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Abstract

Phoreme recogrition can mean two things, conscious phoneme-naming and pre-
conscious phone-categorization. Phoneme naming is based on a (leaned) label in the
mental lexicon. Tasks requiring phoreme avarenesswill therefore exhibit all the fegures
of retrieving lexicd items. Phore cdegorizaion is a hypaheticd pre-lexicd and pe-
conscious processthat forms the basis of both word recogrition and phomme naming.
Evidence from the literature indicates that phore-caegorizaion can be described within
a pattern-matching framework with wed&k links between acoustic cues and phoreme
caegories. This isill ustrated with two experiments. The aurrent evidence favors a lax-
phoreme theory, in which all phoremic caegories suppated by the aoustic evidence
and phoremic context are avail able to accessthe lexicon. However, the aurrent evidence
only suppats sgment-sized caegories. It isinconclusive & to whether these cdegories
are the same in number and content as the phoremes.

1 Introduction

In the phoretic literature, phoneme recognition, is generally used in two dstinct
senses. In ore sense, phoreme recgrntion refers to “phoreme avareness'. In the
other sensg, it refersto a hypaheticd intermediate, symbdlic, representationin speed
recogrition.

Phoreme awareness comes with (alphabetic) literacy. Most literate people can
easlly identify or monitor phoremes in speed. This awarenessbuilds on a “deeer”,
automatic cdegorization d sounds into classes of which the listeners are not
consciousy aware. In the first sense, phoreme recgrntion is a form of word-
recogrition. In the second sense, it is a form of data-reduction that is hidden from
awareness We will refer to phoreme reaogntion in the former, conscious nse &
phoneme-naming and in the latter, pre-conscious, sense & phone-categorization.

Phoreme-naming and phore-caegorizaion are not identicd. It is clea that in
conscious phoreme-naming, labels are dtadhed to the cdegories found in
preconscious phore-caegorizaion. However, the phoreme labels can aso be
obtained by reagnzing the whole word first and then extrading the constituent
phoremes from the lexicon (Norris et a. 200Q. The anscious, lexicd aspeds of
phoreme-naming will i nduce task effeds in all experiments that rely on it. Obvious
differences with phore-caegorizaion are that lexicd dedsions are known to be
competitive (winner-takes-all), frequency dependent, and prime-able. However, there
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IS noreason to asume that the underlying caegorizaion is competiti ve, the frequency
effeds reported are intricae & best (McQueen and Pitt, 1996, and prime-ability
might even be detrimental to word reagnition. Furthermore, conscious awareness of
phoremes and the associated attention alow the reauitment of “higher” mental
modues that are inaccessble to urconscious processs (Baas, 1997.

2 The Units Of Speech

It is not clea whether the phoreme is redly a “natural” element in recogntion.
Normally, phoremes are defined as distinctive fegure bundes. That is, a phoreme is
the smallest unit that will distingush between words, e.g., [tEnt] versus [dEnt] or
[KEnNt]. In these examples, /t d k/ are phoremes that differ in the feaure voicing (/t/-
/d/), placeof articulation (/t/-/k/), or both (/d/-/k/). Not al combinations of feaure
values that theoreticdly could be @mbined in a phoreme adualy occur in a
language. Languages ensure that diff erences between phoremes are large enoughto
be kept apart easily in bah articulation and identificaion (Boersma, 1998 Schwartz
et a., 1997. Of the 600 a more sounds that can be distingushed in the worlds
languages, English uses lessthan 50. Furthermore, between languages, fedures and
phoremes, can be defined differently, making for even more diff erences. For instance,
both English [tEnt] and [dEnt] are transcribed as Dutch [tEnt] whereas both Dutch
[tEnt] and [dENt] are transcribed as English [dEnNt].

Not al phoreme mmbinations are posshle. [tEnt] can legaly be danged into
[tEnd]. But a dange to [tEnk] results in an invalid English word. To get a valid
English word, we have to change the placeof articulation d the whoe duster /nt/,
e.g., [tENK] is a valid English word. This is becaise there is a "phondadic” rule in
English that "forbids" /nk/ clusters. All languages have such rules, bu they are
different for ead language (e.g., [tEnd] is not a valid Dutch word).

