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ABSTRACT 

This presentation reviews the use of distinctive 

features for the mental representation of speech 

sounds, briefly considering three bases for feature 
definition: articulatory, auditory and translational. 

We then review several recent neuroimaging stud-

ies examining distinctive features using magneto-
encephalography (MEG).  Although this area of 

research is still relatively new, we already have 

interesting findings regarding vowel place, nasality 
and consonant voicing. Although this research is 

not yet definitive, some refinements of these ex-

periments can be expected to yield important re-

sults for feature theory, and more generally for our 

understanding of the neural computations that un-

derlie the transformations between articulatory and 
auditory space necessary to produce and perceive 

speech. 

Keywords: distinctive features, vowel height, na-
sality, voice onset time, magnetoencephalography  

1. INTRODUCTION 

Our goal is to understand the neuro-biology of the 

human speech system to a degree akin to the cur-

rent understanding of echolocation in the barn owl 
[36], [9]. Study of barn owl echolocation has more 

or less achieved Marr’s [17] objectives of a coher-

ent account across all three levels of description: 
computational, algorithmic and implementation. Of 

course this is still a very distant goal for speech 

science, but the use of new brain-imaging tech-

niques, such as magnetoencephalography (MEG) 

promises to bring important new evidence to old 

problems. I will briefly review some positions on 

the role of distinctive features in the representation 

of speech sounds, and consider some MEG studies 

relevant to these questions. As should be expected 
at this early stage, the MEG findings are not defini-

tive, but this is a growing area of research that will 

become increasingly important to both experimen-
tal work and theorizing about the mental represen-

tation of speech sounds.   

2. THREE VIEWS OF FEATURES 

In this presentation we will generally ignore the 
contentious issue of the ontological status of pho-

nological features; that is, the question of whether 

features are simply a convenient classificatory sys-

tem for sets of whole-sound fundamental speech 

units (phones or phonemes) as implied by IPA 

chart, or whether the features are the fundamental 

units themselves [12], [11]. We do wish to briefly 

review a separate issue, the question of the type of 

information to be used to define the features. There 

are three main views on this question of feature 
definition, namely that the primary definitions are 

(1) articulatory, or (2) auditory (or perceptual), or 

(3) translational, providing the basis of the map-

ping between articulation and perception. 

As has long been recognized, there is a compli-

cated, many-to-many relationship between the mo-

tor speech actions and their acoustic and auditory 

consequences; a small fragment of this mapping is 

shown in Fig. 1.  

Figure 1: Many-to-many relationships (after [34]). 

 

Different researchers have emphasized different 

aspects of this problem. In the next three sections, 

we give quick summaries of the three positions. 

2.1. Articulation-oriented theories 

The most prominent of the articulation-oriented 

approaches to the mental representation of speech 

sounds is the motor theory, developed at Haskins 

Laboratories starting in the 1950’s (see for exam-

ple the collected papers in [15]). A more recent 

summary of this perspective and connecting it with 
the neuro-biological discovery of mirror neurons is 
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given in [8:241]: “For example, in the case of 
speech, we hypothesize that gestural task-space, 

i.e., the space of articulatory constriction variables, 

is the domain of confluence for perception-oriented 
and action-oriented information during the percep-

tion and production of speech. Such a task-space 

would provide an informational medium in which 

gestures become the objects shared by speech pro-

duction and perception, ... It is possible that a mir-

ror neuron system could be the neurophysiological 
instantiation of this cognitive coupling, though the 

identification of such a specific system in humans 

remains an outstanding challenge.” 
Likewise Halle [11:6-7] is explicit about the 

change in his views over the years: “At an earlier 

time I believed that features in memory were di-
rectly connected to the acoustic side … I now be-

lieve that there is a direct connection only between 

features in memory and the articulatory actions to 

which they give rise, and that the acoustic aspects 

of features play a secondary role in phonology.” 

In this view, the defining characteristics of fea-

tures are given by the upper set of boxes in Fig. 1 

(whether this be individual motor commands, such 

as “denervate the posterior cricoarytenoid” or ges-
tural constellations of commands, such as “adduct 

the glottis”). The rest of Fig. 1 is then extra-

linguistic and the conversion in the listener from 

acoustic events back to their articulatory progeni-

tors must occur very early in the perceptual sys-

tem, and ideally this mapping should be relatively 

domain-general and not specific to speech. 

2.2. Perception-oriented theories 

The reverse view is perception-oriented, giving 

primacy to the lower set of boxes in Fig. 1. This 

view has many proponents in the speech percep-

tion literature, but there is also important evidence 

from speech production studies. Their basic idea is 

that there are auditory targets for speech, and that 

the speaker’s production system needs to match 

those targets through a feedback loop. Bite-block 

studies [6], [7] have shown that speakers can rap-
idly and accurately accommodate for unusual mo-

tor situations, and they are able to match the 

acoustic targets through unusual vocal tract con-

figurations (though there are some limits to such 

accommodations [16]). [7] remark: “The formant 

patterns of the bite-block vowels were found to 

approximate those of the naturally spoken vowels. 

