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The use of time during lexical processing
and segmentation: A review
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State University ofNew York, Stony Brook, New York

Speech, by its very nature, is a time-based phenomenon. Speech sounds are temporally distrib
uted, with the presentation of one sound roughly conditioned by the fading of the previous one. In
this review, three classes of models are discussed with respect to the sequential nature of speech. It
is argued that the three resulting conceptions of time are linked to the type of segmentation process
proposed by these models to deal with speech continuity. In the first one, lexical activation is viewed
as perfectly synchronized with the temporal deployment of speech. This type of model corresponds
to the traditionalleft-to-right (proactive) account of lexical processing. Because serious segmenta
tion problems exist for such an approach (e.g., car and card are embedded in cardinal), the second
type of model treats word recognition as the result of a mechanism that sometimes delays commit
ment on word identity beyond word offset. Lexical activation, instead of shadowing the unfolding of
time, lags behind it until an unambiguous decision can be made. The temporarily unprocessed in
formation is stored in a memory buffer. In the third approach, a prosodic cue (lexical stress) con
tributes actively to speech segmentation and lexical processing. Every stressed syllable encountered
in the signal is postulated as a word onset and thus constitutes the starting point of lexical activa
tion. However, with non-initial-stressed words, retroactive procedures going "back in time" must be
used. Finally,the use oftime (including proactive, delayed, and retroactive procedures) is discussed
in light of cross-linguistic phonological differences.

How spoken words are recognized is a major concern in
psycho linguistics. Models posited to explain this complex
cognitive skill have traditionally ascribed a central posi
tion to the notion of lexicalprocessing, which corresponds
to the multiple steps that lead to the recognition ofa word
(Frauenfelder & Tyler, 1987). Lexical processing includes
three stages: (l) the initial contact between the input sig
nal and the mental lexicon, (2) the activation ofcandidates
in the lexicon and their progressive selection, and (3) the
recognition of the actual word. The term lexical access is
usually reserved to describe the moment at which lexical
information becomes available to the speech processor.

Approaching lexical processing and segmentation from
a time perspective is unconventional in the field of word
recognition. Traditionally, research has mainly focused
on the informational side ofspeech processing (amount of
information, number of phonemes, type of perceptual
units, quality of the input, etc.). However, it is possible to
examine and classify the models built on this type of ev
idence along a time-based typology. In this review, I have
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isolated three categories of time uses in which most cur
rent models of word recognition can fit. Interestingly, the
description of these categories happens to be based
largely on the evidence related to the speech segmenta
tion mechanisms supported by the models under catego
rization. This overlap is due to the intimate relationship
between segmentation mechanisms and the use of time.
My goal in the present paper is to unravel this relationship.

The way in which lexical processing is carried out over
time can be modeled on a continuum between two con
trasting principles. According to the first principle, acti
vation in the lexicon follows the deployment of speech in
a time-shadowing way. In other words, speech informa
tion occurring first in time is always processed first. For
example, with the word technique, the syllable tech would
be processed before the syllable nique because tech oc
curs first in time. According to the second principle,
even though the physical variable of time is defined as a
before/after sequential order, the information occurring
first in time is not always processed first. In this view,
processing primacy is not given to temporally early in
formation but to that which is perceptually salient (e.g.,
stressed syllables). As a consequence, late information
may sometimes be processed before earlier information.
For example, if stressed syllables are considered to be the
leading salient events, the word technique would be rec
ognized through the early processing of nique. The syl
lable tech, although coming earlier in time, would be de
coded retroactively with the help of the lexical information
provided through nique.
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The respective implications of these two views are not
trivial. On one end of the continuum, the temporality of
speech processing can be thought ofas sequential and uni
versally identical. All languages would be processed in
a proactive way, with early information contributing to
the processing oflater information. In contrast, the other
end of the continuum opens a realm of new predictions
regarding, among others, cross-linguistic differences.
For example, insofar as the nature ofperceptual1y salient
information varies from one language to another, the use
oftime during lexical processing could, too, be different
across languages. Because of their phonological speci
ficities, languages may require different degrees ofproac
tive and retroactive processing.

In the present paper, I review the evidence supporting
various theoretical positions on the sequential/nonse
quential continuum as it pertains to English. To do so, I
first examine how the notion oftime has traditionally been
considered (or avoided) in studies on word recognition.
The goal is to show that, despite the intrinsic correlation
between time and the speech information that it brings to
the listener, these two variables have an independent im
pact on lexical processing.

Next, I discuss three classic types of models which, al
though original1y designed to deal with lexical process
ing and segmentation, embody specific implications
concerning the use of time. The differences among the
models originate principally from the distinct solutions
that they offer to the problem of speech continuity and
the absence of word-boundary cues in the signal. The
first view suggests that lexical activation closely shad
ows the unfolding of time; words in the lexicon are acti
vated sequentially as the information appears. The second
view posits that recognition cannot always be success
fully achieved in a time-shadowing fashion. Often, in
formation beyond a word's offset has to be processed be
fore recognition can take place. Thus, in this account, the
system is required to delay the decision about the word's
identity in order to avoid incorrect lexical hypotheses.
The information temporarily left unprocessed during this
operation is stored in a buffer. The nature and capacity of
this buffer are discussed.

Contrary to the first two models, which posit segmen
tation as a by-product ofword recognition, the third model
considers segmentation an independent and explicit
mechanism. In this model, the ambiguity at word bound
aries (responsible for delayed commitment in the second
view) is dealt with by calling upon a suprasegmental cue
such as lexical stress in order to segment the speech
stream. For example, initiating lexical access on every
stressed syllable of the input would be a relatively suc
cessful heuristic to use in English, because a high propor
tion of English words begin with a stressed syllable.
With initial-stressed words, lexical activation would pro
gress sequentially (or proactively), from left to right. How
ever, with non-initial-stressed words, the stress-based
strategy would fail to segment the input properly. The sys
tem would repair faulty segmentation by proceeding retro-
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actively, against the unfolding of time, and by accessing
the lexicon with an earlier (weak) syl1able.

Final1y, I propose that realistic models of word recog
nition require a combination of proactive, delayed, and
retroactive procedures. I suggest that the respective con
tribution ofthese three temporal procedures is tied to the
structural particularities of the lexicon and to the phono
logical characteristics of a given language, two aspects
that often determine the extent of segmentation prob
lems. Il1ustrations of this language-dependent time prin
ciple are briefly presented for non-English languages.

THE NATURAL CONFOUNDING
OF TIME AND INFORMATION

To examine how lexical processing is temporally car
ried out by the speech system, we first need to under
stand the temporality of the signal itself-that is, the way
in which it is produced. For anatomical reasons, speech
is produced fairly sequentially, with limited overlap be
tween phonemes. For example, it is impossible to pro
nounce al1 the phonemes of the word speech at once.
Phonemes are instead successively uttered in rapid and
continuous strings that constitute words and sentences.
Nevertheless, more meticulous spectral analysis reveals
that each short segment of speech carries information on
one phoneme together with its bordering phonemes
(A. M. Liberman, 1970a, 1970b; A. M. Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Massaro, 1975;
Studdert-Kennedy, 1975). For example, what one could
isolate as the spectral representation of the phoneme /s/
appears to differ in the syllables /su/ and lsi! because of
the specific articulatory constraints generated by the ad
jacent vowel. This phenomenon, which can sometimes
span over several phonemes, is usually referred to as
coarticulation. Thus, in the same way that physical and
muscular aspects of the vocal tract limit the number of
phonemes that can be uttered at once, they also prevent
pure sequentiality. However, despite this segmental over
lap, speech production still has an overriding sequential
component. The unfolding of information follows the
unfolding of time rather closely.

Does lexical processing fol1ow the sequential way in
which speech is produced or does it unfold in a more
time-independent way? To answer this question, it is im
portant to understand what the notion of time refers to in
speech processing and, specifical1y, how time and the
sensory information that it conveys combine. The pas
sage of time is usually filled with incoming sensory in
formation. Conversely, speech information takes time to
be produced. For example, the sequences /klrer/ and
/kleeri/ differ not only in the amount of phonemic infor
mation that they bring to the processor but also in the
amount of time that it takes to present them. Thus, when
researchers study how different amounts of information
affect subjects' responses, they also measure the effect
of processing time as it is confounded with information
input. Both the informational and the durational factors
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could be responsible for the activation state of the system
at a given time and, hence, for the subjects' responses
(Zwitserlood & Schriefers, 1995).

Most current models of spoken word recognition are
based on research done at the informational level only.
Their main goal is to determine the activation state ofthe
lexicon when the system is presented with a given input
and, eventually, to specify the amount of information
necessary for recognition of a word (Grosjean, 1980;
Marslen-Wilson, 1985; McClelland & Elman, 1986; Sala
soo & Pisoni, 1985; Tyler, 1984; Zwitserlood, 1989). For
example, in the gating paradigm (Grosjean, 1980), sub
jects are presented with words that are interrupted before
their offset (e.g., the presentation of a word such as
spaghetti could be interrupted after /sp~g/). The subject's
task is to guess the identity of the full word. By varying
the locus ofthe interruption, one can establish how much
of the word must be heard for it to reach reliable recog
nition. However,processing time is usually not controlled.
As a result, researchers overlook two levels at which time
could intervene. First, because speech rate is not manip
ulated (i.e., the amount of information per unit oftime is
always the same), it is impossible to determine the con
tribution of time alone in the recognition performance.
Second, reaction times are traditionally not measured in
gating experiments. Subjects have as much time as they
need (for an exception, however, see Zwitserlood, 1989).
It is thus impossible to determine the amount oftime that
is necessary in order to produce a response.

