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Speech contains a variety of acoustic cues to auditory and phonetic contrasts that are exploited

by the listener in decoding the acoustic signal. In three experiments, we tried to elucidate
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whether listeners rely on formant peak frequencies or whole spectrum attributes in vowel

discrimination. We created two vowel continua in which the acoustic distance in formant

frequencies was constant but the continua differed in spectral moments (i.e., the whole

spectrum modeled as a probability density function). In Experiment 1, we measured reaction

times and response accuracy while listeners performed a go/no-go discrimination task. The

results indicated that the performance of the listeners was based on the spectral moments

(especially the first and second moments), and not on formant peaks. Behavioral results

in Experiment 2 showed that, when the stimuli were presented in noise eliminating differences

in spectral moments between the two continua, listeners employed formant peak frequencies.

In Experiment 3, using the same listeners and stimuli as in Experiment 1, we measured an

automatic brain potential, the mismatch negativity (MMN), when listeners did not attend to the

auditory stimuli. Results showed that the MMN reflects sensitivity only to the formant structure

of the vowels. We suggest that the auditory cortex automatically and pre-attentively encodes

formant peak frequencies, whereas attention can be deployed for processing additional spectral

information, such as spectral moments, to enhance vowel discrimination.
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1. Introduction

Vowels and consonants can be considered as the main

building blocks of spoken words. Their role in speech and
language processing is, however, in many respects different

(for a review, see Nespor et al., 2003). For example, vowels and

consonants follow a distinct developmental course in speech

perception with vowels emerging earlier than consonants
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both in perception (Bertoncini et al., 1988) and production

(Kuhl et al., 2008). In contrast, consonants seem to be more

important in the acquisition of vocabulary later in infancy

(Nazzi and New, 2007). At the other extreme, processing of

vowels and consonants can also be dissociated by brain

damage in the adult brain (Caramazza et al. 2000). In addi-

tion, in the majority of languages vowels form the nucleus of

the syllable and accordingly provide the major impetus for

speech rhythm in terms of alternation of stressed and

unstressed syllables (e.g., Cutler et al., 1997), and finally,

speaker normalization seems to occur mostly by calibrating

the perceptual mechanism of the listener by using the

formant values of vowels produced by the speaker (Ladefoged

and Broadbent, 1957).

Vowels have a relatively stable temporal and spectral

structure. At least in clear speech, vowels as compared to

consonants comprise steady-state parts of high energy

(Stevens, 2002) in which the resonance properties of the vocal

tract (formants) change relatively little, a property which

lends itself suitable for the recognition of the identity of the

vowel (Delattre et al., 1952). In contrast, consonants typically

involve several acoustic cues that correlate with the identity

of the consonants (Pickett, 1999). A well-known example is

formant transitions, i.e., rapid changes in the resonance

frequencies of the vocal tract that are critical cues to the

place of articulation of adjacent consonants. Thus, given

their less dynamic nature, vowels seem to provide a relatively

stable frame of reference for many operations in speech

perception, which has led some researchers to consider

vowels as ‘‘islands of reliability’’ (Diehlet al., 1987). Never-

theless, there is still dispute over the distance metrics that

determine the position of individual vowels in the perceptual

space. In the present study, we asked the participants to

discriminate vowels using a simple go/no-go task. We then

examined the effects of two acoustic metrics on discrimina-

tion performance. We focused (a) on the distance of vowels as

defined by the two lowest formant peak frequencies in

Euclidean space, and (b) on the distance defined by using

spectral moments. If the metric correlates with perception,

the prediction is that for vowel pairs that are highly dis-

criminable, the metric must indicate large distances, while

those vowel pairs that are hard to discriminate the metric

should indicate small distances in the vowel space (e.g.,

Bladon and Lindblom, 1981).

Another aim of the current study is to investigate whether

attention plays a role in the availability of auditory and/or

phonetic representations. Recent research suggest that, for

example, new non-native speech contrasts may first be

learned by selectively attending to auditory attributes that

do not underlie native phonetic contrasts (Francis and

Nusbaum, 2002). Furthermore, some context effects in speech

perception once thought to be specific to phonetic interac-

tions seem to involve abstract auditory representations sepa-

rate from formant peaks e.g., (Holt, 2005). In accordance with

this, neurophysiological evidence indicates that attention

affects the functioning of the auditory cortex by reducing

frequency-specificity (Petkov et al., 2004) suggesting that

instead of detailed frequency information, spectral attributes

with reduced spectral detail may be available to the listener

through attentional modulation. At present, however, it is
unclear what the role of attention is in the availability of

different perceptual distance metrics in vowel discrimina-

tion. To summarize, the current paper focuses on the utiliza-

tion of two distance metrics – formant peak frequencies and

spectral moments – in vowel discrimination, and reports on

three experiments in which the availability of these para-

meters as a function of attention were studied using both

behavioral and electrophysiological methods.

1.1. The metrics of vowel identification and
discrimination–behavioral studies

All (non-rhotacized) oral vowels can be identified on the basis

of the two lowest formant frequencies (Assmann and

Summerfield, 1989; Delattre et al., 1952; Klatt, 1982b; Rosner

and Pickering, 1994), and the variation in the two lowest

formant frequencies explains vowel identification better than

other acoustic components of the spectrum (Carlson and

Granström, 1979; Pickett, 1957; Pols et al., 1969). Furthermore,

formant peaks provide a robust landmark even in adverse

listening conditions such as those in the presence of simul-

taneous speakers and other background noise (for a recent

review, see Assmann and Summerfield, 2004). Finally, the

results from a series of studies conducted by Klatt (1979,

1982a, 1982b) suggest that formant peak frequencies best

predict phonetic distance between vowels, and only moderately

large changes in relative formant amplitude (i.e., spectral

slope) induce a similar change in phonetic perception as

changes in formant frequency (see also Aaltonen, 1985; Klatt,

1982a) also noted that amplitude and formant changes do not

cancel each other out and that, qualitatively, manipulation of

formant frequency tends to induce a change to a different

vowel but formant amplitude changes prompt the perception

of phonetic change towards nasality. Another important

observation is that the type of the listener’s task seems to

be crucial in that other spectral attributes based on more

global spectral aspects (such as spectral slope) may well be

used in tasks in which psychophysical or general auditory

distance is judged (Carlson and Granström, 1979). Despite

the well-established role of formants as acoustic correlates

of vowel identity, other perceptual distance metrics have

been proposed focusing on the shape of the whole spectrum.

In this study, we will consider one of them in some detail,

namely, a quantification of the whole spectral shape as a

probability density function yielding four spectral moments

(mean, standard deviation, skewness and kurtosis).

Bladon and Lindblom (1981) argued that models of vowel

perception that concentrate exclusively on the formant peaks

may ignore important information about perceptually rele-

vant auditory characteristics of vowels. Second, formants are

elusive because they may fuse or interact with anti-formants.