The phondadic, and phondogicd, rules are asecond (syntadic) layer that have to
be alded to the phoremes to get aworkable set. In a sense, the phonemes define legal
feaure combinations and phonotactic rules define legal feaure sequences. Therefore,
it shoud na come & a surprise that phoremes and phontadics are complimentary in
speedt reaogntion. People have difficulty producing and perceaving bdh phoremes
with invalid feaure combinations as well as feaure (phoreme) sequences that violate
phondadic rules (Cutler, 1997. Speed that violates the combinatory rules of the
fedures in a language will generally be mapped to the neaest valid phoreme
sequence. This is a problem in second language leaning as many (most) students
never succea in completely mastering the new phoremes and phondadic rules.

We can capture thinking on phoeme recogntion in terms of two extreme
positions, which few phoreticians will adualy defend. At the one extreme, the
obligatory phoneme hypothesis states that all speed is internally represented as a
string d phoremes and speed recgrition is done on this phoreme string. Whether
we use phoremes or fedures in this hypahesis is adually immaterial as all |egal
fedure wlledions can be rewritten as legal phoreme sequences and \ice versa.
However, nde that current theories of word recgntion do nd need phoremes or
fedures. Most models would just as well work on“normalized” soundtraces.

This brings us to the other extreme, the lax phoneme hypothesis. In this lax
phoreme hypahesis, remgnizing speed is tradking amustic events for evidence of
underlying words (or pronourceadle sounds). As in al tradk realing, the tradks will
be incomplete and ambiguots. To be &le to reagrize ~10° words from an urlimited
number of spedkers, ontline with incomplete, nasy evidence the words have to be
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coded in ways that allow normalizaion, error corredion, sequential processng and,
nat least, al ow reproduction, as all humans are aleto repea new words.

A simple way of coding words in a robust way is to correlate aoustic events for
sequentia order and co-occurrence Esentialy, thisis a “context-sensitive” clustering
anaysis in which the speed strean is (partially) caegorized in a normali zation and
data-reduction step. After this data-reduction step, the remaining information can be
procesd further to fit the requirements of the lexicon.

The lax phoreme hypahesis dates that the phoreme inventory and phondadics
cgpture the physiologicd and statisticd regularities of (a) language. These regularities
are used duing speed recogntion for the normalizaion and regularizaion o
utterances as a preaursor for lexicd access

To summarize the obligatory and lax phoreme hypaheses. The obligatory
hypahesis dates that all words (utterances) are mentaly represented as phoreme
strings. The lax phoreme hypahesis dates that phoremes and phondadics are
fedures of a data-reduction processthat seleds and aganizes relevant information,
but doesn't force deasions on segmental identity. In the lax hypahess, missng
information is ignaed and strict caegorizaion is deferred if necessry. In the
obligatory phoreme hypahesis, misang information hes to be provided (invented)
during aforced phoreme cadegorizaion.

3 What Makes A Phoneme

One centra presuppasition that many theories on phoreme reaogntion share is that
eat phoreme has a unified (and urique) canonicd target to which aredizaion can
be matched (see Coleman, 1998for evidence that this is a perceptual target). In this
view, phore-caegorizaion and phoreme-naming we the same “labels’. However,
many phones of a given phoneme do nd overlap in any perceptual representation,
e.g., pre- and pastvocdic liquids, gides, and dosives (c.f., aspirated and unreleased
allophores of voicdess plosives). Whereas other phoremes dare the same phores
(but in different contexts), e.g., longand short vowels. This can be most clealy seen
when phondadicdly defined allophores in ore language ae distinct phoremes in
ancther (dark andlight /I/ in English or Dutch are two separate phoremes in Catalan).

Very often, orly the context of a phore dlows one to seled the intended phoreme
label. That these complex colledions of "context dependent” phores are genuine
objeds and nd artifads of a procrustean theory is clea from the fad that both
spedkers and listeners can seamlesdy hande the rather complex transformations to
“undd reduction, coarticulation, and resyllabyficaion (e.g., "hall-of-fame" as /hO-
|@-fem/ or “wredk anicebead” as /rE-k@-nAi-spitS/).