On the other hand, the durational aspect ofspeech pro
cessing-that is, the role of time per se-has been ad
dressed in various research areas as well. Although most
research has been done at the acoustical level (e.g., Bas
tian, Eimas, & A. M. Liberman, 1961; Dorman, Raphael,
& A. M. Liberman, 1979; Lisker, 1957; Marcus, 1978;
Port, 1976; Summerfield & Bailey, 1977), a small num
ber ofstudies have focused on the effectoftime at the word
level. In these studies, time, generally referred to as pro
cessing time, is used as an independent variable in itself,
either as part of the experimental design or in an ex
ploratory post hoc way. The rationale is that, given that
the cognitive operations involved in speech recognition
can presumably differ depending on the amount of pro
cessing time available, it is important to analyze the re
sults at successive points in time during the task (Du
poux, 1993). Specifically, data analyses differentiating
between fast and slow respondents can be of great in
terest if one believes that fast responses are, as a rule,
generated at an early processing level whereas slower re
sponses may originate from more attentional, strategy
guided stages. Experiments done with data partitioned
on the basis of latency range, or with speeded/delayed
response designs, have revealed patterns of results that
varied considerably as a function of the amount of pro
cessing time (e.g., Dupoux, 1989; Fox, 1984; 1.L. Miller
& Dexter, 1988; Sebastian-Galles, Dupoux, Segui, &
Mehler, 1992).

The "temporal inertia" in the lexicon is clearly illus
trated in studies of lexical ambiguity and multiple lexi-

cal activation (Tabossi, 1988; Zwitserlood, 1989; see
Simpson, 1984, for a review ofearlier work). In this type
of study, the life span of the meanings of a homophonic
word (e.g., ring) is gauged by varying the time interval
between the offset of this word presented in a sentential
context and the occurrence of a visual word related to
one of its meanings (e.g.,jinger or bell). Latencies to
perform lexical decision on the two visual words are
compared at different time intervals. Research has
shown that, although all the different meanings of an
ambiguous word may be activated at first (Swinney,
1979), the context is soon used to select the appropriate
meaning and suppress the inappropriate one(s) (Dooling,
1972; Oden & Spira, 1983; Seidenberg, Tanenhaus,
Leiman, & Bienkowsky, 1982; Tanenhaus, Leiman, &
Seidenberg, 1979). Seidenberg et al. (1982) and Tanen
haus et al. (1979) suggest that this selection process is
completed within about 200 msec (but see Burgess, Tanen
haus, & Seidenberg, 1989, and Glucksberg, Kreuz, &
Rho, 1986, for diverging results).

In a similar way, Cutler (1986) found that the stress
pattern of a speech signal needed a certain amount of
time to constrain lexical access. For example, a word like
DIscount, bearing a first stressed syllable and a second
unstressed syllable, was shown to produce a priming ef
fect on the meanings associated with both the noun DIS

count and the verb discount. However, when the test
word was presented 750 msec after the prime instead of
immediately after it, a priming effect was found for the
stress-associated test word only. Taken together, the re
sults obtained with homophonic and prosodic cross
modal priming show that the lexical activation produced
by a given input can change simply by allowing extra
processing time.

The relationship between processing time and amount
of sensory information has been analyzed explicitly.in
only a few studies. For example, Massaro (1972b) found
that the pitch perception of single tones could be im
proved either by increasing the duration of the test tone
presented to the subjects or by allowing more processing
time after the test tone offset. In fact, processing time
turned out to be a more critical factor than did the dura
tion of the stimulus, with an optimal processing time of
250 msec. Similarly, using vowel recognition tasks, Mas
saro (1974) and Massaro and Idson (1978) demonstrated
that a short fragment ofa vowel plus additional process
ing time improved recognition performance to the same
extent as did the same vowel presented for the cumula
tive duration. Thus, it appears not only that processing
time is a critical factor during speech recognition but also
that it can compensate for a shortage of sensory input.

Amount of processing time and amount ofinformation
seem to interact similarly at the level ofword recognition.
Ina cross-modal experiment carried out in Dutch, Zwit
serlood and Schriefers (1995) compared the effects of
three auditory primes on the lexical decision of a subse
quent visual target. The three primes were: (I) a short onset
fragment of a word (e.g., /kae/ from kapitein [captain]),
(2) a long onset fragment from the same word (/kaep/),



and (3) the short fragment (/kae/) followed by an inter
stimulus interval (lSI) amounting to the difference in du
ration between short and long primes in a given set. The
authors found that the short fragment was not sufficient
to produce a priming effect on the lexical decision. How
ever, the long fragment and the short + lSI conditions both
yielded reliable priming effects. On the basis of these re
sults, Zwitserlood and Schriefers concluded that the in
formation present in the short fragment was sufficient to
activate the lexicon and produce priming, provided that
it was given enough time to become operative. These find
ings concur with those reported on pitch perception and
vowel recognition (Massaro, 1972b, 1974; Massaro & Id
son, 1978) in that they illustrate the distinct contribution
of processing time and sensory information to speech
recognition, despite their confounded nature in normal
listening situations.

Another way to disentangle the respective role of time
and information is to vary the amount of sensory infor
mation per unit of time through speech compression or
expansion. For example, numerous researchers have an
alyzed the effect of speech rate on the comprehension of
a spoken message and on the intelligibility of its indi
vidual words (e.g., Aaronson, 1974; Fairbanks, Guttman,
& Miron, 1957; Foulke, 1969; Garvey, 1953). One very
consistent finding is that listeners are able to deal with
various speech rates successfully;' probably by taking
into account the rate at which the speech is produced, a
process called perceptual normalization of the input
(J. L. Miller, 1981, 1987; J. L. Miller & A. M. Liberman,
1979). For example, investigations of time-compressed
speech reveal that the accuracy with which a word pre
sented in isolation can be reported remains above 90% as
long as the compression rate does not exceed 50% (Fair
banks et aI., 1957; Garvey, 1953). Thus, listening compre
hension, on the whole, appears to be relatively unaffected
by variations in the amount of information per unit oftime.

A few studies have explored the separate effects of
speech rate and amount of information with isolated
words. When Dupoux and Mehler (1990) measured the
detection latencies for initial stop consonants in high
frequency and low-frequency French words, they found
a frequency effect in monosyllabic words but not in bi
syllabic words. Subjects were faster at detecting an ini
tial /t! in high-frequency monosyllables such as texte
(text) than in low-frequency monosyllables such as teinte
(tint). There was no significant difference between high
frequency bisyllables such as terrible (terrible) and low
frequency bisyllables such as terrasse (terrace). This in
teraction was explained in terms of different processing
routes used with monosyllabic and bisyllabic words
(Cutler & Norris, 1979; Foss & Blank, 1980; Newman &
Dell, 1978). Monosyllables would be processed via an
access to the lexical information-the lexical route
thus creating a lexical effect. The bisyllables would be
too long to yield lexicon-based reaction times. A simple
acoustic/phonetic decoding-the prelexical route
would be sufficient. Such a route would not be affected
by a lexical parameter such as frequency. In order to de-
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termine whether the length effect was structural (one vs.
two syllables) or durational in nature, the authors com
pressed all items to half their durations. Despite this
change, the same results emerged. Compressed bisylla
bles, which were even shorter in duration than uncom
pressed monosyllables, still showed no frequency effect.
Thus, the interaction between word length and word fre
quency was apparently due to a structural difference and
not to a durational difference. These results suggest that
lexical processing, as indicated by the frequency effect,
depends more on the amount of information being
processed than on the amount of time to process it.

Recently, this conclusion was moderated by Pitt and
Samuel (1995), who showed that both the amount of in
formation and the processing time allowed to the listener
can have an effect on the activation state of the lexicon.
In their experiments, the authors measured the detection
latencies for various consonants in words and pseudo
words. The words differed in the position oftheir unique
ness point. The uniqueness point (or UP) of a word is
that point in the word where only one item in the lexicon
matches the input (Marslen-Wilson & Welsh, 1978). For
example, the UP of spaghetti is at /g/ because it is the
only word that starts with the sequence /spoq/. In Pitt and
Samuel's study, halfthe words had a UP in their early por
tion (early-unique words) and half had a UP in their late
portion (late-unique words). Matched pseudowords were
created by changing one or more phonemes in the target
words. The pseudowords' deviation point (or DP, point at
which the string diverges from any word in the lexicon)
occurred by the end of the second or third phoneme in
most cases. Initial results showed that both pre- and post
UP target consonants in late-unique words were detected
faster than identical consonants occurring at the corre
sponding location in the pseudowords. In contrast, with
early-unique words, the word advantage was found only
on the detection of post-UP consonants. The authors
suggested that the absence of a lexical effect before the
UP in early-unique items was due to either insufficient
information at such an early point in the words or insuf
ficient processing time.