Furthermore, high fundamental frequencies produce pro-

blems for formant tracking because of sparse distribution of

harmonics at the assumed locations of formants (e.g., De

Cheveigné and Kawahara, 1999). Third, other spectral attri-

butes than individual formant peaks are employed in vowel

perception such as local fusion of (higher) formants

(Assmann, 1991; Beddor and Hawkins, 1990; Chistovich,

1985) or whole spectral shape (Ito et al., 2001; Zahorian and

Jagharghi, 1993). Bladon and Lindblom, 1981) proposed that
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vowel perception is established by assessing the whole

spectral energy distribution of the spectrum. In several

experiments, they tested predictions derived from their

model, and the results from vowel quality judgment tasks,

in which participants estimated the similarity of pairs of two-

and four-formant vowels, indicated that the performance

could be predicted relatively well by a model in which each

vowel was represented as a single spectral shape.

A further example of the use of the shape of the whole

spectrum in vowel identification is the study by Ito et al.

(2001) who set up experiments to investigate the relative

importance of formant peaks and whole spectrum attributes

of Japanese vowels. The results showed that formant ampli-

tude and the amplitude ratio between the high and low

spectral components (even in the presence of formant peak

information) are equally important and sometimes even

more important for the perception of the vowel identity.

Taken together, all these findings suggest that listeners are

capable of using other cues than local spectral peaks in vowel

identification, and vowel timbre is not completely deter-

mined by formant peaks.

In the whole spectrum approach, the spectrum of a speech

sound can be conceptualized as a probability density func-

tion, and four moments (i.e., center of gravity or mean,

standard deviation, skewness and kurtosis) can be computed

from the spectrum. These moments have been shown to play

a role in the perception of fricatives (Forrest et al., 1988;

Jongman et al., 2000; Tomiak, 1990) and laterals (Sawusch and

Gagnon, 1995). For example, Sawusch and Gagnon (1995)

studied the perception of sine wave speech (SWS) analogs

of/la/ and/ra/ stimuli in which the formant tracks were

replaced by three time varying sine waves (T1, T2, T3) by

training the participants to classify the stimuli into two

categories. The important aspect of these experiments was

that the participants were under the impression that the

stimuli were non-speech signals. Sawusch and Gagnon sug-

gested that two distance metrics, one based on sine wave

peak differences using formulae from Miller (1989) and

another based on spectral moments could account for the

results of labeling experiments. To evaluate quantitatively

the sufficiency of these two perceptual cues, Sawusch and

Gagnon fitted their data against a classification model by

Nosofsky (1989) in which the Euclidean distance between the

stimulus and the memory representation in a multidimen-

sional space was compared. The results indicated a better fit

for spectral moments than peak differences, and also that the

first three spectral moments predicted listeners’ performance

well in the nonspeech tasks. Accordingly, they proposed a

serial model of speech perception in which speech and

nonspeech categories are both based on a rich abstract

auditory code.

Besides being identified, vowels need to be discriminated

from each other. The ability to discriminate between vowel

tokens is a crucial prerequisite for acquiring the native

language vowel repertoire in infancy (e.g., Werker and Tees

(1984)) and for second language learners to acquire phonetic

categories that do not exist in their native language (e.g.,

Flege et al. (1999). Some researchers have also suggested that

the ability to discriminate native language vowel contrasts

correlates with production accuracy (Perkell et al., 2004).
Although it is well-established that formant peak frequencies

are important for the identification of the identity or category

of the vowel, it seems evident that when the task of the

participant is changed from identification to discrimination

then those properties reflecting category identity may not be

sufficient as listeners are able to discriminate within-

category tokens (Fry et al., 1962). The difference in task

demands can be exemplified by focusing on the phenomenon

of categorical perception (Harnad, 1987). The categorical

perception effect refers to a relationship between perception

of category identity and discrimination sensitivity which in

an ideal situation is derived from the identification function

(Liberman et al., 1957). Most effectively, stop consonants

seem to form a speech category that displays a pattern of

classical categorical perception. In contrast, identification

and discrimination of vowels has been suggested to show a

less straightforward relationship compared to consonants. In

some instances vowels are not perceived categorically, and

within-category discrimination scores well above chance are

obtained (Fry et al., 1962; Fujisaki and Kawashima, 1969;

Fujisaki and Kawashima, 1970; Pisoni, 1973). However, given

‘‘ideal’’ experimental conditions, such as short stimulus

duration, long inter-stimulus interval in stimulus presenta-

tion and a specific discrimination task such as the classical

ABX task – all of which tax the auditory short-term memory –

vowels also show the typical characteristics of categorical

perception (Gerrits and Schouten, 2004; Pisoni, 1973; Schouten

and van Hessen, 1992).

Thus, even though vowel identification in several instances

is based on formant peak picking mechanisms, certain

experimental conditions (such as using auditory distance or

quality judgment task) may direct the listener to employ

other spectral attributes in vowel identification. Furthermore,

in vowel discrimination experiments listeners are often

asked to make judgments about differences of within-

category stimuli which may also prompt the listener to use

all available spectral information.

1.2. Electrophysiological studies of vowel perception

A complement to traditional behavioral vowel discrimination

experiments are measurements of event-related potentials

(ERPs) evoked by electric currents in the brain. Recording of

ERPs offers a method with millisecond accuracy to investigate

perceptual and other cognitive processes as they happen in

the brain. Moreover, ongoing activity of the brain can be

studied even when the participant is not attending to the

stimuli of specific interest. This provides a suitable method to

tease out the effects of attention and conscious processing

from automatic and pre-attentive processing of the stimuli.

The ERP component mostly used to examine the pre-

attentive discrimination processes in audition is the mis-

match negativity (MMN) (Näätänen et al., 1978). The MMN

peaks fronto-centrally in the time window between 100 ms

and 300 ms from stimulus onset depending on the stimulus

type, presentation rate, and also on whether stimulus differ-

ence is defined in terms of simple physical parameters or

more abstract representation (Näätänen and Alho, 1997;

Näätänen and Winkler, 1999; Näätänen et al., 2005). The

MMN is elicited by any discriminable change in some
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repetitive aspect of on-going auditory stimulation irrespec-

tive of the direction of the participant’s attention or task.

When simple auditory stimuli are used, the latency and

amplitude of the MMN depend directly from the acoustic

distance between the standard and the deviant stimuli (Sams

et al., 1985; for a detailed review, see, e.g., Näätänen et al.,

2001). A common interpretation of the MMN is that it indexes

an automatic change–detection process in which a discre-

pancy is discovered between the sensory-memory represen-

tation formed by the regular aspects of the repeating

(‘‘standard’’) auditory events and an infrequent (‘‘deviant’’)

auditory event (Näätänen, 2001; see Jääskeläinen et al. (2004)

for an alternative view).

Early reports on the MMN using phonetic stimuli such as

vowels or CV syllables found no speech-specific effects which

lead to the conclusion that the MMN reflects a comparison

process that is affected by the acoustic or other physical

parameters such as frequency, intensity, and duration of the

stimulus, inter-stimulus interval or the probability of occur-

rence of the deviant stimulus (e.g., Aaltonen et al., 1987).