Divergent allophores of a phoreme do nd have to share any perceptual properties.
Their unity at the phoreme level could, in principle, be cmmpletely arbitrary. That the
alophores of a phoreme dmost always do share some fundamental properties can be
explained from the fad that phoreme inventories and the essociated phondogicd and
phondadic rules evolve dongthe lines of maxima communicative efficiency in bah
production and perception (Boersma, 1998 Schwartz & al., 1997%. This will favor
“simple” inventories and rules. Still, ead language-community can “chocse” fredy
what variation it does or does not permit (Boersma, 1999. Our propgsition is that
phoremes are not only charaderized by some perceptua "canonicd form”, bu that
phondadica constraints and phondogicd rules are an integral part of phoreme
identity. A phone is the realization of a phoneme only in a certain context. This is
well ill ustrated by the fad that contexts that violate phondadics hamper phoreme
recogrition (Cutler, 1997%.
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The lax phoreme hypahesis might at first not sean to require labeling ead phore
with a “master” phoreme label. However, for lexicd access ead phore has to be
reevaluated to determine its proper placein the utterance For instance /hO-l@-fem/
must be resyllabified to /hOl Of fem/ to be reamgnzed as a threeword plrase. The
identity of the pre- and past-vocd /I/ and /f/ soundsis nat trivial. At some level, even
alax-phoreme model shoud fadlit ate this exchange of alophores.

4 The Acoustics Of Phonemes

The previous discusson is “phondogicd” in nature in that no references were made
to the aoustics, articulation, a perception o speed sounds. Feaures and phoremes
are symbadlic entities that have to be linked to acoustic caegories to be of any usein
speetr communicaion. Two classcd approades to the perceptua caegorizaion
problem can be distingushed. First, are the static dustering theories. These theories
asume that eat phoreme is a simple perceptual caegory. This caegory is defined as
a unit cluster in some perceptual space Some, rather complicaed, transformation is
performed on the speed signa after which the kernel (center) of eatr phoreme
redizaion will map to a point inside the boundaries of the perceptual areadesignated
for that phoreme. The best known example of this kind d approach is the Quantal
theory of speed (Ohala, 1989.

The seandtype of approad is dynamical. It assumes that the dynamics of speet
generate predictable deviations from the canoricd target redizaions. These
deviations can be “undore” by the extrapoation o the gpropriate parameter tradks
(dynamic spedficaion, seeVan Son, 1993, 19931 or by some detail ed modeling o
the mechanicd behavior of the aticulators (Motor theory). Experimental evidence for
any o these theories has been haly disputed. As Neaey (1997 rightfully remarks:
Proporents of both approadhes make such a good case of disproving the other side,
that we shoud believe them both and consider both disproved.

5 Experimental Illustration

An experiment we performed some yeas ago ill ustrates the problems of theories
relying onstatic or dynamic spedficaion (Pols and Van Son, 1993 Van Son, 1993,
1993h. In ou experiment we compared the resporses of Dutch subjeds to isolated
synthetic vowel tokens with curved formant tradks (F, and F,) with their responses to
correspondng tokens with stationary (level) formant tracks. We dso investigated the
effeds of presenting these vowel tokensin a synthetic context (/nVf/, /fVn/).

Nine formant "target" pairs (F,, F,) were defined using published values for Dutch
vowels. These pairs corresponced approximately to the vowels /iuyloEaAY / and were
tuned to gve dlightly ambiguows percepts. For these nine targets, smooth formant
tradks were anstructed for F, and F, that were ather level or parabolic curves
acarding to the foll owing equation (seefigure 1):

F (t) = Target - AF -(4-(t/D)2 - 44/D + 1)

in which:

F.(t): Value of formant n (i.e., F, or F,) at timet.

AF :Excursionsize F (mid-point) - F (or/off set).
AF=0,+225 a -225,AF,=0,+375 a -375(Hz)

Target: Formant target frequency.

D: Totad token duation(0<t<D).
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Figure 1. Formant track shapes as used in the experiments discussed in section 5. The

dynamic tokens were synthesized with durations of 25, 50, 100, and 150 ms. The

stationary tokens were synthesized with durations of 6.3, 12.5, 25, 50, 100, and 150 ms.