To tease apart these two confounded possibilities, Pitt
and Samuel (1995) compressed the late-unique items to
align their UP with the UP of the early-unique items.
With this manipulation, early- and late-unique items be
came unique at the same point in time, though with dif
ferent amounts of sensory information having been pre
sented. Despite the compression, the lexical effect before
the UP of the late-unique words was still present. This
result suggests that reduced processing time does not af
fect the lexical activation produced by a sufficient
amount of information, a finding consistent with Dupoux
and Mehler's (1990). However, when Pitt and Samuel ex
panded the early-unique items to align their UP with that
of the late-unique items, a lexical effect emerged before
the UP of the early-unique words. This result suggests
that even a few phonemes of input can produce the lexi
cal activation necessary for lexical effects to appear, pro
vided that the system is given enough processing time.
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This finding is compatible with the previously reported
work on pitch perception (Massaro, 1972b), vowel iden
tification (Massaro, 1974; Massaro & Idson, 1978), and,
more importantly, lexical processing (Zwitserlood &
Schriefers, 1995). Indeed, all these studies point out the
separate influences of processing time and sensory in
formation on speech processing. In particular, they sug
gest that lexical activation lags slightly behind the tem
poral deployment of information. This delay would
explain why extra processing time sometimes appears to
compensate for a shortage of information.

In conclusion, time emerges as a critical factor during
speech perception and lexical processing and seems to
be independent of the amount of information supplied.
However, the joint operation oftime and information can
be disentangled only indirectly because of the intrinsi
cally confounded nature of these two variables in run
ning speech. In the next section, I describe how time, both
as a critical factor in itself and as a conduit for informa
tion, is the central aspect of sequential models oflexical
processing, the first type ofmodel presented in this review.

MODELl
The Sequential Nature of Speech Processing

Until recently, there was fairly strong agreement among
speech recognition models that the most straightforward
way in which lexical processing could proceed was to fol
low the unfolding of time in a left-to-right manner (see,
e.g., Chodorow, 1979; Cole, 1973; Cole & Jakimik, 1978,
1980a, 1980b; Marslen-Wilson, 1973, 1984; Marslen
Wilson & Welsh, 1978; Marslen-Wilson & Zwitserlood,
1989; Nooteboom, 1981). This idea has been computation
ally developed in the influential Cohort model (Marslen
Wilson, 1987; Marslen-Wilson & Welsh, 1978), which,
for a long time, dominated the field with an impressive
body ofevidence in several languages and various tasks.
The present section is a review of this evidence and the
ideas that it fostered. However, we will see in later sec
tions that data have been accumulating in the last decade
that show a much more complex relationship between
time and lexical processing.

The idea behind sequential models oflexical process
ing is that in all languages, speech units (e.g., phonemes
and syllables) are processed as they temporally occur,
one by one. In this view, lexical activation starts as soon
as any signal is available and the decision on the identity
of the string occurs when there is enough evidence to do
so without ambiguity. In some cases, the decision even
occurs before the end of the word. The synchronicity of
speech production and speech processing leads to what
we might refer to as time-shadowing decision. The mod
eling of such a process received its first decisive appli
cation in the Cohort model (Marslen-Wilson & Welsh,
1978). In this model, a phase of lexical activation driven
by the unfolding speech signal is followed, on line, by a
phase of deactivation of the candidates that no longer
match the gradually growing input. The result of this ac
tivation/selection process is the isolation ofa unique can-

didate that matches the input while the others no longer
do. The remaining candidate theoretically corresponds
to the word to recognize. As indicated in the previous sec
tion, the point at which a word becomes unique (hence
recognized), following this "left-to-right" process, is called
the uniqueness point (UP). Such a model appears to be
computationally inexpensive, because, in theory, only
the speech before the UP must be processed to make word
recognition possible. This is particularly economical with
long words that have an early UP. For example, only the
first four phonemes of the word claustrophobic would
need to be decoded to achieve recognition, since it is the
only word starting with the sequence /klos/, In addition,
early recognition would allow the offset of a word to be
anticipated, thus solving the complex problem of word
segmentation in continuous speech (L. A. Taft, 1984).

A way to test the sequentiality of speech processing is
to compare recognition ofwords with an early UP (early
unique words) to that of words with a late UP (Iate
unique words). If word recognition is a time-shadowing
process, early-unique words should be recognized faster
than late-unique words and, more generally, there should
be a high correlation between the time that it takes to rec
ognize a word and the position of its UP. Sequential ef
fects, including UP effects, have been reported repeat
edly in English in various tasks, such as shadowing
(Marslen-Wilson, 1973), phoneme monitoring (Frauen
felder, Segui, & Dijkstra, 1990; Marslen-Wilson, 1984),
lexical decision (Goodman & Huttenlocher, 1988; M. Taft
& Hambly, 1986), mispronunciation detection (Jakimik,
1979; Ottevanger, 1984), gating (Grosjean, 1980; Tyler
& Wessels, 1983), and phonemic restoration (Samuel,
1987). Similar effects have also been found in French in
a task known as gender classification, in which subjects
must decide whether the word they hear is masculine or
feminine (Radeau, Mousty, & Bertelson, 1989), andin a
shadowing task (Radeau & Morais, 1990). The time
shadowing aspect of word recognition has been clearly
illustrated by Radeau et al. (1989), who pointed out that in
their experiment, subjects responded before the end of
the word in 20% of the early-UP items and 10% of the
late-UP items.

These studies suggest that UP effects are robust across
tasks and languages. However, Radeau, Mousty, and
Pasdeloup (1994) have pointed out that these effects can
be sensitive to time-related factors such as speech rate.
When the authors speeded up the presentation of French
test words from 2.2 to 5.6 syllables per second on the av
erage, through either faster human delivery or computer
ized compression, UP effects disappeared. Interestingly,
the fast rate corresponded to the average normal rate of
continuous speech (Malecot, Johnston, & Kiziar, 1972).
Therefore, Radeau et al. (1994) suggested that UP phe
nomena traditionally reported in the literature could
arise from the abnormally slow speech rate used in the
artificial laboratory situation. Word presentation slower
than normal would provide subjects with extended pro
cessing time and hence enable them to use powerful
strategies such as time-shadowing decision.
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However, Marcus and Frauenfelder (1985) showed
that, despite some variation, the average minimal devia
tion increases in a linear way after the UP. Therefore, as
the authors pointed out, the UP is not only the point at
which a segment becomes unique through sequential
elimination of its competitors, it is also the point after
which it increasingly departs phonetically from them.
The UP effects found in the literature could thus reflect
minimal deviation as much as uniqueness. In such a case,
UP effects may unwittingly support the possibility that
processing goes beyond the UP, an idea that is not im
plemented in the Cohort model. In addition, the concept
ofminimal deviation suggests that words that would the-

1978; Marslen-Wilson & Zwitserlood, 1989), that word
onsets are crucial for successful recognition. First, the use
of cross-modal priming suggests that distortions of
word-initial information do not preclude recognition
much more than distortions of noninitial information
(Connine, Blasko, & Titone, 1993). Second, late segments
of words have been shown to generate important lexical
activity in the lexicon, a result not predicted by sequen
tial models. For instance, Slowiaczek, Nusbaum, and
Pisoni (1987) observed that the identification of mono
syllabic words played in noise was facilitated by prior
presentation of a prime sharing one or more phonemes
with the target, regardless of the location of the shared
phonemes. The role ofposition in phonological priming
has been investigated in many other studies (e.g., Radeau,
Morais, & Segui, 1995; Salasoo & Pisoni, 1985; Shillcock,
1990; see Tabossi, 1993, for a discussion).

The relevance of the UP has also been questioned by
Marcus and Frauenfelder (1985), who showed that it is
possible to obtain UP effects within a system that does
not postulate left-to-right processing. These authors
found that the position of the UP is confounded with the
point in a word after which it starts to differ from the
closest nonidentical word in the lexicon (in terms of
number of phonemes), regardless of the position of the
deviating phonemes. They demonstrated this point by
using the concept of minimal deviation. If minimal de
viation is defined as the number of different phonemes
between the segment of a word (starting from its onset)
and the closest word in the lexicon that has at least as
many phonemes as the sequence, then all words have a
minimal deviation ofzero before the UP and ofone at the
UP. After the UP, the minimal deviation can remain very
small for some words (e.g., one for aptitude because a
word like altitude diverges from the base word by one
phoneme until its offset), but it can become quite large
for others. For example, as shown below, the minimal de
viation is four for the word incestuous, because the clos
est competitors, such as accentual, are four phonemes
away from incestuous (the four different phonemes are
underlined in each word):

This study raises two comments. First, it is difficult to
establish whether the UP effects in experiments other
than Radeau et al.'s (1994) were really obtained with ab
normally slow speech. Except for one UP study by Good
man and Huttenlocher (1988) in which the speech rate
was reported and was indeed considerably slower than a
natural rate, speech rates are usually not available. Sec
ond, and more importantly, although it is important to
point out that UP effects might not occur at natural
speech rates, Radeau et al.'s (1994) results do not neces
sarily demonstrate that sequential lexical processing is
an artificial construct that occurs only with an unnatu
rally slow input. Indeed, as I have reported above, Zwit
serlood and Schriefers (1995) indicated that the infor
mation that uniquely specifies a word may require some
time before it can be reflected in the activation state of
the recognition system and the subject's responses. Thus,
with short presentation times, the temporal inertia of the
system could mask UP effects. Moreover, we ought to
remember that the UP and, a fortiori, UP effects are only
theoretical concepts aimed at capturing a very general
phenomenon-namely, the on-line nature oflexical pro
cessing. Such a cognitive mechanism may be measurable
only with a slower speech input, a magnifying glass in
cidentally provided in most experimental studies on
speech. The absence ofUP effects at natural speech rates
can therefore not be taken as evidence against the se
quentiality of speech processing.