Nevertheless, recent studies have shown that phonetic and

language-specific factors may affect the MMN amplitudes

and/or latencies (Aaltonen et al., 1997; Dehaene-Lambertz

et al., 2000; Eulitz and Lahiri, 2004; Ikeda et al., 2002;

Näätänen et al., 1997; Phillips et al., 2000; Shestakova et al.,

2002; Winkler et al., 1999a, 1999b. For example, Näätänen

et al. (1997) presented vowels [e f T o] to Estonian and Finnish

participants. Vowel [e] was always the standard, and the

other three vowels were used as deviants with increasing

acoustic distance in terms of the second formant frequency.

The critical deviant vowel was the Estonian /T/ that is proto-

typical for Estonian participants but not for Finnish partici-

pants (the vowel is located close to the category boundary

between /f/ and /o/ in Finnish). The results indicated

decreased MMN amplitude for Finnish participants suggest-

ing, according to Näätänen et al. (1997), the availability of less

neural resources for processing that particular vowel com-

pared to the Estonian participants. The main argument by

Näätänen et al. (1997) rests on the fact that acoustic distance

cannot explain the ERP pattern as the familiar Finnish vowel /f/

which was acoustically closer to the standard vowel /e/, pro-

duced a larger MMN for Finnish participants than the unfami-

liar Estonian vowel /T/, which was acoustically further away

from the standard vowel. The results supported the conclusions

that first, two separate auditory and phonetic memory-based

comparison processes operate in parallel, and second, that the

language environment alters the sensitivity to phonetic con-

trasts already at the pre-attentive level of processing (see also

Kazanina et al. (2006) for a report on language-specific effects

on MMN between Russian and Korean speakers, which expands

the results by Näätänen et al. (1997) in showing that besides

phonetic variation also higher level speech processes related to

phonotactic regularities modulate the MMN amplitude).

Similar findings to Näätänen et al. (1997) were obtained by

Winkler et al. (1999a) who recorded larger MMN amplitudes

when the vowel pair spanned a vowel category boundary

(Hungarian /e/ and /e/) compared to a condition in which the

vowel pair was selected within a category (Finnish /e/).

Another aspect related to the findings by Näätänen et al.

(1997) is the prototypicality of the stimulus that seems to
affect the MMN amplitudes. Ikeda et al. (2002) provided

evidence that if the standard was a non-prototypical cate-

gory-boundary stimulus, its trace acted as a poor adaptor for

discrimination, and therefore the discrimination was more

difficult, a result that was also reflected in the amplitude of

the MMN response (see, however, Savela et al. (2003) for a

different result). Näätänen (2001) refined the idea that pre-

attentive discrimination utilizes two kinds of information,

phonetic and general auditory suggesting that phonetic

information increases the distinctiveness between the cate-

gories and inhibits discrimination within a category. This

model resembles the dual-code model of speech perception

first proposed by Fujisaki and Kawashima (1969; 1970) (see

also Schouten and van Hessen (1992) and van Hessen,

Schouten, 1992, who provide behavioral evidence that the

dual-code mechanism is more suited to consonant percep-

tion, and a trace-context theory by Macmillan et al. (1988)

models vowel perception more accurately).

Finally, in some instances the latency of the MMN may also

reflect language-specific processes. Eulitz and Lahiri (2004)

found that when a dorsal (i.e., back) vowel deviant interrupted

a stream of coronal (i.e., front) vowel context, a later and less

pronounced MMN response was elicited compared to the

reverse case of a dorsal vowel stream being interrupted by a

coronal vowel. The authors argued for a different hierarchical

and status of the phonological place feature coronal in the

mental lexicon, but most interestingly, the latency of the

MMN was as indicative as the amplitude of the MMN

response.

Recordings of the brain’s magnetic activity seem to support

the dual code view (Diesch et al., 1996; Diesch and Luce, 2000;

Mäkelä et al. 2003; Obleser et al., 2003; 2004; Shestakova et al.,

2004). For example, Diesch and Luce (2000) studied the

neuromagnetic fields evoked by single and two-formant

vowels with varying F1 values but a constant high F2 value

while participants were actively listening to the stimuli. The

results showed that both single and two-formant vowels

elicited an N100m (a magnetic counterpart of the electric

N1 response) for which the sources for higher frequency

formants were more anterior than for lower frequency

formants. The finding is somewhat surprising because the

anterior–posterior axis is orthogonal to the mediolateral

tonotopic axis. Diesch and Luce (2000) suggested that the

result may reflect the activity outside the primary auditory

cortex and the strength of the source could be a function of

the variation of formant frequency. Alternatively, the results

may be due to differences in the sharpness-of-tuning and

inhibitory response-area asymmetry in the isofrequency axis

of the AI (see also, Versnel and Shamma, 1998). Both alter-

natives point to the conclusion that the spectral structure of

the vowels may be blurred at this level of processing and

suggests that spectral envelop information might be

abstracted from the detailed spectral composition, which in

turn can be regarded as a prerequisite for perception of

invariant phonetic objects.

Evidence for abstract representation of vowels in terms of

F1–F2 plane was obtained by Mäkelä et al. (2003) who

investigated the cortical correlates of vowel perception by

using whole-head magnetoencephalography (MEG) and mea-

suring the N1m response. They suggested that the reason
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why only few studies have obtained clear-cut results support-

ing the idea that vowel space in the auditory cortex is

tonotopically organized (Diesch et al., 1996; Diesch and

Luce, 2000; Obleser et al., 2003) could be the simultaneous

and uncontrolled variation in the F2–F1 differences of the

vowels and in their locations in the F1–F2 space. This could

blur the neuromagnetic (and in principle also the electro-

physiological) responses evoked by the formant structure due

to inhibitory neuronal processes reflecting the F2–F1 differ-

ences (possibly in the isofrequency axis). Accordingly, their

stimuli, [a o u], were selected so that their F2–F1 difference

was fixed to a mean of 350 Hz and all the stimuli were back

vowels with minimal variation in the F2 frequency. Another

variable was the acoustic distance in the Euclidean space,

which was 460 Hz for [a] and [u], and 230 Hz for [a] and [o].

The results revealed an N1m response in both hemispheres

at 120 ms that was equally strong for all vowels reflecting the

equal F2–F1 difference. Furthermore, the differences in the

acoustic distance between vowels was reflected in the grow-

ing distance of left-hemisphere dipole sources providing

direct evidence for orderly (left-hemisphere) representation

of vowels in the auditory cortex.
1.3. Present study

The present study had three major objectives. First, in

Experiment 1, we investigated whether participants relied

on formant peak frequencies or whole spectrum representa-

tion when they discriminated synthetic Finnish vowels.

To this end, we created two vowel continua ([æ–e] and

[æ–f]), which had an equal acoustic distance between vowels

on both continua as measured by formant peak frequencies

in Euclidean space but differed in their spectral moments

yielding a larger difference on the [æ–f] continuum.

Second, Experiment 2 was designed to show that listeners

have access to formant peak information especially in

adverse conditions. The same vowel stimuli as in Experiment

1 were employed, but we also added white noise to the

stimuli to eliminate the differences between stimuli in terms

of spectral moments, so that listeners could only detect

differences between vowels by focusing on the formant

structure of the stimuli.

