate several factors that may contribute to this variation in a more systematic
way than has been done before. Therefore, the causes of the variation and the consequences for
the laboratory phenomenon that is called categorical perception form an essential part of the
present study. Because there are so many factors influencing categorical perception, we have

selected those that seem to have a relatively large effect: the stimulus, the task, and the inter-
stimulus interval. The main research question and sub-questions that are addressed in the first
part of this study are the following:

Is there an invariable relationship between discrimination and classification of a stimulus
continuum between two phonemes?

Is there a difference in the degree of categorical perception of word vowels and text
vowels?

Are there dffirences in the degree of categorical perception of vowels as afunction of the
discrimination task?

What is the ffict of the duration of the inter-stimulus interval on discrimination and
hence, on the degree of categorical perception of vowels?

Is there a dffirence in the degree of categorical perception of text vowels and stop
consonants?
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1.5.2 The development of phoneme categories

Another argument against a relationship between classification and discrimination of speech

sounds may come from developmental studies. It has been shown that infants have the

capacity to detect differences between syllables that differ in one phonetic segment, even

between phonemes that do not occur in their native language. By 12 months of age, infants
appear to have taken some steps towards the phonological categories of their native language:

certain phonetic contrasts falling within the same native language category are no longer
readily discriminated, despite the fact that the same contrasts were discriminated at 6 months

of age (Jusczyk, 1992). This increased attention of the infants for native language contrasts

does not preclude the discrimination of all non-native contrasts, as is also shown in cross-

linguistic studies with adult listeners. The infant's acquisition of the native phonological
system does not suggest that there is a loss of auditory sensitivity, but that there is a

reorganisation of initial sensitivities (Jusczyk,1992; Werker & Pegg, 1992).In recent infant
research there has been a shift away from discrimination performance as a measure of
language processing and language development. It is thought that, unless the infant is in a

laboratory, discriminating phonologically minimal pairs is not the first, or most important,
language task facing it; but learning words is. The fact that young infants can discriminate
between lpel and /be/ syllables does not necessarily reflect their ability to identifu words that
differ in this voicing feature (Swingley, 2000).

Unfortunately, there are only few studies that have investigated speech perception by
young children of between I and 4 years of age (e.g. Barton, 1980; Svachkin, 194811973). At
first sight, the results of these few studies seem to contradict the findings obtained with
infants: the older children appear to be much worse at discriminating differences between
syllables and words than the infants are. However, this contradiction is due to some important
difflerences between the infant, child, and also adult studies. Firstly, different test procedures
are used and secondly, the subjects' perceptual processes differ essentially from one another.
In the infant studies, change-no change discrimination is used with words or syllables
differing in one phoneme (e.g. ba-ba-ba-ba-da). The infants are trained to make a head tum
when the stimulus changes. Discrimination with adult listeners normally involves a

comparison of two or more stimuli presented within the same trial; the stimuli are taken from
a continuum between two phonemes. Adult listeners are asked to indicate whether two stimuli
are "identical" or "different" or to detect which stimulus differs from the other stimuli in a
trial. Infants' early capacity to detect acoustic differences is assumed to be unrelated to
representations of phoneme categories in their long-term memory, because they simply have
not developed these representations yet. But in the case of adult listeners, the categorical
perception hypothesis predicts that discrimination is mainly based on phonemeJabelling
processes. For children of age I to 4, the story is different again. The discrimination response
used with children usually involves a choice between one of two objects that have nonsense
names or represent familiar words, differing only in one phoneme. This task is identical to
two-alternative forced-choice classification in adult research: it does not measure to what
extent children are actually able or unable to discriminate between speech sounds. This
implies that these discrimination studies actually report children's ability to classify or
recognise words, and this could very well be more diffrcult than detecting differences (the
infant studies) between two acoustic signals that convey no meaning and have no lexicalised
representations. In a recent Dutch study, the classification performance of 445 five-year-old
children showed that there were several phonetic distinctions on which they made more than
200lo errors (Stoep & Verhoeven, in press). In this study, a manual picture selection task was
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used with minimally differing word pairs that were familiar to the children (note that this
again is a classification task and not a discrimination task). The error percentages for /b - p/
and id - t/ were as high as 43.lYo and 12.7Yo. These results show that children of
approximately 4 and 5 years of age have not fully acquired the classification system of their
native language.

Other studies have shown that this is true even of children between 4 and 12 years of
age. In these studies, the traditional classification task is used to assess categorical perception:
a single acoustic cue is systematically varied along an acoustic continuum between two
phonemes (e.g. Krause, 1982; Kuijpers, 1996; Mann, Sharlin & Dorman, 1985). The results
demonstrate significant age-dependent differences in the phoneme boundary and the
steepness/slope of the classification curve. There are reports showing that classification
performance is adult-like early on (between 2 and 6 years) in development (Crul & Peters,

1978; Werker & Polka, 1993). Others claim that only between the ages of l0 and 12 years,

phoneme boundaries and steepness of classification functions become adult-like (e.g.
Burnham, Eamshaw & Clark, 1991; Kuijpers, 1996). It seems likely that this discrepancy
between the reported acquisition ages reflects the fact that some phonemes are acquired
earlier than others.

In the past fifteen years, there has been a growing interest in the development of the
perceptual weighting of the various acoustic cues that speciff a phonetic category (e.g.
Morrongiello et al., 1984; Nittrouer, 1992, 1996,2000). How do listeners classiff speech
sounds if there ere no invariant cues that specifu a certain phoneme category? It is assumed
that listeners integrate various acoustic properties when they have to make a decision about a

phoneme category. As part of the integration process, the adult listener has leamed that some
aspects in the acoustic signal are more important in signalling a certain phoneme than others
are. Therefore, the listener assigns different weights to various acoustic properties. The
acquisition of the appropriate weighting schemes for acoustic cues is essential for phoneme
classification/categorical perception and thus for the comprehension of speech. But how are
these weighting schemes acquired? In the present study, we try to shed some light on this
aspect of speech and language development by addressing the following research question:

o Is there a dffirence in the weighting of certain acoustic cues for the categorisation of
speech sounds between adults and young children?

1.6 Outline of the thesis

Chapter 2 is devoted to the difference in perception between word and text vowels. The effects
of various discrimination tasks and of the duration of the inter-stimulus interval on categorical
perception of vowels form the subject matter of Chapter 3. In Chapter 4, we compare vowel
perception to stop consonant perception and test if the effect of the discrimination task on the
degree of categorical perception differs as a function of these two types of phonemes. The
results described in these three chapters are summarised and discussed in Chapter 5. The
development of speech categories, especially children's weighting of certain acoustic cues for
speech classification, is studied in chapter 6. Chapter 7 contains the general discussion and
conclusion of the study described in this thesis.



Chapter 2

Categorical perception of word and text vowelsl

2.1 Introduction

Several studies have shown that there is a difference in the degree of categorical perception

between stop consonants and vowels. Stop consonants are said to be more categorically
perceived than vowels (e.g.Fry et a1.,1962;Pisoni, 1973; R*pp, 1981; Stevens et al., 1969).

This difference in perception has received various explanations. Early explanations,

based on the Motor Theory of Speech Perception, posit that it is the result of a difference in the
underlying articulatory gestures (Liberman et al., 1967). Perception is categorical when the
articulatory space is relatively discontinuous. Stop consonants show marked acoustic
variability, but speakers seem to use discrete places of production for them. Vowel articulation
is much less discrete: there is a fair amount of articulatory overlap between adjacent vowel
categories (Liberman et al., 1967). However, the mechanisms by which perceptual processes

might refer to articulation have always remained obscure, and this has led many researchers to
dismiss the motor theory (see review Repp, 1984).

A second explanation for the processing differences between vowels and stop
consonants is given by Ades (1977), Rosen and Howell (1987) and Sachs (1969). They
speculate that the differences arise from differences in the perceptual distances between stop
consonants and between vowels: two adjacent vowels span a wider percepfual range in terms
of JND's than two adjacent consonants. Thus there should be a larger range of ambiguity
along a vowel continuum than along a consonant continuum. One would therefore expect a

smaller discrepancy between classification and discrimination (in other words, the results

I This chapter is an adapted version of Gerrits and Schouten (199S).
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would be more categorical) for consonants than for vowels. However, the results of Ades
(1977) and Macmillan, Goldberg and Braida (1988) revealed no difference in perceptual range
in their stimulus sets: the total number of JND's between lba/ md lpal was about the same as

between lil andhl.
A third explanation is proposed by Pisoni (1973,1975), Sachs (1969), and Tarfter (1981,

1982). They explain the difference in perception between stop consonants and vowels by the
difference in cue duration. The essential acoustic cues for stop consonants are rapidly changing
Fl andF2transitionsandabrief noiseburst(Libernanetal., 1954; Tartter, 1981, 1982). By
contrast, vowels are assumed to remain uniform over a much longer duration (Delattre et al.,
1952). This difference in duration between vowels and stop consonants has an effect on the
availability of auditory memory for these two classes of speech sounds. According to Pisoni
(1973), the outcome of a stimulus comparison during discrimination depends on two types of
memory components: trace memory and (phonetic) label memory. This is in line with the dual-
process model of Fujisaki and Kawashima (197I), who propose that discrimination may be
performed in a trace comparison or in a labelling mode. They explain the difference in
perception between stop consonants and vowels by difFerences in the duration of the critical
information in these speech signals. The short cue duration in consonants is responsible for the

inferior performance of trace memory. Presumably, the decay of rapidly changing acoustic
information is too fast to make an acoustic comparison of consonantal stimuli possible, with
the result that discrimination is performed in a phonetic mode. This is not the case for vowels
produced in isolated words (citation form).

In line with this explanation, Schouten and Van Hessen (1992) propose that the lack of
categorical perception of vowels may be due to the nature of the stimulus material that has been

used. Up to now, the vowels used as stimulus material have been modeled on productions in
isolated words. When produced in isolated words, vowels will be lengthened (overarticulation).

The duration of a plosive will be less affected by overarticulation than that of a vowel: the
articulation of the burst can hardly be lengthened and the length of the formant transitions is also

restricted since too much lengthening would lead to a change in phoneme identity. It is

hypothesised that in running speech temporal reduction and more complex spectral coding of the
vowel will make vowel perception more categorical (see also Pisoni, 1973; R"pp, 1984;
Sawusch, Nusbaum & Schwab, 1980; Schouten & Van Hessen, 1992; Stevens, 1968; Studdert-
Kennedy, 1976; Tartter, 1981). The shorter duration and the more complex coding of vowels
is expected to force listeners to make a quick decision about the phoneme category, especially
when stimuli are difficult to discriminate. This will strengthen the relationship between
discrimination and classification of the same stimuli. To test this hypothesis, the difference in
perception was studied between vowels spoken in isolated words and vowels in a text read at a
fast rate. The question of interest was whether text vowels would be perceived more
categorically than word vowels.

2.2 Method

2.2.1 Stimulus material

The first step in stimulus generation was recording the vowels lul and /i/ in the meaningful
words lptpl and /pipi produced both in isolation and in a text that was read aloud at a rapid
speech rate by a male native speaker of Dutch. The vowels produced in the isolated words will
be called 'word vowels' and the vowels produced in the words in the text will be referred to as
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'text vowels'. Since the perception of naturally produced vowels was of interest in this study,
one could argue that the ideal stimulus material should be based on vowels from spontaneous

speech. It was decided to elicit vowels in a rapidly read text in order to contol the stimulus
material, on the assumption that fast reading produces the same type of underspecification as

spontaneous speech. The vowels /r:/ and lil werc selected, because it was expected that the

differences between the two speech conditions would be greater with these two vowels than with
most other vowels, due to the relatively long articulatory trajectories required to reach them.

There were nine repetitions of /pup/ and lpipl in the list of words and in the text. Five
phonetically untrained listeners identified 30 ms segments of these vowels in an open-set
identification task. The vowels spoken in isolation were significantly more often identified as

lul and /i/ than the vowels from the fast read text (650/o versus 32o/o for /u/ and 42Vo versts 1Yo

for lil). Frequently used other response categories were lol for lul and lyl for h/. The word
pairs that were used as endpoints in the two stimulus continua were selected by a listening
panel that consisted of five phoneticians. They rated the word pairs on a 7-point acceptability
scale. The most acceptable ones were selected for the experiment.

Description of the original vowels

To see if there were any differences between the vowels spoken in isolated words and fast
text, the durations and formant frequencies were measured. The text vowels were temporally
reduced compared to the word vowels. Vowel duration was defined as the duration of the
voiced portion between the two /p/'s. The steady-state part of a vowel was defined as that part

during which the frequency of F2 did not differ by more than 50 Hz in successive analysis
frames, which were 16 ms apart and32 ms wide. The rest of the vowel consisted of formant
transitions.

The duration of the word vowel /u/ was 90 ms, the steady-state component was 60 ms.

The duration of the text vowel /u/ was 70 ms, with a steady-state component of 30 ms, a

reduction of 22% and 50o/o, respectively. The duration of the word vowel /i/ was 90 ms, the

steady-state component was 50 ms. And the duration of the text vowel lil was 70 ms, with a

steady-state component of 15 ms, a reduction of, respectively, 22% and 70%. This temporal
reduetion is comparable to the reduction reported in studies by Schouten and Pols (1979) and
Van Son and Pols (1990). The temporal vowel reduction found by Schouten and Pols (1979)
was 28%. The reduction of steady-state segment duration was on average 38%. Van Son and

Pols (1990) found a temporal reduction of l1Yo between vowels in a text that was read at a
normal speech rate and as fast as possible.

In addition to the duration measurements, an analysis of the formant frequencies of the
vowels in the two speech conditions was performed. Since automatic formant extraction failed
with the text vowels, formant frequencies in all vowels were estimated by eye. Figure 2.1

shows the spectral envelopes of the word vowels /u/ and lil, figure 2.2 does the same for text
vowels lu,/ and,lil.T\e FFT analysing window was 25 ms and contained the highest amplitude
in the vowel. The spectrum was cepstrally smoothed with a cepstral lifter of 5 ms in the
quefrency domain.

For the word vowels there were no difficulties in locating the formants in the frequency
spectrum. The curves in figure 2.1 show resonance peaks that can be interpreted as formants.
The estimated values of the first three formants are 370 H2,683 Hz, and 2086 Hz for /u/ and

284 H2,2065 Hz, and 2741 Hz for /i/. This is in accordance with the formant frequencies of
Dutch lul and /i/ measured by Pols, Tromp, and Plomp (1973) and Van Son and Pols (1990).

l1
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Figurr 2.1 Spectral envelopes forthe word vowels fu/ and /i/.
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Figure 2.2 Spectral envelopes for the text vowels lul and lil.
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In figure 2.2, the spectral envelopes of both vowels show amplitude peaks around 250 Hz,
2100 }irz, and 3200 Hz, although at different relative amplitudes. If there had been no a priori
knowledge of where the formants should be located, these peaks might have been interpreted
as representing the first three formants. Despite the spectral similarity between the two curves
in figure 2.2, the vowel that is represented by the dashed line clearly sounds like an lul, ard
the vowel of the solid line is without doubt an lil. Ladefoged (1967) noted that it is often
impossible to locate the second formant when it is close to the first formant and lower in
intensity. Either the lowest harmonics constitute two formants, or there is no second formant
with sufficient intensity for its frequency location to be measured. Ladefoged (1967) added

that when F2 is low in intensity, F3 is often impossible to locate for the same reason. Both
Ladefoged (1967) and Pols et al. (1973) write that without knowing what vowel phoneme the

speaker intended, and without previous knowledge of where the formants of that vowel should
be, it is impossible to make valid measurements of the formant frequencies. The spectral data

of our text vowels seem to be a nice illustration of their observations.
In short, the duration and formant frequency measwements show that there is a

temporal reduction of the text vowels and that there are spectral differences, notably a

clustering of formants for the text vowels.

Synthesis of the vowel continua
The interpolation method used had been developed for the study of categorical perception by
Van Hessen (1992). Stimuli in a continuum between two natural utterances are obtained by
interpolation between the relative amplitudes of the spectral envelopes of these utterances.
Parameters such as fundamental frequency, duration, and voice quality, remain constant. The
first step in this interpolation method is a separation between the source (vocal folds) and the
filter (vocal tract) of the original speech signals. Only the filter characteristics are used for
interpolation. The second step is an analysis of the spectral envelopes of the original words in
terms of the phases and amplitudes of a large number of spectral components between 80 and

8000 Hz, depending on spectral density. By means of linear interpolation of the amplitudes
and interpolation of the phases, spectral envelopes are constructed for the stimuli in between
the original words. In the last step, each new spectral envelope (filter) is multiplied with the

spectrum of the source of one of the original speech signals. The reconstructed endpoint
signals are nearly indistinguishable from the original ones. More details of this procedure are

described in Schouten and Van Hessen (1992), or Van Hessen (1992). For the interpolation
between the vowels in the present study, the spectral envelopes were analysed in phases and
amplitudes of 70 spectral components. The spectral envelopes of the eight stimuli, obtained by
means of seven linear interpolation steps between each of the 70 pairs of spectral components,
were then reconvolved with the original source spectrum of the /r:/. The interpolation was
always done in overlapping 25.6-ms time frames over the full length of the vowel (frame shift
was 6.4 ms).

A disadvantage of the interpolation method is that it generates a speech continuum
which has no cortelate in speech production. Usually, a speech stimulus continuum is
generated with an acoustic parameter that does have articulatory meaning, such as a formant
frequency. Nevertheless, for our vowel study the amplitude-interpolation method was
preferred to working in the formant domain. In this way the risk was avoided that, after having
listened for a while to stimuli in which only one or two parameters were varied, some subjects
would learn to attend selectively to those parameters. The experimental design was intended
to motivate the listeners to focus on the speech signal as a whole. (Van Hessen and Schouten,

l3
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1999, have shown that there is an increase in categorical perception as synthesis quality
improves from a simple synthesis by rule, via LPC synthesis, to the more complex method
used in the present study.) The importance of stimuli in which more than one parameter is
varied is also mentioned by Repp (1984) and Liberman (1996), who predict that, with proper
synthesis, when the acoustic signal changes in all relevant aspects and not just one cue is

varied, the discrimination functions will come much closer to being perfectly categorical.
Moreover, since no second formant could be defined, interpolating the formants of the text
vowels was impossible.

Stimulus continua
Stimulus generation resulted in two continua of I stimuli that sounded completely natural and

convincingly like utterances from the original speaker. The continua were named as follows:
l) Word Vowel Continuum; 2) Text Vowel Continuum. In each continuum, the initial and

final /p/ of the stimuli were copied from the original word lpupl. In a pilot experiment the
stimuli of the two continua were identified (open set) by a listening panel that consisted of five
phoneticians, all well-trained listeners. The listeners' identification responses were always /r-r/ or
/i/. In none of the cases were the stimuli identified as the Dutch vowel /y/, which might have

been possible because F2 of this central vowel is in between F2 of lul and li/ . The absence of an

intermediate lyl is an effect of the interpolation method.

Fundamental frequency and duration of the stimuli were the same as those of the
original lpupl. In the word vowel continuum, average F0 was l20Hz and stimulus duration
was 215 ms (vowel 90 ms, steady state 60 ms). The duration of the stimuli in the text vowel
continuum was 187 ms (vowel 70 ms, steady state 30 ms) and.F0 was on average 125 Hz.

slim 1

0 500 1000 1500 2000 2500 3000 3so0 4000
Frequency (Hz)

Fieure 2.3 Spectral envelopes for stimuli 1, 3, 5, and 8 of the word vowel continuum.
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Fisure 2.4 Spechal envelopes for stimuli 1, 3, 5, and I of the text vowel continuum.

The spectal differences between the two stirnulus continua are illushated in figures 2.3 and

2.4. These figures show the spectral envelopes of stimuli 1, 3, 5, and 8 of both the word and

the text vowel continuum. The various curves have been shifted along the vertical axis for
maximum clarity. In both figures stimulus I sounded like /u/ and stimulus 8 sounded like /i/.
The FFT analysing window was 25 ms and contained the highest arnplitude in the vowel. The
spectrum was cepstrally smoothed with a cepstral lifter of 5 ms in the quefrency domain.

In figure 2.3 it can be seen that the spectral envelopes of stimuli I and I (the

endpoints) are identical to those of the original vowels in figure 2.1. lt is clear that the
differences between the spectra of the endpoint stimuli and the intermediate stimuli (only 3

and 5 are plotted) consist of shifu in the relative amplitudes of the spectal envelope of the
vowel in stimulus I towards the relative amplitudes of the spectral envelope of the vowel in
stimulus 8.

In figure 2.4 it is shown that the spectral envelopes of the endpoint stimuli have the
same shape as the envelopes of the original vowel in figure 2.2. The spectral envelope of
stimulus t has no significant amplitude peaks that indicate the presence of a second formant
for lu/, and in the spectrum of the vowel in stimulus 3 there is no amplitude peak that can be

unambiguously classified as the third formant for lil. Nevertheless, stimulus I did sound like
/u/ and stimulus 8 sounded like /i/. Figure 2.4 also shows that the stimuli between the
endpoints differed in the relative amplitudes of the spectral envelopes.
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2.2.2 Subjects

The subjects were 19 students of the Faculty of Arts at Utrecht University. They had no
known hearing deficits and were all native speakers of Dutch. They were paid a fixed hourly
rate.

2.2.3 Inter'stimulus interval (ISI)

Since it was desirable to encourage a comparison of the acoustic cues in stimuli during
discrimination and since the auditory trace of speech sounds is time-dependent, it was
important to make a considered decision about the inter-stimulus interval. If the inter-stimulus
interval exceeds the duration of the auditory trace of the vowel stimuli, all that is left of the
f,rrst stimulus is a representation coding the relationship of the stimulus to the other stimuli in
the experiment, or to pre-established categories, or to both (Pisoni, 1973). Therefore, an

interval was preferred that did not exceed the auditory trace of the stimulus. Massaro (1972a,
1972b, 1974) tried to determine the time a sound pattern is held in some preperceptual form.
His results indicated that the auditory trace of an acoustic signal has faded after approximately
250 ms, which is in agreement with the findings by Dorman et al. (1977) and Plomp (1964).

Cowan and Morse (1986), Pisoni (1973), and Van Hessen and Schouten (1992) tested

the effect of a varying inter-stimulus interval on discrimination performance. On the basis of
Massaro's results, within-catego,ry discrimination should decrease with increasing interval,
reflecting the fading of the trace. This is in agreement with the results of Van Hessen and

Schouten (1992) who found a decrease of within-category stop-consonant discrimination with
an increase in ISI from 100 to 300 ms. The across-category results of the discrimination
studies by Cowan and Morse (1986), Pisoni (1973), and Van Hessen and Schouten (1992)
confirmed the notion that processing of the auditory signal is not terminated after 100 to 200
ms. Their results indicated that if listeners use a labeling strategy to compare the stimuli,
discrimination improves as an effect of increasing ISI: discrimination performance increases

rapidly between 100 and 500 ms, reaches a maximum between 500 and 1000 ms and falls
gradually as ISI increases further.

On the basis of these results it was assumed that, after an ISI of more than 100 - 200
ms, labeling processes would take over from trace coding. An interval shorter than 200 ms
was not used, since this might increase the chance of mutual masking among the stimuli. In
line with Massaro (1972a,1972b,1974), Pisoni (1975) and the within-category results of Van
Hessen and Schouten (1992), it was therefore decided to use 200 ms intervals to make sure

that trace information was available for direct auditory comparison of successive stimuli in a
trial.

2.2.4 The discrimination task

The prediction test is the most widely used formal criterion of categorical perception (the
Haskins model). It requires a close correspondence between the actual discrimination of
speech stimuli along a continuum and discrimination performance predicted from
classification results. The procedure of the prediction test has been criticised by Massaro and

Cohen (1983). The prototypical discrimination test used to assess categorical perception is the
ABX task (Liberman et al., 1957).In view of the relatively short time span of trace memory,
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however, the observed phenomenon of categorical perception may, according to Massaro and

Cohen (1983), reflect the exclusive use of phonetic memory. Subjects in the ABX task may
try to remember both the auditory traces and the labels assigned to the A and B sounds. When
X is presented, they try to match the sound of X with the auditory traces of A and B, but by
this time they may have "forgotten" what A and B sounded like. If they have, the subjects
must rely on the labels they have assigned to A and B and choose the one that matches the
label they have assigned to X. This strategy will produce the results usually attributed to
categorical perception. Pisoni (1975) and Schouten (1987) also note that the ABX task
prevents a direct comparison between successive stimuli and forces the listener to use an

encoded categorisation in discrimination. Therefore, the ABX task is not the most appropriate
task to use when assessing categorical perception.

The same problems as for ABX discrimination may hold for another paradigm: 2IFC
discrimination. In this paradigm, two different stimuli are presented, AB or BA. The subject
has to determine the order in which the stimuli are presented. This task has a long tradition in
research on intensity resolution (e.9. Macmillan et al., 1977). In intensity experiments, the
listener can refer to the order as "soft-loud" or "loud-soft". In the case of speech stimuli, it is
necessary to explain to the subjects what the term "order" means and to mention the phoneme

categories in the instructions, e.g. /u-i/ and /i-r:/. This is at the risk of encouraging labeling
behaviour.

To avoid strategies that rely exclusively on labeling, it was necessary to opt for a task

that reduced the load on auditory memory and encouraged a direct auditory comparison
between the stimuli in a trial (Massaro & Cohen, 1983). Such a task is AX (Same-Different)
discrimination, in which AA, AB, BB, and BA combinations are presented. A disadvantage of
this paradigm is that, when subjects are asked if two stimuli are different or equal, they may
decide to respond "different" only if they are very sure of their decision. This means that AX
is not bias free: a subject's response is determined by a subjective criterion (i.e. a boundary
between two categories) on a scale between "same" and "different".

A discrimination test that has been shown to be more sensitive to acoustic differences
between speech stimuli is the 4IAX task (Pisoni, 1975). The trials in this task consist of eight
combinations: ABAA, BAAA, AAAB, AABA, and BABB, ABBB, BBBA, BBAB. The
temporal interval between stimuli 2 and 3 is longer than between the other stimuli, so that
listeners hear two pairs within one trial. They have to decide which pair contained identical
stimuli, pair I or pair 2. It is assumed that listeners first determine the differences between the
stimuli within the pairs and, in a second step, determine which of the two differences is the
smaller one. The correct decision is based on trace information and does not involve
subjective criteria.