MODEL II
Speech Processing Delays Commitment:

The Need for Temporary Storage

Critiques of the Sequential Models
Despite (and also because of) their simplicity, strictly

sequential speech recognition models like the Cohort
model have not gone unchallenged. The most salient prob
lems are presented below. First, although there is con
vincing evidence that the signal is processed as it ap
pears, there is also evidence that processing continues
beyond the UP (e.g., more than the first four phonemes
would be processed in claustrophobic). For example,
M. Taft and Hambly (1986) obtained shorter lexical de
cision times for pseudowords such as mep than they did
for pseudowords such as mepsig, although in both items
/p/ corresponded to the deviation point (DP)-that is, the
point in the pseudoword where the sequence becomes
incompatible with any word in the lexicon. This result
suggests that speech processing is not a strictly time
shadowing operation, with lexical decisions occurring
when enough information is theoretically available. The
decision on the identity of a stimulus might require the
processing ofpost-DP (or -UP) segments too (see Good
man & Huttenlocher, 1988, for similar results).

Parallel to these studies, there is a growing body ofre
search moderating the popular assumption, held by the
proponents of strictly sequential models (Cole, 1973;
Cole & Jakimik, 1980a, 1980b; Marslen-Wilson & Welsh,

incestuous

accentual

!!!·se.s.tfu~.s.

~k'se!!tfu~l



316 MATTYS

oretically not enter the cohort because they do not share
the initial phonemes with the input could turn out to be
serious competitors (consider mobility and nobility).

The preceding remarks show that the notion of the UP
as a recognition point is problematic. According to the
early version of the Cohort model (Marslen-Wilson &
Welsh, 1978), the listener simply cannot recognize a word
if a pre-UP phoneme has not been properly decoded
(e.g., the word cigarette could never enter the cohort
generated by a mispronounced word such as shigarette).
Because such misperceptions frequently happen in every
day speech without necessarily precluding recognition, it
must be possible for the system to take advantage of
"spare" information contained in post-UP segments of
words. In order to remedy this drastic dichotomous fea
ture, Marslen-Wilson (1987) designed Cohort II. In this
model, variability in the signal quality is no longer an in
superable obstacle to recognition, because the all-or
none cohort membership principle has been replaced
with a relative activation principle akin to that postulated
in connectionist models (McClelland & Elman, 1986). In
Cohort II, a lexical candidate belongs to the cohort to a
certain extent, according to its degree of phonetic simi
larity with the incoming input. As a consequence, recog
nition becomes an affair ofrelative activation rather than
a cohort's steady reduction to one candidate. Although
Cohort II is probably more realistic than its earlier ver
sion, it loses its temporal predictability as to the recog
nition point. Recognition can now occur after the Up,
depending on the quality of the input. This loss of pre
dictability is ultimately the consequence of the distance
separating Cohort II from strictly time-shadowing deci
sion principles.

Yet, even with a perfect input, the sequentiality ofCo
hort I and Cohort II theoretically leads to inaccurate
recognition a noteworthy number oftimes. McQueen, Cut
ler, Briscoe, and Norris (1995) reported that 84% ofpoly
syllabic English words have at least one shorter word em
bedded within them (e.g., carbon contains car) and 63%
contain more than one embedded word (e.g., cardinal
contains card and car). Thus, according to a sequential
view, words such as card, carbon, and cardinal remain in
the cohort of the isolated word car until a pause is heard
at its offset. In connected speech, where no reliable cues
indicate word boundaries, car may need a few phonemes
past its offset to be disambiguated.

As a matter of fact, given that short words are by far
the most frequent occurrences in English, recognition
would seldom be possible before word offset. Luce (1986)
showed that, when the words in the lexicon are weighted
by their frequency of occurrence, the probability of a
word's is becoming unique before its offset is .39. In ad
dition, although semantic or syntactic constraints can po
tentially reduce the ambiguity introduced by embedded
words (Cutler, 1993; Cutler & Carter, 1987; Marslen
Wilson & Tyler, 1980; Thorne, Bratley, & Dewar, 1968),
they do not eliminate the segmentation problem entirely
(McQueen et aI., 1995).

Empirical evidence clearly highlights the inability of
sequential processing to deal with embeddedness. When
subjects are presented with word segments (or "gates")
of various lengths in a sentential context, many words
(particularly short ones) are not recognized before the
onset of the following word (Bard, Shillcock, & Alt
mann, 1988; Grosjean, 1985). This result indicates that
segmentation and word recognition are two variables that
are quite interdependent and difficult to tease apart.

Marslen-Wilson (1987) argues that postponed seg
mentation due to "late selection" does not weaken the es
sential feature of the Cohort model, which is the se
quential nature ofthe word recognition process. Although
it is true that lateness of selection does not undermine
the sequential principle per se, it may well constitute a
problem for the assumption that a decision about the
identity of a word is made as soon as enough evidence is
available to the system to do so (the time-shadowing de
cision assumption). In other words, the Cohort model may
not be as optimal as was once thought. Because of em
beddedness, there may be some interference between the
late selection stage of a word and the activation of the
cohort of the next one. For example, Tabossi, Burani, and
Scott (1995) showed that a lexical hypothesis (e.g., the
Italian word visite [visits]) straddling a target word and
the following word (e.g., visi tediati [faces bored]) pro
duced a priming effect that remained active after the off
set of the target word (visi). This result raises problems
for models that present speech processing as a word-by
word operation, with the processing ofone word starting
only when the processing of the previous word has been
completed. Tabossi et al. 's finding suggests that because
ofembeddedness, left-to-right lexical processing must be
accompanied with a less time-linked procedure in order
to reach successful word segmentation and recognition.

The Principle of Delayed Commitment
The problem ofembeddedness can be overcome if the

decision about word identity is delayed until sufficient
information is available. Such a procedure, known as de
layed commitment, was recently evaluated by McQueen
et al. (1995). These authors suggested that cohorts are
generated at any moment in the signal so that the lexical
hypotheses span different portions of the input with
many of them straddling word boundaries. For example,
in the sequence can it, word candidates such as can, can
did, canister, annual, and anecdote are activated and
considered in parallel (this process is known as "multi
ple alignment") until information present in the subse
quent word disambiguates the signal. In this example,
only the occurrence of the segment IIt/ reduces the acti
vation of all competitors. The recognition of can is thus
delayed until after its offset. In this type of model, the
time-shadowing decision feature that was present in the
Cohort model is replaced by delayed commitment such
that, as McQueen et al. (1995) put it, "words uttered later
in time can influence the recognition ofthose uttered ear
lier" (p. 310).



Some current computational models of speech recog
nition such as the interactive TRACE model (McClel
land & Elman, 1986), the bottom-up Shortlist model
(Norris, 1994), and even Cohort II (Marslen- Wilson,
1987) postulate multiple alignment and delayed com
mitment. However, two points on which these models
differ are (1) the number of lexical hypotheses activated
at anyone time, and (2) whether or not there is lateral in
hibition (i.e., inhibitory connections) between the lexical
hypotheses. The number of words allowed to enter the
competition is kept relatively small in Shortlist compared
with TRACE and Cohort II, thanks to severe matching
restrictions between the input and the candidates. It nev
ertheless remains considerably larger than in the purely
sequential Cohort I as a result ofmultiple alignment. Con
cerning the competition mechanism between the acti
vated candidates, only TRACE and Shortlist propose the
principle oflateral inhibition. All candidates activated at
one point in time compete with each other so that the
candidates that best match the input decrease the acti
vation level of the others. In Cohort II, competition is
passively accomplished through the analysis of the
goodness-of-fit between the candidates and the acoustic
phonetic information.

Models that postulate delayed commitment implicitly
adopt a very conservative position in the debate between
speed and accuracy in word recognition. The delayed com
mitment in word identification gives importance to ac
curacy. Recognition is put offuntil the entire input is seg
mented without ambiguity. One of the implications of
this processing delay is that temporarily unused infor
mation has to be kept active until full disambiguation is
achieved. The price for such delayed commitment is in
creased memory storage space.

Possible Memory Stores
According to Nooteboom (1979), two types of mem

ory could be used to hold acoustic-phonetic information
while the lexical candidates compete for word identifi
cation: a very short-lived physical-acoustical buffer and
a more perceptual-auditory short-term memory.

The physical-acoustical buffer has been referred to in
a number of ways in the literature. For example, Noote
boom (1979) talks about a "gliding time window" whose
aperture defines the capacity ofthe "acoustic buffer." This
acoustic buffer is (1) faithful to the physical input-that
is, its contents are acoustic and not phonetic, (2) very brief;
and (3) largely determined by the neurophysiological
properties ofthe auditory system. The agreed-upon tem
poral capacity of the acoustic buffer seems to be about
250 msec (Brokx, 1979; Butcher, 1973; Huggins, 1975;
Massaro, 1974; Plomp, 1964; Slis & van Nierop, 1970).
This estimate roughly corresponds to the average duration
of a syllable.