The third goal of the current study relates to the effects of

attention on the usage of perceptual metrics (Experiment 3).

By recording the MMN component of the ERPs when the

participants did not attend to the same vowels as in Experi-

ment 1, we attempted to investigate what kind of perceptual

metric (based on formant peaks or spectral moments)

is utilized in pre-attentive vowel discrimination as
Table 1 – Mean reaction times (in ms) and miss rate (%) for th
Experiment 1. Standard deviations are indicated in parenthes

/æ–e/ continuum

Short distance Medium distance Long dist

RT (ms) 528 (63) 456 (63) 439 (65)

Miss rate (%) 13.2 (9.7) 1.1 (2.1) 0
characterized by the MMN activity. The results should further

highlight the role of attention in the perception of vowels.
2. Results

2.1. Experiment 1

The purpose of Experiment 1 was to investigate whether

besides well-established formant peak frequencies listeners

might be sensitive to other spectral attributes such as a

whole spectrum representation in vowel discrimination. This

was done by measuring vowel discrimination performance in

a go/no-go task in which participants pressed a response

button as fast as possible whenever they heard a deviant

vowel stimulus (target) in a train of standard (repeating)

vowel. Two vowel continua (Finnish [æ–e] and [æ–f]) were

employed which both had the same Euclidean distance

between the non-target and three target stimuli, as measured

by the distance of the two lowest formant frequencies. The

rationale was that if discrimination were based on formant

peaks, there should be no difference in reaction times or

accuracy between the two continua. In contrast, different

distances based on spectral moments (especially, on centre of

gravity, CoG) were assigned along the two continua. More

specifically, the distance between the stimuli on the [æ–f]

continuum was larger than on the [æ–e] continuum. Accord-

ingly, faster and more accurate performance was predicted

for the [æ–f] continuum.

2.1.1. Results and discussion
The results are presented in Table 1. Statistical analyses were

performed separately for reaction times and error rates using

similar models and procedures. RTs longer or shorter than

three standard deviations were excluded from the analysis

comprising only 0.4% of the responses.

A repeated measures ANOVA with participants as random

factor and reaction time as the dependent variable was

conducted using the vowel continuum type ([æ–f] vs. [æ–e])

and Acoustic distance (short, medium, long) as within-

participants factors. The results showed a significant main

effect of continuum type (F(1,13)¼21.441, po0.001, Zp
2
¼0.623).

In general, the participants responded faster to the [æ–f]

continuum (M¼436 ms, SEM¼14.5) compared to the [æ–e]

continuum (M¼474 ms, SEM¼15.7). The main effect of

Acoustic distance was also significant (F(2,26)¼55.292,

po0.001, Zp
2
¼0.810). This was due to faster reaction times in

both the medium distance (M¼432 ms, SEM¼14.5) and long

distance (M¼428 ms, SEM¼15.3) compared to the short dis-

tance condition (M¼505 ms, SEM¼16.0), both p’so0.001).
e three targets on the /æ–e/ and /æ –// vowel continua in
es.

/æ–f/ continuum

ance Short distance Medium distance Long distance

483 (65) 408 (53) 417 (54)

9.3 (13.0) 0.7 (1.8) 0
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The difference between medium and long distance condi-

tions was not significant.

The overall error rate was 2.5% and the false alarm (FA) rate

was 0.96%.

The repeated measures ANOVA on the averaged miss rates

indicated that the Acoustic distance had a significant effect

on the miss rate (F(2,26)¼19.277, po0.001, Zp
2
¼0.597) due to

decreasing miss rate as a function of increasing acoustic

distance (all comparisons significant at po0.019). The main

effect of continuum type (F(1,13)¼2.035, p¼0.117, Zp
2
¼0.177)

or the interaction term (Fo1) were not significant.

Taken together, these results suggest that discrimination of

the two vowel continua is based on the whole spectral

attributes such as the spectral moments. One should note

that the differences in the spectral moments between the

two continua did not affect the identification functions,

which were practically identical in terms of overall shape,

boundary location and the steepness of the slope. This

finding also provides further evidence that vowel identifica-

tion and discrimination can be accomplished using different

spectral attributes.

2.2. Experiment 2

On the basis of the results of the discrimination task in

Experiment 1, we conclude that listeners are capable of using

differences in the whole spectral shape. A curious and

repeated finding in vowel perception research is that listeners

are capable of hearing differences between vowels that are

drawn from the same category (Fry et al., 1962). This, how-

ever, does not by itself prove that discrimination is achieved

by using formant peak information and not, for example,

other information such as whole spectral attributes. This is a

reasonable concern, since in most of the studies on vowel

discrimination other spectral cues than formant peaks have

usually not been controlled for and this is especially true of

studies which have focused on formant frequency difference

limens (DL) using stimuli with multiple formants (Hawks,

1994; Kewley-Port and Zheng, 1999; Nord and Svantelius,

1979); in this kind of stimuli, a change in the frequency of

one formant alone will inevitably also affect the overall

spectrum of the vowel. Furthermore, some of the results

indicating asymmetric DLs may well be due to the availability

of additional spectral information (Hawks, 1994; Nord and

Svantelius, 1979).

One way of showing that formant peak information is

sufficient to discriminate the stimuli used in Experiment 1

(and also for detecting within-category differences in front

vowels) is to remove information about spectral moments is
Table 2 – Mean reaction times (in ms) and miss rates (%) for t
Experiment 2, signal-to-noise ratio¼0 dB. Standard deviations

/æ–e/ continuum

Short distance Medium

distance

Long

RT (ms) Miss rate (%) 579 (62) 520 (61) 499 (5

42.8 (21.9) 6.7 (6.9) 0.6 (1
by adding white noise to the stimuli. This would provide the

listener only with information about the formant peaks.

Added noise effectively flattens the spectrum, and the

remaining major spectral landmarks are the peaks of the

two or three lowest formants (Assmann and Summerfield,

2004). The rationale is the following: When (i) noise is added

and only formant peaks provide information about the

acoustic distance of the targets, and (ii) if the performance

pattern is still a function of the acoustic distance (e.g., faster

and more accurate responses to more distant targets), and no

performance differences between the two vowel continua are

found, then the listeners have computed formant peak

frequencies and used that information in detecting the target

vowels.

2.2.1. Results and discussion
The results are presented in Table 2. Inspection of both the

reaction times and accuracy suggest only an effect of target

distance but no differences between continua. These obser-

vations were confirmed by repeated measures ANOVAs sepa-

rately for RTs and errors with two within-participant factors,

continuum type ([æ –e], [æ–f]) and Acoustic distance between

the standard and deviant stimuli (short, medium, long).

Using RTs as the dependent variable only the main effect of

Acoustic distance was significant (F(2,22)¼25.995, po0.001,

Zp
2
¼0.703). The shortest acoustic distances were perceived

significantly more slowly (M¼580 ms) than the longer ones

(Medium: 516 ms, po0.001; long: 498 ms, po0.001, both Bon-

ferroni corrected for multiple comparisons). The main effect

of continuum type or the interaction term were not

significant.