The dynamic tokens were also synthesized as onglide- and offglide-only tokens, i.e.,

respectively the parts to the left and right of the dashed lines.
No tracks were constructed that would cross other formant tracks or F,. All tracks
were synthesized with durations of 25, 50, 100, and 150 ms (see for more details: Pols
and Van Son, 1993; Van Son, 19933, 1993b). Stationary tokens with level formant
tracks (i.e., AF,=AF,=0) were aso synthesized with durations of 6.3 and 12.5 ms. Of
the other tokens (with either AF = +/-225 Hz or AF,= +/-375 Hz), the first and second
half of the tracks, i.e., on- and offglide-only, were aso synthesized with half the
duration of the "parent” token (12.5, 25, 50, and 75 ms). Some other tokens with
smaller excursion sizes were used too, these will not be discussed here (but see Pols
and Van Son, 1993; Van Son, 1993a, 1993b). In experiment 1, tokens were presented
in a pseudo-random order to 29 Dutch subjects who had to mark the orthographic
symbol on an answering sheet with all 12 Dutch monophthongs (forced choice).

In experiment 2, asingle realization each of 95 ms synthetic /n/ and /f/ sounds were
used in mixed pseudo-syllabic stimuli. Static and dynamic vowel tokens from the first
experiment with durations of 50 and 100 ms and mid-point formant frequencies
corresponding to /I E A o/ were combined with these synthetic consonants in /nVf/
and /fVn/ pseudo-syllables. The corresponding vowel tokens with only the on- or off-
glide part of parabolic formant tracks (50 ms durations only) were used in CV and VC
structures respectively. For comparison, corresponding stationary vowel tokens with
50 ms duration were also used in CV and VC pseudo-syllables. Each vowel token,
both in isolation and in these pseudo-syllables, was presented twice to 15 Dutch
subjects who were asked to write down what they heard (open response).

The speech recognition theories discussed above make clear predictions about the
behavior of our listeners. Static theories predict that vowel identity is largely
unaffected by formant dynamics. Dynamic theories predict some compensation for
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Figure 2. Net shift in responses as a result of curvature of the F,. *V*’ are the results of

the first experiment (all tokens poded onduration, n >= 696). 'V’ and ‘Context’ are

the results of the second experiment with vowel tokens presented in isolation (‘V’

n=120, left; n=90, right), or in context, CV, CVC, VC; C one of /n f/ (‘ Context’ n=240,

left; n=180, right). Gray bars: 100 ms tokens, white/bladk bars: 50 ms tokens,

I=ondide-only, c=complete, r=offglide-only tokens. +: significant (p < 0.001, sign

test), -: not significant. Results for F, were comparable but wedker.
reductionin dyramic stimuli. In ou case, al dynamic theories would predict formant
tradk extrapalation in some form (perceptual overshoa see Pols and Van Son, 1993
Van Son, 1993, 1993h.

For eat resporse to a dynamic token, the position in formant spacewith resped to
the static token was determined. For instance, an /E/ resporse to a dynamic token was
considered to indicate ahigher F, perception and a lower F, perception than an /1/
resporse to the wrrespondng static token. By subtrading the number of lower
dynamic responses from the number of higher dynamic resporses, we muld get a net-
shift due to the dynamic formant shape (testable with a sign test). Analysis of all
material clealy showed avery smple pattern over all durations: Responses averaged
over thetrailing part of the F, trads (figure 2). The same was foundfor the arved F,
tradks (not shown), athough lere the dfeds were somewhat we&ker and nd always
statisticdly significant (see Pols and Van Son, 1993 Van Son, 1993, 1993bfor
detail s).

The use of vowels in /n/, /f/ context had no appredable dfed except for a
deaeased number of long vavel resporsesin open “syllables’ (nat shown). In acord
with the Dutch phonadadicd rule against short vowels in open syllables. However,
this ladk of effed could be an artifad from an unretural quality of the pseudo
syllables.
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Figure 3. Construction d tokens from Consonant-Vowel-Consonant speed samples,
taken from conreded read speed), and their median duations (between bradkets).
Example for a /Sal/ speed sample. Vowel durations were dways 100 ms or more
(median: 132 ms). Scde lines marked with +/-10 ms and +25 ms are relative
displacaments with resped to the vowel boundxries (outer pair of dashed lines). Only
the "vowel-transition" parts of the tokens were defined with variable durations (>= 25
ms, between the outer and inner pair of dashed lines). The Kernel part and bah types
of Consonant parts (short, C, and longer, CC,) of the tokens were defined with fixed
durations (50, 25, and 10ms, respedively).