Yet, it was decided not to use a 4IAX task, but 4l-oddity. In 4l-oddity, the A and B
stimuli are presented randomly in the two orders AABA or ABAA, with a 50o/o a priori
probability. Stimulus A at the beginning and end of each quadruplet functions as a reference.
Listeners have to respond by indicating if the 'oddball' (stimulus B) is in the second or third
stimulus interval. In principle this task is as bias free as 4IAX, and it has a much shorter
experimental duration. However, although it is a four-interval task, the optimal decision rules
defined by Macmillan and Creelman (1991) predict that the ideal observer will ignore the
reference stimuli (interval I and interval 4) and perform the 4l-oddity task as if it is a standard
2IFC task (see also Heller & Trahiotis, 1995; Tratriotis & Bemstein, 1990; and Verbunt,
1996). The advantage over 2IFC is that listeners con decide about the oddball without needing
to refer to any internal criterion. In short, it is expected that 4l-oddity combines some of the
important aspects of 2IFC and 4IAX and that listeners will have the choice between two

t7
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perceptual strategies: a 2IFC-like phoneme-labelling strategy and a 4IAX-like trace-coding
strategy. This is also the conclusion drawn by Heller and Trahiotis (1995): their 4l-oddity
results indicate that listeners do not always use the optimal listening strategy but also use the
reference stimuli to reach a decision about the oddball. In line with these results it is predicted
that the use of the reference stimuli is optional and therefore that 4l-oddity will be, hopefully,
neutral with respect to auditory processing and phoneme labelling. This neutral position
should make 4l-oddity a proper diagnostic instrument for determining whether categorical
perception occurs.

2.2.5 Fixed and roving discrimination

The stimuli were presented in a 'fixed discrimination' and a 'roving discrimination' test
(Macmillan, 1988). In the fixed context, listeners have to respond to the same stimulus pair
repeatedly during a block of trials before the next pair (which is chosen at random) is
presented in another block. This means that within one block the stimulus range is very small,
which reduces stimulus uncertainty. Listeners know which stimulus pair will be presented
within the block and are consequently able to build up a temporary representation of the two
stimuli (Durlach & Braida 1961). Discrimination performance in the fixed context is expected
to be higher than in the roving context.

In the roving context stimuli were drawn randomly from the total stimulus continuum.
For instance, if there are 8 stimuli, the first trial may use 4 and 5, the second 1 and 2, etc. The
roving context is the one almost invariably used in speech discrimination experiments. The
stimulus range in this context is the whole continuum and therefore stimulus uncertainty is
much higher than in the fixed context. As a consequence of high stimulus uncertainty it is
expected that listeners are unable to form temporary labels for each of the speech stimuli and

therefore that labelling effects in the roving data reflect the use of category labels stored in
long-term memory.

2.2.6 Design

The experiment consisted of six tests, tlree for each of two vowel continua, involving the
same subjects. The tests were fixed and roving 4l-oddity discrimination and classification.
The subjects took the tests in a fixed order: the classification experiment was always
perfiormed after the discrimination tests.

The discrimination experiment used was the 4l-oddity task (AABA/ABAA). In this
test, the subjects' task was to indicate whether stimulus B (the oddball) occurred in the second

or the third interval. The stimuli in the second and third intervals always differed by one step

along the continuum; the number of comparisons was therefore seven. The inter-trial interval
was determined by the response time. The inter-stimulus interval within a trial was 200 ms.

The fixed test consisted of 7 blocks, one for each comparison, which were clearly
separated from each other. Each block contained 64 trials, 32 for each of the two possible
combinations, AABA and ABAA. In the roving discrimination test, 7 x 64 trials were
presented randomly.

In the classification test, each stimulus had to be identified 64 times in a random order.
Classification involved a forced choice between two altematives, the vowels /u/ and lil. There
was no response time limit.
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2.2.7 Procedure

The stimuli were presented to the subjects over headphones in a sound-treated booth. In the
discrimination tests, it was stressed that differences between the stimuli would be small, and

in most cases could only be detected by listening carefully to all details of a stimulus. The
subjects responded by mouse-clicking on one of two response fields (labelled "2" and "3") on
a computer screen. After the response had been made, visual feedback (250 ms) of the correct
answer was given so that the subject was able to judge and possibly improve his or her
performance. Discrimination training consisted of 126 trials, and was intended to familiarise
subjects with their task. In the fixed discrimination context the first ten trials of every block
were considered practice and were not included in the data analysis.

In classification, one stimulus was played on each trial, and the subject had to identify
it by mouse-clicking on a response field labelled 'ooe" or "ie" (lul and /i/). The only training
consisted of l6 trials.

2.3 Results

The discrimination and classification results were computed in terms of d' (e.g. Kaplan,
Macmillan & Creelman,7978; Macmillan & Creelman, 1991). First, the proportions of hits
(H) and false alarms (FA) of the adjacent stimulus pairs on the continuum were transformed in
z-scores and, second, the z-scores were converted into d' according to the decision model
appropriate for the task. The 4l-oddity discrimination d' scores were calculated by subtracting
z(FA) from z(H) with a standard deviation o : rlZ (Macmillan & Creelman, p. l2l, 1991).

The results of the classification test are presented as predicted discrimination scores. The
transformation of the classification data into predicted discrimination was done as follows.
For each pair of stimuli AB and response alternatives iui and lil, the proportion of lul-
responses to stimulus A (position n) was regarded as an estimate of p(H) and the proportion of
/u/-responses to stimulus B (position n+l) was taken as an estimate of p(FA). The
classification d'-values were determined by subtracting z(FA) from z(H). The values of p(H)
and p(FA) were forcibly limited to the 0.99 to 0.01 range, which meant that the maximum d'-
value that could be obtained was 4.65+0.5{2: 3.29 for oddity discrimination and 4.65 for
classification.

The results ,ue displayed in figures 2.5 to 2.7. Figures 2.5 and 2.6 show the
classification and discrimination data for the word vowels and the text vowels, respectively. In
figure 2.7,the results are recalculated to get a better indication of the difference between the
two vowel conditions. The data in the figures represent the averages of 19 subjects' individual
d'-scores. The numbers (n) along the abscissa refer to stimulus pairs, consisting of stimuli (n)
and (n+l); n is therefore a number between I and 7. The d' result at stimulus pair 6, for
example, represents the discrimination of stimulus 6 and stimulus 7. Stimuli in pair I
resemble lul and stimuli in pair 7 sound like /i/.

In figure 2.7,the two vowel conditions (displayed in figures 2.5 and 2.6) are compared
by calculating the difference scores between obtained discrimination and discrimination
predicted by the classification data for each stimulus pair (as in Pisoni, 1975). If text vowels
are perceived more categorically than word vowels, a smaller difference is expected between
the obtained and predicted functions for the former condition than for the latter.

t9
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Fieure ?.5 Classification and discrimination results for the word vowels.
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Fieure 2.6 Classification and discrimination results for the text vowels.
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Figure 2.7 Difference scores between the obtained and predicted data for each stimulus pair in figures
2.5 and 2.6. The dashed lines represent the difference scores for the word vowels, the solid lines
represent the difference scores for the text vowels.

A series of paired samples sign tests on the d'-difference scores between classification and

discrimination in figure 2.7 revealed that there were only two stimulus pairs with a significant
effect of vowel condition: stimulus pairs 3 and 5. At stimulus pair 3 the difference between
obtained and predicted discrimination of word vowels was higher than it was for text vowels,
but at stimulus pair 5 the opposite occurred: there it was higher for the text vowels. The d'-
difference scores confirm that there is no difference in the relationship between discrimination
and classification as an effect of the naturalness of the vowel stimuli. It could be that there
was not enough difference between the two vowel continua to induce differences in
perception, in the sense that the vowels from the rapidly read text were perhaps not
sufficiently naturally.

Figures 2.5 and 2.6 show that there is not much difference in the results of the two
vowel conditions. The data in figure 2.5 were expected to be less categorical than in figure 2.6
and hence the d'-difference scores in figure 2.7 to be much higher for word vowels than for
text vowels. This is clearly not the case: the word vowels are not perceived less categorically
than the text vowels. Neither figure shows any relationship between observed and predicted

discrimination, so it can be concluded that there is no indication of categorical perception for
either of the two vowel conditions. Unexpectedly, discrimination performance seems to be

worse than predicted by the labelling data. The presumed ordering of the results was: fixed
discrimination best, followed by roving discrimination, and then classification (Macmillan et

al., 1988; Schouten & Van Hessen, 1992).

The results of a multivariate analysis of variance confirm this interpretation of the
results. Fixed independent variables were Task (5 levels), Vowel Condition (2 levels), and
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Stimuli (7 levels: nested under Vowel Condition). Cell variance was over 19 subjects. There
were significant main effects of Task and Stimulus within Vowel Condition (Task F:14.62,
p<.001; Stimulus F:5.58, p<.001). Furthermore, there was a significant interaction between
Task and Stimulus within Vowel Condition (F:4.56, p<.001). Discrimination and
classification performance were not significantly affected by Vowel Condition (F:0.12,
p:0.731).

Separate one-way analyses per task with factor Stimulus as independent variable and
post-hoc Tukey HSD tests were conducted to test for the significance of classification and

discrimination peaks. There were no significant peaks in the discrimination results except for
fixed discrimination, word vowel continuum, in which the d'-values of pairs 1 and 2 were
significantly higher than those of the other pairs (F=3.811, p:.002). In the classification
results there were significant peaks at pair 3 for the word vowels (F:14.39, p<.001), and at
pairs 4 and 5 for the text vowels (F:14.24, p<.001). This confirms that there is a peak in the
classification results indicating the phoneme boundary, whereas such a peak is completely
absent in the discrimination results. Furthermore, discrimination scores are significantly lower
than the classification scores at the phoneme boundary location (word vowels F:13.93,
p<.001; text vowels F:5.07, p=.003 and F:6.17, p:.001).

In summary, these findings show that classification performance is better than discrimination,
which is rather awkward since it indicates that listeners did hear differences between stimuli
when classifring them, but could not hear differences between the same stimuli during
discrimination. It seems as if listeners have applied different perceptual strategies during
classification and discrimination. Listeners used a phoneme labelling strategy during
classification, but apparently could not assign labels to the stimuli during discrimination.
Furthermore, without labelling listeners were incapable of discriminating the stimuli, possibly
because the acoustic differences between the stimuli were too small to profit from auditory
trace processes. In the next sections, it will be shown that diflerences among subjects and

results from a control experiment confirm that 4l-oddity is a purely psychoacoustic task.

2.3.1 Differences among subjects

A large proportion of the total variance was explained by cell variance (78.5%); this means

that there must have been considerable differences, probably in performance level, among the
l9 subjects. If our interpretation of the overall results is correct, i.e. if 4l-oddity discrimination
is a purely psychoacoustic task that precludes labelling, all subjects should have one thing in
common: regardless of their level of performance, none of them should show any relationship
between classification and discrimination. A corollary prediction with respect to classification
is that, if subjects are graded according to their discrimination performance, this will tell us

nothing about classification performance, which should be roughly the same over
discrimination quartiles. In order to see whether these predictions were correct, the subjects
were divided into quartiles on the basis of the roving 4l-oddity d'-scores.

Figures 2.8 and 2.9 show the discrimination and classification results for the word
vowels (the results were the same for the two vowel conditions), obtained from the highest
(four subjects) and lowest quartiles (five subjects). There is a marked difference between the
discrimination performance of the two subject groups (they were selected on that basis). In
figure 2.8 (lowest quartile) the classification results show a peak at the phoneme boundary,
with d' scores decreasing to chance level at the extremes of t}te continuum.
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The discrimination results are at chance level for all stimuli, indicating that listeners could not
detect differences, not even at the phoneme boundary. In figure 2.9, which represents the
performance of the subjects in the highest quartile, discrimination is in general as high as, or
higher than, classification. The slightly lower d' score at pair 4 is caused by considerable
differences in the position of the phoneme boundary (as is often the case with vowel stimuli).

The results for the lowest and highest quartiles show that in neither case does

discrimination performance show any relationship with classification performance, which
confirms our prediction. This means that, during discrimination, no phonetic information was

used: listeners were in the psychoacoustic, or trace, mode. [n classification, however, all
listeners had to operate in the speech mode and showed the same performance.

These results were confirmed by separate analyses of variance on the data of each task:
the effect of the factor Quartiles (4 levels) on discrimination performance was significant
(fixed 4l-oddity: F:9.09, p<.001; roving 4l-oddity: F:27.60, p<.001), whereas there was no
significant effect of Quartiles on classification performance.

The conclusion seems to be almost inescapable: when listening to speech, all subjects perform
at roughly the same level, as they would be expected to do in everyday speech situations;
when listening in the psychoacoustic mode, however, they show great differences in
performance, sorting themselves into good and poor (and intermediate) listeners. This is a
common psychoacoustic pattern; several studies have indicated that subjects listening to
speech-like stimuli may have different scores if they are operating in a trace mode: some

subjects are more 'analytical' than others (Best, 1981; Dorman et al., 1977; Foard & Kemler-
Nelson, 1984; R"pp, 1981; Rosen & Howell, 1981). The fact remains that all our listeners,
good or poor, behaved during discrimination as if our stimuli had nothing to do with speech at

all.

2.3.2 Control experiment

In the previous section it was shown that discrimination performance for the highest quartile
was equal to or better than predicted by the labelling data. However, the highest quartile only
contained 4 of the 19 subjects. The discrimination results for the subjects in the other quartiles
were worse. This indicates that for these subjects the discrimination task might have been too
difficult and therefore that their 4l-oddity results were an artefact of the experiment. To test
this hypothesis a control experiment was conducted. In this control experiment the physical
distance between the stimuli within trials was changed from one step to two steps along the
continuum.

The stimuli used in the control experiment were those from the 'word vowel
continuum'. The subjects were 14 students from the pool of 19 subjects who had participated
in the one-step experiment. Unfortunately, 5 students were no longer available for testing. The
design consisted of only one task: roving two-step oddity discrimination. In this task 6

stimulus pairs were presented 64 times, following the same procedure as in the previous
experiment.

We hypothesised that the larger physical distance between the stirnuli would induce a
general increase of the discrimination results of all listeners, thus including the subjects in the
lowest quartile. Results were not expected to change in the degree of categoricalness, since the
results of the highest quartile predict that even if subjects can discriminate between the
stimuli, there is no relationship between discrimination and classification performance. The
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results of two-step discrimination and classification are presented in figure 2.10. The

classification results are taken from the previous experiment (minus the data of the five
subjects that did not participate in the two-step discrimination task), and recalculated to
predict a two-step comparison.

Figure 2.10 Classification and two-step roving discrimination results for the word vowels.

As expected, two-step discrimination generated higher scores than one-step discrimination
(see figure 2.5), and the 4l-oddity scores are no longer worse than predicted by the

classification data. But again, there is no relation between 4l-oddity discrimination and

classification and thus no indication of categorical perception.

The effect of the physical distance between the stimuli was tested with a two-way
analysis of variance on the two-step data, combined with the data from the one-step
experiment (see figure 2.5, but again the data of the five subjects that did not participate in the
control experiment were excluded). The independent variables were Step-sizs (Z,levels) and

Task within Step-size (2 levels). Both effects turned out to be significant (Step-size F:142.2,
p<.001; Task within Step-size F:6.41, p:.002). A one-way analysis of variance per task with
Stimulus as independent variable and post hoc Tukey HSD tests revealed a significant peak in
two-step Classification at stimulus pair 3, at the phoneme boundary (F=2.94, p:.02 and

F=5.82, p<.001). There was no significant peak in the two-step discrimination results.

Summarising the control condition, it can be concluded that the counterintuitive 4l-oddity
discrimination results are not caused by too small a step size between the stimuli. Even with a

larger step size, discrimination results show no relationship with the classification data. Again
the interpretation of the results must be that different perceptual processes were used for these

tasks: an auditory trace strategy during discrimination and phonetic labelling during
classification.
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2.4 Discussion and conclusion

In a series of experiments the perception of word vowels was compared with that of text
vowels. It was expected that the temporal reduction and spectral complexity of the latter
would result in a greater dependence on labelling and hence in more categorical perception.
Howsver, our results did not confirm this expectation, mainly because there was no
relationship between observed and predicted discrimination, and thus no indication of
categorical perception for either of the two vowel conditions.

Discrimination performance was poor and fell generally below that predicted on the
basis of classification. This paradoxical finding (paradoxical because discrimination
performance has nearly always been better than predicted - see, e.g., Macmillan et al., 1988;

Pastore, 1987; Repp, 1984; Schouten & Van Hessen, 1992) could not be explained away as

being due to the unprecedented difficulty of the task: a greater physical spacing between
stimuli in a discrimination trial did not make any significant difference.

A first attempt to account for the traditional difference (discrimination better than
predicted by the classification data) was made in the dual-process model for the discrimination
of speech stimuli by Fujisaki and Kawashima (1971). This model explicitly distinguishes
between categorical phonemic judgements and judgements based on auditory memory for
acoustic stimulus attributes. The authors propose that two perceptual modes are active
simultaneously (or in rapid sequence). One of them is strictly categorical and represents
phonetic classification and the associated verbal short-term memory. The other mode is not
categorical and represents processes corrmon to all auditory perception. The results of any
particular speech discrimination experiment are assumed to reflect a mixture of both
components. The part of performance that can be predicted from labelling probabilities is
attributed to categorical judgements, whereas the remainder (the deviation from ideal
categorical perception) is assigned to comparison of acoustic stimulus properties (Repp,
1984).

The selection of a discrimination paradigm was led by the idea that a discrimination
task in which trace coding would not be excluded in advance was needed to assess categorical
perception. If a discrimination task is used that prevents a direct comparison between
successive stimuli, listeners are forced to use a phonetic labelling strategy for discrimination
and results will inevitably be highly categorical. The task was even more successful than
expected in stimulating a trace coding strategy: the results show that there was no categorical
perception at all. Moreover, discrimination performance was lower than predicted by
classification. This was especially true of the lowest quartile, whose classification results were
quite normal, but whose discrimination results were at chance level for all stimuli, indicating
that listeners could not detect differences, not even at the phoneme boundary. The
discrimination performance of the subjects in the highest quartile, however, was in general as

high as, or higher than, classification. [n neither case did discrimination performance show
any relationship with classification performance. Similar results were found for all subjects in
the control experiment with a larger physical distance, which made discrimination easier but
did not lead to a stronger relationship between discrimination and classification results. This
means that, during discrimination, no phonetic information was used: listeners were in the
psychoacoustic, or trace, mode. In classification, however, all listeners had to operate in the
phonetic mode and showed the same behaviour. Why is it that 4l-oddity puts subjects into the
psychoacoustic mode, whereas all other speech discrimination tasks that have been used up to
now produce at least a mixture of the two modes, so that results always turn out categorical to
some extent?
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It is suspected that this is due to the nature of the oddity task, which is less close to the
traditional 2IFC task than was expected, and closer to 4IAX. The crucial difference here is
whether a subject's decision is influenced by a criterion, or bias, that is external to the stimuli.
In 2IFC, in which a subject has to indicate the order of two stimuli, this can only be done with
reference to criteria that are extemal to the stimuli, such as phoneme boundaries or categories
such as "high" vs. "low" in psychoacoustic experiments. However, the oddity results were
more like those that may be expected from 4IAX, in which subjects are presented with two
pairs of stimuli and have to decide which pair contains the odd one out. The 4IAX task does

not refer subjects to criteria that are extemal to the stimuli: subjects hear two differences and

have to decide which one is the greater one, a decision that can only be taken on the basis of
stimulus information and not on the basis of a criterion along a scale. This is why 4IAX is
generally regarded as bias-free in psychophysics.

Subjects' comments, ild our own experience when performing the oddity task,
confirm the similarity between 4l-oddity and 4lAX, at least with vowel stimuli: it soon

became apparent to subjects that attempts to label the stimuli did not work, so they gave up

the attempt and apparently applied a strategy in which differences between two pairs of
stimuli were used in order to reach a decision. As a result, the discrimination experiment
turned out to be one in which phoneme categories did not play any role whatsoever. This was

unexpected: even though Heller and Trahiotis (1995) have suggested that subjects might treat
4l-oddity as a variant of 4IAX, it still was not foreseen that there would be a complete absence

of phonetic information in the discrimination response. 4IAX may be bias-free, but phoneme
labels were expected to be inevitable: a human subject should not be able to treat speech as if
it does not consist of phonemes or words. This is wrong: it rs possible to get subjects
completely into the psychoacoustic trace mode when they have to discriminate speech sounds.

In normal, everyday speech perception, we perceive categorically. It has always been assumed

that this mental process can be investigated by looking at the relationship between two
psychophysical tasks: classification and discrimination. The present results suggest that this
assumption rests crucially on the use of biased discrimination tasks, in which listeners are

compelled to use subjective decision criteria. When a bias-free discrimination task is used, no

resemblance between phoneme classification and discrimination is found at all. This indicates
that categorical perception is highly task dependent. In the next chapter, the hypothesis that
the degree of categorical perception varies as an effect of the discrimination task and of the
duration of the inter-stimulus interval was explicitly tested.
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Chapter 3

The effect of task and inter-stimulus interval

3.1 Introduction

The traditional classification test in categorical perception research is a forced choice between
two or more phoneme labels. For testing speech discrimination, several different paradigms

can be used. In the preceding chapter we described results in a 4l-oddity discrimination task,
which had never been used before to test categorical perception. The choice of this
discrimination task was justified by criticism of discrimination tasks such as ABX, e.g. by
Massaro and Cohen (1983) and Kluender (1994), who argued that ABX discrimination
induces phonetic labelling strategies and hence produces results that are usually attributed to
categorical perception.

In 4l-oddity, we expected listeners to use phoneme labelling, but also to make direct
auditory comparisons between the speech stimuli in a trial. Discrimination performance turned
out to be completely unrelated to classification performance: classification results showed a
marked peak at the phoneme boundary, but the shape of the observed 4l-oddity discrimination
function was flat and d'was even lower than predicted at the phoneme boundary location. This
lack of any relationship between the discrimination and classification results is
counterintuitive to anyone who has ever spent any time comparing classification and

discrimination in a categorical-perception context. Not only was there no relationship at all
between classification and discrimination, but subjects did not even manage to detect any
differences between stimuli that, during classification, they had, fairly consistently, given
different phonetic labels.

The 4l-oddity results indicate that there is something about this discrimination task
that prevents subjects from using phonetic information. If this is true, it could point to two
different perceptual strategies: an auditory comparison of stimulus information during
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discrimination and phonetic labelling during classification. In other words, during
discrimination listeners are in a 'psychoacoustic mode' and during classification in a 'speech
categorisation mode'. However, before allowing ourselves to draw such a far-reaching
conclusion we decided to investigate the effect of two procedural variables on the previous
vowel results: 1) the effect of the discrimination task; 2) the effect of the duration of the inter-
stimulus interval.

In the present chapter, three experiments will be described. In Experiment I, we compared the
relationship between classification and performance on three different discrimination tasks:

ZIFC,4IAX and 4l-oddity. Experiment II was conducted with the same discrimination tasks
as in experiment I, but this time a longer inter-stimulus interval was used to test the effect of
inter-stimulus-interval duration on categorical perception. In Experiment III, we added AX
and AXB discrimination to the task design of experiment I, since task tumed out to have a
relatively large effect on the degree of categorical perception.

3.2 Experiment I: 2IFC,4IAX and 4l-oddity discrimination

As already noted, the reason for choosing the four-interval oddity task for the experiment in
chapter 2 was to avoid an exclusive reliance on phoneme labelling processes during
discrimination. The results seem to indicate that we succeeded too well: the discrimination
results deviate from the classification results in a way suggestive of an exclusive reliance on
psychoacoustic trace coding. In order to see if our oddity results do reflect an auditory trace
strategy we decided to compare them with performance in other discrimination tasks, notably
a discrimination paradigm that tends to encourage auditory-trace processing and one that tends
to encourage labelling.

A task in which phonetic labelling processes are known to play an important role is
2IFC discrimination. In this "two-interyal, two-altemative forced choice" paradigm, the

stimuli are always different and the subject has to determine the order in which they are

presented. To indicate this stimulus order, the response fields are labelled "ie-oe" and "oe-ie"
(/u-ii and /i-u/). The explicit reference to phoneme categories in the instructions is assumed to
encourage phoneme labelling processes. If this assumption is correct, we should obtain the
"regular" relationship between classification and 2IFC discrimination, in which discrimination
can be predicted to some extent by, and does not fall below, classification.

Unlike 2IFC, the 4lAX discrimination task is said to be sensitive to acoustic
differences between speech stimuli (Pisoni, 1975). The trials in this task consist of eight
combinations: ABAA, BAAA, AAAB, AABA, and BABB, ABBB, BBBA, BBAB. In each
trial the silent interval between stimuli 2 and 3 is longer than between the other stimuli, so that
listeners hear two pairs within one trial. They have to decide which pair contained identical
stimuli, pair I or pair 2. It is assumed that listeners first determine the difference between the
stimuli within the pairs and then determine which of the two differences is the smaller one. If
both 4IAX and 4-interval oddity draw upon a comparison of the auditory traces of the stimuli
we expect their results to be similar. This means that we predict that the 4IAX discrimination
results will be unrelated to the prediction from the classification data.

In short, we expect a high degree of categorical perception for vowels tested with 2IFC
discrimination, and noncategorical results for vowels tested with 4IAX and 4-interval oddity
discrimination.
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3.2.1 Method

3.2.1.1 Stimulus material

The stimuli used in this study were identical to the 'word vowel continuum' described in
section 2.2.1 of chapter 2. The stimuli were taken from a seven-step continuum between the

vowels in the words lpupl and /pip/, which were read aloud in a list of isolated words by a

male, native speaker of Dutch.

3.2.1.2 Subjects

In each test, 14 subjects were used. They were 14 students from the pool of 19 subjects who
had participated in the experiments in chapter 2. The subjects had no known hearing deficits,
they were all native speakers of Dutch and were paid for their participation.

3.2.1.3 Design

Each subject took part in 3 tests: one classification test and nryo discrimination tests.

Discrimination was tested with 2IFC and 4IAX discrimination. For the 4l-oddity results we

used the data from chapter 2, but this time only from the 14 subjects that participated in the
two new discrimination tasks.

In the discrimination test, stimuli were presented in fixed and roving contexts. In the
fixed context, stimuli were presented in 7 blocks, one for each stimulus pair. Each block
contained 64 trials with the same two stimuli. In the roving context, stimuli in each trial were
drawn at random from the total set of stimuli. In total 7 x 64 trials were presented. There was

no response-time limit in discrimination or in classification.
In 2IFC discrimination, trials consisted of two different stimuli, either AB or BA. The

subjects responded by indicating the order in which the stimuli were presented. The inter-
stimulus interval was 200 ms.

In 4IAX discrimination each trial consisted of two stimulus pairs: AB-AA, BA-AA,
AA-BA, AA-AB, BA-BB, AB-BB, BB-AB, BB-BA. These eight combinations were
presented 8 times in random order. The listeners had to indicate which of the two pairs within
each trial contained identical stimuli. The ISI was 200 ms and the interval between pairs was
500 ms.

The trials in 4l-oddity consisted of AABA and ABAr{ combinations. Subjects had to
indicate if the oddball was in the second or in the third interval. The inter-stimulus interval
was 200 ms.

Classification involved a forced choice between two alternatives, the vowels lul and lil.
Each stimulus (8) had to be identified 64 times in a random order.

3.2.1.4 Procedure

The stimuli were presented to the subjects over headphones in a sound-treated booth. Each
discrimination task was preceded by a training session, consisting of 56 trials. Training was

intended to familiarise subjects with their task. In the fixed discrimination context, there were
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l0 extra trials at the beginning of each block, which were considered practice and were not
included in the data analysis.