The overall error rate was 8.0% and the false alarm rate

1.23%. The miss rate for the deviants was 16.8%. A repeated

measures ANOVA showed a statistically significant main

effect of Acoustic distance (F(2,22)¼73.322, po0.001,

Zp
2
¼0.870), which was due to decreasing miss rates as a

function of increasing acoustic distance.

The results clearly indicate that there was no difference in

the speed or accuracy between the two continua, strongly

suggesting that vowel discrimination in noise employs for-

mant peaks when available, and listeners can, as expected,

use formant peak information to detect target vowels.

Taken together, the results from Experiments 1 and 2 show

that listeners are capable of directing their attention to the

perceptual information that is most distinctive and useful in

a particular task. In terms of vowel discrimination, these two

sources seem to be formant peaks and whole spectrum

attributes such as spectral moments. One important issue

concerns the effect of attention on the availability of these
he three targets in /æ–e/ and /æ–// vowel continua in
are indicated in parentheses.

/æ–f/ continuum

distance Short distance Medium

distance

Long distance

8) 580 (89) 512 (97) 496 (101)

.9) 44.4 (26.1) 5.6 (17.6) 1.1 (3.8)
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resources to the listener. The final experiment addresses this

issue by recording brain event-related potentials (ERPs) focus-

ing on the mismatch negativity, MMN) response, which is an

index of automatic discrimination of auditory information

and can be recorded reliably even if the participants do not

attend to the auditory stimuli (Näätänen, 2001). This

approach may give important insight on what kind of

information is extracted automatically from the acoustic

signal and what other resources may be available for the

listener only when attention is directed to the stimuli to

exploit all potentially useful information for a specific task.
2.3. Experiment 3

The ERP recordings were used in order to compare the

attentive and pre-attentive discrimination with the same

stimuli as in Experiment 1. Straightforwardly, two alternative

hypotheses can be put forth. First, if the automatic and pre-

attentive discrimination process is sensitive only to formant

peak frequencies, then we should not find any differences in

the MMN pattern between vowel continua. This is based on

the earlier literature which suggests that formant peaks are
Fig. 1 – The grand average ERP waveforms for the three different

the figure) and /æ–// continuum (lower half of the figure). On b

standard (thin black line) and deviant stimulus (thick red line).

which was used to quantify the MMN response. The second row

obtained by subtracting the ERPs to the standard stimuli from t

The third row depicts the scalp topography of the MMN respon

between 150 ms and 210 ms. (For interpretation of the referenc

web version of this article.)
automatically extracted in the auditory pathway and repre-

sented in the primary auditory cortex as other spectral

properties of sound (Mäkelä et al., 2003; Obleser et al., 2003;

Ohl and Scheich, 1997; Shestakova et al., 2004). Accordingly,

we should find a dissociation between the MMN and beha-

vioral results in Experiment 1, in which faster and more

accurate responses were recorded on the [æ–f] continuum.

The second hypothesis is that, if the MMN is also sensitive to

other kind of spectral information such as the whole spectral

shape, then the deviant stimuli on the [æ–f] continuum

should elicit larger amplitudes and/or shorter latencies than

those on the [æ –e] continuum.
2.3.1. Results and discussion
The ERP waveforms to the standard and the deviant stimuli,

the difference wave (obtained by subtracting the responses to

the standard stimuli from those to the deviant stimuli), and

scalp topographies of difference waves (150–210 ms time-

frame) are presented in Fig. 1. The waveforms show typical

ERP responses to simple speech stimuli, which are presented

at fairly short ISIs (which usually results in a negative going

‘‘tail’’ due to the fact that the response has not yet returned to
stimulus conditions for the /æ–e/ continuum (upper panel of

oth panels, the first row depicts the waveforms for the

The gray shading denotes the time window 150–210 ms

depicts the MMN response as a difference wave, which was

he ERPs to the deviant stimuli separately for each condition.

se (difference wave) quantified as the mean amplitude

es to color in this figure legend, the reader is referred to the



Table 3 – The peak MMN amplitudes (lV) and latencies (ms) in Experiment 3. All amplitudes differed significantly from
0 lV baseline (p’so0.001). Standard deviations are indicated in the parentheses.

/æ–e/ continuum /æ–f/ continuum

Short distance Medium distance Long distance Short distance Medium distance Long distance

Amplitude (mV) �0.928 (0.87) �1.218 (0.79) �1.584 (1.03) �1.363 (0.68) �1.521 (1.26) �1.797 (1.33)

Latency (ms) 220 (37) 202 (49) 192 (35) 233 (26) 199 (43) 206 (37)
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the baseline). Inspection of the scalp maps indicate a central

or fronto-central voltage distribution which is typical to

MMN, especially in the conditions in which the acoustic

distance is larger.

The individual MMN peak amplitudes and their latencies

for each condition measured at Fz are presented in Table 3.

A one-sample t-test showed that all amplitudes differed

significantly from zero (in all condition po0.01, two-tailed,

Bonferroni corrected for multiple comparisons). The indivi-

dual MMN peak amplitudes and their latencies for each

condition were subjected to separate 2�3 repeated measures

ANOVAs with Continuum type ([æ–e], [æ–f]) and Acoustic

distance between the deviant and standard stimuli (short,

medium, long) as within-participant factors. The latency of

the peak MMN amplitude was significantly affected by the

acoustic distance between the standard and deviant stimuli

(F(2,26)¼5.598, p¼0.010, Zp
2
¼0.301). The deviant with the

shortest acoustic distance from the standard stimulus had a

significantly longer mean latency (M¼227 ms, SEM¼5.2)

compared to the other deviants (medium: M¼200 ms,

SEM¼8.9, p¼0.023; long: M¼199 ms, SEM¼8.4, p¼0.009,

Bonferroni corrected for multiple comparisons). The main

effect of continuum type (F(1,13)¼2.075, p¼0.173) or the

interaction term (Fo1) showed no statistically significant

effects.

Neither acoustic distance (F(2,26)¼1.975, p¼0.159) nor con-

tinuum type (F(1,13)¼1.884, p¼0.193) had any statistically

significant effects on MMN amplitude, and the interaction

term was also not significant (Fo1).

The purpose of the experiment was to investigate how

withdrawing attention from the auditory stimuli affects the

processing of vowel stimuli. Specifically, the issue was

whether formant peak frequencies or a whole spectrum

attributes were extracted automatically in vowel discrimina-

tion. We hypothesized that if the auditory cortex automati-

cally represents formant frequencies there would be no

differences in MMN responses to vowel targets between

vowel continua as the Euclidean distances were similar in

terms of formants. However, if spectral moments (such as the

mean of the spectrum, center of gravity) are computed

automatically by the auditory cortex even if attention was

focused on the visual modality then one should see larger

amplitudes and shorter latencies on the [æ–f] continuum

because of the larger distance in whole spectrum attributes

between the standard and the targets.