Contrary to the predictions of the dynamic models of speed recgrition, there was
no extrapolation found. Contrary to the predictions of the static clustering theories,
the kernel was not exclusively used for identificaion. None of the theories predicted,
or can even explain, the prevalence of averaging resporses to dyramic stimuli. No
segment internal cues sam to be used to compensate for the natural variation in
vowel amustic. Therefore, we shoud look for contextual cues.

6 Pattern-Recognition M odels Of Phoneme Recognition

In two papers, Nearey pants out that most current theories on speed perception, like
those discussed above, assume that there ae strong links between the symbdlic, i.e.,
phoreme, and either the aticulatory or the perceptual level, or both (Neaey, 1992,
1997. He cdls these theories strong. In contrast, Neaey pus forward the empiricd
hypahesis that ‘[ S]peech cues can be directly mapped onto phonological units of no
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larger than phoneme size' (Neaey, 1997. Neaey states that both spekers and
listeners are ale to exploit amost any regularity in the @rrespondence between
aomustics and phoreme identity. Hence there ae only we& links between the
articulatory, perceptual, and symbalic levels, which merits the name weak theories.

What distingushes grong and we& theories of perception is the importance of
local context (Neaey, 1997. In an ided strong theory, the aoustics of speet are
primarily linked to locd "fedures' of articulation a perception. Hence, ambiguities
can be resolved within the phoreme itself and any dstant, perisegmental, cues are
redundant, i.e., they do nd supdy new information. We& theories along the lines
drawn by (Neaey, 1992, 199Y, dlow for any regularity to become distinctive
(including visual ones). This implies that the relevant cues must be extraded and
interpreted within a wider context, which dces supdy new information nd available
from within the phoreme boundries. In a we& theory, multiple sources of
information are integrated to come to a singe phoreme percept. In the view of
Neaey’'s acourt (Neaey, 1997, the "strength" of a perception model would scde
with the scope of the speed window relevant to phoreme identificaion. This can be
operationalized by dotting identification performance & a function d the anourt of
speed avail able, i.e., the distanceto the "segment proper".

The weak approadch to phoreme perception d (Neaey, 1992, 199y fits in the
pattern-recognition framework of (Smits, 1997. In this framework, al relevant
aomustic “events’ in the neighbahood d a segment are wlleded to dedde on the
presence of a phoreme. What is actually used to reaognize aphoreme is determined
by what (other) amustic and visua cues or phoremes are present, or even by
“circumstantial evidence”.

Strong theories of speed perception predict that listeners will only use aues from
within a segment. Reaogntion performance will read a celing at the boundxries of
the segments. Visual information, e.q., lip-reading, and the asciated synchronizaion
problems are generally ignared in these theories, althoughmotor-theory based models
could in principle integrate it. Adding speed from outside the phoreme boundaries
will not improve identificaion. The pattern-matching framework of perception, e.g.,
the week theory of (Neaey, 1992, 199, predicts that phoreme identificaion will
benefit from any “extra” speed, irrespedive of its modality or relative pasitionin the
utterance

The pattern-matching framework can beill ustrated by (Smits, 2000 and bya study
of our own (Van Son and Pols, 1999. In the latter study, we nstructed gated tokens
from 120 CVC speedt fragments taken from a long text reading where the sentence
accent on the vowel was noted (seeVan Son and Pols, 1999for details). The tokens
were divided into vowel kernel (kernel, the ceatral 50 ms), vowe transition (T,
everything ouside the kernel), a short consonant part (C, 10 ms), and an owverlapping
longer consonant part (CC, 25 ms). Gated tokens were constructed from these sub-
segments acwording to figure 3. These tokens were randamized for vowe
identification (Kernel, V, CV, VC, CVC tokens), pre-vocdic consonant identificaion
(CT, CCT, CV, CCV tokens), and past-vocdic consonant identificaion (TC, TCC,
VC, VCC tokens). Listeners were asked to identify vowels (17 subjeas), and ge-, or
post-vocd consonants (15 subjeds for both) by picking the relevant orthogaphic
symbal on a CRT screen. Subjeds could pick any legal phoreme, except schwa &
well as sme unusua consonants (/JGg/, affricaes). For more detalls, see (Van Son
and Pols, 1999.