The subjects responded by mouse-clicking on one of two response fields on a

computer screen. The labels of these response fields varied as a function of the discrimination
task. In 2IFC discrimination they were labelled "oe-ie" and "ie-oe" ("oe" : lul and "ie" : li/),
in 4IAX the response labels were "pair l" and "pair 2" and in 4l-oddity they were labelled "2"
or "3". After answering, visual feedback (250 ms) of the correct answer was given so that the
subject was able to judge and possibly improve his or her performance.

In classification, one stimulus was played on each trial, and the subject had to identify
it by mouse-clicking on a response field labelled "oe" or "ie". No feedback about correct
responses was given.

3.2.2 Results 2IFC,4IAX and 4l-oddity

The results are presented in figure 3.1. The data in the figure represent the average

classification and discrirnination of the 14 subjects' individual d' scores. The numbers (n)
along the abscissa refer to stimulus pairs, consisting of stimuli (n) and (n+1). Stimuli in pair I
resemble /u/ and stimuli in pair 7 sound llke lil. The results of the classification test are
presented as predicted discrimination scores. The d' scores were calculated in accordance with
the standard assumptions about optimum decision strategies (Macmillan & Creelman, l99l).
The values of p(H) and p(FA) were forcibly limited to the 0.99 to 0.01 range, which meant
that the maximum d'-value that could be obtained was 3.29 for 2IFC and 4l-oddity. The
maximum d'-value for 4IAX was 5.14, and for classification it was 4.65.
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Fieure 3.1. Classification and 2lFC, 4IAX and 4l-oddity discrimination results for the word vowels.
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As can be seen in figure 3.1, 4IAX and 4l-oddity discrimination performance shows no close

relationship with the classification data. The results of 2IFC discrimination, however, seem to
be more closely related to classification (the lower d'-value at stimulus pair 3 in roving 2IFC is
caused by the atypically low score of one subject). As expected, fixed discrimination is always
better t}ran roving discrimination. Furthermore, the peak in fixed 2IFC indicates that the small
stimulus range reduced context variance and consequently that these results show a marked
labelling effect.

A two-way analysis of variance with factors Task (7 levels) and Stimulus (7 levels)

revealed main effects for both factors: Task, F=I8.52, p<.001, Stimulus, F:8.34, p<.001.

There was also a Task by Stimulus interaction, F:l.70, p:.007. Separate post hoc Tukey HSD
with Task showed that the ordering of the d'-values, from high to low was as follows: 4IAX
2IFC, classification and 4l-oddity. Post hoc tests for the factor Stimulus revealed that d'-scores
for stimulus pairs 2,3, and 4 were significantly higher than for the other pairs.

To test for the significance of the classification and discrimination peaks and valleys,
one-way analyses of variance and post-hoc Tukey HSD tests were carried out on each separate

task with Stimuli as independent variable. This was done mainly to test the significance of the
classification and discrimination peaks. Stimuli were defined to constitute a peak if they led to

significantly higher d' values than did the majority of the other stimuli. For classification there
was a significant peak at stimulus pairs 3 and 4 (F:6.17, p<.001). For 2IFC there was a

significant peak at pur 4 (F:2.68, p:.019). At pair 4 there was no significant difference
between the d'-scores for classification and fixed and roving 2IFC discrimination, which
confirms that there was a close relationship between classification and observed 2IFC
discrimination. There were no significant peaks in the 4IAX and 4l-oddity results. At pairs 3

and 4, the d'-scores for 4l-oddity were significantly lower than the d'-scores for the other tasks.

4IAX performance was significantly higher than performance on the other tasks at pairs l, 2, 6

artd7.
In the previous chapter we saw that auditory-trace discrimination varied among

subjects. To gain more insight into the strategies used by the listeners, we again divided the

results into quartiles on the basis of the 4l-oddity results. The lowest and highest quartiles

contained 4 subjects each. In figures 3.2 to 3.5 the average d' scores are presented of subjects
in the lowest quartile and in the highest quartile. Since the d' functions in these figures are

plotted closely together, which causes these results to be more difficult to interpret than the
overall results, separate figures with cumulative d' are also presented.

There were two expectations concerning the difference in performance between these

quartiles. Firstly, it was predicted that there would be significant differences between the
performance of listeners in the lowest and highest quartiles on both 4-interval tasks. This
would indicate that the same auditory-trace strategy is used in 4l-oddity as in 4IAX. Secondly,
it was expected that listeners in the lowest and highest quartiles would not differ in their 2IFC
and classification performance, because these tasks were assumed to be mediated by the same
perceptual process, viz. phoneme labelling.

A one-way analysis with factor Quartiles (4 levels) showed a significant effect,
F=26.82, p<.00I. Separate analyses of variance and post-hoc Tukey HSD tests on the data per

task showed that, as predicted, performance on classification was not significantly different.
Performance on all discrimination tasks turned out to be worse for the lowest quartile than for
the highest quartile at the p<.001 level. Contrary to our predictions, 2IFC results were
significantly different as an effect of factor Quartiles, F:5.268, p=.002. It appears that the
listeners in the highest quartile were not only better at hearing small acoustic differences
between stimuli, but also at labelling them.
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2lFC, 4lAX, 4l-oddity: lowest quartile

Fieure 3.2 Vowel classification and 2IFC, 4IAX, 4l-oddity discrimination of the lowest quartile (4
subjects).
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Figure 3.3 Cumulative results of the lowest quartile.
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2lFC, 4lAX, 4l-oddity: highest quartile
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Egure 3.4 Vowel classification and 2IFC,4IAX,4l-oddity discrimination of the highest quartile (4
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This implies that the performance differences may be due to more general cognitive processes,

such as motivation and concentration. However, it has to be noted that the difference between
quartiles was larger for the 4l-tasks than for 2IFC: cumulative d' for 4IAX was 2.94 times as

high for the highest quartile as for the lowest quartile. For 4l-oddity it was 6.91 times as high
and for 2IFC 1.89 times.

If we look at the individual results, it turns out that 2 of the 14 listeners showed a peak
in 4IAX, but also much better than predicted within-category discrimination. In 4l-oddity,
none of the listeners had a peaked discrimination function. This indicates that, for some

listeners, the decision strategies for 4l-oddity and 4IAX were not as similar as we expected.
The main difference between the two tasks was the interval between pairs in 4IAX, which was

500 ms. The results suggest that this relatively long interval may increase the memory load of
the task in a way that encourages a subgroup of the listeners to use a labelling strategy.
Unusual sensitivity to phonetic distinctions by some listeners has been reported before (e.g.

MacKain, Best & Strange, 1981).

To summarise, the present results show different degrees of categorical perception for the
same vowel stimuli as a function of the discrimination task. It is evident that 2IFC
discrimination is more closely related to classification perfornance than is discrimination with
the 4-interval tasks. Therefore, vowel perception is more categorical with 2IFC
discrimination, and much less categorical with 4IAX and 4l-oddity discrimination. This
implies that different perceptual strategies were used in the different discrimination tasks. The
2IFC results suggest that subjects used labelling, whereas the 4IAX and 4l-oddity results
imply that an auditorytrace comparison was the basic strategy used by listeners. The 4IAX
results further indicate that the degree of categorical perception also differs among listeners,
since a small subgroup showed a labelling peak in their discrimination function whereas
others did not.

3.3 Experiment II: Duration of the temporal interval between stimuli

In reports that criticise the categorical perception assumption it is often argued that the close
relationship between discrimination and classification performance is caused by the high
memory load in discrimination (e.g. Cutting, Rosner & Foard, 1976; Pisoni, 1973). The
listener has to compare two or more speech stimuli and uses the phoneme representations in
long term memory to accomplish this task, especially when the inter-stimulus interval (ISI) is

relatively long.
In experiment I we had, on the basis of Massaro's studies on auditory storage time,

decided to use an interval of 200 ms, in which trace information should be available for direct
auditory comparison (Massaro, 1972a, 1972b, 1974). His results have shown that after
approximately 200 ms the auditory trace of a sound signal has faded. However, as a result of
this relatively short interval, listeners may have been discouraged from using a labelling
strategy during 4l-oddity discrimination, because there may not have been enough time
between the successive stimuli to synthesise the acoustic information into phonetic percepts.
This interpretation is suggested by the 4IAX data that contain labelling effects and in which
the interval between pairs was 500 ms instead of 200 ms. In line with the 4IAX results,
Cowan & Morse (1986), Pisoni (1973), and Van Hessen & Schouten (1992), have shown that
discrimination performance based on labelling reaches a maximum after between 500 ms and
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1000 ms; if this is correct, it could explain the lack of any relationship between classification
and 4l-oddity discrimination in our data.

In addition, the low overall 4l-oddity discrimination scores could mean that the
interval of 200 ms was also too short to extract the acoustic information from the four stimuli
in a trial. Listeners may need more processing time in the 4l-oddity task than they do in the
masking task Massaro (1972a,1972b,1974) used in his experiments. In other words, auditory
analysis and comparison of four successive speech sounds may require more time than 200
ms, and the arrival of new stimuli may disrupt processing of the previous stimuli.

In the present experiment we expanded the inter-stimulus interval from 200 ms to 500 ms. For
4l-oddity we predicted that discrimination performance would increase independently of
classification if this longer ISI is enough to allow listeners to use trace information for
discrimination as a result of reduced interference between the four stimuli within a trial.
Moreover, the listener will have more time to assign labels to the stimuli (Van Hessen &
Schouten, 1992), and observed discrimination may therefore increase differentially as a
function of classification (predicted discrimination). This means that stimuli with different
phoneme labels may now be easier to discriminate than stimuli within one phoneme category,
and thus that perception may be more categorical.

The effect of the longer ISI was also tested with 2IFC and 4IAX discrimination. For
2IFC we expected discrimination to show an unchanged phoneme labelling effect and to
improve with increasing ISI, as was shown in Van Hessen and Schouten (1992). For 4IAX,
we hypothesised discrimination to improve in a way that may show more efflect of the
labelling strategy compared to the baseline condition.

3.3.1 Method

The stimulus material was again the word vowel continuum and the 14 subjects from
experiment I also participated in the present experiment. The test procedure was identical to

the one in experiment I (section 3.2.1.4).

3.3.1.1 Design

Experiment II consisted of three tests: 2IFC, 4IAX and 4l-oddity discrimination. The stimuli
were only presented in roving context. The design was identical to that of experiment I, except
for the duration of inter-stimulus interval. In experiment I, ISI had been 200 ms and this was

changed to 500 ms. In 4IAX discrimination, the inter-pair interval was also changed: from 500

ms to 1000 ms.

3.3.2 Results long-ISI condition

Figure 3.6 displays the results of roving discrimination and classification in the long-ISI
condition. The classification data are taken from experiment I in this chapter. The figure
shows that, compared to 4IAX and 4l-oddity discrimination, the 2IFC discrimination results
are best predicted by the classification data. There is a broad peak in zlFC, which coincides
fairly well with the peak in classification. The 4l-oddity performance is still worse than
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predicted by the labelling data, except for the endpoint stimuli, and thus there is no
relationship between these discrimination results and classification. The 4IAX results are

overall much better than predicted and the shape of the function shows no relation with the
shape of the classification function. The present results are very similar to the results of
experiment I in which the same tasks were used but with a shorter ISI (see figure 3.1). This
similarity indicates that the degree of categorical perception has not changed as an effect of
the longer ISL

The effect of ISI was tested with a three-way analysis of variance on the data from the
current experiment, combined with the data from experiment I. The independent variables
were ISI (2 levels), Task nested under ISI (3 levels) and Stimulus (7 levels). The classification
data were excluded from this statistical analysis since the effect of ISI does not play a role in
classification. Cell variance was over l4 subjects.

Long ISI
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Figure 3.6. Long ISI: classification and roving 2IFC, 4IAX and 4l-oddity discrimination results for
the word vowels.

The statistical analysis revealed that there were main effects of ISI, Task nested under ISI, and
Stimulus (F:21.15, p<.001;F:26.23, p<.001; and F:3.70, p:.001, respectively). The main
effect of ISI means that the long-ISI d'-values were significantly higher than the shortJSl
ones, which indicates that the longer ISI has facilitated discrimination. The effect of the longer
ISI was largest for 4l-oddity, which showed an increase of 74%.4IAX improved by 27o/o and
2IFC was 30% better.
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Figure 3.7 Long-ISI condition: vowel classification and 2IFC, 4IAX, and 4l-oddity results of the
lowest quartile (4 subjects).
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Long lSl: highest quartile
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Figure 3.9 Long-ISI: vowel classification and 2[FC, 4IAX, and 4l-oddity results of the highest
quartile (4 subjects).
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The large improvement in the oddity results indicates that listeners did need more processing
time than the 200 ms in the baseline condition and that the low scores were partly caused by
the disruption of processing by the rapid presentation of 4 successive speech stimuli.

Separate analyses of peaks and valleys in the functions revealed that the peak in 2IFC
was not significant (F:1.96, p:.08), probably due to the high d' value at stimulus pair 7, which
was also the only pair at which 2IFC performance was significantly higher than classification
performance, F4.64, p:.006. The statistical analysis confirms what was concluded on the
basis of the patterns: the longer ISI has not changed the degree of categoricalness. However,
figure 3.9 shows that the perception of some subjects is more categorical in the long-ISI
condition than in the short-ISl condition (see figure 3.4). In this figure, which displays the
average results of 4 subjects in the highest quartile, there is a peak in 4IAX discrimination,
which was absent in the shorter ISI results. On the other hand, in figure 3.7 with the
performance of the subjects in the lowest quartile, it can be seen that long-ISI discrimination
is similar to short-ISl discrimination (see figure 3.2). If we look at the individual results, it
turns out that 5 of the 14 listeners showed a peak in the 4IAX results, which is suggestive of a
phoneme-boundary effect. Still, listeners' performance is always better than predicted for the
within-category stimuli. In 4l-oddity, none of the listeners had a peaked discrimination
function.

A separate one-way analysis of variance for Quartiles (4 levels) on the long ISI data

revealed a significant effect, F:29.02, p<.001. Post-hoc Tukey HSD tests on the data per task
showed that the results of the highest quartile were significantly higher than those for the other
quartiles on all tasks except for classification, which is exactly what we found for the shorter
ISI condition. Again the difference between quartiles was larger for the 4l-tasks than for 2IFC:
cumulative d' for 4IAX, the highest quartile, is 2.94 times as high as the lowest quartile.For
4l-oddity this was 2.86 times and for 2IFC discrimination 1.89. In the baseline condition,
cumulative 4l-oddity d' was 6.91 times higher for the highest quartile, which confirms the
overall finding that it was mainly oddity discrimination that benefited from the longer ISI,
especially with the subjects in the lowest quartile.

It has to be concluded that there is an effect of inter-stimulus interval on discrimination, but
this effect is rather small and mainly affects overall performance. In general, there is no effect
of ISI on the degree of categorical perception. Only in the 4IAX task did the longer ISI change

the perceptual strategy of 2 of the 14 listeners: 5 subjects had a peak in 4IAX, which was only
present in the results of 2 listeners with the shorter ISI. Nevertheless, average 4tAX
performance is not at all related to classification perfonnance and hence perception is not
categorical.

The scores in 2IFC discrimination have increased, but still agree quite well with
classification, indicating that perception is fairly categorical. There is a marked increase of 4I-
oddity scores, but again no relationship between observed and predicted discrimination. None
of the individual subjects showed a discrimination peak. It can be concluded that the low
oddity discrimination results in the shorter ISI condition were partly caused by interference of
the 4 successive stimuli. However, the lack of a relationship between discrimination and
classification performance was not caused by too short an inter-stimulus interval between the
stimuli, but by the psychoacoustic nature of the task, which precludes phoneme labelling.
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3.4 Experiment III: AX and AXB discrimination

In experiments I and II we have seen that the degree of categorical perception changes
dramatically as a function of the discrimination task, and to a lesser extent as a function of
inter-stimulus interval. Since the effect of task appears to be rather large, we added two tasks
to the design of experiment I: AX discrimination and AXB discrimination. Both tasks have
been used frequently within the categorical perception framework.
In AX discrimination, two identical or different stimuli are presented within each trial,
inviting "Same" or "Different" responses. An advantage of AX is that only two stimuli are
presented, which means that the memory load is relatively low compared to discrimination
tasks with more stimulus intervals (e.g. Wood, 1976). However, a disadvantage of AX is that
listeners tend to favour one response (e.g. the response "Same" if the acoustic differences
between stimuli are rather small) over the other, which leads to an unwanted response bias.

Changes in response bias can be eliminated analytically by using signal-detection analysis of
AX discrimination perforrnance and are also diminished by using feedback about correct
responses which reduces listeners' uncertainty.

In AXB discrimination, listeners have to indicate whether the second stimulus is
identical to the stimulus in the first or third interval. This task is a variant of ABX, but the
same perceptual processes are expected to determine discrimination performance. According
to Fujisaki & Kawashima (1970) the listener covertly classifies each stimulus in ABX, and if
no decision is possible on the basis of phonemic information (i.e. if the first two signals in an

ABX trial are classified as the same), the "timbre" of the stimuli seryes as the basis for
judgement. Thus, the auditory process is not consulted unless the phonemic process fails to
yield a result, which is when A and B are classified as belonging to the same phoneme
category.

In the present study, AXB is preferred over ABX, because previous studies have

shown that listeners reduce uncertainty in an ABX task by comparing only B and X (e.g.

Pastore, 1987). However, the same problem may occur in AXB. In Van Hessen & Schouten
(1999) response times were measured that showed that, in AXB, listeners responded before
the B stimulus had begun. If the B stimulus is ignored, the AXB-task is reduced to an AX-
discrimination task. In the present experiment, no reaction times were measured, but we
expect discrimination performance to be similar for AX and AXB if listeners decide to ignore
the B stimulus in AXB discrimination.

As for the relationship between AX and AXB discrimination and classification, or the
degree of categorical perception, we expect results to be similar to the findings with vowel
stimuli in Schouten and Van Hessen (1992) and Van Hessen and Schouten (1999). This means
that AX and AXB discrimination are expected to contain a peak that coincides with the peak
in the classification data, but also that performance will be much better than predicted.

3.4.1 Method

The stimulus material was again the word vowel continuum and the 14 subjects from
experiments I and II also participated in the present experiment.
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3.4.1.1 Design

The experiment consisted of 4 tests: fixed and roving AX, and fixed and roving AXB. Each of
the 7 stimulus pairs was presented 64 times.

In AX discrimination, stimuli were presented in four possible combinations: AA, AB,
BA, and BB. Each combination was presented 16 times. Listeners had to indicate if the stimuli
within a trial were identical or different. The inter-stimulus interval was 200 ms.

In AXB discrimination, stimuli were presented in the following four possible

combinations: AAB, ABB, BAA, and BBA. Each combination was presented 16 times. The

listeners had to indicate if the stimulus in the second interval was similar to the stimulus in the

first or in the third interval. The inter-stimulus interval was 200 ms.

The classification results from experiment I were also used here, since the subjects were

identical. Classification involved a forced choice between two alternatives, the vowels lul and

lil. Each stimulus (8) had to be identified 64 times in a random order.

3.4.1.2 Procedure

The stimuli were presented to the subjects over headphones in a sound-treated booth. In the

discrimination tests, it was stressed that differences between the stimuli would be small, and

in most cases could only be detected by listening carefully to all details of a stimulus. Each

discrimination task was preceded by a training session, consisting of 56 trials. In the fixed
discrimination context, there were 10 extra trials at the beginning of each block, which were

considered practice and were not included in the data analysis.

The subjects responded by mouse clicking on one of two response fields on a computer

screen. The labels of these response fields varied as a function of the discrimination task. In
AX the response labels were "Same'o and "Different" and in AXB "1" and o'3". After
answering, visual feedback (250 ms) of the correct answer was given so that the subject was

able to judge and possibly improve his or her performance.
In classification, one stimulus was played on each hial, and the subject had to identiff

it by mouse clicking on one of two response fields, o'oe" or "ie" on a computer screen. The

only training consisted of l6 trials. No feedback about correct responses was given.

3.4.2 Results AX and AXB

The AX and AXB discrimination and classification results are displayed in figure 3.11. The
classification results are those from experiment I. The data in the figure represent the averages

of the 14 subjects' individual d'scores. The numbers (n) along the abscissa refer to stimulus
pairs, consisting of stimuli (n) and (n+l). Stimuli in pair I resemble lul and stimuli in pair 7

sound like hJ. The calculation of the d' scores for discrimination was done according to the

models for the separate discrimination tasks in Kaplan, Macmillan and Creelman (1978). The
values of p(H) and p(FA) were forcibly limited to the 0.99 to 0.01 range, which meant that the

maximum d'-value that could be obtained was 6.93 for AX discrimination, and it was 5.80 for
AXB. For Classification it was 4.65.

As is illustrated in figure 3.11, AX and AXB discrimination show no close relationship
with classification. Only the shape of roving AX seems to have a very rough similarity with
the shape of the classification function, but AX discrimination is much better than predicted.
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A two-way analysis of variance on the data revealed a significant main effect for the
factor Task (5 levels) with F:12.60 and p<.001. The factor Stimulus (7 levels) had a small
effect, F:2.59, p:.019. Post-hoc Tukey HSD on the factor Task showed that AX
discrimination was significantly better than AXB discrimination, which again was better than
classification. Post-hoc Tukey HSD on the factor Stimulus revealed that stimulus pair 3

differed significantly from the other pairs, which is probably due to the peak in classification
performance.
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Figure 3.1 1. Classification and AX- and AXB discrimination results for the word vowels.

To test for the significance of the classification and discrimination peaks and valleys, one-way
analyses of variance and post-hoc Tukey HSD tests were carried out on each separate task
with Stimulus as independent variable. For classification there was a significant peak at
stimulus pairs 3 and 4 (F:6.17, p<.001). There were no significant peaks or valleys in AX and
AXB discrimination, i.e. not even in AX-roving, contrary to what might be suggested by the
pattern in the figure.

If we compare AX with AXB discrimination, we see that performance differs between
these two tasks. This implies that listeners have processed all three stimuli in AXB
discrimination, instead of reducing AXB to AX or XB as was indicated by results of Pastore
et al. (1976) and Van Hessen and Schouten (1999).

As in experiments I and II, we divided the results into quartiles on the basis of the 4I-
oddity results. The previous results showed large differences among quartiles for the two 4-
interval discrimination tasks, no difference for classification and a small difference for 2IFC
discrimination.
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AX and AXB: lowest quailile
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Figure 3.12 Vowel classification results and AX- and AXB discrimination of the lowest quartile (4
subjects).
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Fieure 3.14 Vowel classification results and AX- and AXB discrimination of the highest quartile (4
subjects).
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In figures 3.12 to 3.15 the average and cumulative results of the lowest and highest quartiles

are displayed. For AX and AXB it was predicted that there would be significant differences
between the performance of listeners in the lowest and highest quartiles if they used mainly
auditory-tace processes. Otherwise, if phonetic labelling processes had played a role in
discrimination, it was expected that the lowest and highest quartile would not differ in their
performance. A one-way analysis on the data with Quartiles (4 levels) revealed a significant
main efflect, F:46.83, p<.001. The quaniles differed significantly on AX and AXB
discrimination, but not on classification performance. If we look at the results in the figures,
figure 3.12 seems to show a peak in AX discrimination, which indicates that listeners have

used a labelling strategy during this discrimination task. The individual subjects' results
revealed that this was indeed the case for 9 of the 14 listeners and thus that there was again
large between-subject variation, with some listeners showing a clear labelling effect and

others not. Furthernore, 6 listeners showed peaked results in AXB.
In figures 3.13 and 3.15, with the cumulative results, it can be seen that for both

quartiles AX performance was beffer than AXB performance, which is in agreement with the
statistical analysis of the overall results. In figure 3.13, it seems as if the cumulative AXB
performance for the lowest quartile almost completely coincides with cumulative
classification. The resemblance of the two functions in the cumulative results is probably
caused by the large scale of the vertical axis, which makes small differences less visible. In
figure 3.12 it is evident that the shape of these two firnctions is much less related. Altogether,
these findings indicate that in AX and AXB performance, listeners tend to use both auditory-
trace coding and phonetic labelling processes.

Our AXB results show less phoneme labelling than in previous studies. In Van Hessen

and Schouten (1999), AXB for vowels was fairly categorical. Differences between their study
and the present one are a difference between the vowels, which were /i-e-a/ in Van Hessen and

Schouten, plus the fact that Van Hessen and Schouten used trained listeners (phoneticians).

MacKain, Best and Strange (1981) used the AXB paradigm to test discrimination between
stimuli in a /r-ll continuum. Their AXB results showed a discrimination peak that roughly
coincided with the peak in classification and within-category discrimination was much better
than predicted. However, there are two factors in their study that may have encouraged
listeners to label the stimuli: a rather long ISI of 1000 ms and the lack of feedback about
correct responses.

In summary, the findings from experiment III show that there is no strong relationship
between AX or A)(B discrimination performance and classification, and hence no categorical
vowel perception. But this lack of a relationship does not mean that listeners relied only on
auditory-trace processes as they did in 4l-oddity; they used a combination of phoneme
labelling and auditory-trace coding. For a relatively large group of subjects, the shape of the
AX discrimination function (and to a lesser extent for AXB discrimination) coincided with the
shape of the classification function, but discrimination was also much better than predicted,
especially for the within-category stimuli. Differences between listeners in performance on
AXB and AX tasks are also reported by Repp (1981). In his study some subjects perceived
/s-J/ stimuli in a continuous maruler, far better than predicted and without a discrimination
peak, whereas others showed pronounced peaks at the category boundary and also better than
predicted within category discrimination.

The results of this experiment support our basic conclusion that the degree of
categorical perception varies as a function of the discrimination task. Moreover, these results
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substantiate the effect ofthe listener as a factor causing variance in the degree ofcategorical
perception, which we also found in experiment II.

3.3 Discussion and conclusion

This chapter reports a series of experiments in which the effects of the discrimination task and
of the inter-stimulus interval on the degree of categorical perception have been tested.
Experiments I and III descrihe the relationship between classification performance and
performance on five different paradigms for speech discrimination: 2IFC, AX, AXB, 4I-
oddity and 4IAX discrimination. The results show that there are major differences between
discrimination results as a function of task, which means that the degree of categorical
perception varies due to task differences.

Of all the five discriminations tasks, 2lFC-discrimination demonstrated the closest
relationship with classification performance, which proves that phonetic labelling plays a
major role during this task. However, 4l-oddity discrimination with the same stimuli showed
no relationship with classification at all. This difference between 2IFC and 4l-oddity lends

strong support to our initial interpretation of the 4l-oddity results: performance is based on an
auditory-trace strategy only. In general, the results support our predictions about the
perceptual processes during discrimination, although there appeared to be a rather large
between-subject variation in AX, AXB and 4IAX: some listeners used a labelling strategy
which was revealed by a peak in the discrimination data, whereas others did not. AXB turned
out to be more like an economic variant of 4IAX instead of being a variant of ABX (see also

Repp, 1984). This may be caused by the short interval (200 ms) between the three stimuli in
our AXB task. In previous studies with ABX, the temporal interval between X and B was

often longer than between A and X, which may induce phonetic labelling (e.g. Pisoni &
Lazarts,1974).