A similar description of the physical-acoustical buffer
can be found in Huggins's (1975) echoic memory (slightly
different from the echoic store proposed by Crowder and
Morton, 1969, which will be discussed later). Huggins
argues that the need for echoic storage is obvious in au-

SPEECH SEGMENTATION AND TIME 317

dition because of the evanescent nature of the input:
"sounds travel past the observer at 1,I00 ftlsec, so there
is no possibility oftaking a second look, as there often is
in vision" (p. 212). Furthermore, one of the functions of
echoic memory is to integrate ongoing sounds into a con
tinuous percept by "bridging the gaps" (e.g., pauses, ex
traneous noises) between the successive segments of
speech. However, this "gap-bridging" process has only a
limited span. Huggins observed that, when silent pauses
of 125 msec or more were inserted in the speech signal
at regular intervals, intelligibility was dramatically re
duced. The reduction in intelligibility was interpreted by
the author as the echoic memory's failure to link the too
dramatically disconnected speech segments. This break
down could in fact be related to both speech rate and ab
solute duration. Indeed, data showed that the intelligibil
ity curve plotted against various silence durations was
different with speeded speech from what it was with
slowed speech (Huggins, 1975). Specifically, it appeared
that the critical parameter controlling intelligibility was
not the duration of silence alone, but rather the time be
tween the start of a speech segment and the start of the
next. This result indicates that the capacity ofechoic mem
ory may not be exclusively time related. Instead, it might
be a combination of time and amount of information (see
also Huggins, 1964; Wingfield & Wheale, 1975).

The composite nature ofthe physical-acoustical buffer
appears much the same way in studies ofpreperceptual
auditory images (Efron, 1970a, 1970b, 1970c; Massaro,
1972a, 1972b, 1974). Massaro argues that an auditory
signal leaves an image, held in an acoustical store, that
can persist after the end of the stimulus. An important
function of this image is to assist recognition of the sig
nal. After readout of the image, which occurs within ap
proximately 250 msec, an almost total decay takes place.
The relationship between a sensory input and its subse
quent image is complex. For example, Efron showed that
the minimal perceived duration ofa tone or a noise burst
was about 130 msec. Ifthe stimulus was shorter than
130 msec, its auditory image combined with the actual
signal to create the impression of a 130-msec stimulus.
This finding indicates that, with very short presenta
tions, the auditory image does not differ qualitatively
from the stimulus itself. Thus, research on preperceptual
auditory images is compatible with Huggins's (1975) data
on echoic memory in that it suggests that the temporal
capacity ofthe physical-acoustical buffer may not be fixed
but, instead, intrinsically tied to the stimulus duration.

Finally, it should be noted that the contents of the
physical-acoustical buffer may have a phonetic compo
nent in addition to the purely acoustical nature usually
ascribed to it. In their dual coding model, Fujisaki and
Kawashima (1969, 1970) proposed that two types of
memories were serially consulted in phoneme percep
tion: a phonetic memory and an auditory memory. The
phonetic memory would encode the discrete phonetic
label of the input (e.g., Ikl, lrel, It!) whereas the auditory
memory would realize a more fine-grained analysis in
order to discriminate phonemes within the same pho-
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netic category. Insofar as the dual memory system is
linked to the physical-acoustical buffer, the data ob
tained by Fujisaki and Kawashima could suggest that the
information maintained in the physical-acoustical buffer
during delayed commitment procedures may have both a
phonetic and an acoustic format.

As Nooteboom (1979) pointed out, the physical
acoustical buffer must not be confused with the more
perceptual "auditory short-term memory," although they
both qualify for temporary storage in models that post
ulate delayed commitment. Auditory short-term mem
ory has a wider span (up to several words) than the
physical-acoustical buffer has, its contents are princi
pally phonetic, and its decay time is variable. The capac
ity of short-term memory seems to be information related
rather than time related (G. A. Miller, 1956; Simon, 1974).

In their theory of short-term memory, Crowder and
Morton (1969) describe a type of "echoic" memory,
called precategorical acoustical storage (PAS), that has a
capacity of a few seconds and is, in its original account,
only auditory. There is now evidence that this store may
not be restricted solely to audition. This possibility is
supported by the finding, in different modalities, of the
suffix effect, the standard empirical evidence for PAS.
This effect can be observed by comparing the serial re
call performance of a list of several items presented au
ditorily with that ofthe same list followed by a "suffix"
that is, an additional item that must not be remembered.
The suffix effect is indicated by a substantial decrease
of the traditional recency effect (i.e., the performance
peaks on the last two or three items) due to the presence
of the suffix (Crowder, 1967). Later studies of this phe
nomenon have revealed that a silent lip-read suffix can
produce comparable interference (Spoehr & Corin,
1978). Similar results were also obtained with an audi
tory suffix preceded by a lip-read list (Campbell & Dodd,
1982; Gathercole, 1987; Greene & Crowder, 1984) or by
a written list silently mouthed (Greene & Crowder, 1984;
Nairne & Crowder, 1982; Nairne & Walters, 1983).
These results show that PAS does not have a purely au
ditory/acoustic basis but, instead, may share some com
ponents with seen and mouthed speech (Crowder, 1983).
Thus, the compound nature of PAS could indicate the
presence ofmultilevel representations within the storage
buffer used in lexical processing.

Finally, the idea that the memory store has a multifac
eted organizational structure is also supported by recent
findings on the role of voice information and its reten
tion on spoken word recognition. For example, Palmeri,
Goldinger, and Pisoni (1993) have shown that the non
phonetic details of a spoken word resulting from the
specificities of the utterer's voice are retained for several
seconds-sometimes up to a week (Goldinger, 1996)
and are used to assist in word recognition during that pe
riod. Although it is still unclear whether voice informa
tion and phonetic information are stored and retrieved
together, this finding suggests that even short-term au
ditory memory may contain surface features ofthe speech
signal.

MODEL III
Speech Processing Goes Back in Time:

The Need for a Processing Window

In the preceding section, I described how delayed com
mitment models deal efficiently with embeddedness by
postponing recognition after word offset and by includ
ing a memory store in which ambiguous information is
held. In those models, segmentation emerges as a by
product ofword recognition; word boundary ambiguities
are solved by semiexhaustive (e.g., Shortlist) or fully ex
haustive (e.g., Cohort II and TRACE) activation oflexi
cal candidates at any point in the signal. This "serendip
itous" segmentation principle (Cutler, 1996) is not the
only way in which segmentation can theoretically be
achieved. For example, ifsome indicators ofword bound
aries could be detected in the signal itself, segmentation
could be done explicitly, prior to lexical activation. Seg
mentation would thus not be the result ofrecognition but,
instead, its starting point. Lexical access could be reset at
every identified boundary and recognition achieved at
word offset.

Speech scientists have attempted to pinpoint several
markers for word junctures: pauses, fundamental fre
quency contours, bursts, aspiration, glottal stops, laryn
gealization, and allophonic variations (e.g., Garding, 1967;
Lehiste, 1960; Nakatani & Dukes, 1977). However, none
of them has proved stable or reliable (Klatt & Stevens,
1973; Lehiste, 1972; Reddy, 1976).

Since then, the search for word boundary cues has
shifted to the prosodic arena. Studies in this domain have
revealed that the lexical stress ofwords is a fairly reliable
index of word boundaries (Cutler & Norris, 1988;
Nakatani & Schaffer, 1978; Nooteboom, Brokx, & de
Rooij, 1978). Words starting with a stressed syllable
(i.e., containing a full vowel) appear to be the rule in En
glish. When their frequency of occurrence is taken into
account, about 90% of lexical (content) English words
are found to start with a stressed syllable (Cutler, 1989;
Cutler & Carter, 1987).2 Therefore, a segmentation strat
egy that postulates a word boundary before every
stressed syllable seems to be, in theory, an effective solu
tion to deal with speech continuity. With such a proce
dure, the input would be mostly processed in a time
shadowing fashion. With initial-stressed words, a cohort
of candidates would be generated on the strong sylla
ble-the putative onset of the word-and would be
steadily reduced until the uniqueness point or the next
stressed syllable was reached. The word identity deci
sion would thus be made at word offset, at the latest.

The obvious drawback of such a stress-based strategy
is that about 10% of the words encountered daily would
be segmented, and hence accessed, erroneously. Yet, in
real life, non-initial-stressed words such as appear or
fantastic do not seem to cause tremendous difficulty for
listeners. Thus, stress-based models need to include a rou
tine able to deal with such an input. Innon-initial-stressed
words, speech processing may not be entirely sequential.
It may go back in time through some repair operation,



such as backtracking, in order to remedy the incorrect
segmentation hypothesis. For such a backtracking mech
anism to work properly, the system would have to in
clude a memory space in which the unstressed sylla
ble(s) preceding the stressed syllable could be stored.

In this section, I first review the evidence that stressed
syllables constitute valid candidates to segment speech
and initiate lexical processing sequentially. I then pre
sent support for the existence ofsome backtracking mech
anism that allows the processing of initial unstressed
syllables to be influenced by a later occurring stressed
syllable. In this description, the notion of a processing
window is central, because it defines the space in which
both proactive (sequential) and retroactive mechanisms
are completed.