Measurements derived from lateral view still x-ray 

films showed that the bite blocks induce drastic 

articulatory reorganization. … A computer simula-
tion of our speakers' compensatory strategy re-

vealed that they behaved optimally according to 

acoustic theory. These findings suggest that a 
vowel target is coded neurophysiologically in 

terms of acoustically significant area-function…” 

More refined versions of auditory-oriented 

theories, such as [10], [20], [22], initially train a 

forward model through auditory feedback, a proc-

ess often compared to infant babbling. After train-
ing, the forward model then has some relative 

independence from auditory feedback, as is consis-

tent with the relatively slow, drifting degradation 
of speech production observed in the post-lingually 

deaf, e.g. [14]. Unfortunately, the auditory system 

cannot rely on acoustic information as simple as 
that suggested in the lower boxes in Fig. 1, as even 

young children are apparently able to correct for 

different vocal tract sizes and morphology [18], for 

example matching not raw formant values, but 

rather transformed formant values appropriate to 

their own body size. 

2.3. Translational theories 

The translational approach is best exemplified by 

[12]. In this approach distinctive features have dual 

definitions, both articulatory and auditory, and it is 

the features themselves that provide the fundamen-

tal connection between action (articulation) and 

perception (audition). In terms of Fig. 1, the fea-

tures are (some of) the lines connecting the top 
boxes with the lower boxes. Ideally, if such a the-

ory was correct, we should find that features have 

limited motor implementations, and limited acous-
tic cues [33]. For example, the feature [+round] 

would define the connection between the motor 

gesture of lip-rounding (i.e. the enervation of the 

orbicularis oris) and a particular perceptual pattern, 

perhaps the down-sweep in frequencies across the 

whole spectral range (as is observed in the Doppler 

effect). In this view, the mapping between articula-

tion and audition is linguistic in nature, and thus 

could be speech-specific, though evolution will 
tend to repurpose pre-existing equipment. [25] 

considers such theories in light of recent advances 

in the neuro-biology of speech.   

2.4. Summary 

The caricatures of the three models just presented 
are meant to highlight the difference amongst the 

points of view. Comprehensive study of speech 

production and perception leads to narrowing of 
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the gaps between the theories. For example, analy-
sis-by-synthesis models [32], [35] incorporate sub-

modules similar in function to those in the sophis-

ticated auditory-oriented models [10], [22].  

3. MAGNETOENCEPHALOGRAPHY 

Magnetoencephalography (MEG) is a non-invasive 

brain-imaging technique that measures the mag-

netic field generated by the electrical activity of the 

brain by using an array of super-conducting mag-

netic detectors. MEG provides excellent temporal 

resolution (~1ms) and reasonably good spatial 

resolution. A picture of the whole-head system at 

the Cognitive Neuroscience of Language Lab at 

the University of Maryland is shown in Fig. 2. The 

magnetic field from each detector is recorded digi-
tally and can be analyzed to assess a number of 

different characteristics of the signals. Three of 

these measures are particularly relevant for current 
speech research: (1) the M100 latency, (2) the 

mismatch field, and (3) localization patterns. 

Figure 2: KIT-UMD MEG scanner. 

 

3.1. M100 Latency 

Presenting a subject with a perceptual stimulus, 

such as a speech sound, will evoke a complex se-

ries of brain responses. For auditory events, there 

is usually a relatively strong response that occurs 

approximately 100 ms after the auditory event. 
This response is known as the M100 (“M” for 

magnetic, “100” denoting the approximate latency 

of the response). Although the morphology of the 
M100 response is still unknown, nevertheless it 

can be used to show that the brain differentially 

encodes two stimuli, showing that some aspect of 

this difference is represented in the primary audi-

tory areas.  

3.2. Mismatch fields 

Most M100 studies study the brain response 

evoked by a single stimulus (albeit averaged over a 

large number of trials). A more complicated type 
of study contains two kinds of stimuli, one of 

which is presented more often to the subject (the 

“standard”), the other is presented more rarely (the 

“deviant”).  The idea is that subject will construct 

some kind of summary representation of the set of 

standards in short-term memory, and that there will 
be a brain response (showing “violation of expec-

tation”) when a deviant is encountered (the “mis-

match field”). Different sets of standards can be 
tested, and in theory this technique would allow a 

more-or-less direct test of phonological natural 

classes. That is, we would expect [p t k] to be a 
reasonable set of standards, to which [b d g] would 

be deviant, but we would not expect [p d k] to be 

an effective standard set. 