The results were analyzed in terms of the log,(resporse-perplexity) which is a
measure of the missng information (in hits) and is measured on a ratio scde.
Contrary to its complement, the mutual information a transmisson rate, the missng

34 IFA Proceealings 24, 2001



3.0
H All
TC @ + Accent
2 5 2 Tcc O —Accent
O
VC u
2 2.0 o)
" ¢ n ° vee
> O
% QTQ ® H
= 15 cVv 5 o)
: 0 e JBe
5 A\
ém 1.0 Kernel 9 CC ®
O
vC ] 9 g
0.51 ® ®
vV  cv
B CvC
0.0 - - . .
Token size: Shortest Median Longest
(> 35 ms) (~ 100 ms) (<200 ms)

Figure 4. Log, perplexity values of vowel and consonant identification (in pre- and
post-vocd pasition) for the individual stimulus token types. Given are the results for all
tokens poded (“All”) aswell asfor vowels with and withou sentence accat separately
(+ and — Accent respedively). Longshort vowel and consonant voicing errors were
ignared. Chance resporse levels would result in alog, perplexity of 2.93 hits for vowels
and 383 hkts for consonants. Kernel, VC, V, CV, CVC: Vowe identificaion
(lower/center symboals). CT, CV, CCT, CCV: pre-vocd consonant identificaion
(middie/left symboals). TC, VC, TCC, VCC: post-vocdic consonant identificaion
(upper/right symbals). Statisticd analysis of the eror rates $owed that al differences
between Accented and Unaccented tokens were significant (p < 0.01) except for vowel
identification in Kernel and VC tokens (Chi-sguare test). Furthermore, all differences
between the All tokens were significant, except for vowel identificaion between CV
and CVC tokens (McNemar’ s test).
information is insensitive to the size of the stimulus st. The results are summarized in
Figure 4.

Two conclusions can be drawn from figure 4. First, phoreme identificaion
benefits from extra speed, even if it originates from outside the segment proper, e.g.,
adding a vowel kernel to a transition-consonant fragment. Second, adding contextual
speed in front of a phoreme improves identification more than appending it at the
badk. Our results could be best explained by assuming that, as predicted by the week
theory of speed perception, li steners use speed cues from far outside the segment to
identify it. Furthermore, the prevalence of ealy (pre-pended) speed cues over late
(appended) cues indicates that phoreme-identificaion (a naming task) is a fast
process in which label-dedsions are made & ealy as possble, disregarding

subsequent cues.
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Figure 5. Error rates for vowel and consonant identification in CV- and V C-type tokens
with respect to the correct and incorrect identification of the other segment in the same
token. Voiced/Voiceless errors in consonants and Long/Short errors in vowels were
ignored. Differences are statistically significant for the CV tokens only (Chi-square =
28.7,n=1,p<0.01).

7 PhonemesIn Context

Phoneme production (articulation) is highly context dependent. Coarticulation is one
of the prime sources of variation in phonemes. It changes all aspects of speech to such
an extent that no genuine acoustic invariant has been found in 50 years of research. So
it would be no surprise if phoneme recognition itself would be context dependent.

A reanalysis of classical studies on dynamic theories of phoneme recognition (Van
Son, 19933, 1993b), showed that al of these studies could be interpreted in terms of
purely phonemic-context effects: Only if the appropriate context was identified, was
there compensation for coarticulation. Furthermore, the amount of perceptual
compensation depended only on the context, and was independent of the size of any
dynamic aspect of the speech. In an extensive in-depth analysis of earlier experiments,
Nearey gives very convincing arguments for the use of phoneme-sized, symbolic
context in phoneme recognition (Nearey, 1990). If we summarize these studies,
listeners seem to interpret acoustic cues not with respect to their acoustic context, but
instead with respect to their phonemic context (Nearey, 1997; Pols and Van Son,
1993; Van Son, 1993a, 1993b; Nearey, 1990, 1992).