A comparison of more than two paradigms for speech discrimination in a single study
has not been done before. Creelman and Macmillan (1979) made an extensive comparison of
different paradigms for nonspeech discrimination. They found other levels of sensitivity for
the separate tasks than we did, which suggests that speech-nonspeech stimulus factors interact
with task factors. Creelman and Macmillan (1979) also found that fixed discrimination was

always superior to roving discrimination, which is confirmed by our study (see also Schouten
& Van Hessen, 1992).

The effect of the duration of the temporal interval between stimuli was tested in Experiment
II. The longer inter-stimulus interval facilitated discrimination, but the effect on the degree of
categorical perception was relatively small. 4l-oddity discrimination improved as an effect of
the longer ISI, but still showed no relationship with the classification results. Apparently, 4I-
oddity is highly sensitive to acoustic differences between the stimuli, which does not change
when the ISI duration changes from 200 to 500 ms. This may sound contradictory to findings
in previous studies in which long ISI's tend to encourage labelling as a consequence of the
decay of auditory memory. However, our findings suggest that this effect may only occur at
even longer ISI's, like I sec, and also that this effect may be task-specific. In our case, more
labelling was only found for 4IAX, in which more listeners showed a peak in performance
with the longer interval than with the shorter one. In this task an ISI of 500 ms was used, but
the interval between pairs was I sec. 4IAX results were still better than predicted, which
indicates that in this task the auditory trace was also used, despite the longer temporal interval
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between stimuli. These results appear consistent with the vowel data of Crowder (1982) and

Repp, Healy and Crowder (1979), who showed that, at a long interval observed 4IAX
discrimination scores were higher than predicted.

In conclusion, the findings indicate that if a discrimination task is used in which listeners are

stimulated to compare the auditory traces of the stimuli, discrimination performance will show
no relation with classification performance. If a discrimination task is used during which
listeners use mainly phoneme labelling to discriminate between stimuli, discrimination
performance will show a close relation to classification perfonnance. On the basis of these

results it has to be concluded that the relation between classification and discrimination results
simply reflects the degree to which listeners use the same perceptual processes during these

tasks. Discrimination of two speech sounds on a stimulus continuum has nothing to do with
classification of speech sounds and hence with categorical speech perception. However, up to
now the speech sounds under investigation in this study have been vowels, of which it is said

that discrimination performance varies more than for consonants. Therefore we compared
vowel discrimination with discrimination of the most prototypical categorical perception
stimuli: stop consonants. These experiments are described in the next chapter.
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Chapter 4

Categorical perception of stop consonants and vowels

4.1 Introduction

In the preceding chapters we have shown that the degree of categorical perception of vowels
varies as a function of the discrimination task. Perception of vowels can be very categorical,

but it can also be completely non-categorical. We conclude from these results that an

unvarying relationship between discrimination and classif,rcation of speech sounds does not
exist.

However, supporters of the categorical perception model may find the observation that
vowel discrimination varies as a function of the task not very convincing as an argument for
rejecting their model. They may ilgue that it is not unusual for the degree of categorical
perception to vary with vowels (e.g. Pisoni, 1975). Furthermore, they may claim that only
consonant stimuli are perceived categorically, not vowels. Although the results with 2IFC
discrimination (chapter 3) have clearly shown that there can be a relationship between
observed and predicted vowel discrimination, it would be useful to substantiate our conclusion
with data from a different phoneme contrast.

Categorical perception of stop consonants is often cited as a robust phenomenon, which has

been found in many settings (see several reviews in Hamad, 1987). Even Massaro (1994),

who is one of the prominent sceptics with respect to categorical perception, reluctantly admits
that "there may be a few phoneme contrasts that qualiff for a weak form of categorical
perception." The few phoneme contrasts Massaro (1994) refers to are stop-consonant ones.

To explain the high degree of categorical perception for stop consonants, Liberman,
Mattingly and Turvey (1972) suggested that the listener has no auditory image of the signal
available, but only the output of a specialised processor that has stripped the signal of all



52 CHepren 4

normal sensory information and represents each phonetic segment categorically. This claim
has motivated researchers to prove the opposite, which is that listeners do hear differences
between within-category stop consonant stimuli.

Firstly, reaction-time measurements have been used to show that listeners are sensitive
to differences between within-stop-category stimuli (Massaro, 1987; Pisoni & Tash, 1974;
Repp, 1981). According to the categorical perception model, listeners cannot discriminate
differences within a category and therefore there is no basis for differences in reaction times to
different stimuli. However, in Pisoni and Tash (1974) it was shown that the time it took
subjects to respond "Same" to different within-category pairs of stimuli was significantly
longer than the time to respond "Same" to pairs in which the stimuli were actually identical.
This finding suggests that the auditory system did detect some differences between sounds. In
Massaro (1987), reaction times were measured for classification of a stop consonant place
continuum. Massaro's results revealed an increase in reaction times near the category
boundary, which implies that stimuli within a stop-consonant category varied in ambiguity or
the degree to which they represented the category. However, Samuel (1979) and Pisoni and
Tash (1974) have failed to find different labelling reaction times for stop-consonant stimuli
that were strictly within the same category.

Secondly, rating experiments have shown that listeners give different ratings to within-
category stimuli. Apparently, they feel that these stimuli differ in the degree to which they
represent the phoneme category (Massaro & Cohen, 1983).

Thirdly, it has been demonstrated that, although certain speech continua were
perceived categorically by naive subjects, after discrimination training with the given
continuum listeners were able to resolve very fine distinctions between within-category pairs
(Carney, Widin & Viemeister, 1977; Pisoni et al., 1982; Samuel, 1977; Werker & Logan,
l98s).

The rating, reaction-time and training studies demonstrate that, to some extent,
listeners have access to auditory differences between within-stop-category stimuli. As for the
training studies, however, there have also been several experiments in which extra training
failed to improve within-stop-category discrimination (see review Strange & Jenkins, 1978).
Furthermore, the extensive training and the use of highly practiced subjects is an important
drawback of the training studies, since it does not show what listeners typically do in everyday
speech perception. For instance, in Carney et aL. (1977) three subjects, all with extensive
experience in previous psychophysical experiments, were tested in more than a dozen sessions
distributed over several weeks. It would be interesting to see if within-category discrimination
could be improved without using highly experienced listeners and without numerous training
sessions.

Only Pisoni and Lazarus (1974) have tried to demonstrate that within-category
perception of stops can vary with tests that are used in the traditional categorical perception
framework. They tested the perception of stimuli within a voice-onset continuum by
comparing a classification task with ABX and 4IAX discrimination tasks. The results showed
that both ABX and 4IAX discrimination were consistently better than predicted
discrimination, although the shape of the observed and predicted functions was fairly similar.
The level of within-category discrimination was slightly higher under the 4tAX test than
under the ABX test, but only for two-step comparisons and not for one-step comparisons. At
the peaks in the functions, performance in both discrimination tasks was comparable.
According to Pisoni and Lazarus (1974), the two-step 4IAX results imply that listeners can
discriminate between within-category stimuli in a non-phonetic mode. However, this study
also included a condition in which the subjects were given extra training before performing
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the discrimination tests. This extra experience with the stimuli appears to have been the
critical factor in the results, for Pisoni and Glanzman $97$ failed to find any difference
between stop consonant discrimination tested with the ABX or 4IAX tasks when no
pretraining was provided.

The aim of the present study was, firstly, to see if degree of categorical perception of stops

could be varied in a design similar to the one used by Pisoni and colleagues and, secondly, to
compare stop-consonant perception with vowel perception. We compared classification
performance with discrimination performance in two different discrimination tasks: 2IFC and

4IAX discrimination. By using 2IFC instead of ABX, we expected to find more differentiation
between the discrimination results than Pisoni did. We used 4IAX instead of 4l-oddity since

both tasks seem to be sensitive to the acoustic differences between stimuli, but 4IAX has the

advantage of having a standard signal detection model with which d'can be calculated.
Our previous experiments have shown that, in 2IFC discrimination, listeners are

strongly encouraged to use their internal phoneme representations to make a decision about
the order of the stimuli, whereas 4IAX discrimination is mainly based on an auditory trace
strategy (e.g. Pisoni, 1975; Schouten & Van Hessen, 1992). Thus, for 2IFC, observed
discrimination is expected to be highly predictable from classification. For the 4IAX results

we predict that observed discrimination will be less clearly related to the classification data.

Furthermore, we hypothesise not only that stop consonant discrimination will vary as a

function of the discrimination task, just as was the case for vowels, but also that the stops will
be perceived more categorically than the vowels, as has been shown by numerous previous

studies (e.g. Fry et al., 1962; Pisoni, 1973; Repp, 1981; Stevens et al., 1969). Thus, although the

relationship between observed and predicted discrimination may be different for the two
discrimination tasks, there will always be a stronger relationship between the results for stop

consonants than for vowels.

4.2 Method

4.2.1 Stimulus material

The speech material in this experiment consisted of seven stimuli in a stop consonant lpakl-
/tok/ continuum and eight stimuli in a vowel lptpl-lpipl continuum. The stop-consonant and

vowel stimuli sounded like completely natural speech signals.
The /pok/ - ltsU stop consonant continuum was similar to the one used in the

experiments described by Van Hessen and Schouten (1999). The generation of the stop-
consonant continuum was done with linear interpolation between the relative amplitudes of
the spectral envelopes of ipokl and /told according to the method described in chapter 2. The

original words were produced by a male native speaker of Dutch. Source spectra and filter of
the original words were determined and separated frame-by-frame. The frames were 25.6 ms

long and the frame shift was 6.4 ms, resulting in a great deal of frame-to frame overlap.
Source spectra and spectral envelopes were described by means of the phases and amplitudes
of 100 spectral components. The interpolation between the original stop consonants consisted
of six steps and consequently resulted in seven stimuli.

The vowel stimuli were the 'text vowels' used in the experiments of chapter 2 (see

section 2.2.1) and consisted of a 7-step continuum between /pup/ and /pip/. The original words
had been read aloud in a written text at a fast speech rate by a male native speaker of Dutch.
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4.2.2 Subjects

Twelve listeners took part in the experiments. In the vowel experiment, one subject's data
were ignored because his responses tumed out to consist largely of missing values, probably
due to computer failure. Thus eventually there were 12 listeners for the stop consonant tests,
but only I I for the vowel tests. The subjects were all native speakers of Dutch who were paid
a basic rate plus a reward depending on the number of correct responses they gave. The
listeners in the current experiments were different from those in the previous experiments,
since most subjects of the initial subject pool were no longer available by the time this test
took place.

4.2.3 Design

A11 subjects took part in three difterent tasks on each of the two stimulus continua: fixed and
roving 2IFC discrimination, fixed and roving 4IAX discrimination and classification. In one
series of tests, the stop continuum between /pok/ and /tok/ was presented and in another series
of tests the stimulus material consisted of the vowel continuum between lpnp/ and /pip/. The
order of presentation of the continua and the tests was balanced over subjects.

In 2IFC discrimination all trials consisted of two different stimuli, either AB or BA.
The subjects responded by indicating the order in which the stimuli were presented. The inter-
stimulus interval was 300 ms and response time was 1200 ms. In the fixed context each pair
was presented repeatedly in one block of trials. For the vowel stimuli there were 7 blocks, and
for the stops there were 6 blocks, one block for each pair. Each block contained 32 trials, 16
for each of the two possible combinations. In the roving discrimination experiment, the A and
B stimuli to be discriminated were chosen randomly from the total range of stimuli and thus
varied from trial to trial. In the roving 2IFC test for vowels, 7 (stimulus pairs) x 32 trials were
presented, and in roving 2IFC for stop consonants, 6 (stimulus pairs) x 32 trials were
presented.

In 4IAX discrimination, each trial consisted of two stimulus pairs, one of two identical
stimuli and the other of two different stimuli; AB-AA, BA-AA, AA-BA, AA-AB, BA-BB,
AB-BB, BB-AB, BB-BA. These 8 combinations were presented 4 times in random order. In
the 4IAX test, subjects reported which pair of stimuli was the same, the first pair or the second
pair. ISI was 300 ms, the interval between pairs was 600 ms and response time was 1200 ms.

In the fixed context, all 32 trials of one, randomly chosen, stimulus pair were given before the
next stimulus pair was presented. For the vowel stimuli there were 7 fixed blocks, and for the
stops tlere were 6 blocks. In the roving context stimulus presentation was random.

Classification involved a forced choice between two altematives, the vowels lul afi lil
or the stop consonants lpl and /t/. There were separate tests for each of these two continua. AII
stimuli were presented to subjects 32 times in completely random order. Response time was
1200 ms.

4.2.4Procedure

The stimuli were presented to the subjects over headphones in a sound-treated booth. In the
discrimination tests, it was stressed that differences between the stimuli would be small, and
in most cases could only be detected by listening carefully to all details of a stimulus. Subjects
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were paid two cents for each correct response and had the same amount deducted for each

mistake (this meant that random respondents were paid exactly the basic hourly rate).

The subjects responded by pressing the mouse button on one of two response fields on
a computer screen. In 2IFC, the response fields were labelled "ie-oe" or "oe-ie" (i-ul or lu-il)
for the experiment with the vowel stimuli. In the stop consonant continuum the 2IFC labels
referred to the stop contrast. In 4IAX, the response labels were oopair 1" or "pair 2". During
discrimination listeners received visual feedback (500 ms) of the correct answer after each

response. Discrimination training consisted of 56 trials for the stop consonant continuum and
of 64 trials for the vowel continuum. Training was intended to familiarise subjects with their
task.

In classification, one stimulus was played on each trial, and the subject had to identifu
it by mouse-clicking on one of two response fields (phoneme labels) on a computer screen.

The only classification training consisted of 14 (stops) or 16 (vowels) trials. No feedback
about correct responses was given.

4.3 Results

The results of the experiments with stop consonant and vowels are presented in sections 4.3.1

ad 4.3.2. The figures display the listeners' average observed and predicted discrimination
performance. The results of the classification tests are presented as predicted discrimination
scores. The 2IFC and 4IAX discrimination d' scores were calculated by subtracting z(FA)
from z(H) and then transforming these scores into 'true' d'-values (Kaplan, Macmillan &
Creelman, 1978; Macmillan & Creelman, 1991; Macmillan, Kaplan & Creelman, 1977). The
values of p(H) and p(FA) were limited to the 0.99 to 0.01 range, which meant that the
maximum d'-value that could be obtained was 3.29 for 2IFC. For 4IAX it was 5.14, and the
maximum d'-value for classification was 4.65.

4.3.1 Stop-consonant results

The mean stop-consonant results are displayed in figure 4.1. The stop-consonant stimuli in
pair I resemble lpl md the stimuli in pair 6 sound like /tl. The bold line represents predicted
discrimination/classification, the dotted lines represent the 2IFC discrimination results and the
thin solid lines are the 4IAX results.

Figure 4.1 leads to the following observations: (1) there is no strict relationship
between the results of either of the two discrimination tasks and the classification results; (2)
fixed 2IFC contains a small peak but is very low, even lower than roving 2IFC. The roving
2IFC discrimination function appeffs to contain a discrimination peak which roughly
coincides with the classification peak, and within-category discrimination is similar to
classification performance; (3) the shapes of the 4IAX discrimination functions are unrelated
to the classification function and within-category discrimination is much better than predicted.
Fixed 4IAX seems to have two small discrimination peaks, the second of which coincides
with the peak in 2IFC discrimination. However, it is very likely that these fixed 4IAX peaks

are not significant.

55



56 CHapreR 4

Stop consonants

Fieure 4.1 . Classification and 2IFC and 4IAX discrimination results for the stop consonants.

Statistical analysis
A two-way analysis of variance was performed on the observed and predicted discrimination
data. The two main effects under consideration were: Task (5 levels) and Stimulus (7 levels).
Cell variance was over l2 subjects. The results of the analysis showed a significant difference
between the tasks, F:32.87, p<.001. Discrimination perforrnance was always better with the
4IAX tests than with the 2IFC tests or than predicted by classification. The main effect for
Stimulus was also significant, F:20.97, p<.001. Furthermore, the Task by Stimulus
interaction was significant, F:5.05, p<.001, indicating that the discrimination behaviour of the
listeners varied as a function of the task at different points along the stimulus continuum.

To test for the significance of classification and discrimination peaks, separate one-
way analyses and post'hoc Tukey HSD tests were conducted on the data of each task, with
Stimulus as independent variable. There were no significant peaks in the fixed and roving
4IAX results. However, the analyses did reveal a significant peak at pair 4 for fixed and
roving 2IFC discrimination (F:3.24, p:.011 and F:9.43, p<.001) and also at pairs 3 and 4 for
classification (F:29.22, p<.001). The 2IFC results imply that listeners tried to use phoneme
labels to discriminate the stimuli, but the results in figure 4.1 show that they were not
completely successful in doing so, because at the discrimination peak 2IFC discrimination is
lower than predicted by the labelling data. At pair 3, both fixed and roving 2IFC are
significantly lower than predicted discrimination, F:14.27, p<.001. At pair 4 only fixed 2IFC
is lower, F:3.319, p:.017. The data show that fixed 2IFC is worse than roving 2IFC
discrimination. However, listeners performance is usually better in the fixed than in the roving
context. We will retum to this issue in the discussion of the stop-consonant results, section
4.3.1.2.
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Fieure 4.2. Stop-consonant classification and 2IFC and 4IAX discrimination results of the lowest
quartile (3 subjects).
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Fieute- 4.4. Stop-consonant classification and 2IFC and 4IAX discrimination results of the highest
quartile (3 subjects).
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Post hoc Tukey-HSD analysis of Task at each stimulus pair showed that fixed and roving
4IAX were significantly higher at all pairs except at pair 3, at which roving 4IAX and

Classification were highest, and at pair 4, at which Classification was significantly higher than
all other tasks. This indicates that within-phonetic-category comparisons benefited more from
the 4lAX procedure than across-category comparisons, relative to the predicted discrimination
performance.

4.3.1.1 Differences among subjects

In the stop-consonant experiment 54% of the total variance was explained by cell variance. As
in the previous experiments, we took a closer look at listeners' performance by dividing the
pool of subjects into quartiles. This time the criterion was based on fixed and roving 4IAX
discrimination. Figures 4.2. ard 4.4 display the mean results of the three subjects in the lowest
quartile and the highest quartile, respectively. To get a better view of the differences between
performance of the quartiles, the cumulative d'values are also presented (figures 4.3 and 4.5).
The cumulative d'scores, which were calculated simply by adding up the d'values from left to
right, give an indication of the overall level of performance as a function of task.

It has to be noted that there were only 3 subjects in each quartile, which is also the
reason why we ran only one statistical analysis on this subset of data. The effect of Quartiles
(4 levels) was tested on the data per task and was only significant for fixed 4IAX (F4.62,
p<.005). This is confirmed by the cumulative functions in figures 4.3 and 4.5 in which fixed
4IAX is generally worse than predicted in the lowest quartile, but much better than predicted
in the highest quartile.

Figure 4.2 shows the averaged results of the three subjects in the lowest quartile.
However, the results of each of the three subjects within this quartile differed considerably
from this average pattern. One of the subjects showed a close relationship between fixed and

roving 2IFC and classification. The second subject had results that are similar to the average

pattern: roving 2IFC was very similar to classification. The discrimination results of the third
subject were low across the board.

From figure 4.4, which displays the results of the highest quartile, a very different
pattern emerges. However, the separate results of each of the three subjects within this quartile
were also very different from the average pattem. One subject showed a much better than
predicted peak in the fixed 4IAX results at pair 4, but had low overall results for the other
three discrimination tests. The second subject showed a flat shape for 4IAX discrimination
and a close relationship between both fixed and roving 2IFC and classification. The third
subject had two marked peaks in fixed 4IAX (the first of which was at pair 2) and a peak in
roving 4IAX, which roughly coincided with the classification peak. This subject's 2IFC was
low.

It seems better, therefore, to focus on the differences and similarities between the
lowest and highest quartiles, than to try to interpret the peaks and valleys in the separate

figures. There was only a difference between quartiles in tasks in which the listeners were
expected to be encouraged to use auditory trace coding. Performance in phoneme labelling
tasks, i.e. classification and 2IFC discrimination, was not significantly different.
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4.3.1.2 Discussion stop-consonant results

The question we addressed in this experiment was if the degree of categorical perception for
stop consonants would vary as an effect of the discrimination task. The results show that this
is indeed the case: the degree of categorical perception for stops varies as a function of 2IFC
or 4IAX discrimination. However, there is no strict relationship between classification and

either 2IFC or 4IAX discrimination. Nevertheless, it is evident that 2IFC discrimination is
more closely related to classification than is 4IAX discrimination. Thus, as we expected,
responses are more categorical for 2IFC, since this task presumably encourages listeners to
use a phoneme labelling strategy during discrimination. On the other hand, perception is less
categorical for 4IAX discrimination, because this task is more sensitive to the acoustic
differences between the stimuli.

However, this interpretation of the 2IFC results only accounts for the roving data. In
the fixed 2IFC results we see d' values that are worse than the values for roving 2IFC.
Usually, fixed context results are better than roving context results, regardless of the
discrimination task (e.g. Schouten & Van Hessen, 1992; Van Hessen & Schouten, 1999). In
fixed discrimination, listeners hear the same stimuli over and over again and thus hear only a
small subset from the total range of stimuli in the continuum (see also chapter 2, section
2.1.5).It was expected that, as a consequence of the small range, stimulus uncertainty would
be lower in fixed than in roving discrimination. This leads to a higher degree of labelling in
the fixed condition. According to Durlach and Braida (1961) listeners will construct a
temporary internal representation of the range of stimuli presented in a particular experiment,
which in the case of speech sounds may coincide with phoneme categories in long-term
memory. If the temporary labels represent phoneme categories, the results will represent the
effect of phoneme labelling processes.

The present fixed 2IFC results are not in accordance with our expectations. It appears

that listeners were unable to use any labelling at all. We can only speculate about the causes of
this unusual behaviour, particularly since a labelling strategy was followed in roving 2IFC
discrimination. Apparently, applying the two phoneme labels was easier when the full
stimulus range was available than when only two very similar stimuli were presented from
trial to trial so that listeners did not regularly hear clear exemplars from both categories.

However, it has to be noted that there was a large variation within the fixed 2IFC
results due to individual differences. For 6 of the 12 subjects, fixed 2IFC was worse than
roving 2IFC. For 4 subjects, fixed and roving 2IFC perfonnance was similar and two subjects
had better fixed than roving 2IFC. We have to conclude, therefore, that the use of labelling is
not only dependent on the discrimination task itself, but also on the stimulus context and on
the listener.

One could also argue that the interpretation of roving 2IFC is incorrect, because the
scores are too low at the phoneme boundary (worse than predicted). A hypothetical
explanation is given by Schouten and Van Hessen (1992), who found similar results with
almost identical stimuli. The low 2IFC results motivated them to propose a new model for the
calculation of d' for 2IFC discrimination. If we had used the model by Schouten and Van
Hessen (1992), the present 2IFC results would have been .12 times as high, and this would
have resulted in a very close relationship between observed and predicted discrimination and a
high degree of categorical perception. In fact, the results would have been identical to those
found for stop consonants by Schouten and Van Hessen (1992). However, we used the
standard model by Macmillan et al. (1977). We will elaborate on the two models to explain
their differences and our choice of the standard model.



Srop coNSoNANTS AND vowELS

In 2IFC discrimination, two different stimuli are presented and the task of the listener

is to determine the order of the stimuli (AB or BA). According to Macmillan et al. (1977), the
optimal strategy for the listener is to subtract the first stimulus from the second. Each of the
two stimuli has, by definition, a nofinal distribution with a variance of 1. The subtraction of
the two stimuli results in two new noffnal distributions with means that are equal to the
differences (A-B and B-A) of the two original means, and variances that are equal to the sums

of the two original variances. On the basis of the two response categories (AB and BA), the
listener has to create an internal decision criterion. If the difference between the auditory
traces surpasses this criterion, the listener decides to choose the order BA, if not, the order is

AB.
According to Schouten and Van Hessen (1992),2IFC discrimination of speech stimuli

involves different decision processes than those proposed in the standard model, which is

based on 2IFC discrimination of meaningless psychoacoustic stimuli like pure tones. In their
view, a listener cannot decide about the order of speech stimuli, without assigning a 'quality
code' to the stimuli first. This quality code is necessary, because differences between speech

sounds are, unlike differences between pitch, duration and intensity, dependent on the
phoneme categories they belong to. The quality code contains the phoneme label of the

stimulus, and an estimate of the distance between this stimulus and its phoneme category. If
the second stimulus receives the same phoneme label as the first one, a second quality code is

created. After this coding, the order of the stimuli is determined in the way described for the
standard model. This means that an extra step is added to the listeners' decision strategy in the
new model. As a consequence of this extra step, the comparison of stimulus and phoneme

category, an extra source of variance is introduced. The variance of the phoneme category is

estimated to be identical to the variance of the stimulus. As a result, a different calculation of
d' for 2IFC discrimination is proposed, resulting in a 'true' d' that is {2 times as high as d'
calculated according to the standard model. However, an important factor of dispute is the

estimated variance of the phoneme category. If phoneme category representations in long term
memory are perfect, variance equals 0. Because it is likely that the representations are less

than perfect, the variance is expected to be higher than 0. However, it is unclear how much

higher it really is. Assuming that the variance is I is a rather arbitrary choice; this is the reason

why we preferred the standard model instead of risking that, in absolute terms, our 2IFC
values would be too high.

The fact remains that, calculated either according to the standard or to the new model,
our stop-consonant 2IFC results are almost identical to those found by Schouten and Van
Hessen (1992).

As for the fixed and roving 4IAX data, there appeared to be large between-subject
variation around the phoneme boundary location. In some of the results, fixed and roving
4IAX contained a marked discrimination peak, which coincided with the peak in
classification. This peak was present in the fixed condition for 4 of the 12 subjects and in the
roving condition for 2 of the 12 subjects. Overall, our 4IAX results are less categorical than
the results of Pisoni and Lazarus (1974), which may be due to differences between the
stimulus material. In their experiment, synthetic /bq/ and ipol syllables were used, which
varied only in voice-onset-time. In the present sfudy, a stimulus continuum spanning a stop

place contrast was used in the meaningful words lpakl and /tok/. The continuum was
generated by interpolating between the spectral envelopes of the original words instead of
interpolating between one specific parameter like VOT or onset formant frequency.

The next question of interest was whether these stop-consonant results would be different
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from vowel results in degree of categorical perception. We will retum to this question in
sections 4.3.2.2 and 4.4.

4.3.2 Vowel results

The discrimination and classification results for the vowel stimuli are displayed in figure 4.4.
Vowel stimuli in pair 1 resemble hl and stimuli in pair 7 sound like /i/.

The general vowel patterns are very similar to those in the stop-consonant results.
There is no strict relationship between observed and predicted discrimination performance for
either of the two discrimination tasks. The fixed and roving 2IFC discrimination functions
contain a discrimination peak, which roughly coincides with the classification peak, although
this peak is very small in the fixed 2IFC function. Observed fixed 4IAX discrimination
contains two peaks, the second of which seems to be related to the classification peak and to
the roving 2IFC discrimination peak. Within-category 4IAX discrimination is much higher
than predicted.