Stressed Syllables Initiate Sequential Processing
The intelligibility of stressed syllables is a well

established fact in phonetics as well as in cognitive psycho
linguistics. A quick overview of the literature suggests
that stressed syllables have the following features:

Physical salience. Stressed syllables show salience in
terms of pitch, duration, and amplitude (Chomsky &
Halle, 1968; Fry, 1955, 1958; Lehiste, 1970).

Phonemic stability. Stressed syllables are more sta
ble than unstressed syllables, in the sense that they are less
sensitive to phonological modification. For instance,
while the realization of unstressed vowels varies greatly
depending on the type ofEnglish (e.g., colloquial speech
vs. citation form), stressed vowels usually remain unaf
fected (Brown, 1977; Gimson, 1989; Shockey, 1983).
The higher stability of stressed syllables makes them more
efficient in partitioning the lexicon (Altmann & Carter,
1989; Huttenlocher & Zue, 1983).

Perceptual distinctiveness. Stressed syllables are less
likely to be misinterpreted than unstressed syllables
(Browman, 1978); they are detected more consistently than
unstressed syllables in noisy environments (Kozhevnikov
& Chistovich, 1966) and in words excised from fluent
speech (Lieberman, 1965); hearers can locate clicks more
accurately in stressed syllables than in unstressed sylla
bles (Bond, 1971); phoneme detection is faster in stressed
syllables than in unstressed syllables (Cutler & Foss,
1977); mispronunciations are detected more rapidly in
stressed syllables than in unstressed syllables (Cole &
Jakimik, 1978, 1980a); stressed syllables are misperceived
less often than unstressed syllables (Bond & Garnes,
1980); they are also less fluently restored than unstressed
syllables in shadowing tasks (Small & Bond, 1982).
Overall, these studies show that stressed syllables consist
of perceptual "islands of reliability" (Pisoni, 1981) that
could be used as anchors in the recognition process.

In addition, research has shown that the preference for
stressed syllables could also originate from their capac
ity to draw the listener's attention to the rhythmic de
ployment of speech (Allen, 1967; Cutler, 1976; Gow &
Gordon, 1993; Huggins, I972a, 1972b; Martin, 1972; Pitt
& Samuel, 1990; Shields, McHugh, & Martin, 1974).
The temporal regularity ofthe alternation between stressed
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and unstressed syllables could cause the listener's atten
tion to lock into this rhythm and jump from one stressed
syllable to the next (Meltzer, Martin, Mills, Imhoff, &
Zohar, 1976). This hypothesis, known as the attentional
bounce hypothesis, was tested by Shields et al. (1974).
These authors found that the phoneme Ibl starting a bi
syllabic pseudoword was detected faster when it was pre
dicted to be in a stressed syllable by the preceding sen
tence than when it was not. This effect was attributed to
the fact that, when the rhythmicity of speech is pre
dictable, particular attention is given to stressed sylla
bles which, as a consequence, yield better detection per
formances. The possibility that only acoustic factors
associated with stress were responsible for this effect
was later discarded in a similar experiment by Pitt and
Samuel (1990), in which the acoustic cues to stress were
digitally eliminated. Moreover, Pitt and Samuel (1990)
found that the facilitation for an expected stressed sylla
ble was also present (although weakly) when the target
was in the stressed syllable ofa second-syllable-stressed
bisyllabic word, a result that extends Shields et al.'s find
ings beyond just the initial syllable.

Studies on attention clearly demonstrate that stressed
syllables have a particular status that goes beyond their
local physical salience. Through prosody, the speech
processor is able to anticipate the occurrence of upcom
ing stressed syllables and to focus its attention on them.
There have been several attempts to establish the origin
of such prosodic attentional effects. One view suggests
that the expectancy for stressed syllables could originate
from a higher level of representation going beyond the
time variable. The processing ofrhythmicity could derive
from a hierarchical organization of stressed and un
stressed syllables defining a rhythmic grid based on the
foot (a foot includes a stressed syllable plus the follow
ing unstressed syllables). This organization would stretch
over the entire input, from the syllable to the sentence as
a whole (Hayes, 1981; M. Y.Liberman, 1975; M. Y. Liber
man & Prince, 1977; Selkirk, 1980, 1984). A problem
with this type of conceptualization is that, owing to its
wide span, the layered structure could not be disentan
gled fast enough during on-line processing (Buxton, 1983;
M. Y. Liberman & Prince, 1977).

By contrast, a model such as Martin's (1972), which
gives more importance to the temporal factor than to the
hierarchical structure, could account for stressed syllable
expectancies during on-line processing while keeping an
emphasis on prosody. Martin argues that temporal and
rhythmic factors are related in such a way that the per
ception of salient temporal events like stressed syllables
generates expectancies concerning later events such as
the position of the next stressed syllable or the quality of
the signal between two stressed syllables. In this ac
count, stressed syllables are central during speech pro
cessing because they are "articulatory targets ofballistic
movements" (p. 500) that can be spotted by the listener
as the momentum of the utterances. Speech processing
would thus proceed in two stages. First, the rhythmic pat
tern of the message would be identified through stressed
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syllables. This operation would reveal a full outline of
the prosodic contour of the ongoing utterance. Second,
this analysis would permit rapid, because anticipated,
segmental analysis.

The evidence reviewed so far suggests that stressed
syllables have a particular status in the speech signal, ei
ther because they acoustically leap out of the signal or
because they form a perceptually reliable rhythmic cue
for attentional processes. The next step is to examine the
evidence that stressed syllables are used to segment
speech and initiate lexical processing.

Given that stressed syllables often start English con
tent words and that they are salient in many respects,
they would theoretically make excellent triggers for ac
cessing the lexicon. Along the lines of the attentional
studies reported above, Gow and Gordon (1993) obtained
results suggesting that, among stressed syllables, those
starting a word are particularly attended to. The authors
presented subjects with sentences that carried a target
syllable (e.g., sub orject) belonging to either a stressed
unstressed word (e.g., sUBject) or an unstressed-stressed
word (e.g., SUbJECT). The sentence was manipulated in
such a way that, in one case, either the stressed-unstressed
or the unstressed-stressed version ofthe carrier word was
expected. In the other case, the stress pattern of the car
rier could not be inferred by the sentential context. The
results revealed that, with both unambiguous and am
biguous sentential contexts, the subjects were faster at
detecting stressed than unstressed syllables in the word
initial position. The reverse pattern was observed in the
second syllable of the word.

At first glance, these results contradict Pitt and Samuel's
(1990) finding that the detection ofa syllable-initial con
sonant is facilitated when the syllable is predicted to bear
stress, regardless of whether stress is predicted in the
first or the second syllable. However, with careful scrutiny,
the asymmetry between first- and second-syllable
stressed words can be shown in this study too. Pitt and
Samuel (1990) found that detection was reliably faster
(24 msec) in syllables predicted to receive stress than in
syllables predicted not to receive stress, in both first- and
second-syllable-stressed words.I There was no signifi
cant interaction between the predicted position of the
stress and the position ofthe target. However, an inspec
tion of the effect of stress predictability reveals a 36
msec difference in the initial position and only a 12-msec
difference in the final position. Thus, preference for ini
tial stressed syllables over noninitial ones is, at least at a
descriptive level, apparent in these results too. In conclu
sion, Gow and Gordon's (1993) findings, coupled with
complementary data in Pitt and Samuel's (1990), suggest
that the attentional preference for stressed syllables can
not be accounted for by rhythmic predictability alone.
Lexical factors must be considered as well in order to ex
plain positional differences.

Direct evidence for the role of stress in lexical pro
cessing has also been provided by a number of experi
ments using words in isolation. For example, Cutler and
Norris (1988) had their subjects detect a monosyllabic

word (e.g., mint) starting a bisyllabic pseudoword. One
version of the pseudoword bore two stressed syllables
(e.g., mintayf/nnm ·tefl), whereas the other version had
an unstressed second syllable (e.g., mintef /vmmtof/).
The authors believed that, if strong syllables were used
to initiate lexical processing, then an item like mintayf
would trigger two cohorts ofcandidates, one starting with
/nnm/ and one starting with !'tef/. Therefore, the detec
tion of mint in mintayfwould be hampered because the
It! would be attributed to the second cohort and not to
the first one. Such segmentation interference would not
happen with mintef, because the unstressed syllable It;)fl
would not activate any cohort. This is exactly what Cutler
and Norris (1988) found. Detection of mint was slower
in mintayf than in mintef This effect was absent when
the target word did not straddle the putative segmental
hypotheses (e.g., thin in thintayfor thintef). This finding
has been invoked extensively to support the idea that
metrical prosody is used to segment the speech stream.
This hypothesis has come to be known as the metrical
segmentation strategy (MSS).

The listener's aversion to word-initial unstressed syl
lables is a complementary implication of MSS. Empiri
cal evidence attests to this possibility. For example, when
L. A. Taft (1984) presented subjects with sequences such
as I'let;)sl and /m'vests/, the preferred interpretation was
one that did not allow an unstressed syllable to be word
initial. Subjects tended to choose lettuce and in vests
rather than let us and invests, respectively. Similarly,
Cutler and Butterfield (1992) showed that over two thirds
of the missegmentations of continuous speech found in
corpora of spontaneous "slips of the ear" (speech mis
perception) and over 90% ofexperimentally induced lex
ical juncture misperceptions resulted from the erroneous
insertion of a word boundary before a stressed syllable.