The results indicated no differences between vowel con-

tinua either in the MMN amplitude or latency. The main

finding was that the MMN latencies only reflected the

Euclidean acoustic distances between the standard and
deviant similarly on both continua. Thus, the results suggest

that the MMN response to vowel stimuli is best interpreted as

an index of formant extraction possibly in Euclidean space

(Diesch and Luce, 2000; Mäkelä et al., 2003). The reason why

spectral moments were not automatically available may be

directly related to the effects of attention on the functioning

of the sensory cortices, and will be discussed in more detail

in the next section.
3. General discussion

The goal of the present study was twofold: To investigate (i)

what kind of stimulus information (formants or spectral

moments) is used by the listener in vowel discrimination,

and (ii) what the effect of attention (pre-attentive and

attentive discrimination) is on the accessibility of these

representations. The results showed, first, that when the

stimuli were presented in good listening conditions, the

participants were able to discriminate the vowels by focusing

their attention on the global attributes of the vowel spectra

rather than the local energy maxima of the two lowest vowel

formants (Experiment 1). Second, when the stimulus quality

was reduced by adding background noise, the primacy of the

whole spectrum attributes disappeared and the participants

employed formant peaks in the discrimination tasks (Experi-

ment 2). Finally, in Experiment 3, records of the brain’s event-

related potentials (ERPs) showed that when the participants

did not attend to the stimuli and both whole spectrum

attributes and formant frequency information were accessi-

ble, the mismatch negativity (MMN) component of the ERPs

was only sensitive to formant peak frequencies. Taken

together, the results indicate that the participants are able

to use the available auditory information differently in vowel

discrimination depending on the task, the quality of the

stimuli, and focus of attention. When the participants are

asked to attend to the stimuli and the stimuli are of good

quality, they use all the information available in the entire

auditory spectrum. Furthermore, when the stimuli are of

poor quality, then the participants rely on information con-

veyed by formants only. Similarly, when the participants are

asked to ignore the stimuli, the brain automatically extracts

information about the formant peaks, and seems not to be

sensitive to other spectral factors suggesting that the memory

traces for vowels could be presented on a two-dimensional

plane based on the two lowest formants.

In general, our findings support the long prevailing view of

the primacy of formants in vowel perception, which has most

clearly been established for vowel identification (e.g., Assman
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and Summerfield, 1989; Delattre et al., 1952; Klatt, 1982b;

Rosner and Pickering, 1994). Furthermore, there is a large bulk

of research which supports the view that formants are also

important in vowel discrimination (reviewed, e.g., by Rosner

and Pickering (1994)). Our results extend these findings in

that they suggest that formants are also the primary objects

of vowel perception when the task requires discrimination of

vowel irrespective of whether attention is directed or not to

the auditory stimuli. These results are well supported by

behavioral and neurophysiological evidence, which all point

to the fact that the human auditory system is adapted to

perceiving energy concentrations produced by the vocal tract

presumably for communicative purposes. Our results also

indicate that the human auditory system provides different

spectral representations that (together with temporal cues,

e.g., Rosen, 1992; Shannon et al., 1995; Zeng et al., 2005)

underlie the ability to recognition speech.

It should be noted that, for example, if a discrimination

task is easy, such as when the acoustic distance of the targets

from non-targets is large, the properties important in cate-

gorization prevail. In Experiment 1, target detection may have

been based solely on formant peaks when the acoustic

distance of the target from the standard stimulus was large,

which was reflected by the leveling off of the response speed

so that there were no significant differences in the continua

between the most distant targets even though the whole

spectrum distance indicated an advantage for [æ-f] conti-

nuum. The participants, however, were under the time

pressure to respond as fast as possible which may have led

them to actively search for all available information that

might help in target detection.

The primacy of formants in vowel perception may stem of

the nature of human speech perception that needs robust

landmarks in feedback processes of speech perception. The

facts supporting the idea that formant peaks are primary

properties used in vowel perception are, first, that formant

peaks are by far the most informative parameter across

different listening conditions, such that, for example, for-

mants are resistant to noise (Assmann and Summerfield,

2004). Second, formants are very robustly presented through-

out the auditory pathway suggesting that at least the non-

human auditory system seems to be fully adapted to proces-

sing formant peak information (Delgutte, 1984; Delgutte and

Kiang, 1984a; Eggermont, 2001; Sachs and Young, 1979;

Shamma, 2001), even in background noise (Delgutte and

Kiang, 1984b). Furthermore, vowel identification can easily be

carried out based on formant frequencies without any other

auditory cues (Delattre et al., 1952; Hillenbrand et al., 2006).

Finally, Kiefte and Kluender (2005) provide evidence that whole

spectrum attributes seem to work well only in the perception

of monophthong vowels but not with diphthongs which

provide dynamic information. Thus, those instances suitable

for extracting whole spectrum information from continuous

speech may not be plentiful. One should bear in mind,

however, that current results do not favor a model of vowel

perception in which a formant peak picking mechanism

would be mainly responsible for extracting relevant spectral

information. Instead, as already suggested by Klatt (1982a);

(see also Hillenbrand et al., 2006), a more plausible model

would be a spectral shape pattern matching process, which is
more sensitive to local energy concentrations but pays less

attention to relative intensities of formant peaks or to spectral

valleys between formants. Third, distributional variance is an

information carrying parameter (although distinct from infor-

mativeness of the cue) so that more variance implies higher

importance of the parameter (Holt and Lotto, 2006). This again

is reflected in the proficiency of the auditory system to carry

out processing that is sensitive to stimulus dimensions that

are varying (for a non-speech example, see Lutfi, 1993). Even

though research is scarce on how much variance is present in

whole spectrum attributes, it may be safe to assume that the

variance represented by formant peak frequencies across

difference speakers may well outweigh that of whole spec-

trum attributes. All these three components point to the

supremacy of formant peaks in vowel perception.

Finally, one should consider the effect of the task on the

availability of different representations, which we feel is the

most important factor to explain current results. As pointed

out in the introduction, it is well known that discrimination of

vowel contrast exceeds that of identification. The category

boundary effect is a good example. To put it simply, task

specification predicts the performance of the listener in a

discrimination task (Gerrits and Schouten, 2004; Schouten

et al., 2003; Schouten and van Hessen, 1992). Furthermore, of

particular interest is the study by Guenther et al. (1999) who

with different stimulus sets of non-speech stimuli showed

that participants use different types of stimulus information

in identification and discrimination tasks. In discrimination,

the listeners seemed to utilize richer stimulus representations,

whereas identification appeared to be based on less sophisti-

cated representations. In a follow-up study, Guenther et al.

(2004) showed that the brain activation patterns reflected task

differences such that discrimination training was followed by

an increase in the overall area of brain activation during a

discrimination task. In contrast, categorization training

decreased the activated brain areas specifically in the left

supra-temporal gyrus. Thus, the brain would shift neural

resources away from those areas where discrimination of

small differences between stimuli is not behaviorally feasible

(category center) to the areas where accurate discrimination is

more important (category boundary). The present results,

however, suggest another interpretation; in a discrimination

task, listeners try to maximize task performance by utilizing

all available information sources such as formant frequencies

and whole spectral attributes, which recruit larger brain areas

than a task requiring extraction of information that is relevant

for category identity. This kind of task could be accomplished

using a simple pattern recognition mechanism (Nearey, 1997).