A minor difference between the stop and vowel data is that within-category 2IFC
discrimination is slightly higher for vowels than for stops, although this is probably not
significant.

l"

I

Vowels

. . ..... f-2lFC

---6-_- r-2lFC

q-f-4AX

--4-r-4AX
#classification

Figure 4.6. Classification and 2IFC and 4IAX discrimination results for the text vowels.

Statistical analysis
A two-way analysis of variance on the vowel data with factors Task (5 levels) and Stimulus (7
levels) demonstrated main effects of Task and Stimulus and a Task by Stimulus interaction
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effect (respectively F:24.34, p<.001;F:12.63, p<.001 and F:I.70, p=.023). Cell variance was
over 11 subjects. A post hoc Tukey HSD test revealed that the main effect of Task implied
that the mean d'-values for fixed and roving 4IAX were significantly higher than those for the
other tasks. The post hoc analysis on the factor Stimulus demonstrated that the d'-scores at

stimulus pairs 4 and 5 were significantly higher than the scores at the other stimulus pairs,
which means that there was an overall discrimination peak at what appears to be the phoneme
boundary location.

One-way analyses of variance per task were conducted, with Stimulus as independent
variable, to reveal signifrcant peaks in the discrimination results. Significant peaks were found
for roving 2IFC and for classification, both at pairs 4 and 5 (roving 2IFC F:4.36, p:.001;
Classification F:l1.54, p<.001). There were no significant peaks in fixed 2IFC and fixed and
roving 4IAX discrimination. Only in roving 2IFC was there a significant peak that coincided
with the peak in the classification results. Thus roving 2IFC discrimination is more closely
related to classification (which implies a higher degree of categorical perception) than are

fixed 2IFC and fixed and roving 4IAX discrimination. However, even the roving 2IFC peak is
lower than the classification peak. Similar results were found for the stop consonants.
Apparently listeners use their phoneme representations in long term memory to discriminate
stimuli, but they are less successful in using this strategy during 2IFC discrimination than they
are in classification.

An analysis of the difference between the d'-scores for each stimulus pair revealed that
fixed 2IFC was always significantly lower than the other tasks and that fixed and roving 4IAX
were always higher except at pairs 4 and 5. At stimulus pair 4, Classification was highest and
at pair 5 there was no significant difference between the d'-scores as a function of task. The
analysis of the 4IAX data confirms what is shown in figure 4.6: within-category 4IAX
discrimination was significantly better than predicted by classification. The within-category
results in 2IFC discrimination are not significantly better than predicted by classification.
These results support the previous conclusion: 2IFC discrimination is more closely related to
classification than is 4IAX discrimination.

4.3.2.1 Differences among subjects

In the vowel experiment TlYo of the total variance was explained by cell variance. Once again
we divided the total subject group into four subgroups based on their 4IAX performance.
Figures 4.7 to 4.10 show discrimination and classification performance in the highest (three
subjects) and lowest quartiles (three subjects). It has to be noted that the subjects in these
vowel quartiles are not identical to the subjects in the stop-consonant quartiles. Only in the
lowest quartile was there an overlap of 2 of the 3 subjects. In the highest quartiles there was

no overlap, which means that subjects differed in their performance as an effect of the stimuli
or the phoneme contrast under investigation.

Separate analyses of variance on the vowel data per task with factor Quartiles (4
levels) as the independent variable revealed only a significant effect on roving 4IAX
discrimination 6:4.46, p:.006). There were no significant differences in fixed 4IAX between
quartiles, probably because of the large variation within the quartiles. Thus, like in the case of
the stop-consonant results, there was no significant difference between the quartiles for the
phoneme labelling tasks, classification and 2IFC.

63
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Fieure 4.7 Vowel classification and 2IFC and 4lAX discrimination results of the Iowest quartile (3
subjects).

t,
c
G
.)
E

r f-4AX

-+-r-4AX

Vowels : lowest quartile

10

9

I

7

i36
o

E5
E4
f(,

t

2

1

0

Fisure 4.8 Cumulative vowel classification and discrimination results of the lowest quartile.



Vowels: highest quartile

3

2.5

2

b
E 1.5
oc

1

0.5

0

-.-1---f-2lFC

I r-2FC

- --1-- - f-4AX

a-r-4AX
-*classifbation

Srop coNsoNANTs AND vowELS

Fieure 4.9 Vowel classification and 2IFC and 4IAX discrimination results of the highest quartile.
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Figure 4.10 Cumulative vowel classification and discrimination results of the highest quartile (3
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Figure 4.7 displays the mean results of the lowest quartile. The individual data of these three
subjects show that discrimination was always unrelated to classification, which is also the
pattern in the average results. The individual results in the highest quartile (figure 4.9) were
quite different from the average pattern. The most important individual effects are, for the first
subject, a high peak in fixed 4IAX, which was at its ma:cimum d' value (5.14), and for the
second subject, a close relationship between roving 2IFC and classification. The results of the
third subject showed a close relationship between fixed 2IFC and classification.

4.3.2.2 l)iscussion vowel results

The results clearly indicate that there is a difference in the degree of categorical perception for
text vowels as a function of the discrimination task. 2IFC discrimination is more categorical
(more related to classification) than 4lAX discrimination. The results are very similar to the
stop-consonant results. Again we see that fixed 2IFC discrimination was lower overall than
roving 2IFC discrimination. However, if we look at the individual vowel data we see that this
was only true for 5 of the 1l subjects. Four subjects demonstrated similar fixed and roving
2IFC, and for two subjects fixed 2IFC was higher than roving 2IFC discrimination. It will be
clear that there is a large variation within the subject group.

Another type of between-subject variation was found in the fixed 4IAX and roving
4IAX data. In some of the results fixed and roving 4IAX contained a marked discrimination
peak, which coincided with the peak in classification. This peak was present in both the fixed
and roving conditions for 4 of the 11 subjects. We found similar roving 4IAX results for some

subjects with the word vowels in chapter 3, where, as an effect of a relatively long inter
stimulus interval, some listeners tended to use more phoneme labelling, which caused scores

to peak around the phoneme boundary.
As in the stop consonant findings, we see that roving 2IFC for vowels is worse than

predicted by the labelling data. Again these results are very similar to those found by
Schouten and Van Hessen (1992).Interestingly, the present vowel results imply that the text
vowels used here are perceived differently from the word vowels. Even though we did not find
any differences in 4l-oddity discrimination as an effect of vowel condition, we now see that
2IFC and 4IAX discrimination do reveal perceptual differences.

If we had used the model by Schouten and Van Hessen (1992), the roving 2IFC results
for the text vowels would have shown a very close relationship between classification (similar
to that found for the stop consonants). However, the recalculated 2IFC data for the word
vowels would be better than predicted, which is exactly what Schouten and Van Hessen report
for their 'word' vowel stimuli. This indicates that with the model by Schouten and van
Hessen, the degree of categorical perception would be higher for the text vowels than for the
word vowels.

In addition, 4IAX discrimination for the word vowels did not show any effect of
phoneme labelling: there was no discrimination peak in the 4IAX word-vowel results. In the
4IAX results for text vowels we did find a discrimination peak for some subjects. We think
this difference is caused by differences in complexity. Listeners will use their labelling
strategy to discriminate stimuli especially when the spectral coding of the stimuli is more
complex.

If we retum to the question whether word vowels are perceived differently from text
vowels, the answer is a qualified no. In the Schouten and Van Hessen model, text vowels are
perceived more similarly to stop consonants than word vowels are. However, this
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interpretation is not really open to us since we chose to use the standard model by Macmillan
et al. (1977). Therefore, the 'true' d' scores in the present study show that there is closer
relationship between 2IFC and classification performance for word vowels than for text
vowels (and also for stop consonants). For the 4IAX results the average functions are

unrelated to classification in both vowel conditions, although there are some listeners that
show a peak in 4IAX for the text vowels.

4.4 Discussion and conclusion

The two aims of this study were to see if the degree of categorical perception of stop
consonants varies as a function of the discrimination task and whether the degree of
categorical perception for stop consonants is higher than the degree ofcategorical perception
for vowels.

Firstly, we found that the degree of categorical perception for stop consonants does

vary as an effect of the discrimination task. If we follow the strict definition of Liberman et al.
(1957), we have to conclude that the results show no categorical perception for stop
consonants, because both 2IFC discrimination and 4IAX discrimination deviate from
classification. Still, as we predicted, 2IFC performance is more closely related to classification
performance than 4IAX discrimination. These results go against the general explanation of the
high degree of categorical perception for stops proposed by Liberman et al. (1972). According
to this explanation, the listener has no auditory image of the signal available, but only the
output of a specialised processor that has stripped the signal of all sensory information and

represents each phonetic segment categorically. The present findings show that listeners do
have access to the auditory image of stop consonants. However, it is clear that the relative
amount of auditory trace information that the listeners use during discrimination varies as a
function of the task, the experimental context, and the listener.

Secondly, the present experiment has revealed that, as an effect of the use of two
different discrimination tasks, the degree of categorical perception varies for vowels as well as

for stop consonants. The effects of the different tasks are identical for both types of phoneme,
thus stop consonant perception is not more categorical than vowel perception. The vowel
results were not strictly categorical either, but again 2IFC performance was more closely
related to classification performance than 4IAX discrimination. The main difference between
the vowel and stop-consonant results was that within subject variance was 17 % higher in the
vowel experiment. The resemblance between the stop and vowel results goes against the
general view that these two types of phoneme are perceived in different perceptual modes,
phonetic and nonphonetic (e.g. Ades, 1977; Fujisaki & Kawashimq 1970,1971; Liberman, et
al., 1972; Pisoni, 1973).

The results are not as clear as we might have hoped. From the earlier vowel experiments we
draw the conclusion that, during discrimination of speech sounds, listeners use one of two
possible strategies: they are either in a psychoacoustic mode and deal with the stimuli as

essentially meaningless auditory events, or they are in a phonetic mode in which stimuli are

interpreted as members of two possible phoneme classes (and auditory information has
presumably been lost in the process and is unavailable to the discriminator).

The distinction between the two modes of perception was very clear in the previous
experiments. All the evidence indicated that in 4l-oddity, listeners were not influenced by
phoneme labels at all; they often failed to discriminate stimuli that they assigned to different
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phoneme categories during classification. There were good and poor discriminators, but
neither group showed any relationship between discrimination and phoneme classification. In
zlFC, on the other hand, performance was largely, although not completely, determined by
phoneme classifi cation.

The present experiments with vowels and stop consonants reveal a different pattern. [n
the average data, 4IAX discrimination is quite similar to the earlier 4l-odity discrimination,
and roving 2lFC is again determined largely by phoneme classification. Fixed 2IFC is
different, however: performance is much lower than in classification and roving 2IFC
(although, only for a subgroup of subjects), but there is a small peak at the phoneme boundary.
In fixed ZIFC, where listeners know that they will be hearing the same two stimuli a large
number of times, this knowledge does not seem to induce phoneme labelling at all: on the
contrary, in roving 2IFC they are very much in the labelling mode, but in fixed 2IFC they are

much more in the auditory mode. The labelling mode would lead to much more success, so

there must be something about this particular series of experiments which causes listeners to
abandon this strategy. However, we do not know what this might have been.

There is another difference with the earlier experiments: the highest quartile differs
from the lowest quartile mainly around the phoneme boundary; this means that the difference
between good and poor discriminators is not that the former are psychoacoustically better than
the latter, but that they are better because they are capable of using labelling information when
it is useful to them. Consequently, for some listeners, fixed and roving 4IAX discrimination
were very similar to classification. This is true both of the vowel data and of the stop
consonant data, which indicates that this result cannot be attributed to a difference in
perception between these two types of phonemes.

Again, but this time with stop consonants, we see that the degree of categorical perception
varies as a function of the discrimination task. However, the results of the experiments in the
present chapter demonstrate that it is not just the task that determines the degree of categorical
perception, but also the experimental context, the individual subjects, and perhaps the way
subjects were motivated.



Chapter 5
The categorical perception hypothesis revised

5.1 Introduction

In this chapter a summary is given of the results described in the previous chapters. The
summary is presented in separate sections that are related to the research questions of the first
part of this study. These questions were:

o Is there a dffirence in the degree of categorical perception of word vowels and text
vowels? (section 5. 1 . 1)

c Are there dffirences in the degree of categorical perception of vowels as afunction of the

discrimination task? (section 5.1.2)
t What is the effect of the duration of the inter-stimulus interval on discrimination and

hence, on the degree of categorical perception of vowels? (section 5.1.3)

o Is there a dffirence in the degree of categorical perception of text vowels and stop
consonants? (section 5. 1.4)

5.1.1 Vowel naturalness

In Chapter 2, we tested the hypothesis that text vowels would be perceived more categorically
than word vowels. Two continua with eight vowel stimuli were presented to listeners in a 4I-
oddity discrimination task and a classification task. The 4l-oddity task was chosen because it
was expected that in this task listeners would have access to two listening strategies: phoneme
labelling and a comparison of the auditory traces of the stimuli. The results showed that there
were no differences in the degree of categorical perception between the two types of vowels;
there was no indication of categorical perception at all, since observed discrimination was
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found to be completely unrelated to the classification data. A control experiment revealed that
this was due to the nature of the 4l-oddity task, which took listeners out of a'phonetic mode'
and into a 'psychoacoustic mode'.

5.1.2 Iliscrimination task

To investigate the influence of the type of discrimination paradigm on the degree of
categorical perception, we compared performance on 5 different tasks within a single design.

The tasks were 2IFC, AX, AXB, 4l-oddity and 4IAX discrimination. The results were as

expected: there was wide variation in the relationship between discrimination and

classification performance. In Chapter 2 it had already been demonstrated that discrimination
with 4l-oddity was worse than predicted by the labelling data. For AX, AXB and 4lAX,
observed discrimination was better than predicted. Furtheffnore, these tasks revealed within-
subject variation in that some individual-subject results showed a discrimination peak that
coincided with the phoneme boundary, whereas others did not. This indicates that the factor
Listener also contributes to the variation in the degree of categorical perception. Finally, a

2IFC experiment involving the same vowel stimuli and the same listeners elicited the
traditional categorical results.

5.1.3 Inter-stimulus interval

The duration of the temporal interval between stimuli in a discrimination task was varied in
the experiments described in Chapter 3. The duration of the interval was 200 ms or 500 ms. It
was found that, in general, discrimination improved as a consequence of the longer interval.
However, it was not true that perception was always more categorical as an effect of the
longer ISI. This turned out to be dependent on the discrimination task. Only in 4IAX was

discrimination performance more categorical with the longer interval. This was not the case

for 4l-oddity or 2IFC discrimination.

5.1.4 Stop consonants and vowels

In a final series of experiments, we compared categorical perception for stop consonants with
vowels. Previous studies have demonstrated that the degree of categorical perception may
vary as a function of the discrimination task for vowels, but that this effect is much smaller
for stop consonants. However, with the text vowels used in our experiments, the effects were
almost identical to those for the stops. It was found that 4IAX discrimination was less
categorical than 2IFC discrimination for both phoneme classes. This is of particular
importance, since for the first time it has been demonstrated, without giving listeners
extensive training, that there is no overall phoneme labelling effect in stop-consonant
discrimination.



A REvIsen CATEGoRICAL PERCEPTION HYPOTHESIS

5.2 A revised categorical pereeption hypothesis

ln the previous chapters, references to Pisoni have occurred relatively frequently, mainly
because several of his ideas have been tested in the present study. Pisoni applied the dual-
process model to a variety of discrimination paradigms, and found that the degree to which
perception is categorical depends, to only a small extent, on how much use can be made of
auditory memory. He tested the effects of variation in stimulus duration, duration of inter-
stimulus interval, and discrimination task (Pisoni, 1973, 1975; Pisoni & Glanzman, 19741'

Pisoni & Lazarus, 1974). His findings never led him to conclude that categorical perception
results were an artefact of the experimental design. Even Repp (1984), in his extensive review
of the results obtained by Pisoni and colleagues, concludes that those results always remain
fairly stable, despite all the attempts to influence the degree of categorical perception. The
reason for this probably is that the results were never as clear-cut as ours are. For instance,
stop-consonant perception always remained fairly categorical, despite the methodological
manipulations. Even vowel perception did not vary a lot as an effect of task, discrimination
always showing a peak that coincided with the phoneme boundary.

Since the dual-process model (Fujisaki & Kawashima,1970,l97l) and its application
to several experiments by Pisoni (1973,1975), more attention has been given to an analysis of
the experimental situation, including tasks factors, stimulus factors, and subject factors and
their effects on categorical perception. We think that our findings raise further doubts on the
laboratory phenomenon of categorical perception, as it turns out that almost all aspects of a
particular experiment will influence the degree of categorical perception.

In conclusion, we will try to answer the main research question of the present study.
This question was: Is there an invariable relationship between discrimination and
classification of a stimulus continuum between two phonemes? We demonstrated that varying
categorical perception results can be found for vowels. It has also become evident that the
degree of categorical perception for vowels can be very high. In addition, it has been shown
that the degree of categorical perception for stop consonants varies in a similar way. Various
factors have turned out to influence the degree of categorical perception: discrimination task,
stimulus naturalness, phoneme class, inter-stimulus interval, listener, and stimulus context.
Therefore, we concur with Cutting (1982) who notes that categorical perception, defined as

the relationship between experimental results within the confines of the standard
classification-di scrimination paradi gm, is a "fickle phenomenon".

The large degree of variation in the discrimination results, ffid therefore in the degree of
categorical perception, indicates that the focus of categorical perception research should be

mainly on classification and not on the relationship between discrimination and classification.
Classification of speech stimuli requires a phonemic judgement, and decisions are based

mainly on phonetic properties and features represented in long-term memory. Discrimination
of speech stimuli, however, is not only based on phonetic representations; listeners can also
use the differences between the auditory traces of the stimuli. We do not want to claim that
listeners' classification of isolated words on a continuum between two phonemes in a

controlled laboratory experiment is analogous to the processes they use in everyday speech
perception. However, classification is probably more closely related to these processes than is
discrimination.

In chapter l, it was noted that there has been a shift away from discrimination performance as

a measure of speech processing and language development in recent infant studies (e.g.

7l
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Jusczyk & Aslin 1995). It will be clear that our results support the notion that discrimination
performance may not give a complete picture of infants' (or adults') language capacities.
Results with older children are also in line with this idea. Sussman and Camey (1989) are
among the very few who have tested discrimination and classification of a stimulus
continuum between two phonemes with children. Their results demonstrate that children's
labelling (lbol or /do/) was adult-like at age 6, but there were significant age-related

differences in discrimination performance, even for the oldest children in this study, who were
10 years old. This suggests that the children used different perceptual processes during
classification and discrimination and that these processes develop independently.

Studies of children's classification of speech sounds have shown that, depending on
the specific phonemes that were tested, children's performance reaches an adult level between
6 to 12 years of age (e.g. Kuijpers, 1996). In chapter 6 of this thesis we will describe the

acquisition of one aspect of speech classification: the weighting of acoustic cues that signal
phonemes. The experiment described in that chapter was motivated by the question of how
children learn to classiff speech sounds if there are no invariant cues that speciff a certain
phoneme category. It is assumed that adult listeners integrate various acoustic properties when
they have to make a decision about a phoneme category, and that they assign different weights
to these properties. How do children acquire these weighting schemes? We will study the
weighting of certain cues for three different phoneme contrasts. The research on children's
weighting of acoustic speech cues has mainly concentrated on one phoneme contrast, that of
voiceless fricatives. Up to now, the results demonstrate that children are sensitive to detailed
acoustic information in the speech signal. This supports the revised categorical perception
hypothesis: the phonological system does not affect auditory sensitivity to relatively small
acoustic changes in speech.



Chapter 6

The perceptual weighting of speech cues

during childhood

6.1 Introduction

In the general introduction of this thesis it has already been said that the study of categorical

perception is motivated by the fact that the acoustic signal lacks explicit linguistic structure.

Nonetheless, under natural or experimental conditions, listeners manage to analyse the signal

in such a way that discrete linguistic elements are recovered. Discovering how listeners

analyse the speech signal to derive phonetic structure, despite the apparent lack of such

structure in the physical signal, has been the most important goal in the field throughout its
short history (e.g. Pisoni, 1985). It is assumed that adults' phonetic category judgements

depend upon the perceptual integration of multiple acoustic properties spread across the

spectrum and over time (e.g. Best et al., 1989; Kluender, Diehl & Wright, 1988). Several
studies have demonstrated the perceptual integration of noise bursts and vocalic formant
transitions for stop consonants (Dorman, Studdert-Kennedy & Raphael, 1977; Pols, 1979;

Schouten and Pols, 1983) and of fricative noise andvocalic formanttransitions for fricatives
(Best, Morrongiello & Robson, 1981; Kunisaki and Fujisaki, 1977; Marur & Repp, 1980;

Whalen, 1981). The perceptual weights adults assign to acoustic properties are the result of
learning how phonetic information conveyed by each property varies across environments;
this means that it is part of language development. For any given acoustic property, children
have to learn to increase the weight assigned to that property in environments in which it is
particularly informative, and to decrease its weight in environments in which it is less

informative (Ohde & Haley, l997;Nittrouer,2000b; Nittrouer & Miller, 1997b).
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6.2 Perceptual integration of speech cues by children

The developmental studies that have investigated perceptual integration have been concerned
with trvo questions. Firstly, do children rely on the same acoustic cues as adult listeners when
they have to make a decision about a phoneme category? And secondly, if so, do they assign

the same weights to these cues during perceptual integration as adult listeners do? These two
questions have been answered for stop consonant perception (see section 6.2.1), for fricative
perception (section 6.2.2), and for vowel perception (section 6.2.3).

6.2.1 Cue integration for stop consonants

In the perception of initial stop-consonant place of articulation, the focus has been on age-

related differences between the relative informativeness of the noise burst and the vocalic
formant transitions. This relative informativeness was measured by deleting one cue from the
onsets of words and determining to what extent children and adult listeners were still able to
categorise the speech stimulus (Ohde et al., 1995; Ohde & Haley, 1997; Parnell & Amerman,
1978; Walley & Carrell, 1983). The results of Walley and Carrell (1983) show that the
informativeness of the noise burst and the vocalic transitions is similar for adults and children
of approximately 6 years and older: they can identify stops fairly well with only the burst or
only transition information, but there is a tendency for all listeners to have higher
identification scores with transition information than with burst information. In Ohde et al.
(1995) classification performance was at a high level for all listeners (5- to ll-year-old
children and adults) across most stimulus conditions: with or without the noise burst and
moving or straight formant-transitions. The difference in the results between these two studies
may be caused by differences between their stimulus materials. In Ohde et al. (1995), the
noise-burst condition contained one glottal period without formant motion, whereas in Walley
and Carrell (1983) it contained only the noise burst.

In Ohde and Haley (1997) and Parnell and Amerman (1978), a developmental effect of
the vocalic transition property was obtained. The classification results of children (aged 3-5
years) improved relatively more in the formant-transition condition than did the adults'
classification. Yet, in Ohde and Haley (1997) this age-related effect was limited to the
perception of the [g] stop consonant. The authors conclude that young children may
perceptually weight formant transitions more heavily than adults, but only for a limited
number of sound features.

An important drawback of some of these studies is that they may have used a method
that is not very sensitive to age-related differences in the use of certain acoustic cues. For
instance, in Ohde et al. (1995) there were marked ceiling effects for adults as well as for
children, in that their classification scores reached 100% in all test conditions, even if one of
the cues had been deleted. Ohde and Haley (1997), who were the only ones to test children as

young as 3-4 years old, also reported ceiling effects in some stimulus conditions.
A more sensitive test was used by Hazanand Barrett (1999). They evaluated the role of

the noise burst and the vocalic formant transitions for the stop-consonant contrast in "date-
gate", by varying only one of the cues along a stimulus continuum and keeping the other cue
at a neutral value (single cue condition). They also presented the stimuli in a 'combined cue'
condition, in which the two cues were varied in harmony. In this study, listeners were 6- to
l2-year-old children and adults. The stop consonant results demonstrated sharp labelling
across the two single-cue conditions for all listener groups. Labelling functions were slightly
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steeper for the formant-transition cue than for the noise cue, but this difference was not
significant. The combination of the two stop consonant cues resulted in the steepest

classification performance. However, comparison of the slopes of the functions across

stimulus conditions is not really possible, because the axes are incommensurate. Since there

were no age-related differences in the function gradients within the noise burst or the formant
transition condition, the authors conclude that children's weighting of these stop consonant

cues was adult-like at age six.
But although this design was more sensitive than the one in the previous studies, there

still is a possibility that the single-cue conditions have not really been neutral with respect to
the missing source of information. According to Mann and Repp (1980) and Smits, Ten Bosch

and Collier (1996) the missing information may be encoded as supporting one alternative

rather than another. It is unknown if this was the case in the study by Hazan and Barrett
(1999). They only present the values of the function gradients. The location of the phoneme

boundaries is not described, and no figures with classification functions are presented.

Children's and adults' perceptual weighting of two cues was addressed in a study by
Morrongiello, Best, Clifton and Robson (1984), with experiments in which two acoustic cues

were independently varied in a factorial design. In this study, the integration of speech cues

was investigated in experiments that used the methods of information-integration theory
(Anderson,1982;' Massaro, 1998). This approach is based on the independent manipulation of
acoustic cues of a speech event in a factorial design (see also the adult studies by Kunisaki &
Fujisaki, 1977; Mann & Repp, 1980; Whalen, l98l). Morrongiello et al. (1984) conducted a

classification task in which S-year-old children and adults had to report the presence or
absence of the voiceless stop consonant in "say-stay". The stop was signalled by the silent gap

duration between the offset of lsl frication and the onset of voicing, and by the first formant
transition onset. Two /sei-steil-continua were presented, each containing the same systematic
variation in the amount of silence (gap duration) following the /s/ noise.

Figure 6.1., Classification results of S-year-olds for lseil-lsteil syllables (figure reproduced from
Morrongiello, Robson, Best & Clifton, 1984).

75

Children, age 5
Monongiello et al. (1984)

o
(l)

e75oq
o(l,
L

L50(Il
o

E
o2E()
o
o.

+230-Hz onset

r I -430-Hz onset

16 32 48 64 80

silent gap duration (ms)

-a!

lt'
,

a

t
I

I
I

l)



76 CHapreR 6

In one continuum, the vocalic portion had a 230-Hz Fl onset, which was expected to point
towards the perception of lsteil.In the other continuum a430-Hz Fl onset was chosen that
was expected to elicit /seii as well as /stei/ responses. In both continua the initial 40-ms
transition was followed by a steady-state Fl at 611 Hz.

Figure 6.1 displays the classification results of the S-year-old children. In an earlier
study Best, Morrongiello and Robson (1981) had reported on the same experiment with adult
listeners. The results are presented in figure 6.2. As can be seen by comparing figures 6.1 and

6.2, there is a shift of the phoneme boundary on the silent-gap duration continuum as an efflect
of the first formant onset. Furthermore, the /sei-stei/ classification functions are very steep in
all age groups.