From a temporal point of view, MSS suggests that-in
initial-stressed words, lexical processing fruitfully pro
ceeds in a left-to-right manner, from one stressed sylla
ble to the next. Such a rhythmic operation would be dra
matically disrupted if the acoustic correlates to stress
were not correctly picked up by the listener. Mis-stressing
words is indeed shown to significantly affect recognition
(Bansal, 1966; Bond & Small, 1983; Cutler & Clifton,
1984; Slowiaczek, 1987, 1990), which is an indication
that stress is used at an early stage of lexical processing
to specify a set of potential candidates. Such a view can
already be found in Brown (1977), who argued that the
presentation of a word with a given stress pattern acti
vated only the words in the lexicon that bore this pattern
(see also Connine, Clifton, & Cutler, 1987).

However, these results are at odds with two studies.
First, Cutler and Clifton (1984) observed that prior knowl
edge ofthe stress pattern of a word did not facilitate lex
ical decision performed on this word, a result that con
tradicts the assumption that prosodic information is used
directly for word recognition. Second, Cutler (1986)
found that the stress pattern of activated candidates bore
no relationship to that of the input from which they were
generated. In a cross-modal priming experiment, Cutler



showed that the meanings of differently stressed but
segmentally identical words (e.g., DIScount and discouury
were activated equally when either version of the word
was presented. Selective priming occurred only when the
target was presented 750 msec after the offset of the
prime rather than immediately after it. This result sug
gests that lexical stress, at least in the initial stage ofpro
cessing, is not taken into account to guide lexical pro
cessing. Cutler argued that there was actually little
reason for the system to include lexical stress in the ac
cess code to the lexicon, given that segmentally identical
but suprasegmentally distinct pairs of words are rare in
English. However, this conclusion may be restricted to
the contrast between primary and secondary stressed syl
lables-the only distinction examined in Cutler's study
which both bear a full vowel. It is possible that the com
putation of stress during lexical processing involves only
the more salient alternation between full vowels and re
duced vowels or schwas.

The distinction between lexical prosody (which as
signs primary, secondary, and no stress) and metrical
prosody (which has only two levels: stressed and un
stressed) might be important for determining the level at
which stress intervenes in word recognition. Perceptual
differences between these two types of prosody have
been reported in a number ofstudies. For example, Lieber
man (1965) found that when subjects were asked to iden
tify the different stress levels of an utterance in which
the segmental information had been removed without af
fecting the suprasegmental contour, they could distin
guish between stressed and unstressed syllables (metri
cal prosody) but not between primary and secondary
stressed syllables (lexical prosody). Nakatani and Schaf
fer (1978) obtained similar results with "reiterant"
speech in which the prosody of words was mimicked by
substituting a nonsense syllable, such as /maJ, for each
syllable in the original sentence (e.g., rMarma 'rna rna
'mama 'rna for Mary had a little lamb).

The possibility that only metrical distinctions are com
puted in the course ofword recognition also finds support
in research on read versus spontaneous speech. When
McAllister (1991) presented subjects with short seg
ments of words carefully read by naive speakers, recog
nition of initial-stressed words was not significantly dif
ferent from recognition of non-initial-stressed words.
However, when these words were excised from sponta
neous speech recorded from the same speakers, recogni
tion was better for initial-stressed words than for non
initial-stressed words. Apart from the fact that the words
in the spontaneous speech condition originated from
sentences whereas those in the read speech condition did
not, it is likely that the former presented essentially an al
ternation between full vowels (in stressed syllables) and
reduced vowels (in unstressed syllables), whereas the lat
ter, akin to citation form, had a greater number of full
unstressed syllables and, thus, was more likely to exhibit
the three levels of stress found in lexical prosody. This
difference could explain why stress did not have the
same impact on the processing of read and spontaneous
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speech (see Mehta & Cutler, 1988, for a similar inter
pretation). The discrimination between finer grained
prosodic features, such as secondary stressed vowels and
unstressed full vowels, could intervene at some later
stage of processing.

The question of whether or not stress (or some of its
features) is encoded prelexically concerns primarily the
nature ofcohort members. Eventually, this debate should
allow us to determine how the stress pattern of a given
set of activated candidates relates to the prosody of the
input from which they are generated. Although insight
in this matter is critical to making accurate predictions
about recognition latencies, stress encoding issues do not
interfere with the hypothesis that stressed syllables as
sist segmentation and initiate lexical processing. Today,
an important body ofresearch supports the possibility of
a procedure similar to the MSS (e.g., Bradley, 1980; Cut
ler, 1976; Grosjean & Gee, 1987; Mattys & Samuel, 1997;
McQueen, Norris, & Cutler, 1994; Nakatani & Schaffer,
1978; Nooteboom et aI., 1978; Norris, 1994; Norris, Me
Queen, & Cutler, 1995; Vroomen & de Gelder, 1995).
Overall, these studies reveal that the speech processor
makes the hypothesis that stressed syllables are the be
ginning of words.

Wrong Start: The Need for Backtracking
and for a Processing Window

With non-initial-stressed words, stress-based models
fail to account for how the signal is segmented and how
the correct lexical representation is accessed. A number
of authors recognize that some special mechanism must
be used with this kind of input (Bradley, 1980; Cutler,
1976,1989; Gow & Gordon, 1993; Grosjean, 1985; Gros
jean & Gee, 1987). For example, Gow and Gordon (1993)
state that

stressed syllables in second position should cause inap
propriate segmentation, treating the second syllable of a
target-bearing word as the first syllable of a new word. As
this would generally not match any entries in the lexicon,
it would delay lexical access until the segmentation prob
lem could be corrected through processes guided by non
stress information. (p. 559)

Similarly, when talking about the initiation of lexical
access through stressed syllables, Cutler (1989) argues that

the strategy will not locate the onsets of words beginning
with weak syllables-appear, begin, succeed, and the
like. However, it is at least conceivable that the strategy of
treating strong syllables as if they were onsets is supple
mented by an ancillary strategy whereby lexical words be
ginning with weak syllables can, under appropriate cir
cumstances, be successfully accessed via their strong
syllables. (p. 353)

Implicitly, stress-based models postulate that the speech
processor has the capacity to use backtracking proce
dures in cases for which lexical access through strong
syllables is unsuccessful. Thus, in addition to the tradi
tionalleft-to-right mechanism triggered by stressed syl
lables, the listeners would also use right-to-Ieft proce-
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dures. This account is far from the conventional sequen
tial account oflexical processing in which lexical candi
dates are activated in a temporally ordered manner as the
acoustic input unfolds. Here, stressed syllables are essen
tially the milestones of the listener's attention, and al
though they are processed from left to right as the sen
tence is heard, they each open a processing window in
which the surrounding unstressed syllables are decoded
through proactive and retroactive analyses. The basis for
such a view of lexical processing has been proposed by
Grosjean and Gee (1987). In their model, the speech input
is parsed into stressed and unstressed syllables. Strong
syllables serve as the access code to the lexicon. The ac
tivated candidates, in turn, help to identify the unstressed
syllables on either side of the stressed syllable, thus cre
ating both proactive and retroactive processing flows.

There is, so far, little empirical evidence that the speech
processing system repairs faulty lexical segmentation by
backtracking to information presented earlier in time.
However, indications ofretroactive procedures in lexical
processing are found in Cluff and Luce (1990) and Mat
tys and Samuel (1997). Cluff and Luce examined sub
jects' identification of spondees in white noise. Spon
dees are bisyllabic compound words like chestnut or
deadlock that bear two stressed syllables. The authors
presented their subjects with four categories of spon
dees. In one category, the spondees were made of two
"easy" monosyllabic words (high in frequency, with few
phonetic neighbors [e.g., deadline}). In another, the
monosyllables were both "hard" (low in frequency, with
many phonetic neighbors [e.g., beehive}). In the two
other categories, spondees were either "easy-hard" (e.g.,
turnpike) or "hard-easy" (e.g., hacksaw). Cluffand Luce
found that "easy-easy" spondees produced the highest
recognition scores, whereas "hard-hard" produced the
lowest ones. They also found that the subjects' perfor
mance was influenced by the position ofthe hard and the
easy syllables in the spondees. Specifically, "hard-easy"
spondees yielded better identification than did "easy
hard" ones. This result was taken by the authors as an in
dication of retroactivity; ambiguity in a first hard sylla
ble would be assisted by information coming later in
time. The proactive pattern-an easy first syllable help
ing a hard second syllable-was not shown in the data.
These results suggest that, under conditions of lexical
uncertainty, retroactive procedures can occur in lexical
processing. They also indicate that the speech system
has the capacity to maintain the temporally unprocessed
part of the input in memory until later information pro
vides disambiguation.