To conclude, attentive discrimination versus pre-attentive

discrimination requires different perceptual strategies. The

MMN reflects the discrimination of spectral elements that are

represented in a memory trace used in pre-attentive discrimi-

nation whereas attentive discrimination shows the use of

richer vowel representations. The problems determining the

information used in vowel discrimination and identification

may reflect the differences in how attention is focused on

stimulus properties depending on the demands of the current

task of the listener. The formants and spectral moments are

used in parallel in attentive discrimination depending on the

experimental task and stimulus quality whereas the pre-
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attentive discrimination seems to be based on formant peak

frequencies. It is obvious that in most natural conditions

speech is heard in different levels of background noise, and

formants are the prime candidates to survive in these con-

ditions. However, the current results emphasize the dynamic

nature of human auditory perception in that participants can

exploit different types of information as a function of the

task demands when they are attending to the stimuli.
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Fig. 2 – The identification functions for the /æ–e/ (filled

squares) and /æ–// continuum (open diamonds). The stimuli

chosen for the discrimination tasks are indicated by arrows

(the standard stimulus, S; the three target (or deviant) stimuli:

D1¼within-category stimulus, D2¼category boundary

stimulus, D3¼between-category stimulus).
4. Experimental Procedures

4.1. Experiment 1

4.1.1. Stimulus selection
In order to select the stimuli for the behavioral discrimination

tasks and for the MMN recordings, 10 native speakers of Finnish

were asked to identify the stimuli on two vowel continua. All

participants were informed about the nature of the experiment

and they all provided a verbal consent. Both continua consisted

of 11 vowel stimuli synthesized by HLSyn Klatt synthesizer

(Sensimetrics, Inc.) using a sampling frequency of 11025 Hz. On

the [æ–e] continuum, the frequency of the first formant (F1)

varied from 655 Hz to 484 Hz, and the second-formant fre-

quency (F2) from 1756 Hz to 1933 Hz. On the [æ–f] continuum

the frequency of the F1 was varied similarly to the [æ–e]

continuum from 655 Hz to 484 Hz but the F2 decreased from

1756 Hz to 1592 Hz, assigning a critical distinctive role to F2. The

step size was set to 15 mels (Stevens and Volkman, 1940) in the

Euclidean vowel space. The Hertz values were converted to a

Mel scale using the formula m¼1127 ln (1þf/700). The higher

formant frequencies were kept constant (F3¼2474 Hz, F4¼3500

Hz, and F5¼4490 Hz). The fundamental frequency (f0) rose from

100 Hz to 120 Hz until 125 ms and declined during the rest of the

stimulus to 80 Hz. The duration of the stimuli was 385 ms, and a

linear ramp of 50 ms was used to smooth the onset and offsets

of the stimuli. The four spectral moments were computed by

Praat software (Boersma and Weenink, 2001). The spectrum was

treated as a probability density function in which the center of

gravity is the first moment (the mean frequency of the sound in

the whole frequency domain in which the frequencies were

weighted by their amplitudes in power spectrum), the second

moment is the standard deviation, the third moment is skew-

ness of the spectrum and the fourth moment is the kurtosis of

the spectrum. A larger change in the spectral moments in the

[æ–f] continuum compared to [æ–f] continuum is expected as

F1 and F2 frequencies move parallel to each other on the [æ–f]

continuum (both frequencies get lower) whereas on the [æ–e]

continuum the formant frequencies move in the opposite

directions (the frequency of F1 lowers and that of F2 rises)

which flattens the overall spectrum, and to some extent cancels

out the movement in the center of gravity.

Identification performance was tested separately for both

continua. Each stimulus was presented in a random order 10

times and the participants’ task was to indicate whether they

heard [æ] or [f] (for the [æ–f] continuum), or [æ] or [e] (for the

[æ–e] continuum) by pressing one of the two buttons indicated

by Finnish orthographic symbols oä4 and oö4 or oä4 and

oe4, respectively. If they were not sure, they were encour-

aged to guess. The presentation of the stimuli was self-paced.
The results were analyzed by fitting a probit function (Finney,

1971) to each participant’s identification data on both con-

tinua. The 50% point of the fitted labeling curve indexing the

location of the category boundary and the slope (or gradient) of

the probit function characterizing the consistency of the

identification performance were extracted. The results showed

that the category boundary on the [æ–f] continuum was

located at 6.4 (s.d. 0.55) on the stimulus axis and the identi-

fication slope was–2.254 (s.d. 0.76), and the corresponding

category boundary on the [æ–e] continuum was located at

6.6 (s.d. 0.65) and the identification slope was—3.04 (s.d. 0.70).

An alpha level of 0.05 was used for all statistical testing. Paired

samples t-tests showed no significant differences between

continua for either of the parameters (boundary, t(9)¼�0.562,

p¼0.587; slope, t(9)¼�1,925, p¼0.0864).

For both the behavioral discrimination and ERP experi-

ments the following stimuli were selected on the basis of

the results of the identification experiment. The reference

stimulus (or the ‘Standard’) was always the second stimulus

of the respective continua. Three target stimuli (or ‘Deviants’)

were selected so that the first deviant (stimulus#4) was a

within-category stimulus, the second deviant was located at

the category boundary (stimulus#6) and the third deviant was

a member of the adjacent category (stimulus#8; see Fig. 2).

Since the category boundary on both continua was identical,

so-called phoneme-boundary effects (such as a decrease in

the number of errors or faster reaction times) were expected

to be similar on both continua and thus could not be used as

a potential alternative explanation for possible differences in

the discrimination performance between continua.
4.1.2. Discrimination experiment
Participants. Fifteen native speakers of Finnish who were

students at the University of Turku (mean age 23.6 years,

range 20–25 years, all females) participated in the
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experiment. None reported hearing abnormalities. Two of

them were left-handed. All participants were informed about

the nature of the experiment and they all provided a verbal

consent.

Stimuli and procedure. The stimuli were chosen on the basis

of the identification test administered to a separate group of

Finnish participants (see above Section 4.1.1). The measured

differences of formant peaks between the standard and the

three deviants were similar in the Euclidean space on both

continua but different on the basis of all spectral moments

(see Table 4, middle panel). Inspection of the table indicates

that in all spectral moments, especially in the center of

gravity, standard deviation and kurtosis, the differences are

larger in the [æ–f] continuum, suggesting that the mean of

the spectrum varies more and the spectrum is more peaked

than that of the [æ–e] continuum.

The four stimuli of both continua were played back to the

participants in a pseudorandom order in separate blocks

consisting of 275 (p¼0.82) standard stimuli and 20 (p¼0.06)

of each of the three types of deviants. The inter-stimulus

interval (ISI) was 400 ms. Order of the blocks was counter-

balanced across the participants. Participants were asked to

press a button as fast and accurately as possible when they

heard a vowel deviating from the stream of the standard

stimuli (yielding the task equivalent to a fixed standard go/

no-go task). A practice block of 15 stimuli was administered

to the participants to familiarize them with the task. The

experimental session took about 20 min.