3.3. Localization 

MEG data can also be used to reconstruct the loca-
tion of the source of the observed magnetic field. 

Speech studies using this method include [3], [4], 

[21]. Since this session also includes a report from 

Carsten Eulitz [2], I will not discuss this analysis 

technique any further. 

3.4. Summary and discussion 

MEG is certainly not a panacea for neurological 

investigation of speech, but it is an important new 

tool that speech researchers should be aware of. 

The M100 latency acts as a kind of very early reac-

tion time, offering some insight into what is repre-

sented in the early stages of auditory and linguistic 

processing. Mismatch field studies, though longer 

and more complicated to set up, offer the possibil-
ity of testing simple phonological natural classes. 

4. VOWEL HEIGHT 

Early auditory MEG experiments examined brain 

responses to sinusoidal tones. Poeppel et al [26] 

examined MEG responses to three different vowels 

([a], [i], [u]) and showed that manipulating F1 

changed the latency of the M100 response. In par-
ticular, [a] showed a shorter M100 latency, while 

[i] and [u] showed longer M100 latencies (the val-

ues for [i] vs. [u] were not significantly different).  

Subsequent studies [28] show that this is not a 

simple acoustic effect. As shown in Fig. 3, the 

vowel response does not follow the sinusoidal tone 
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response, but shows three distinct areas of re-
sponse. Taking the sinusoidal response as the stan-

dard, the first three vowel points show a longer 

latency than expected, and the last three have a 
shorter latency than expected. The middle five 

points follow the sinusoidal response fairly well, 

but these points also showed diminished identifica-

tion accuracy in a behavioral test. One interpreta-

tion, then, is that the middle five points do not 

categorize as either English /a/ or /u/. Whatever the 
correct interpretation may be, the experimental 

result is clear: the speech response is differentiated 

from the sinusoidal response. Of course we don’t 
yet know if this diagnoses a feature such as [high] 

or [low]; to do that we would need at least to see 

parallel results from an /æ/-/i/ study as well. 

Figure 3: (from [28]) M100 latency for vowel contin-

uum (solid squares) and sinusoidal tones (open circles, 

with 1/f curve fit). 

 
Work in progress [19] shows some additional 

evidence for higher-order invariants, in this case 

formant ratios. The hypothesis is that since listen-

ers need to be able to normalize formant values 

across different speakers [18], and since they are 

able to do this quite rapidly, they need a relatively 

easy, on-line normalization procedure. Since F3 

acts as a relatively good indicator of overall vocal 

tract length, we conjecture that listeners might use 

F3 as the basis for a formant ratio representation of 

vowel space (log F1/F3 x log F2/F3). If that is the 

case, then the previous results still follow because 

manipulating F1 also changed the F1/F3 ratio. To 

test this hypothesis, we held F1 and F2 constant 

and moved F3; the tested formant values are given 

in Table 1. The high and low F3 variants were ob-

tained by moving F3 equal distances in mels above 

and below standard values for F3 in the two vow-

els tested ([ɛ] and [ə]) [23]. 

 Table 1: Formant values (in Hz). 

Vowel F1 F2  F3 

/ε/ (low F3) 580 1712 2156 

/ε/ (high F3) 580 1712 3247 

/ə/ (low F3) 500 1500 2040 

/ə/ (high F3) 500 1500 3179 

 

The two vowel types (/ε/ and /ə/) elicited differ-

ent results. Changes in F3 for /ε/ did affect the 

M100 latency. The larger F1/F3 ratio (the lower 
F3; mean latency = 134ms) elicited a shorter M100 

peak latency than the smaller F1/F3 ratio (the 

higher F3; mean latency = 138ms). However, 
changes in F3 for /ə/ did not significantly change 

the M100 latency.  

Taken in conjunction with the previous study, 
we could conjecture that the lack of an effect for 

/ə/ is due to the lack of other phonemic central 

vowels in English. We are conducting a follow-up 

study with /o/ to see if results with back vowels 

pattern similarly to front vowels. Of course, other 

evidence could come from cross-linguistic investi-

gation of languages with richer central vowel in-

ventories, such as Vietnamese. 

4.1. Summary and discussion 

The M100 latency results show that some acoustic 

correlate related to vowel height is being neurally 

encoded in an interesting way. We have strong 

evidence that the encoding is not the same as that 

for sinusoidal tones, and we have some preliminary 
evidence to show that there may be a higher-order 

encoding of F1, perhaps encoded in some way 

similar to formant ratios. 