Adults
Best et al. (1981)

32 48 64

silent gap duration (ms)

Fieure 6.2. Classification results of adults for /sei/-/stei/ syllables (figure reproduced from Best,
Morrongiello & Robson, 1981).

The figures also show that there is an age-related difference in the shift size of the functions:
children needed less silence after the 430-Hz onset to hear /stei/ than did adults. This
difference seems to imply that children and adults differed in their relative weighting of the
formant-transition cue. Since the children needed a shorter silent gap to disambiguate the 430-
Hz onset, Morrongiello et al. (1984) conclude that the children weighted the formant transition
cue relatively less heavily than the adult listeners did. This effect was not caused by absolute
differences between children's and adults' perception of Fl onset information. In a control
experiment it was shown that children and adults did not differ in their 'single-cue'
classification of a 13-step stimulus continuum in which only the F1-onset was varied from 160
Hz to 6ll Hz. Thus the 5-year-old children were equal to adults in their perceptual use of a
230- versus 430-Hz Fl onset as a single cue to a phonetic distinction. However, they deviated
from adults in their weighting of the same acoustic information in a multiple-cued contrast.

These /seistei/ results were replicated with children of between 3 and 7 years old and
adults by Nittrouer (1992) and Nittrouer, Crowther and Miller (1998). Their results show no
age-related difference in steepness of functions, but a larger shift size between the adults'
classification functions than between the children's functions. According to Nittrouer and
colleagues these results indicate that children weighted the formant-transition cue more
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heavily than adult listeners, but their findings suggest that it is the other way around: the adult

Iisteners weighted the vocalic formant transitions more heavily than the children (aged 4) did.

6.2.2 Cue integration for fricatives

The developmental trend found for perceptual integration of stop consonant cues was

extended to fricatives by Nittrouer (1992, 1996a,2000b). In Nittrouer and Studdert-Kennedy

(1987), the weighting strategies fortwo cues of the "shoe-Sue" contrast were obtained from
children (age 3;6 to 7 years) and from adults. The cues were the fricative-noise spectrum and

the vocalic formant transitions. The stimuli consisted of two [ul - /su/ continua, each

containing systematic variations in synthetic noise from ll to lsl. The noise continuum
consisted of nine aperiodic noise portions of 210 ms with centre frequencies ranging fuom2.2
to 3.8 kHz in 200-Hz steps. In one continuum, the noise portions were concatenated with the

vocalic portion from the {u/ vowel and in the other continuum with the vowel from the word
/sn/. The results of this study, shown in figures 6.3 and 6.4, ue similar to the findings

presented in Nittrouer's more recent papers (e.g. Nittrouer, 1996a, 2000b; Nittrouer & Miller,
1997b).

From the results in these plots, Nittrouer and Studdert-Kennedy (1987) estimated to
what extent labelling responses were based on the fricative-noise or the vocalic-transition cue.

They took the slope of the classification function as an index of the weight assigned to the
parameter represented on the abscissa, which in this case was the fricative-noise spectrum.
The steeper the function, the more weight is assigned to the fricative-noise spectrum. The
weight assigned to formant transitions is indexed by the separation between the functions. In
all cue-weighting studies, the slope of the classification functions is interpreted as representing
an index for the weight assigned to the cue that is represented by the stimulus continuum
along the abscissa (e.9. Crowther & Mann, 1992; Escudero, 2000; Hazat & Barrett, 1999;
Nittrouer & Studdert-Kennedy, I 987).

Fieure 6.3. Classification results of three-year-olds for {ullsu/ syllables. Dotted lines indicate
phoneme boundaries for each function and the separation between the two (figure reproduced from
Nittrouer & Studdert-Kennedy, 1987).

77

Children, age 3;6
Nittrouer & Studdert-Kennedy ('1 987)

100

o
975co
o-
tttE50
o
c8zs
o
CL

-I'

2.5 2.8 3.1 3.3

fricative noise (kHz)

3.8



78 CHapren 6

Adults
N ittrouer & Studdert-Kennedy (1 987)

2.5 2.8 3.'t 3.3 3.5

{-s/ fticative noise continuum (kHz)

Fisure 6.4. Classification results of adults for {u/-/su/ syllables. Dotted lines indicate phoneme
boundaries for each function and the separation between the two (figure reproduced from Nittrouer &
Studdert-Kennedy, I 987).

In the more traditional classification studies, in which a single cue is varied, age-related
differences are also measured by means of the slope of the classification functions. Usually,
children's functions are shallower than those of adult listeners, which is said to indicate
children's less consistent phoneme classification performance. Of course the weighting of an

acoustic cue is correlated with classification performance: if children weight a cue less heavily
than adult listeners do, it is expected that their classification function will be less steep than
that of adults. In addition, it is expected that children's functions will be less steep because

their responses will be less consistent than those of adult listeners due to more general
cognitive factors, such as concentration and attention to the task.

The labelling functions in figures 6.3 and 6.4 are difflerent in two aspects: l) the
children's functions are less steep than those of adults; 2) there is a larger separation between
the two functions from the children. This indicates that formant-transition information was
weighted more in children's than in adults' decisions on fricative identity and that the
fricative-noise spectrum was weighted less (Nittrouer & Studdert-Kennedy, 1987). These

weighting results have been replicated several times with the same {u/ - lsu/ combination
(Nittrouer, 1992, 1996a,2000b; Nittrouer & Miller, 1997b). The perceptual weighting of the
noise cue and the vocalic transitions was also tested with fricatives in combination with other
vowels: /[r/ - lsil, [sl - /sc/ (Nithouer & Studden-Kennedy, 1987; Nittrouer, 1992, 1996a;
2000b; Nittrouer & Miller, 1997a; and see Mayo (1999) for l!o/ - /so/). As a function of the
vocalic context, the perceptual weight assigned to the vocalic transitions varied, but in all
vowel contexts children (aged 3 to 7) demonstrated larger transition efflects, and hence smaller
noise effects, than adults.

Recently, Nittrouer found a similar pattern of results in a reversed manipulation of the
fricative-noise and formant-transition cue (Nittrouer, 2000a). In this experiment, the stimuli
again consisted of rwo [ul - /su/ continua" but now each continuum contained systematic
variations in F2 formant transition from {u/ to /su/. In one continuum, the noise portion was a
slightly ambiguous iJl noise and in the other continuum it was a slightly ambiguous /s/ noise.
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The labelling results show that there is less separation between the children's (age 4) functions

than between those of the adults. The children's classification functions look slightly steeper,

but this is not significant. In general, these findings seem to confirm the previous age-related

differences in weighting of these two cues: children's weighting of the noise cue is less than it
is for adults, whereas the formant transition information is weighted relatively more by
children than it is by adult listeners.

Nittrouer, Manning and Meyer (1993) termed the age-related differences in weighting

of the {-s/ fricative cues the "Developmental Weighting Shift" or DWS. They propose that

children's development of the appropriate weighting schemes is part of language learning. For
fricatives this means that the vocalic transitions have more effect on young school-aged

children's classification than on adults' classification performance, whereas the fricative noise

has less effect on children's classification than on adults' classification. This effect changes as

children gain experience with their native language.

In summary, it seems that with the labelling of lfl-lsl compelling evidence exists that young

children weight formant transitions more and noise spectra less than adults do. However, there
is a problem conceming the characteristics of Nittrouer's fricative-vowel stimuli. In
Nittrouer's initial experiments, the fricative-vowel stimuli always consisted of synthetic noise
portions concatenated with natural vocalic portions (Nittrouer, 1992: Nittrouer & Studdert-
Kennedy, 1987). As a consequence, it may be that the heavier weighting of formant transitions
reflects the possibility that children find it more difficult to process information from synthetic
than from natural speech components. This question was addressed in Nittrouer (1996a),
Nittrouer and Miller (1997a) and in Nithouer and Miller (1997b). In Nittrouer (1996a), the

weighting of noise and formant transition cues was tested with two sets of fricative-vowel
stimuli. One stimulus set consisted of synthetic noises with natural vocalic portions (hybrid
stimuli) and the other stimulus set of synthetic noises with synthetic vocalic portions
(synthetic stimuli). For the hybrid stimuli the same pattern of results was found as in previous
studies: children weighted the formant transition cue more heavily than adults. However, this
was not the case for the synthetic stimuli: there was no significant difference in the weighting
of the formant transition cue between children (3-year-olds) and adults. According to
Nittrouer (1996a) this absence of the transition effect is caused by the fact that only F2 was

varied and not F3, as was the case with the natural stimuli. The idea that the F3 transition
plays a substantial role is confirmed by Nittrouer & Miller (1997b). In experiment III of that
study, again completely synthetic stimuli were used, but this time F2 andF3 were varied. The
results show that now children did weight the transition information more heavily than adults
did.

In conclusion, only one experiment so far has revealed DWS results with stimuli that
did not contain partly synthetic and partly natural speech, but instead consisted of synthetic
speech only. Therefore, it would be interesting to see if Nittrouer's results could be replicated,
especially with completely natural stimuli.

In a recent study, Hazan & Barrett (1999) tried to replicate Nittrouer's fiul - lsu/ results. Since
the oldest children (age 7) in Nittrouer's studies still showed non-adult-like performance,
Hazan and Barrett (1999) tested older children, aged 6 to 12, in order to see at what age their
labelling results become adult-like. They used synthetic stimuli in which the fricative noise
and formant transition were presented in single-cue conditions and in a combined-cue
condition. However, the acoustic information of the vocalic-transition cue differed from
Nittrouer's in that Hazat and Barrett only changed the onset of the F2 and not of the F3. In the
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single-cue conditions the other parameter was set to a neutral value.
It was found that the vocalic-transition functions of the youngest children were not

steeper than those of the older listeners, and therefore that there was no evidence of greater use

of vocalic transition information by the younger children. Hazan and Barrett (1999) explain
the absence of an age-related difflerence in the perceptual use of the vocalic-transition cue by
the difference between their and Nittrouer's formant transitions. Nithouer (1996a) also failed
to find any age-related transition effects with completely synthetic stimuli in which only the
F2 transition varied. They further note that, according to Nittrouer, the shift away from
formant transition cues is supposed to have arisen before the age of six. In their conclusion,
Hazan and Barrett (1998) write that their results do not contradict the claims by Nittrouer and
colleagues. But it has to be noted that the problem in their stop-consonant design (see section
6.2.1) may also apply to this experiment: it is not clear whether the neutral value of one of the
cues in the 'single-cue condition' was truly a neutral one.

6.2.3 Cue integration for vowels

Conceming the effect of spectral acoustic cues on vowel perception, Ohde, Haley, and
McMahon (1996) and Ohde and Haley (1997) tested if 3-, 4-, and 5- year-olds were more
sensitive to formant transition cues than to steady-state formant cues. The stimuli were
synthetic CV syllables composed of voiced stops followed by one of the vowels /i-u-o/ with
either moving or straight formant transitions. In the moving-transition condition, the vowel
portion started with formant transitions (F2 to F4) of 40 ms. The duration of the Fl transition
varied across the different vowels. In the static formant condition, F2 to F4 remained constant
at the onset frequency and only Fl movement was sustained. The authors found no evidence
that formant transitions enhanced vowel identification in children. Children appeared to rely
mainly on auditory cues provided by the steady states (Ohde et al., 1996;1997). However, this
vowel study produced even greater ceiling effects than their stop-consonant experiment (see

section 6.2.1). In several stimulus conditions subjects responded with 90 to 100% correct
identification. Young children understood the task and could identify the vowels at high
levels, but the presentation of a CV syllable in which one of two cues is removed may not be

the most sensitive instrument for measuring the relative importance of speech cues to
phoneme perception.

6.2.4 Summary of children's perceptual integration of speech cues

The results described suggest that the relative importance of certain acoustic speech cues

differs for young children, older children, and adults. In addition, there appear to be age-
related differences between the relative weighting of certain acoustic cues. There is a trend in
the data that implies that, in combination with spectral noise, formant transition information
might be relatively more important, or weighted relatively more heavily, by children than by
adults in making phonetic decisions. In the next section we will elaborate on some of the
possible explanations for this finding.
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6.3 Explaining children's perceptual integration of speech cues

The findings from the perceptual integration studies described suggest that adults and children
divide their perceptual attention differently among the various components of the speech

signal. The cause of these age-related differences has not been directly addressed in these

studies. Only Nittrouer (1992) and Nittrouer and Crowther (1998) explicitly tested whether the

development of the auditory system could explain their weighting results. In the next sections,

we will elaborate on the auditory system explanation and on some other putative explanations

of the differences between adults'and young children's perception, such as the development

of the attention span, and of speech perception.

6.3.1 The development of speech perception

In the studies that have found age-related differences in the perceptual integration of speech

cues it is suggested that this is dependent on linguistic development (Hazan & Barrett, 1999;

Nittrouer, 1992, 1996a,2000b; Ohde & Haley, 1997). The perceptual weights adults assign to
acoustic properties are the result of learning how phonetic information conveyed by each

property varies across environments, and children as old as seven years have not completely
leamed these informational-environmental relations. For any given acoustic property children
have to learn to increase the weight assigned to that property in environments in which it is
particularly informative (Niurouer, 2000b). Several studies suggest that children's entry into
language is mediated by meaning, and that the earliest unit of segmental contrast in child
speech is not the phoneme, but the word or phrase (e.g. Bishop, 1997; Charles-Luce & Luce,
1990, 1995; Juscryck, 1993; Libermanetal., 1974; Macken, 1992; Metsala, 1997' Stackhouse
& Wells, 1997; Studdert-Kennedy, 1981; Vihman, 1996; Walley, 1993; Waterson, 1978). In
these studies it is proposed that a 'global' representation is adequate during the early stages of
acquisition because the number of words in an infant's lexicon is small. The representation of
learned words in memory need not be based on details of the acoustic signal. As linguistic
experience (and so, the lexicon) grows, representations that are more detailed are required in
order to accommodate the increasing number of words to be stored. In Jusczyk's WRAPSA
model (Word Recognition and Phonetic Structure Acquisition) it is assumed that only after the
development of weighting schemes, language-specific phonetic decisions can be made
(Jusczyk, 1993).

On the hypothesis that children have a more global listening strategy, Nittrouer has
argued that the formant transition may be the acoustic correlate of a more 'global' cue. This
correlation is motivated by the fact that a formant transition only emerges as a consequence of
producing a stretch of speech larger than one phoneme, such as a CV syllable. According to
her, this explains why children assign relatively more weight to the formant-transition cue

than adult listeners do. Interestingly, one of Nitfiouer's own series of experiments contradicts
her'global cue'explanation. Results by Morrongiello et al. (1984) and replications of these
results by Nittrouer (1992) and Nittrouer, Crowther and Miller (1998) demonstrated that, if
silent gap dwation and Fl onset frequency are varied independently in a "say-stay" contrast,
children (aged 4, 5 and 7) weight the transition cue less than adult listeners. The classification
functions of all listeners were very steep, which means that children weighted the silent-gap
duration in a way similar to adults.

Furthermore, findings in more recent studies seem to conhadict the idea of 'global'
lexical representations (e.g. Gerken, 1992; Jusczyk & Aslin, 1995; Swingley & Aslin, 2000).
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Swingley and Aslin (2000) demonstrated that infants of l8 and 23 months old recognised
familiar words significantly more poorly when they were mispronounced than when they were
pronounced corectly (e.g. vaby-baby, cur-car, tog-dog). These results suggest that the

representations of words in infants' lexicons are well specified, even at a phonetic level.
In conclusion, we are inclined to agree with the hypothesis that age-related differences

in weighting of acoustic speech cues are an effect of language development, but we do not
believe that the weighting of formant-transition information is caused by a global strategy in
speech perception.

6.3.2 The development of the auditory system

A factor that could play a role in the age-related differences in speech perception is the
maturation of the auditory system. In general, it is said that children perform more poorly than
adults on psycho-acoustic tasks (Allen & Wightman, 1992; Sussman, 1993; Sussman &
Carney, 1989). Psycho-acoustic tasks contain both sensory and decision stages ofprocessing;
the ability of infants to discriminate speech sounds could be a reflection of the capacity of
their sensory system.

Still, the greater importance assigned to formant-transition information as compared to
noise cues may be due to difficulties in processing the latter rather than a global listening
strategy. However, in Ohde and Haley it was found that even children as young as 3 years

identified place of articulation for stops in the 'with burst / no formant transition' condition
well above chance level. Nittrouer and colleagues explicitly tested the role of the auditory
system on children's weighting schemes in two studies. Firstly, Nittrouer (1996a)
demonstrated that children need larger acoustic differences in both fricative noise spectrum
and F2 onset (formant transition) to discriminate {u-su/ stimuli than adults do. Secondly,
Nittrouer and Crowther (1998) studied the role of auditory sensitivity in a series of
discrimination experiments wilh nonspeech stimuli. They obtained difference limens (DLs)
from children (ages 5 and 7 years) and adults for three types for acoustic properties: F2 glide,
F2 steady state, and silent gap. A pilot study showed that no subject (trained phoneticians as

well as untrained listeners) perceived any of the nonspeech stimuli as speech. The results
showed that children had larger DLs than adults for steady-state stimuli as well as for stimuli
with transition-like properties. There were no age-related differences between the DLs for the
temporal cue. The results of Nittrouer and Crowther (1998) indicate that differences in
auditory sensitivity cannot explain the age-related differences in speech perception.

6.3.3 The development of the attention span

Other candidates for a list of factors affecting children's classification of speech signals
include comprehension of instructions, motivation, attention to the task and task learning
(Elfenbein, 1983; Sussman 1993). Elfenbein (1993) included these factors in her analysis and
concluded that, although it is not possible to eliminate them as contributors to the
developmental pattern observed, it is clear that they are not the sole contributors. In Nittrouer
and Crowther (1998), results show that difilerences in affention to the task cannot explain age-
related differences in perception. In this study there were no significant differences across the
groups in perceiving the temporal cues (gap duration), but there were differences for other
speech-like cues. According to Nittrouer and Crowther (1998), these results show that the
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measured differences cannot be athibuted to the effects of procedural variables on
performance. Firstly, children were able to perform the detection task itself equally well as

adults, because in this one condition they showed similar results. Secondly, this finding shows

that children's attention did not wane with testing because gap detection was the last task
performed.

Furthermore, in Nittrouer's studies with fricative-vowel syllables, two test criteria
were used (e.g. Nittroter, 1992). Firstly, the best exemplars of /su/ and {u/ were presented in
a separate block between the test blocks and children had to identifu these stimuli at least 90%

correctly. In addition, children had to score 80o/o correct on these same stimuli during the test

blocks, in which they were presented randomly with the other stimuli of the continuum. It
seems reasonable to assume that children who meet these criteria have been concentrating

during the task and also that they had no special difficulty performing it.

6.4 The present study

The perceptual integration studies tell us that children, like adults, do integrate various

acoustic cues in making phonetic decisions. However, there appear to be age-related

diflerences between the relative informativeness and weighting of certain cues. There is a

general tendency for young children (3 to 7 years old) to rely relatively more on vocalic
formant transitions than older children and adults do. From the preceding overview it will
have become clear that research into the development of the perceptual integration of speech

cues has been concentrated on stop consonant and fricative contrasts and that studies that

report about children's perception of certain cues are not without methodological problems.

One of the more robust findings seems to be the weighting shift of acoustic cues for fricatives
as reported by Nittrouer and colleagues. However, in their weighting results there may be an

effect of the quality of the stimulus material, which was partly synthetic and partly natural in
all experiments except one.

The goal of the present study was to examine the perceptual weighting of various

speech cues in a /[ - sl,lp - W, and /a: - o/ contrast. The aim was, firstly, to discover whether

children of 4, 6, and 9 yea^rs old weight certain acoustic cues differently from adults and,

secondly, whether it is possible to see if children give more weight to formant transitions than
adults. The perceptual weighting was tested with a design similar to that of Nittrouer and

colleagues, except that only completely natural stimuli were used. The cue-weighting design
is an incomplete factorial design, since only one cue is varied along a stimulus continuum
with the other cue remaining fixed at two prototype values. Ideally, a complete factorial
design should be used with both cues varying along a continuum. However, this leads to a
large number of stimuli, and hence to a much longer duration of the experiment. This is not a
problem if only adult listeners are tested, but with children it increases the attrition rate as a

consequence of boredom and lack of concentration. Therefore, we chose to keep the number

of stimuli relatively low, as Nittrouer did, especially since we wanted to test cue weighting for
three phoneme contrasts instead of one.

The research questions were as follows:
1) What are the eflects of the fricative noise and the formant transition on fricative labelling

by children and adults?
2) What are the effects of the noise burst and the formant transition on stop-consonant

labelling by children and adults?
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3) What are the effects of steady-state formant frequencies and vowel duration on vowel
labelling by children and adults?

The l| - /sl contrast was chosen to see whether Nittrouer's results for American-English could
be replicated (e.g. Nittrouer, 1992,1996a,2000b). The cues under investigation were fricative
noise and formant transitions. It was expected that the l[/ - lsl classification results would
show the same patterns as those of Nittrouer: the functions should be more widely separated

and the slope should be less steep for young children than for adults.

We included the stop-consonant contrast in order to be able to compare fricative and stop-
consonant labelling and to evaluate the relative use of noise and formant-transition cues across
phonemic contrasts in which these cues may vary in duration and 'phonetic informativeness'.
In fricatives the noise cues can be as long as 120 ms, but they may be as short as l0 ms in stop
consonants. It is known from studies with adults that the formant transition is highly
informative in making decisions about the place of articulation of stop consonants. However,
adult listeners can also identiff stops on the basis of the noise burst only. Dorman, Studdert-
Keruredy and Raphael (1977) found an interaction between the relative importance of noise
burst and transitions and the following vowel: in some vowel contexts the burst is more
informative whereas in others the transitions have a more prominent role. However, Schouten
and Pols (1983) showed that, in the case of initial voiceless plosives in Dutch, both burst and

vocalic transition contain a great deal of information in any vocalic context. In addition, the
findings of Van Wieringen (1995) demonstrate that the place of articulation of Dutch stops

can be identified above change level from the transition cue only. On the basis of the results it
is expected that adults will use both noise-burst and formant-transition cues to decide about
stop consonant place of articulation. By contrast, the findings by Ohde and Haley (1997) and

Parnell and Amerman (1978) lead us to expect that children will weight the formant
transitions more heavily and the noise bursts less heavily for stop-consonant classification
than adults.

By investigating vowel labelling we wanted to look into the relative weighting of a temporal
and a spectral acoustic property. The temporal cue was vowel duration and the formant
frequencies of the vowels represented the spectral cue. The vowels that were investigated were
Dutch la:l allrd lsl. The spectral difference between these vowels is relatively small:
Koopmans-van Beinum (1973), Pols, Tromp and Plomp (1973), and Van Son and Pols (1990)
report an F1 of about 640-690 Hz, and anF2 of about 1100-1300 Hz. The relatively small
spectral contrast for la:l and lolis supplemented by a difference in duration: the la l is a long
vowel, its duration is about twice as long as that of the short vowel /o/ (Nooteboom, 1972).ln
Dutch both spectral and temporal cues seem to contribute equally to the discrimination of /a:/
and lol (Nooteboom & Cohen, 1984; Van Heuven, Van Houten & De Vries, 1986). Clement
and Wijnen (1994) and Kuijpers (1991) have found that2- and 4-year-olds are able to realise
the /a: - c/ length contrast. Yet, the relative difference in length between the vowels was
considerably smaller in the children's productions: the length ratio of la:l to /o/ was 1.75 for
adults, I .54 for 4-year-olds, and 1.2 for 2-year-olds (Clement & Wijnen, 1994).

Although little has been reported with respect to development of vowel perception, it is
generally agreed that the perceptual vowel system is fully acquired long before the consonant
system (Fourcin, 1978). There are a few studies that have looked into children's perception of
acoustic cues for vowels (Ohde & Haley, 1997; Ohde, Haley & McMahon, 1996). Concerning
the effect of spectral acoustic cues on vowel perception, they demonstrated that 3-,4-, and 5-
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year-olds and adult listeners relied equally on auditory cues provided by the static formant
onset or the dynamic formant transition.

For the experimental manipulation of vowel duration or vowel formant frequencies, no
specific predictions are offered in the developmental speech perception literature. On the basis

of the results of Ohde et al. (1996, 1997) and the assumption that the perceptual vowel system
is acquired at an early age, it is expected that the weighting schemes for vowels will be adult-
like at an earlier age than the weighting schemes for consonants. According to Nittrouer, the
weighting schemes for fricatives are adultJike when children are approximately 7 years old. If
vowel perception develops earlier than fricative perception, it may be expected that the
relative weighting of the vowel cues by children aged 7 or older will not differ from the
weighting by adult listeners.

6.5 Method

6.5.1 Stimulus material

The stimuli used were word pairs in which two acoustic cues were manipulated that specified
a phoneme contrast. In the consonant stimuli the noise and formant transitions were
manipulated. In the vowel stimuli, formant frequencies and vowel duration were manipulated.
The stimuli were generated by varying one cue in a way that resulted in a stimulus continuum
between two unambiguous endpoints. For the other cue, binary values were used which were
appropriate for one or the other target phoneme. The continua were formed via interpolation
between the relative amplitudes of the spectral envelopes of the target phonemes. This resulted
in very naturally sounding stimuli. The interpolation method was identical to the one used to
generate the stimulus continua for the experiments in the previous chapters. In chapter 2,

section 2.2.1, a more detailed description of the method can be found. All stimuli were
digitised at a M.l kHz sampling rate.

In the next sections the procedure of interpolation and the stimulus characteristics are

described in detail. The formant frequencies of the vowel portions were always analysed with
linear predictive analysis (preemphasis, Hamming window, Levinson-Durbin algorithm). This
procedure is described by Markel and Gray (1978).

6.5.1.1 Fricatives ffrk - sck/'plod' and 'sock'

The fricative stimuli consisted of a six-step noise continuum between l| and /s/. Two settings
were used for the l- ck/portion that followed the fricative noise: in one setting the noise parts
were concatenated with the l- cW portion from the word {ck/ and in the other setting the noise
parts were concatenated with the /- ck/ portion from the word /sck/. Note that this means that
the l- c[</ portions contained different formant transitions. The stimuli in the two settings will
be referred to as /([) ck/ and (s) chi, respectively.

The original words were produced by a female native speaker of Dutch, as part of a list
of words that contained six repetitions of {ck/ and /sck/ and filler words. The most natural
and best matching l[tW - /sck/ exemplars were chosen to serve as starting points for the
stimuli.
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Generution of the fricative-noise continuum
The continuum from l| to lslwas realised by interpolation between the relative amplitudes of
the spectral envelopes of 190-ms noise parts from the original words. In the first step in
generating the continuum, the signal was split into a source spectrum and a filter spectrum by
means of cepstral deconvolution. The separation criterion was set at 2.63 ms in the quefrency
domain. Next came an analysis of the spectral envelopes of the noise parts in terms of the
phases and amplitudes of 100 spectral components between 80 and 8000 Hz, depending on
spectral density. The spectral envelopes of the seven stimuli, obtained by means of six linear
interpolation steps between each of the 100 pairs of spectral components, were then
reconvolved with the original source spectrum of the l|.The interpolation was always done in
overlapping 19.18-ms time frames over the full length of the noise and the frame shift was 6.4
ms. In Nittrouer & Miller (1997a), the noise portions of a {u-su/, and a {o-so/ stimulus
continuum were also created by manipulation of the relative amplitudes of the spectral
envelopes.