This phonemic-context effect can be illustrated with results from our own study
(Figure 5, Van Son and Pols, 1999). Both vowels and consonants in CV tokens were
identified better when the other member of the pair was identified correctly than when
it was identified incorrectly. The fact that nothing was found for the VC tokens makes
it less likely that this effect was only due to the fact that a better articulated vowel
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implicated a better articulated consonant. However, we do nd have an explanation d
the diff erence between CV and VC tokens.

8 A Synthesis?

It is probably too ealy to present ared synthesis of theories on phoreme recognition.
However, several points can aready be made. A goodcase has been made for apurely
bottom up model (Norris et a. 2000, that fits a weak pattern-matching framework
(Neaey, 1992, 1997 Smits, 1997. The input will be a @mbination d acustic and
visual “events’ in the speed signa that map dredly onto symbadlic entities of
phoreme size (Neaey, 1992, 1997 Smits, 1997. The output are phoreme-sized
caegories used to accessthe lexicon a articulation (Coleman, 199§.

What is dill needed is a mechanism to namalize and combine speed cues into
phoreme-sized categories that compensates for coarticulation and reduction. Most
evidence is compatible with a view that the normali zation and compensation depends
on the phonemic (symbadlic) context (Van Son, 1993, 1993h Van Son and Pols,
1999 Neaey, 1990.

A little is aready known of the cdegorization process First of all, acoustic cues
are “regycled” and ead individual cue can be used for more than ore phoreme, e.g.,
vowel duration in vowel identificaion and posive voicing (Neaey, 1990.
Furthermore, when present, visual information is used in the cdegorizaion process
e.g.,the McGurk effed (McGurk and Maddonad, 197§. Categorizaionisalso lax in
that ambiguities are preserved (Schouen and Van Hessn, 1992 Van Hesen and
Schouten, 1993, as is demonstrated in the Ganongeffed (Borsky et a., 1999, where
caegoricd boundries ift in resporse to lexicd expedations, and phoreme
restoration. It seems as if during caegorizaion as much data reduction is performed
as posshble withou discarding relevant cues.

This can be visuadlized as the construction o an ASR-like lattice of passble
“phore(me)-categories” and their “activations’ (or sublabeling, Van Hessn and
Schouen , 1999. These adivations build up owr time (Schouen and Van Hessen,
1992 Van Hessen and Schouen , 1992. The lattice would contain any phoreme (or
phore-caegory) that is suppated by the aoustic, visual, and contextual evidence
That is, speet recognition would use alax-phoreme hypahesis. This phore(me)-
lattice is pre-conscious and can orly be accesd by way of the lexicon a by
articulatory recoding (Coleman, 1998. The fad that the phore-caegories can dredly
be remded for articulation, bymssng the lexicon, suggests that the caegorizaion
processitself islocaed ouside the lexicon (c.f., Coleman, 199§.

Note that nore of the evidence discussed here adually proves that the phore-
caegories are in fad phoremes. The only requirements are that these cdegories map
to phoreme-sized chunks of speed and that they can be used to access phoreme
labels in the lexicon and the aticulatory apparatus for “echoing’. This suggests that
there auld well be more phore-categories at this level than there ae phoreme-labels
in the lexicon. A guess would be some kind d alophores, bu nathing definite is
known about these cdegories or their exad nature.

There remains the question d how to investigate the phore-categorizaion pgrocess
The principal experiments into phoreme recgrition rely on either lexicd access of
some sort, e.g., phorme identification a monitoring, a the cdegoricd perception
paradigm. The latter task might use aticulatory recoding (Coleman, 1999. Anacther
way to probe the cdegorizaion processis to rely on articulatory reaoding by wsing
shadowing tasks. In shadowing experiments, the use of the lexicon can be
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manipulated (or blocked) to reved the underlying pocesses. This is the diredion we
are aurrently investigating with some new experiments.
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