5. NASALITY 

There are fewer MEG studies investigating nasality 

or acoustic attributes potentially related to nasality 

(see, e.g. [27]). Since nasal vowels show an in-
crease in the F1 bandwidth, studies manipulating 

bandwidth are potentially relevant. Two studies on 

bandpass filtered white noise [30], [31] showed 

that as the bandwidth of the filter increased, the 

amplitude of M100 response decreased, but there 

was no significant change in the M100 latency. So 

one potential prediction is that nasal vowels might 

show decreased M100 amplitude relative to the 

corresponding oral vowels.  

Flagg et al. [5] conducted a very different test 
of phonological activity. They cross-spliced oral 

and nasal vowels with following oral and nasal 

consonants yielding congruent ([ab], [ãm]) and 
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incongruent ([ãb], [am]) sequences. The incongru-
ent sequences violate English phonotactic patterns. 

The M100 response latency evoked by the conso-

nant following the vowel was longer in the incon-
gruent sequences. But all of the sequences are 

linguistically possible in other languages (for ex-

ample Indonesian shows perseveratory nasalization 

instead of the anticipatory nasalization in English). 

Thus, a tempting interpretation of the results is that 

“the temporal disparity in evoked neuromagnetic 
activity in English speakers reflects a role for lan-

guage-specific phonological knowledge at the ear-

liest stages of auditory processing.” [5]. Ideally we 
would replicate this with other phonotactic viola-

tions, and would show that the reverse sequences 

in Indonesian display the same effect (congruent: 
[mã], [ba], incongruent: [ma], [bã]). 

5.1. Summary and discussion 

Even though there are few MEG studies relevant to 

nasalization, [5] represents an important advance 

in MEG techniques for speech. Their method al-
lows sequences of sounds to be examined and 

shows that at least some incongruent sequences 

result in a longer latency in the M100 component. 

Since all languages have legal and illegal phono-

tactic patterns, this promises to be a particularly 

fruitful area of research over the next few years. 

6. VOICING 

Voicing distinctions (as implemented in voice on-

set time) are some of the most-studied aspects of 

speech production and perception. Phillips et al 

[24] used a very clever mismatch design to test 

phonological knowledge of voicing, see Fig. 4. A 

synthetic VOT continuum was created for the pho-

nological contrast condition. In this condition, the 
standards were drawn from a legitimate phonologi-

cal category of English (e.g. /d/) even though there 

was substantial acoustic variation in both the stan-
dards and the deviants. Nevertheless, a mismatch 

field was induced by the deviant stimuli in this 

condition. The other (acoustic) condition was cre-

ated by adding approximately 20ms of voice onset 

time to all the stimuli. The set of standards in this 

condition was not a coherent phonological cate-

gory of English, but spanned across two categories 

(e.g. /d/ and /t/). In this condition the deviants did 

not induce a comparable mismatch field. We can 
conclude that the subjects were unable to induce an 

ad-hoc category for the standards in the acoustic 

condition, and that the existing VOT boundaries 

for the subjects were predictive of whether the 
mismatch field was induced. The techniques em-

ployed in this study are important as they demon-

strate how phonetic variation within a phonological 
category can be incorporated into the stimuli and 

still induce a categorical MEG response. 

Figure 4: (from [24]) Design of phonological mis-

match experiment 

 
Employing this same technique, Kazanina et al 

[13] examine prevoicing in Korean and Russian, a 

difference that is phonemic in Russian, but only 

allophonic in Korean (due to inter-sonorant voic-

ing). The Russian speakers showed a significant 
mismatch field response to the deviant stimuli, 

whereas the Korean speakers did not. Note that 

Korean does have two clusters of tokens for plain 

stops phonetically: one with pre-voicing, and one 

without. But this level of phonetic details seems to 

be inaccessible to the speakers in constructing the 

short-term memory summary pattern necessary to 

detect the deviant stimuli. Thus, the oddball para-

digm seems particularly useful at distinguishing 

between phonemic and allophonic distinctions. 

6.1.  Summary and discussion 

The mismatch field studies on voice onset time 

show that MEG experiments can incorporate sig-

nificant phonetic variation while still inducing 

categorical, phonemic responses, and can even dis-

tinguish phonemic from allophonic categorization. 

7. CONCLUSION 

Although MEG work on speech is still in its in-

fancy, it promises to allow us to examine neural 

responses to speech in new ways and to reveal new 
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aspects of speech perception relevant to age-old 
questions about the mental representation of 

speech. Latency of the M100 response can be 

modulated by changes in vowel formants and by 
the legality of phonotactic sequences. Oddball 

paradigms inducing mismatch fields are a subtle 

technique for testing which groups of sounds can 

form a coherent standard, and thereby test which 

sets of sounds form a phonemically natural class in 

a language. It is a very safe bet to predict that we 
will see an increasing number of MEG speech ex-

periments testing a wider variety of contrasts 

across different languages. 
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