Description of the fricative stimuli
The fricative-noise portions were always 190 ms long. Figure 6.5 displays the spectral
envelopes of the noise parts of stimulus I and stimulus 7. The major difference between the
noise portions was a relatively high amplitude at roughly 2.5 kllz for stimulus I (the most {/-
like noise) and a relatively high amplitude at 4 kHz for stimulus 7, the most /s/-like noise.
This is in line with the description of the spectral characteristics of these fricatives by Rietveld
and Van Heuven (1997): more energy at relatively low frequencies for if as compared to isl.
Figure 6.5 further displays the spectral envelope of the fricative noise in stimulus 4, which
shows the relative amplitudes in the 2.5-kHz and 4-kHz regions, which are, due to
interpolation, between those of stimuli I and 7.

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Fiqure 6.5. Spectral envelopes for the noise parts in stimuli 1,4,7 of the l[ckl - /sc]r/ continuum.
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The duration of the /fl ck/-stimuli was 480 ms, with a vowel duration of 130 ms. The formant
transition onset frequencies were 220 Hz, 1787 Hz and2566 Hz (first tluee formants). F2 fell
through the entire vowel portion to a final frequency of 1046 Hz. The target positions of Fl
and F3 were 460 Hz and 2340 Hz, respectively. The fundamental frequency fell from 228 Hz
to 198 Hz.

The duration of the (s) ek/ stimuli was 500 ms, with a vowel length of 120 ms. The

onset frequencies of the first three formants were 276 Hz, 1328 Hz and 2778 Hz. F2 and F3

fell through the entire vowel portion to final frequencies of 1078 Hz and 2ll2 Hz. The f,rnal

frequency of F I was 424 Hz. The firndamental frequency fell from 229 Hz to 165 Hz.

6.5.1.2 Stop consonants /pcp - kcp/'doll' and 'cup'

The stop-consonant stimuli were composed of a six-step continuum synthesised by changing
the noise burst from lpl to lk/. ln one setting, these seven noise parts were concatenated with
the /- cp/ portion from /pcp/; this will be referred to as the l(p) cplsetting. In the other setting,
the seven noise segments were concatenated with the l- cpl part from lktpl. This stimulus
setting is called /(k) cpi. The difference between the two settings is in the formant transitions.
The original words were produced by a male native speaker of Dutch.

Generation of the stop-noise continuum
The continuum from lplto lkl was realised by interpolation between the relative amplitudes of
the spectral envelopes of the original noise parts.
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Figure 6.6. Spectral envelopes for the noise parts in stimuli 1,4,7 of the lpcp/ - /kcp/ continuum.
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The spectral envelopes of the noise parts were analysed in terms of the phases and amplitudes
of 80 spectral components. The time frame for the interpolation was 25.6 ms (frame shift 6.4
ms). The separation between the source and the filter was done with the criterion set at 0.50
ms in the quefrency domain. This procedure of interpolation between the amplitudes of the
spectral envelopes was also used for similar stop-consonant stimuli in the developmental
study by Walley & Carrell (1983).

Description of the stop-consonant stimuli
The noise bursts were always 30 ms long. The major differences between the bursts were the

relative amplitudes of the frequency poles at approximately 2.7 kHz and 4.2kllz, as shown in
Figure 6.6. For the most lpl-like noise (stimulus l), the amplitude was relatively high at2.7
kHz, and for the most /k/-like noise (stimulus 7) it was relatively high at 4.2 kLlz. Figure 6.6
also displays the spectral envelope of the noise burst in stimulus 4, which shows a relative
amplitude in the Z.7-kHzregion that is, due to inteqpolation, between that of stimuli I and 7.

The /(p) cp/ -stimulus duration was 330 ms, with a vowel duration of 105 ms. The
formant transition onset frequencies were 423 H4 805 Hz and 2518 Hz (first three formants).
After 40 ms, the vowel target position was reached at 410 Hz, 899 Hz and 2553 Hz. The
fundamental frequency was 133 Hz.

The total duration of (k) cp/ was 300 ms, and the duration of the vowel was 100 ms.

The onset frequencies of the first three formants were 391 Hz, 1032 Hz and 2070 Hz. After 45
ms the target position was reached at 428 Hz, 876 Hz and 2305 Hz. The fundamental
frequency fell from 151 Hz to l42Hz.

The formant frequency values reported here for Dutch ltl are similar to those measured
by Pols, Tromp, and Plomp (1973) and Van Son and Pols (1990).

6.5.1.3 Vowels lzz:k - zokl 'shop' and 'bag'

The vowel stimuli consisted of a six-step continuum between the formant frequencies of la:l
ard lo/.In one stimulus setting, the vowels in the continuum had the appropriate duration for
/a:/. This stimulus setting will be referred to x lz (a:) k/. In the other stimulus setting the
vowels in the continuum were shorter, because they had the appropriate duration for /crl. This
setting is named lz (a) k/. The original words were produced by a male native speaker of
Dutch.

Generation of the vowel continuum
The continuum from la:l to lal was realised by interpolation between the relative amplitudes
of the spectral envelopes of the vowels. The spectral envelopes of the original vowels were
analysed in terms of the phases and amplitudes of up to 100 spectral components between 80
and 8000 Hz. The interpolation was always done in overlapping 25.6-ms time frames over the
full length of the vowel (frame shift was 6.4 ms). For the vowels the separation criterion was
set at 5.00 ms in the quefrency domain.
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Description of the vowel stimuli
The duration of each lzazU stimulus was 475 ms. Vowel duration was 200 ms. The values of
the first three formants for /a:/ were 584 Hz, 1388 Hz, and 2392Hz,. The pitch was constant at
121 Hz. The duration of lzrrkl was 435 ms and the duration of the vowel was 160 ms. The

values of the first three formants for lolwere 543 Hz, 1113 Hz, and 2305 Hz. The fundamental
frequency rose from l22to l39Hz.

The formant frequencies are similar to those measured by Koopmans-van Beinum
(1973), Pols, Tromp, and Plomp (1973), and Van Son and Pols (1990). The formants are

marked by amplitude peaks in the spectral envelopes of the vowels in Figure 6.7. Stimulus I
sounds like la:l and stimulus 7 is ar lol.It can be seen that the main difference between the

vowels is in F2: for lsl it has a lower frequency value than for la:/. Tlte spectral envelope of
stimulus 4 in the continuum is also given and shows relative amplitudes between those for
stimuli I and 7.

The duration of the vowel in the stimuli was 200 ms in one continuum, and 160 ms in
the other continuum. The difference in dnration between the /a: - o/ vowels was therefore 40
ms, which is less than the difference between the original vowels, which was 80 ms (220 ms
versus 140 ms for la:l and/o/,respectively).
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Fieure 6.7. Spectral envelopes for the vocalic parts in stimuli 1,4,7 of the lza:W - lzskl continuum.

The values of 160 ms and 200 ms were chosen on the basis of phoneme judgements by four
listeners (two phoneticians and two naive listeners). According to the pilot classification
results, all stimuli in the la: - olcontinuum sounded like lzokl, whenever vowel duration was

less then 160 ms. On the other hand, stimuli with a vowel duration of > 200 ms were almost
always classified x lza:W. To avoid ceiling effects in the results as a consequence of the
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heavy weighting of the duration cue, i.e. only lza:W or lzokl responses, duration values were
chosen that were more similar than the original duration values.

6.5.2 Subjects

The participants in this study were children of 4, 6, and 9 years old and adults. In each age

group 11 listeners were tested, except for the age-4 group, in which I I children completed the

fick - sck/ test, but only 10 children completed the /pcp - kcp/ and /za:k - zsk/ tests. The
children's age range was within 4 months below and 4 months above the designated age. They
were recruited through a day care centre, a kindergarten, and an elementary school in Utrecht.
The adults were students and employees at Utrecht University.

Selection and test criteria
To participate, children had to meet the following criteria:
. speech and Ianguage development at a normal pace,
. no siblings in speech therapy,
. no significant history of otitis media,
r llo myringotomy tubes,
. no indices of otitis media within the 12 months prior to testing.

Once selected, each child participated in a Dutch speech discrimination pre-test (Auditieve
Discriminatie Test, Crul & Peters, 1978). Only the first 15 of the 30 items of this standardised
test were used. The children had to score at least 90o/o correct discrimination to be included in
the classification experiment. The pre-test contained the stimulus words /sck/ and /pcp/. The
perception of /k/, la:/, and /crl was also tested, but with other words than the stimulus words.
Unfortunately, the fricative fi did not occur in the test, because it appears in Dutch mainly in
loan words, such as "chauffeur" ({o'fQr/ driver), and "shampoo" (/'Jompo/ shampoo). Apart
from loan words, lll also occurs in diminutives, e.g. 'Jasje" (/'joJe/ coat+dim.) and "huisje"
(l'hry[el house*dim.). Although {/ is a loan phoneme, it is regarded as part of the Dutch
phonological system (Beers, 1997; Rietveld & Van Heuven, 1997).

Although ll was not tested in the discrimination pre-test, it was assumed that 4-year-
olds have acquired this phoneme, which was confirmed by the fact that all children that
participated in the classification test could produce the iJ-sl contrast in the test words.

Throughout the classification experiment, children and adults were expected to
demonstrate at least 90o/o correct responses to the best exemplars of each response category. If
post-test observations revealed that a subject had not done so, it was assumed that general
attention had diminished, and the subject's data were discarded.

4-year-olds
A total of 34 children in the age-4 group were selected on the basis of the selection criteria.
Five 4-year-olds were excluded, because they did not reach the criterion of the speech
discrimination pre-test. This left29 children who were available for the classification test.

For the {ck - sck/ contrast, the first l1 children tested (2 boys arrd 7 girls) completed
the labelling test without any problem. Their mean age was 4 years.
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In the lprp - kcp/ contrast, 29 children were tested, but 4 children could not be

motivated to participate in the last test session. Of the 25 children that completed the test only
10 children met the test criterion. Thus l0 children (5 boys and 5 girls) provided the data for
this phoneme contrast. Their mean age was 3 years and 10 months.

In the lza;k - zokl test, l0 children were successfully tested. All29 children began

testing, but 4 did not finish the last test blocks. Only 10 of the 25 children that completed the

test met the test criterion. The boy/girl ratio was 2i8 and their mean age was 4 years and 2

months.
Note that only two 4-year-olds (2 girls) completed the tests of all three phoneme

contrasts. Thus, the results for the three contrasts consist largely ofjudgements from different
4-year-old children, whereas in the other age groups the same children completed all tests.

6-year-olds
On the basis of the selection criteria 12 children of age 6 were selected. They all passed the
speech discrimination pre-test and met the test criterion. However, one 6-year-old child did
not finish all the tests, due to lasting illness. Since there were no other children in this age

group that met the selection criteria, in total 1l children of 6 years old completed the tests.

The group consisted of 8 boys and 3 girls, their mean age was 5 years and l1 months.

9-year-olds
Twelve children of age 9 were selected on the basis of the selection criteria. They all
completed the speech discrimination pre-test and the labelling test without any problem,
except one child who got sick for an undefined time. This left l1 successfully tested children
in this age group. The mean age of 9-year-olds was exactly 9;0 and the group was composed
of 6 boys and 5 girls.

Adults
As might be expected, the I I adult participants were not faced with any problem. The adults
were between2Z and 36 years of age. The male/female ratio was 5/6.

6.5.3 Design

The stimuli were presented in three sessions: one session for each phoneme contrast. The
order of the sessions was alternated across subjects. There were three test blocks within each
session. A test block contained 28 trials: 2 repetitions x 7 stimuli x 2 settings). In total each
stimulus was presented 6 times. The total number of test trials in one session was 84. The
order of the stimulus settings (the two different formant-transition cues) was alternated across
subjects.

Figure 6.8 gives an overview of the training and test blocks within one session. The
order of stimulus presentation within blocks I and 2 differed, but the order in blocks 1 and 3

was identical. The first test block was repeated to evaluate test-retest reliability. There were
two versions of the order of stimulus presentation. In between test blocks, a block of ten best
exemplars was presented (5 repetitions of each response category). There were two versions of
the order of best-exemplars presentation.

9l
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training session with
naming pictures

o
training session with

best exemplars separately

+
training session with
both best exemplars

+
block l: test stimuli

.1,

best exemplars

o
block 2: test stimuli

{,

block 3: retest

of first block of test stimuli

Fieure 6.8. An overview of the experimental procedure that was used with the children and the adults.
Adult testing started with training of both best exemplars.

6.5.4 Procedure

Testing with children
The children were tested in a quiet room within the school building. Testing was
accomplished in 3 sessions. The first session contained the pre-test and the classification of
one phoneme contrast, ffid this session lasted approximately 25 minutes. The other two
sessions only contained the testing of one phoneme contrast and took approximately 15

minutes each.

The classifrcation test was presented via a personal computer and the child heard the
stimuli via headphones. The personal computer was a Pentium with Sound Blaster 16 sound

card from Creative Labs. The headset was a BeyerdynamicTDTTD. Stimulus presentation was

controlled by a Java program, which also generated a data file. Each stimulus was preceded by
a200 Hz pure tone that functioned as an attention signal. Children responded by pointing at
the picture of the stimulus and saying what was heard. There was no response time limit. If a
discrepancy was detected between what was said and what was indicated, the experimenter
asked for clarification. The experimenter monitored stimuli over headphones to ensure that
there were no equipment failures and to check the subjects' responses during testing.

After a short introduction of the test equipment, training started with the child learning
to associate the pictures and the test words (see Appendix A). The experimenter asked the
child to repeat the word she said and to point to the picture that represented the word. After
five correct trials the game was reversed: the child had to name one of the pictures and the
experimenter repeated the word and pointed. Sometimes the experimenter deliberately gave
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the wrong answer to see if the child would correct her. After a few trials the experimenter took
over the game and this phase ended after the child again had given five correct answers.

In the second training phase, one picture was placed in front of the child and the best

exemplar of that category was presented over the headphones. After this had been completed

for one response category, the picture was removed and the procedure was repeated with the

other response category. In the third training phase, both pictures were positioned in front of
the child at the same time, and the child was trained to point to the appropriate picture and to
repeat the stimulus (the experimenter entered the responses into the computer). The best

exemplars of each response category were presented 10 times each, in two blocks of five each.

The experimenter provided help during the f,rrst block, but not during the second block. This
second block of best exemplars served to evaluate whether each child could respond correctly
to 9 of l0 stimuli, a criterion for participating in the test.

Finally, testing with all stimuli in the set was conducted. After each block there was a

short pause in which the child received a piece of a jigsaw puzzle or was allowed to turn over
some memory cards. When the session was completed, children were given a sticker and after
the three sessions they received a little toy.

Testing with adults
Classification testing with adults also involved a forced choice between two alternatives.
Adults were tested in the experimenter's office in order to create a test environment
comparable to the one at the children's school.

Like the children, adults responded by pointing to the picture that represented the
stimulus and by repeating the word. There was no response time limit. The test procedure

differed from that of the children in that pre-test training consisted ofjust one block with the
best exemplars of the two categories and in that no games were played between the test
blocks. Responses to the best exemplars of each phoneme category had to be 90% accurate or
better.

6.6 Results

6.6.1 Statistical analysis

The results for the phoneme contrasts are presented in two classification functions for each
age group. The classification functions represent the participants' mean proportions for one of
the response labels for each stimulus. The slopes of the classification functions were analysed
to see if there were any age-related differences in the effect of the cue represented on the
abscissa. To determine age-related differences of the effect of the binary cue, the separation
between the functions was measured.

Comparison of slopes
Both the slope (or function gradient), and the function separation serve as indices of the extent
to which response decisions are based on each of the acoustic cues. The slope of the function
is taken as an index of the weight assigned to the cue that is represented on the abscissa
(notably the fricative-noise, noise-burst, and vocalic formant-frequency continuum).

93



94 CHeprsn 6

To calculate the slope, Linear Regression analysis was used. The proportions were
transformed into z-scores using the cumulative normal distribution. If the proportions for
successive stimuli did not differ by more than .05, they were interpreted as showing
asymptotic performance and hence, were left out of the analysis. Next, for each participant a
Linear Regression analysis was carried out, with Stimulus as the independent variable and the
z-score as the dependent variable. The slope coefficients (the b values) were analysed with a

two-way analysis of variance with factors Age (a) and Transition/Duration (2).

Comparison of shift size
The effect of the binary cue was determined by measuring age-related differences in the
separation between the two classification functions. In Nittrouer's studies (e.g. Nittrouer,
1992, 1996a,2000b), the size of the weighting shift is determined by measuring the distance
between the binary transition functions at the phoneme boundary. The phoneme boundary is
defined as the place along each function at which categorisation performance is at chance
level (50%). This procedure was not adopted here, since a weighting shift typically shows up
over a range of boundary steps, not just at one or two. A more complete measure of the shift
can be obtained by measuring the shift across a range of stimulus steps. Consequently, the
method of Pitt & Samuel (1993) was used, in which an ambiguous region is defined and the
rnean classification proportions of each stimulus in this range are subtracted. In the current
study the whole stimulus range was chosen as the ambiguous region. This choice was
motivated by the way the stimuli were generated: due to the independent manipulation of the
two cues, both stimulus continua consist partly of stimuli with conflicting acoustic
information.

To measure the separation between the curves, the classification proportions were
analysed in two stages. First, each proportion was transformed into an arcsine2 score
(Studebaker, 1985). Second, the area between the curves was measured by subtracting the
arcsine scores at stimuli I to 7 of one continuum from their counterparts in the other
continuum. A two-way analysis of variance was performed on the arcsine-difference scores
for each phoneme contrast to test the effect of Age (a) and Stimulus (7).

6.6.2 Fricative results

In figure 6.9 the results for the l[cW - /sck/ contrast are presented. The participants' /s/
response proportions were calculated for each stimulus along the continuum. Within each age
group 66 judgements were available per stimulus (6 presentations x l1 participants). In tables
I and 2 of Appendix B, the mean proportions of the two functions are listed, along with the
standard deviations.

In the analysis of variance on the l[cW - /sck/ responses, the main effects of Age (4),
Transition (2), Stimulus within Transition (7), and Test (3) were computed. There was no
significant effect of Test, which indicates that listeners performed similarly in the three
successive test blocks within the test session.

2 To allow the arcsine transformation to be carried out, p-values of zero and unity were replaced by,
respectively, P=.0009 and P=.9991 (see Kirk, 1982).
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All the other factors had significant effects on the labelling responses: Age (F:7.28, p<0.001),

Transition (F:25.33, p<0.001) and Stimulus within Transition (F:996.57, p<0.001). A post-
hoc Tukey HSD test on Age revealed no pairwise differences between the age groups.

A comparison of the mean scores for the two series of stimuli (the effect of Transition)
indicates that listeners, regardless of age, gave more /s/ responses when the transitions were
appropriate to a preceding /s/. There were significant Age x Transition and Age x Stimulus
within Transition interactions (F:6.22, p<.001 and F:3.88, p<.001). The age-related
differences were examined more closely by means of comparisons across age groups for the

functions' slopes and shift sizes, which are listed in table 6.l.

The relative weighting of the fricative noise cue was determined by analysing the slope values
for each age group. A two-way analysis of variance (Age x Transition) performed on
individual slope values exhibited a significant main effect of Age (F:10.90, p<0.001). A post-
hoc Tukey HSD test revealed that slope values were significantly lower for the 4-year-olds
and the 6-year-olds.

Table 6.1 . Mean slope and shift size of the ll ck/ - ls tkl classification functions for each age group.

Slope Shift size

Age 4

Age 6
Age 9
Adults

1.10

1.26

1.84

2.09

.23

.05

.05

.05

The separation between the classification functions, presented as 'Shift size' in Table 6.1

indicates the effect of the formant transition cue. A two-way analysis of variance with factor
Age and factor Stimulus was performed on the arcsine-difference scores and revealed
significant effects for both factors (F:4.43, p:.005 and F=7.43, p<.001). There also was a
significant Age by Stimulus interaction,F:3.25, p<.001. A post-hoc Tukey HSD test for the
Age effect revealed that the separation between the curves of the youngest children was
significantly larger than that of the other age groups. The greater separation between the
functions indicates that the 4-year-old children weighted the formant transition cue more
heavily than the 6- and 9-year-old children and the adults. A post hoc Tukey test with
Stimulus showed that the separation between the functions was largest at stimuli 3 and 4.

The results demonstrate that the 4-year-olds showed less weighting of the fricative noise cue
and heavier weighting of the formant-transition cue than the older listeners, but only for the
ambiguous stimuli in the continua. The 6- and 9-year-old children and adults did not use the
information in the formant-transition cue for the ambiguous stimuli at all, but based their
labelling decisions entirely on the information in the noise spectra.

The function gradients of the 4- and 6-year-olds were shallower than those of the 9-
year-olds and the adults. This means that there is no perfect reciprocal relationship between
the weighting of the two cues: the 6-year-olds show no use of the formant transition cue, but
their function gradient is as shallow as the one of the 4-year-olds. Apparently, the 6-year-olds
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have already learned to base their fricative decisions mainly on the fricative noise, but their
use of this cue is not adult-like yet.

6.6.3 Stop-consonant results

Figure 6.10 shows the mean percent lpcpl - kcplresponses per age group. Only 10 four-year-
olds completed the whole test. Thus, there were 60'judgements per stimulus for the age-4

group and 66 judgements per stimulus in each older age group. In tables I and 2 of Appendix
C, the mean proportions of the two functions are listed, along with the standard deviations. In
figure 6.10, it is illustrated that for the adult listeners the four endpoints of the lp-W contrast
were clear, unambiguous tokens. For the other age groups, the children, only the best

exemplars were unambiguous. The labelling results vary across the age groups, with marked
differences in the slopes and shifts of the classification functions. [n the analysis of variance

on the lpcp/ - lktpl data, the main effects of Age (4), Transition (2), Stimulus within
Transition (7), and Test (3) were computed.

The analysis revealed main effects of Age (F=26.69, p<.001), Transition (F:734.22,
p<.001) and Stimulus within Transition (F:267.87, p< 0.001). There was also a significant
Age x Transition and Age x Stimulus within Transition interaction (F:17.81, p<.001 and

F:5.65, p<.001).

A post-hoc Tukey HSD test with factor Age showed that, across both stop-consonant
transition conditions, the 4-year-olds gave more M responses. This can be seen in figure 6.10:

the 4-year-olds give 50% lkl responses to the first stimulus of the /(k) cp/ continuum, whereas

this proportion is much lower for the other age groups. A comparison of the mean scores for
Transition revealed that, when the transitions were appropriate for a preceding /k/ rather than a

/p/, listeners gave more /k/ responses. The age-related differences were examined more closely
by means of comparisons across age groups for the functions' slopes and shift sizes.

In table 6.2 the mean slope values and shift size values per age group are displayed. Since the
effect of Transition is significant, the slope values for the two functions are presented

separately. The two-way analysis of variance (Age x Transition) on the individual slope values
revealed a significant effect of Age (F:17.85, p<.001) and Transition (F:5.84, p:.018), but
there was no significant interaction between these two factors.

Table 6.2. Mean slope and shift size of the lpcpl - /kcp/ classification functions for each age group.
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Slope
lpcpl kcpl

Shift size

Age 4
Age 6
Age 9
Adults

.79 .59

.88 .87
1.19 1.r3
1.93 1.29

1.01

.61

.50

.66
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The post'hoc Tukey HSD test with Transition showed that for all groups mean slope for the

continuum with /k(cp)/ transitions was significantly lower than that for /p(cp)/. Thus, the

classification functions for the ip-kl continuum followed by the vowel from /kcp/ were

shallower than those for lp-kl continuum followed by the vowel from /pcp/. This indicates

that, according to the listeners, the first continuum contained more ambiguous stimuli than the

second continuum.
The results of a post-hoc Tukey HSD test with factor Age showed that there were

significant differences between the mean slope values of each age group. The mean values for
the 4-year-olds are lowest, and the slope value increases with age. Even the function gradients

of the 9-year-olds are shallower than those of the adult listeners. This means that the
weighting of the noise burst increases as children grow older, but is still not fully developed at

age 9.

The separation between the functions was determined to see the influence of the

formant transition cue on the labelling responses. The effects of the factors Age and Stimulus
were computed with a two-way analysis of variance on the groups' arcsine-difference data.

Age had a significantly effect atF:1.27 and p<.001, and Stimulus had a significant effect at

F:9.01, p<.001. In addition, there was a significant Age by Stimulus interaction, F:2.152,
p:.005. The post-hoc Tukey HSD test with Age revealed that the youngest group of children
demonstrated a significantly larger shift size than the other age groups. This means that the 4-
year-olds weighted the formant-transition cue relatively more heavily than the older children
and adults did.

In table 6.2 it can be seen that the shift sizes for the 6-year-olds' and 9-year-olds'
functions appear smaller than the shift size of the adults' functions, but this difference is not
significant. There are clear differences in shift size between groups as a function of the
stimulus. In figure 6.10 it can be seen that adults adjust their weighting to the strength of the
cue: the formant transition cue is weighted most strongly with the ambiguous noise portions.
In the graphs with the results of the 6- and 9-year-olds it can be seen that the distance between
their functions does not change much as an effect of the ambiguity of the noise cue. The post-
hoc Tukey HSD test for Stimulus revealed that the shift size was largest for stimuli 4,5 and 6,
which indicates that, according to the listeners, these stimuli contained the most ambiguous
noise portions.

The analysis of the stop-consonant data leads to the conclusion that only the youngest
children, the 4-year-olds, show more weighting of the formant transition cue than the older
age groups. All listeners use both cues in reaching a decision about the stop-consonant
category. The mean slope values show age-related differences for each age group. This
indicates that there is an overall tendency for children's classification of stop consonants to
weight the noise cue less heavily than the adults. The weighting of the noise cue is not adult-
like yet at age 9, the oldest children in the present study.

6.6.4 Vowel results

Figure 6.11 displays the mean proportions of lza:W - lzoU responses for each age group. Only
10 four-year-olds completed the whole test. The data of the 4-year-olds consist of 60
judgements per stimulus and there are 66 judgements for the other age groups. In tables I and
2 of Appendix D, the mean proportions of the two functions are listed, along with the standard
deviations.
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The figure shows that, even for the adult listeners, only the best exemplars reached

asymptotic performance at 0o/o and 100%. The left endpoint in the continuum with the lzsW

duration reached asymptote at 6Yo, and the right endpoint in the continuum with the lza:kl
duration reached asymptote at 85Yo. This means that the duration cue was a relatively strong

cue compared to the formant-frequency cue. In section 6.5.1.3, in which the vowel stimuli are

described, it was already noted that vowel duration is a strong cue in signalling the difference

between Dutch lol and /a:/. Because we expected ceiling effects to occur with the original
values, we used slightly less extreme vowel durations. The present results show that even with
these ambiguous duration values, some listeners show a tendency to base their phonetic

decisions entirely on the duration cue.