4.2. Experiment 2

Participants. Twelve students of the University of Turku (mean

age 24.3 years, range 20–40 years, 6 females, one left-handed)

participated in the experiment. They were all native speakers
Table 4 – The measured frequencies of the first (F1) and the s
stimuli (1st¼center of gravity (CoG), 2nd¼standard deviation
continua used in the discrimination tasks in Experiments 1 an
denotes the non-target stimulus and deviants 1, 2, and 3 deno
the standard. The middle part of the table shows the distance
formant peaks and the difference of the moments for the same
spectral moments in the noise condition. Formant frequencies
All other acoustic measurements are in Hz.

/æ–e/ continuum

Standard Deviant 1 Deviant 2 Dev

F1 735 703 677 642

F2 1778 1808 1842 1886

CoG 798 753 707 673

SD 616 617 613 624

Skewness 1.74 1.86 2.02 2.07

Kurtosis 3.11 3.40 3.89 3.89

Formant peaks – 32 64 97

CoG – 45 91 125

SD – �1 3 �8

Skewness – �0.12 �0.28 -0.33

Kurtosis – �0.29 �0.78 -0.78

CoG – �1 47 73

SD – �16 �20 �31

Skewness – 0 0 �0.0

Kurtosis – �0.06 0.01 0.01
of Finnish with no reported hearing abnormalities. All parti-

cipants were informed about the nature of the experiment

and they all provided a verbal consent.

Stimuli and procedure. The stimuli used in Experiment 1 were

embedded in white noise with same RMS amplitude as the

stimuli (þ0 Signal-to-Noise ratio) (see Fig. 3 for samples of the

spectra of the stimuli presented in quiet or embedded in noise,

and Table 4, bottom part, for the values of the formant peaks

and spectral moments). The measured center of gravity differ-

ences for the [æ–e] continuum were -1 Hz, 47 Hz and 73 Hz, and

for the [æ–f] continuum 31 Hz, 106 Hz, and 157 Hz yielding all

targets (especially those close to the standard stimuli) very

difficult to discriminate on the basis of spectral moments (note

that DLs for different spectral moments are not available, and

those for formant frequencies are not applicable here). Further-

more, as expected the white noise evens out the amplitude

differences yielding a spectrum that is flat with practically

identical dispersion and shape of the spectrum in the two

continua; however, the first two formant peaks are readily

available for discrimination. Two blocks of stimuli were pre-

sented in the same oddball paradigm as in Experiment 1, each

consisting of 206 (p¼0.82) presentations of the standard stimu-

lus and 15 (p¼0.06) presentations of each of the three deviants.

The inter-stimulus interval (ISI) was 400 ms. Participants were

asked to push a button as fast and accurately as possible when

they heard a sound deviating from the stream of the standard

stimuli. The session took about 20 min.

4.3. Experiment 3

Participants. The same Finnish participants were used as in

Experiment 1.

Stimuli and procedure. The stimuli of Experiment 1 were used

for the MMN recordings to allow for a direct comparison of
econd (F2) formant and the four spectral moments of the
(SD), 3rd¼skewness, 4th¼kurtosis) on /æ–e/ and /æ–//
d 3 are presented on the upper part of the table. Standard

te the target stimuli with increasing acoustic distance from
in Euclidean space between the standards and deviants for
stimuli. The bottom part shows the differences for the four
and the Euclidean distances in formant space are in mels.

/æ–f/ continuum

iant 3 Standard Deviant 1 Deviant 2 Deviant 3

731 703 673 646

1744 1715 1671 1646

773 667 613 551

587 531 474 435

1.86 2.22 2.62 2.95

3.85 6.00 8.86 11.64

– 35 67 104

– 106 160 222

– 56 113 152

– �0.36 �0.76 �1.09

– �2.15 �5.01 �7.79

– 31 106 157

– �22 �3 �3

1 – 0 �0.11 �0.11

– 0 0.013 0.013
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Fig. 3 – Spectra of the vowel /æ/ in quiet (upper panel) and in

the background of white noise (þ0 dB signal-to-noise ratio).

The addition of white noise removes the spectral tilt drastically

reducing the differences in the spectral moments. All formants

except the first (F1) and the second (F2) are also effectively

masked.
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behavioral and the ERP results. All participants performed the

behavioral task first followed by the ERP recording. In order to

increase the signal-to-noise ratio of the ERP recordings, there

were 120 of each of the deviant stimuli and 1440 standard

stimuli in each of the blocks thus yielding the probability of

the occurrence of the stimuli the same as in the behavioral

discrimination test (i.e., p¼0.82 for the standard stimulus,

stimulus #2 from the continua, cf. Fig. 1 and p¼0.06 for each

of the deviant stimuli). Stimuli were presented in a pseudor-

andom order in the oddball paradigm (inter-stimulus interval

400 ms) by using the Neurostim program (Neuroscan Inc.).

Participants watched a silent movie during the session and

were instructed to ignore the vowel sounds, which were

binaurally presented through earphones at a comfortable

sound-pressure level (about 70 dB SPL). The recording session

took about 1 hour.

Continuous EEG was recorded using a Braintronics 32-

channel EEG amplifier connected to the NeuroScan EEG data

acquisition and the stimulus presentation computer. The

signal was sampled at 200 Hz, amplified (band pass

0.5–70 Hz with a 50 Hz notch filter), and stored on a hard

disk of a personal computer. Ag/AgCl cup electrodes were
used. Three electrodes (Fz, Cz, and Pz) were placed on the

standard locations according to the 10–20-system. Six lateral

electrodes (3 on the left and 3 on the right) were positioned at

non-standard locations equidistantly placed on the coronal

line connecting the mastoids through Fz; these locations

were labeled as L1, R1, L2, R2, Lm (left mastoid), and Rm

(right mastoid). Eye movements were recorded with two

electrodes, one placed at the outer canthus of the right eye,

and the other at Fpz. The reference electrode was placed on

the tip of the nose. Electrode impedance was kept below 5 kO

at all electrode sites. The EEG was analyzed offline by first

extracting 450 ms epochs for ERP averaging, (including a

50 ms pre-stimulus baseline interval), after which the ERP

epochs were digitally filtered by a 1.6–30 Hz band pass FIR

filter. Epochs containing artifacts exceeding þ/�70 mV caused

by eye movements or other extracerebral sources were

removed. The ERP responses to the standard stimulus pre-

ceding each deviant were subtracted from that to the deviant

for each stimulus block. The MMN peak amplitudes and

latencies were measured from the difference waveforms in

the time window between 150 ms and 210 ms at Fz separately

for each participant. This decision was based on visual

inspection of the grand-average waveforms, which also

suggested no effects of laterality or anterior–posterior effects

between conditions.
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Näätänen, R., 2001. The perception of speech sounds by the human
brain as reflected by the mismatch negativity (MMN) and its
magnetic equivalent (MMNm). Psychophysiology 38, 1–21.



b r a i n r e s e a r c h 1 4 9 0 ( 2 0 1 3 ) 1 7 0 – 1 8 3 183
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