During the experiment some adult listeners reported that it was diffrcult not to let their

labelling responses be influenced by the variation in the production of la:l and lol in everyday

speech. They hesitated in their classification of some of the stimuli and informed the

experimenter about their doubts by saying that the vowels sounded 'as if they were spoken by
people with different Dutch dialects' and that they had the feeling that some stimuli could be

identified both as a 'Southern' lo/ or as a'Northem' la:/. Although the Utrecht dialect
contains an lolthat may sound like la:lto listeners from other Dutch regions, listeners did not
report hearing an Utrecht-like pronunciation of the vowels. The children did not report the

adult listeners' kind of labelling problems, most likely because they have less experience with
different Dutch dialects.

In the analysis of variance on the lza:kl - lzokl data, the effects of Age (4), Duration
(2) Stimulus within Duration (7), and Test (3) were computed. The effects of the factors

Duration and Stimulus within Duration were found to be significant (F=520.66, p<.001 and

F:457.87, p<.001). A comparison of the mean scores of Duration showed that listeners gave

more 'oo" responsss when the duration was appropriate for lol rather tharr la:/. There were also

significant Age x Duration (F:6.77, p<.001) and Age x Stimulus within Duration (F:2.09,
p<.001) interactions. The effect of the manipulation of formant frequency and duration on the

listeners' labelling was examined more closely by means of an analysis of the slope of the

functions and the shift size.

Table 6.3. Mean slope and shift size of the lza:kl - lzoklclassification functions for each age group.

Slope Shift size

l0l

Age 4
Age 6
Age 9
Adults

.96

1.08

r.73
1.83

.67

.60

.43

.43

Concerning the slope, a two-way analysis of variance with factors Age and Duration showed a

significant effect of Age (F:4.55, p.005). A post-hoc Tukey HSD test was performed to
analyse pairwise differences between the age groups. The results of this test revealed that
slope values were significantly lower for the younger children compared to the older children
and the adults. In figure 6.1 1 it can be seen that there is a reciprocal relationship between the
weighting of vowel duration and formant frequencies: the function gradients becomes less



t02 CHnprpn 6

shallow when the separation between the firnctions becomes smaller. The slope of the 9-year'
olds is adult-like. These findings demonstrate that the 4- and 6-year-olds weighted the formant
frequency cue less heavily than the 9-year-olds and adults did.

The shift-size effect was determined with a two-way analysis of variance with factors
Age and Stimulus. This analysis revealed significant effects for both factors, Age, F:3.64,
p:.013 and Stimulus, F:14.67, p<.001. The effect of Age is rather small and a post-hoc Tukey
HSD test with Age did not show any significant subgroups. The mean arcsine-difference
values are displayed in Table 6.3. As can be seen in this table, shift size is largest between the
functions of the youngest children; this shift is smaller for the older children and adults. Post-
hoc Tukey HSD with factor Stimulus revealed that largest shift size between the function was
at stimulus 3.

The lza:W - /zsW results show that all listeners use both vowel spectrum and vowel duration
to decide about vowel identity. The analysis of the slope of the classification functions shows
that the 4-year-olds and 6-year-olds weight the information in the vowels' formant frequencies
less heavily than the older children and the adults do. There are no significant differences in
the weighting of vowel duration between age groups. Apparently, the weighting of this vowel-
specific temporal cue is adult-like at age 4.

6.7 Discussion

In the present study, the perceptual weighting of acoustic cues in children's and adults'
classification of fricatives, stop consonants and vowels was investigated. Evidence was found
for developmental differences between children's and adults' cue-weighting schemes.

6.7.1. Cue-weighting for consonants

The fricative and stop-consonant results demonstrate that 4-year-old children assigned more
weight to formant transitions and less weight to noise spectra than older children and adults
did. At age 6, formant-transition weighting was adult-like. However, weighting of the fricative
noise was not adult-like until age 9, and none of the children weighted the noise burst in stop
consonant perception as heavily as the adults did.

There was a clear difference between listeners' weighting of the formant-transition cue
in fricative and stop-consonant perception. In order to decide about the fricative category, 6-
and 9-year-old children and adults used only the information in the noise cue. This was not the
case for stop-consonant labelling, in which all listeners depended on both the noise and the
formant transition cues and even the adult listeners showed a large effect of the transition cue.
The difference may be due to two difflerences between the acoustic cues for these two
consonant contrasts. Firstly, the noise burst was much shorter than the fricative noise (30 ms
and 190 ffis, respectively) and hence may have contained relatively less 'phonetic
information'. Secondly, the stop-consonant formant-transition cue changed in direction as an
effect of the change in place of articulation. It was slightly rising for lptl, but falling for lkcl.
This was not the case for formant transitions in the two fricative continua, which were both
falling. Maybe the change in direction of the stop-consonant transitions enhances their
usefulness as perceptual cues relative to the unchanging fricative transitions.
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The cue-weighting results for the fricatives generally support the findings by Nittrouer and

colleagues (e.g. 1992, 1996a, 2000b). Yet, there are some differences. In our l[ - sl
experiment, the children's weighting schemes for the transition cue are adult-like at age 6.

Furthermore, it was shown that the 6- to 9-year-old children and the adults only used the

information in the noise cue (the two functions coincided). These two findings are different
from those of Nittrouer since, firstly, in her fricative studies even 7-year-olds gave more
weight to formant transition cues than adults. Secondly, in her adult results there is also a

marked separation between the functions (representing the different formant transitions),
indicating that labelling is based on both the information in the noise spectra and in the

formant transitions. This discrepancy may be explained by differences between the stimuli.
Firstly, we used natural noises concatenated with natural vocalic portions, whereas in
Nittrouer's studies synthetic noises were combined with natural vocalic portions (Niurouer &
Studdert-Kennedy, 1987; Nittrouer, 1992, 1996a; 2000b; Nittrouer & Miller, 1997b). The

older children in Nittrouer's studies may have been less sensitive to the noise cue because of
its synthetic quality, and may therefore have assigned more weight to the natural formant
transition cue. Secondly, the differences between the results may be caused by the vowel-
related difference in the size of the transition effect that was mentioned by Nittrouer (1992). In
that study it was shown that the effect of the formant transition cue was most evident in the /u/
context as opposed to lil and /c/. For lil,the transition effect was rather small: for 3-year-olds
the effect was one-seventh as large as the effect found for lu/. The present {ck-sck/ transition
effect is similar to the transition effect (or the lack of such an effect) found by Mayo (1999).

Mayo's results with {o-so/ stimuli demonstrate no separation between adults' classification
functions, so adult listeners only use the information in the noise spectra. Unfortunately, as in
the current study, Mayo (1999) only used one fricative-vowel combination and thus the results
cannot be compared across vowel contexts.

Our stop-consonant results confirm the findings by Pamell and Amerman (1978) and

Ohde et al. (1995,1997). Although they used a completely different design, they found the use

of formant transition cues for stop-consonant labelling to be adult-like at age 6. This is also
true in our study: only 4-year-olds assign more weight to the formant-transition cue; from age

6 on, formant transition weighting is adult-like. Like Parnell and Amerman, we also found
differences in the weighting of the noise cue up to age 6 or 9. However, Ohde et al. do not
report age-related differences in the relative use of the noise cue. This may be due to their
manipulation of this cue: in their'noise-burst condition', they presented the noise burst plus
one voiced period, whereas we manipulated the noise burst only.

The developmental patterns for cue-weighting of consonant contrasts found in this
study are in line with findings on classification of consonant contrasts with stimuli in which a
single acoustic property was systematically varied along an acoustic continuum between two
phonemes (e.g. Burnham, Earnshaw & Clark, l99l; Krause, 1982; Kuijpers, 1996; Sussman
& Carney, 1989; Wolf, 1973; Zlatin & Koenigsknecht, 1975). According to the results in
those studies, phoneme categorisation behaviour of children as old as l0 to 12 years of age is
still less consistent than adults' classification.

6.7.2 Cue-weighting for vowels

The current vowel results demonstrate that all listeners integrated the information in the vowel
spectra with vowel duration in order to categorise the vowels. There are age-related
differences in weighting of the formant-frequency cue, but there are no age-related differences
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between the weighting of the dwation cue. All listeners based their vowel judgements on both
vowel cues. We expected that children's weighting schemes for vowels would be adult-like
earlier in development than the schemes for consonants since vowel perception is said to be

acquired at an earlier age in general. The present results partly confirm our expectations:

children and adults weighted the vowel duration cue in similar ways, but the weighting of the

formant frequencies was less for the 4- and 6-year-olds than for the older age groups. This
means that children's weighting of the acoustic cues for vowel categorisation is not fully
developed at age 6, which is at a much older age than was expected on the basis of findings in
previous studies (Vihman, 1996; Werker & Polka, 1993).

6.7.3 The development of the lexicon

In the introduction section of this chapter it was suggested that children's perceptual

weighting results indicate that learning must be involved in acquiring language-specific
weighting strategies. In the course of speech development children become familiar with the

variability in the amount of information conveyed by each acoustic cue across phonetic

environments, which guides the developmental shift towards adult-like perception. In other
developmental speech perception studies, age-related differences in perceptual strategies are

also explained by age-related differences in the size of the lexicon, especially in the number of
phonologically similar words (e.g. Charles-Luce & Luce, 1990, 1995; Jusczyck, 1993;
Walley, 1993). Studies that describe the size of children's lexicons appearto be very scarce.

To date, the only published Dutch study is the one by Kohnstamm, Schaerlaekens, DeVries,
Akkerhuis, and Froonincksx (1981). In this study, age-of-acquisition ratings (AoA) were used

to determine the size of the passive vocabulary of 6-year-olds. In AoA studies, the age at

which a particular word or concept is learned (passive knowledge) is determined by asking
participants to estimate the age at which various words are learned. In Kohnstamm et al.
(1981), the AoA estimates were obtained by asking teachers to indicate for 6,785 words (two-
to eight-letter nouns and verbs) to what extent they thought that each word was known to 6-
year-olds. From the total number of selected words, 1,278 words were estimated to be known
to 6-year-olds. Unfortunately, the Kohnstamm et al. (1981) ratings are limited, because they
only provide information about one moment in time: the transition from kindergarten to
primary school.

Recently, a new (Flemish) Dutch AoA rating was performed by De Moor, Ghyselinck,
and Brysbaert (in press). In this study, AoA ratings were estimated for 2,816 four- and five-
letter nouns from a large corpus of Dutch words (CELEX Database: Baayen, Piepenbrock &
Van Rijn, 1993). The rating participants were 559 undergraduate students from the University
of Gent (Belgium). This time, the age range was not limited to 6-year-olds (as in Kohnstamm
et al., 1981), but the participants were asked to select an age between 2 to 12 years. The
ratings show that for 143 words the AoA was estimated at age 4 or younger. This is 5% of the
total number of 4- and S-letter words in the CELEX database. At age 6, word knowledge has
increased to 606 words. This is 4.24 times the words learned at age 4, and itis22Yo of the total
number of selected words. At age 9, children were estimated to know 1,534 words (54% of the
selected 2,816 nouns). This is 10.73 times the word knowledge of 4-year-olds, and 2.53 times
that of 6-year-olds.

These AoA ratings imply that there is a marked increase in the number of 4- and 5-
letter nouns between ages 4 and 6. This growth is almost twice as large as the increase
between the ages of 6 and 9. The vocabulary spurt between 4 and 6 years of age may be a



WnrcHrmc oF Acousrrc SPEECH cuES

conscquence of children's entry into school-life. The school environment will provide a totally
new input to the child and therefore lead to a significant increase of their lexicon. Another
increase of children's vocabulary is expected when they begin to read at approximately age 6
(Adams, 1990). There might be a relationship between the shift in children's weighting of the

formant-transition cue and their relatively large vocabulary growth between ages 4 and 6.

However, this remains a speculative suggestion, since we did not investigate the size of the
children's lexicons. It would be interesting to see if future research in lexical development
could be directly related to age-related differences in speech perception.

6.4 Further research

Today, the primary theoretical and empirical focus in speech perception research is on the
performance and development of infants. As a result, techniques for studying perception are

much better established for infants than for slightly older children. The consequence is that a
complete picture of the development of phonetic representation from infancy to early
childhood is, for the time being, unobtainable (but see Swingley & Aslin, 2000). In the
previous section we have already suggested that it would be interesting to investigate the
development of the lexicon in relation to speech perception. In this section some other
suggestions are made for further research, specifically concerning the perceptual integration of
acoustic speech cues.

6.4.1 The development of phonemic awareness

In Nittrouer (1996b), it is suggested that there is a relation between phonemic awareness and

the fricative weighting results. Phonemic awareness3 refers to the ability to think about and

manipulate speech units. By four years of age most children develop an awareness of
subsyllabic units such as onset and rime. Only at approximately the age of six, children start
learning to identifu individual phonemes in words (see overview in Stackhouse & Wells,
1997, and in Bishop, 1997).

In Nittrouer's study (1996b), children (ages 7 and 8) with a low socio-economic status

and./or with chronic otitis media and a control group were tested. One of the goals of the study
was to determine if developmental changes in weighting strategies were conelated with
developmental changes in phonemic awareness. The weighting of fricative noise and vocalic
transitions was investigated with the fricative stimuli /su-Ju/ and /so-Jo/; the phonemic
awareness tasks were phoneme deletion and pig-Latin. The results demonstrated a link
between perceptual weighting strategies and phonemic awareness: children who were more
advanced developmentally on one task, were generally found to be more advanced on the

other task. Unfortunately, nothing can be concluded about the direction of causality between
the development of these processes. In Mayo (1999), the relation between perceptual
weighting and phonemic awareness was tested with normally developing children, aged 5 to 7.

3 Phonemic awareness measures are, for instance, phoneme blending and phoneme segmentation,
phoneme deletion and language games, such as pig-Latin. In phoneme-deletion tasks a nonsense word
is presented and one phoneme has to be removed in order to make a real word. Pig-Latin words are

formed by taking the initial consonant of an English word and moving it to the end of the word, then
adding "-ay" after the consonants. Thus, "You must be kidding!" would be fashioned "Ouyay ustmay
ebay iddingkay 1".
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The results demonstrate that high levels of phonemic awareness were related to adult-like
perceptual weighting schemes. Furthermore, the results demonstrated that children who had
not received literacy or phonemic awareness training, displayed no adult-like weighting
schemes. It is suggested that in the absence of phonemic awareness development, perceptual
weighting remains non-adult-like, even in older children (Mayo, 1999). However, this
interpretation is only based on data of four children and therefore warrants further
investigation.

Although both studies try to link phonemic awareness to perceptual strategies, we do
not think it is very likely that phonemic awareness changes word representations in long-term
memory. In school, children are given explicit phonemic awareness training as part of learning
to read and write. Several phonemic awareness studies have demonstrated that children who
are good at these manipulation tasks are also good readers, but phonemic awareness is not a
prerequisite for learning to read and write (see review in Bishop, 1997).

As we have said before, it is expected that beginning to read and write leads to a large
increase in children's vocabulary (Adams, 1990). Therefore, it may be that the results of
Nittrouer (1996b) and Mayo (1999) show the effect of literacy training and the development

:l*:J"::on 
on children's weighting of acoustic cues and not a unique efflect of phoneme

6.4.2 Lrnguage disorders

In Nittrouer (1999), it was shown that, in making fricative labelling decisions, children with
poor phonological processing abilities weighted formant transitions more heavily than control
children did. According to Nittrouer, this indicates a delay in the developmental weighting
shift: the children with poor phonological processing abilities were still using the formant-
transition cue in a way shown by younger children, whereas the control children already
weighted the noise and formant-transition cues in a way similar to adult listeners.

There are numerous reports that demonstrate that children with Specific Language
Impairment or children with dyslexia have impairments in expressive and receptive phonology
(see overview Bishop, 1997; and also Leonard, 1998). Of special interest are the claims of
Tallal and colleagues (e.g. Tallal & Stark, l98l; Tallal et al., 1996) that refer to the perception
of formant-transition information. In Tallal's hypothesis of a "temporal processing deficit" it
is said that children with Specific Language Impairment have marked difficulty processing
brief and rapidly changing acoustic information, notably formant transitions (but see Mody,
Studdert-Kennedy & Brady, 1997). However, the results of Nittrouer (1999) contradict
Tallal's hypothesis: children with poor phonological processing abilities based their fricative
classification more on formant transitions than the children with good phonological
processing abilities did. No evidence was found in favour of a temporal processing deficit.
However, the children tested in Nittrouer's sfudy were not severely language- or reading-
impaired, as was the case in Tallal's studies. It would be worthwhile to use the cue-weighting
paradigm to explicitly test the "temporal processing deficit" hypothesis. If SLI children and
children with developmental dyslexia truly have a severe disorder in the processing of formant
transition information, this might be reflected in a different weighting of this specific cue by
these children compared to normally developing control children.
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6.5 Conclusion

In the present study it was shown that young children are able to identify words like "sok-
sjok", "pop-kop", and "zak-za*" in a way similar to adulg. However, children differ in the
relative weights they assign to the acoustic cues that underly the phonetic differences between
these minimally differing word pairs. When children grow older and gain more experience
with their native language, they adjust their weighting of acoustic speech cues. This results in
a shift away from their early weighting schemes towards adult-like cue weighting.

The perceptual cue-weighting findings indicate that children are able to use small
acoustic differences between different realisations of speech sounds to decide about the
phoneme category they hear. The idea that children's initial representation of words is not
well specified seems to be in contradiction with their ability to focus on such fine-grained
phonetic details. The present findings suggest that children's lexical representations of words
may be well specified, as is also suggested in recent studies with much yolrnger children (e.g.

Jusczyk & Aslin, 1995; Swingley & Aslin,2000).
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Chapter 7

General discussion and conclusion

The present study deals with the way listeners classiff speech sounds that belong to the
phonological system of their native language. It was investigated how children learn to assign
the appropriate weights to acoustic cues that speciff particular speech sounds and how the
acquired classification system influences the way adult listeners perceive acoustic differences
between speech stimuli.

With respect to the latter question, the hypothesis was tested if there is a strong
relationship between listeners' classification and discrimination of stimuli along a continuum
between two speech sounds (the 'categorical perception hypothesis'). It was expected that
listeners would be relatively poor at detecting differences between within-phoneme-category
stimuli, because these stimuli contain acoustic differences that do not convey meaning and

thus are irrelevant for speech comprehension. On the other hand, it was thought that listeners
would be relatively good at detecting differences between across-phoneme-category stimuli.
In Chapter 5, in which a summary and a discussion of the results of this part of our study are

presented, we conclude that the categorical perception hypothesis has to be revised: there is no
strict relationship between discrimination and classification of speech sounds. There appear to
be marked effects of several procedural factors, especially of the discrimination task, on
listeners' discrimination perforrrance and hence on the degree of categorical perception. The
absence of such a relationship implies that listeners' language use and language development
do not have a strong effect on their discrimination of speech. Listeners do not 'lose' their
auditory ability to detect non-phonemic acoustic differences between speech sounds.

This conclusion is supported by the findings of cross-linguistic speech perception studies.

Initially, there were several reports in which it was claimed that there is a loss of sensitivity to
non-native phoneme contrasts as an effect of learning the phonological system of the native
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language (e.g. Werker et a1., 1981). However, what these early reports seem to show is
listeners' classification rather than their discriminatian performance. In cross-linguistic
studies, usually the change-no change procedure is used, with a non-native phoneme contrast
presented in two naturally produced syllables. In our view, even though non-native phonemes
are presented, listeners still try to match the stimulus with the most closely resembling native
phoneme category. If both stimulus tokens are classified within the same category, change-no
change 'discrimination' performance is expected to be very poor, which is what is shown in
studies that have used this procedure. But listeners may be able to use two different labels for
the non-native tokens, which explains why some non-native phoneme contrasts are
'discriminated' more easily than others (e.9. Best, McRoberts & Sithole, 1988; Werker &
Tees, 1984a). The study by Werker and Tees (l98aa) is of special interest here since they
demonstrated that listeners who could not discriminate non-native contrasts with the change-
no change task, readily discriminated the same stimuli when AX discrimination with feedback
was used. This suggests that the early studies do not show that there is a loss of discrimination
between non-native speech sounds, but that insufficiently sensitive discrimination procedures
have been used to reveal listeners' true discrimination performance.

In the developmental part of the present study we focused on speech classification only. It was
investigated how children learn the weighting schemes for acoustic speech cues that underlie
decisions about phoneme categories. The results show that children integrate cues in a similar
way as adult listeners do, but that they assign different weights to these cues. As children
grow older and gain experience with the native language, their weighting of cues gradually
shifts towards adult-like weighting. The weighting results imply that children are able to
change their speech classification according to small changes in acoustic speech cues. This
supports our claim that learning the native language does not have consequences for detecting
small differences between speech sounds.

In more recent studies with infants, it is generally agreed that infants' ability to detect
small acoustic differences between speech sounds does not become worse as an effect of their
development of the native classification system. In several reports it has been shown that
young infants (1 to 6 months old) are able to discriminate both native and non-native phoneme
contrasts within syllables or words. Between 6 months and 12 months of age there appears to
be a change in their perception since they become worse at discriminating between non-native
speech sounds. At first sight this may seem to contradict our claim that discrimination does

not become worse as an effect of language learning. However, this apparent contradiction is
again due to confusion of discrimination and classification. The discrimination task used in
the infant studies is the same change-no change test we described in our discussion of cross-

linguistic research. We have argued that this test measures adult listeners' speech
classification instead of their discrimination. Is this also true for infants? We would argue that
young infants (l to 6 months old) attempt to 'categorise' the speech input. By 'categorisation',
we mean the general cognitive ability to structure the environmental input into meaningful
groups of signals. This differs from 'classification', which in our view refers to the ability to
use category representations stored in long-term memory. Young infants have not developed
these categories yet, but the behaviour of infants of 12 months of age shows that they have
developed some early form of phoneme category representations in long-term memory.
Therefore, it would seem that the change in infants' perception between 6 and 12 months
reflects their language acquisition and their earliest effort to classifu speech stimuli.

In conclusion, it was shown that categorical perception defined as a strict relationship between
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discrimination and classification of speech sounds does not exist. There are marked effects of
several procedural factors, especially of the discrimination task. If a task is used that is
sensitive to the acoustic differences between stimuli, there is no relationship between
discrimination and classification results. This means that the acquired classification system
does not have a negative effect on the discrimination of speech sounds. The auditory system
remains capable of perceiving within-phoneme-category differences. The cue-weighting
experiment has revealed that the classification system is not fully developed at age nine. In
addition, children's adjustment of the weighting of certain speech cues supports the idea that
we remain sensitive to subtle acoustic differences.

The development of the native classification system influences the way children and

adult listeners classiff speech, but does not diminish their ability to perceive acoustic
differences between speech sounds. On the confiary, the classification mechanism actually
enhances discrirnination, especially of meaningful speech sounds.

lll
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Apperunrces

Appendix A

These pictures' were used for the experiments with the children. The actual pictures were
approximately 25 cm x 20 cm and brightly coloured. Pictures I and 2 represent 'plod' and
'sock', numbers 3 and 4 are 'doll' and 'cup', and 5 and 6 are 'bag' and 'shop'.

r23

* With special thanks to Marieke Franken, who made the drawings.
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Appendix B

Table l. Mean proportion and standard deviation per { (ck)ltransition stimulus and age group.

ll to /s/ noise stim I stim2 stim3 stim4 stim5 stim6 stimT

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

.03

.07

.00

.00

.00

.00

.00

.00

.02

.05

.00

.00

.00

.00

.00

.00

.03

.06

.05

.07

.03

.06

.00

.00

.27

.22

.35

.15

.52

.34

.35

.31

.84

.25

.83

.19

.95

.10

.89

.r9

1.00

.00

.97

.06

1.00

.00

1.00

.00

.98

.05

1.00

.00

1.00

.00

1.00
.00

Table 2. Mean proportion and standard deviation per /s (ck)/-transition stimulus and age group.

/J/ to /s/ noise stiml stim2 stim3 stim4 stim5 stim6 stimT

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

.03

.09

.00

.00

.00

.00

.00

.00

.08

.13

.03

.06

.00

.05

.00

.05

.97

.06

.95

.07

1.00
.00

1.00
.00

1.00

.00

1.00

.00

1.00
.00

1.00
.00

.23

.26

.06

.08

.03

.07

.00

.00

.71

.28

.4t

.19

_52

.32

.35

.40

.86

.14

89
20

95
10

89
10
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Appendix C

Table 1. Mean proportion and standard deviation per /pcp/-transition stimulus and age group.

/p/to lW noise stiml stim2 stim3 stim4 stim5 stim6 stimT

t25

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

_00

.00

.42

.05

.00

.00

.00

.00

.02

.05

.02

.05

.00

.00

.00

.00

.03

.07

.02

.05

.03

.06

.00

.00

.22

.t6

.r 1

.l I

.03

.06

.00

.00

.32

.25

.24

.28

.24

.21

.05

.07

.57

.42

.50

.35

.71

.26

.61

.30

.78

.29

.79

.27

.95

.14

.98

.05

Table 2. Mean proportion and standard deviation per /k (cp)/-transition stimulus and age group.

/p/ to /k/ noise stiml stim2 stim3 stim4 stim5 stim6 stimT

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

.50

.32

.06

.11

.l I

.19

.03

.06

.52

.46

.17

.22

.18

.31

.08

.15

.57

.40

.23

.20

.27

.39

.17

.28

.77

.31

.50

.39

.38

.39

.47

.22

.77
,?6

.68

.t)

.67

.30

.88

.t4

.92

.15

.91

.10

.89

.15

1.00

.00

.97

.10

.97

.09

1.00
.00

1.00

.00
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Appendix D

Apppl.torcns

Table 1. Mean proportion and standard deviation per lza:W-duration stimulus and age group.

/a:l to /o/ spectrum stiml stim2 stim3 stim4 stim5 stim6 stimT

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

.02

.05

.00

.00

.02

.00

.00

.00

.00

.00

.02

.00

.00

.00

.00

.00

.13

.24

.09

.l l

.06

.15

.12

.25

.52

.14

.65

.21

.73
?q

.76

.31

.78

.29

.88

.16

.94

.13

.89

.28

.75

.29

.82

.15

.92

.15

.85

.31

.85

.20

.91

.13

.97

.06

.85

.28

Table2- Mean proportion and standard deviation per lzok/-duration stimulus and age group.

/a:lto /crl spectrum stiml stim2 stim3 stim4 stim5 stim6 stimT

Age 4

Age 6

Age 9

Adult

Mean
SD

Mean
SD

Mean
SD

Mean
SD

.17

.26

.30
')<

.17

.21

.06

.19

.95

.l I

.95

.07

.97

.06

.95

.14

1.00
.00

.98

.05

.98

.05

1.00
.00

.28 .67

.29 .24

.30 .67

.23 .28

.18 .62

.29 .3r

.08 .68

.15 .33

1.00 l.00
.00 .00

.95 .98

.10 .04

1.00 .98
.00 .05

.98 1.00

.05 .00