As Cluff and Luce (1990) pointed out, although these
results do not directly bring support to stress-based mod
els, they suggest that primacy is given to easy speech
segments (or salient ones, such as stressed syllables)
that, in turn, assist the processing ofharder segments (like
unstressed syllables). This view is very similar to that pre
sented by Grosjean and Gee (1987), except that Cluffand
Luce found evidence for retroactive procedures only,
whereas Grosjean and Gee hypothesized that stressed

syllables assisted identification of unstressed syllables
both retroactively and proactively. Cluff and Luce sug
gested that this asymmetry could originate from the sys
tem's preference for solving ambiguity on already pre
sented material rather than predicting upcoming material.
The risk ofmaking garden-path interpretations would be
lower in the former than in the latter case.

Evidence for retroactive processing is also found in
Mattys and Samuel (1997) with the migration paradigm
(Kolinsky, 1992; Kolinsky, Morais, & Cluytens, 1995).
In their experiment, subjects were asked to detect an au
ditory target (e.g., controversy) in a pair of items presented
simultaneously over headphones. On target-absent trials,
one of the items of the pair differed from the target by
one vowel (e.g., kin-tro-ver-sy). The other item either
carried the missing vowel at a corresponding location
(e.g., bQsoglooraofe),the experimental condition, or it car
ried an unrelated vowel (e.g., bgs-qlo-ra-fe), the control
condition. The dependent variable was the migration rate
ofthe vowel, computed as the difference between the mis
perception of the target in the experimental condition
and in the control condition.

Mattys and Samuel (1997) showed that, when the items
of the pairs were presented dichotically, the migration
rate was higher with pseudoword targets than with word
targets: lexical targets resisted intrusions better than
nonlexical targets did. However, when the items of the
pairs were played in both ears at different amplitudes so
that they were perceived to be closer to each other than
in the dichotic situation, the lexical effect on migration
remained only when the mispronounced vowel was in an
unstressed syllable, regardless of its location in the word.
Thus, when the stressed syllable of a target was intact,
the vowels of its unstressed syllables resisted migrations
better if the target was a word than if it was a pseudo
word. In contrast, when the unstressed syllables ofa tar
get were intact, the vowel of its stressed syllable did not
resist migrations better if the target was a word than if it
was a pseudoword. The results were interpreted by the
authors as showing the importance of stressed syllables
in accessing the lexicon. In their view, the lexicon is ac
cessed through stressed syllables, and the information
that comes back from this stress-based lexical search is
used to assist the identification of unstressed syllables
(before and after the stressed syllable) and, hence, avoid
migrations. These findings are very consistent with the
model elaborated by Grosjean and Gee (1987), in that
they emphasize the need to include both proactive and
retroactive routines in the speech processing system.

It could be argued that stress-based models have diffi
culty accounting for a robust phenomenon that has been
consistently taken as evidence for strict sequentiality
namely, the uniqueness point effect (i.e., early-unique
words are recognized faster than late-unique words). In
fact, it can be demonstrated that, in theory, the unique
ness point effect is not totally incompatible with stress
based models. First, with initial-stressed words, UP ef
fects are just as logical in sequential models as they are
in stress-based models. The cohort initiated on the first



syllable is expected to drop down to one candidate
sooner in early-unique words than in late-unique words,
therefore producing the classic UP effect. Second,
non-initial-stressed words whose UP occurs before the
stress in early-unique words and after the stress in late
unique words are also expected to generate a UP effect.
Indeed, although lexical access would be triggered at the
same location in both cases (i.e., on the non-initial
stressed syllable), only early-unique words would be rec
ognized right after the stressed syllable. Late-unique
words would not be recognized until their actual UP. This
difference would be due to the fact that the stressed syl
lable of early-unique words would generate a cohort of
candidates in which only one would be compatible with
the beginning of the word. The cohort would thus shrink
at once. In contrast, the cohort generated by the stressed
syllable of late-unique words would need to reach the
Up, past the stress, to isolate a single candidate.

In this description ofUP effects, there is only one case
that cannot be accounted for by stress-based models.
When a noninitial stress falls after the UP of both early
unique and late-unique words, stress-based models do
not predict any recognition difference. For both types of
word, the cohort activated by the stressed syllable would
contain only one candidate that matches the input.
Recognition would thus be instantaneous in both cases.
The several cases described above could certainly be
tested empirically.

As was suggested in the section on delayed commit
ment models, any system that does not proceed strictly
sequentially must include some memory store in which
the temporarily unprocessed information can be stored
and retrieved later. In stress-based models, a copy of the
unstressed syllables would be kept in a memory buffer
and retrieved during retroactive processing.

To understand how the buffer-supported retroactive
mechanism may be implemented computationally, it is
important to realize that the processing ofunstressed syl
lables results from that of stressed ones and hence might
be distorted (at least in the first pass) to fit the lexical hy
potheses generated by the strong-syllable-based search.
Martin (1972) pointed out such "negligence" toward un
stressed syllables in both speech production and percep
tion, while Cutler and Butterfield's (1992) data on slips
ofthe ear revealed how greatly unstressed syllables could
be misperceived to conform to the postulated initial
stressed words. In this conceptualization, the stress
based strategy is only a raw mechanism heavily driven by
top-down expectations which sometimes generates erro
neous lexical hypotheses. Retroactive processing consti
tutes a way to undo these errors. When the stress-based
search does not return any lexical solution, lexical ac
cess is attempted using the unstressed syllable (stored in
the buffer) immediately preceding the stressed syllable.
Ifthis unstressed-syllable search does not yield recogni
tion (as would be the case in the third-syllable-stressed
word panorama), lexical access is attempted with the
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unstressed syllable preceding the one used in the last
search. Although such a retroactive repair function can
proceed for several steps in this fashion, it theoretically
stops when an unstressed-syllable-based search returns a
lexical hypothesis compatible with the input. In princi
ple, this point corresponds to the offset of the last word
correctly recognized.

To some extent, the proactive/retroactive mechanism
resembles visual processing in which the gaze proceeds
by saccade and regression. The only difference is that,
with speech, attention does not jump back to informa
tion previously displayed, but rather jumps back in time,
searching the memory buffer. This memory buffer is not
simply a temporary store in which the information on
unstressed syllables is kept available. It is more dynamic,
in the sense that ordered (proactive and retroactive) op
erations take place inside of the window defined by the
memory buffer.' Unstressed syllables on both sides of
the stressed syllable are subject to active identification
procedures. For example, as hypothesized by Grosjean
and Gee (1987) and empirically supported by Mattys and
Samuel (1997), top-down lexical information could in
fluence the processing of unstressed syllables inside of
the processing window.

Wehave already seen in the preceding section that there
is an abundant literature on two types ofmemory storage
that could satisfy the demands of delayed commitment
models: a physical-acoustical buffer and short-term
memory. They both seem to qualify as well to perform
retroactive operations. Specifically, it has been shown
that the physical-acoustical buffer is far less sensitive to
temporal confusion for speech sounds than for non
speech sounds. When nonverbal stimuli are repeated in
a loop, subjects need at least 300 msec of each stimulus
for accurate perception of their temporal order (Warren,
Obusek, Farmer, & Warren, 1969), whereas 125 msec are
sufficient to complete a similar task with vowel sounds
(Thomas, Hill, Carroll, & Bienvenido, 1970). A solid
memory trace for temporally ordered speech events is
crucial for analyzing the contents of the processing win
dow adequately. How adaptive would a system be that
located word boundaries successfully but did not assem
ble syllables in a correct order? Nooteboom (1979) sug
gested that the auditory information stored in memory
usually persists long enough to create "perceptual rever
sals," in which the perception of a segment of speech is
influenced by a later occurring segment. For instance,
Remington (1977) demonstrated that in a CVC syllable,
although the initial consonant precedes the vowel, recog
nition of the vowel can occur before recognition ofthe ini
tial consonant. Even though this reversal is not due so
much to the functioning ofauditory memory as to the way
speech sounds are coarticulated (see Studdert-Kennedy,
1975, for a review), it suggests that the phenomenologi
cal experience of the temporal deployment of speech and
the actual reality can sometimes show important dis
crepancies.
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THE USE OF TIME AS A
LANGUAGE-DEPENDENT FACTOR

Most ofthe results described in this review come from
experiments carried out in English. However, for se
quential models (Model I), which by definition rely on a
language-independent mechanism, some results can be
extended to all languages. Thus, for models like the Co
hort model, the use of time during lexical processing is
universal; sounds heard first are used first to access the
lexicon, regardless of the language. Yet, delayed com
mitment models (Model II) and stress-based models
(Model III) have brought forth evidence that the timing
of lexical processing may depend on the structure of the
lexicon (e.g., pure sequentiality breaks down with words
that do not have a uniqueness point before their end) and
on some phonological properties specific to the lan
guage (e.g., stressed syllables initiate lexical access in
English). In particular, the proponents of stress-based
models argue that processing primacy is given to salient
information more than to first-coming information. This
claim implies that since saliency may vary from one lan
guage to another, the use of time during lexical process
ing may be language dependent.

In English, the need for backtracking via auditory mem
ory stems from a very good, but not perfect, segmenta
tion strategy (the stress-based strategy). Backtracking
would probably not be necessary if the speech processor
had totally reliable cues to segmentation. This possibil
ity could be tested by examining the temporality oflex
ical processing when segmentation ambiguities are sup
pressed. For example, one could compare the ratio of
proactive and retroactive strategies, assessed with the
migration paradigm, in a sample of continuous speech
and in the same sample in which words have been sepa
rated by short pauses or any artificial word boundary in
dicators. If retroactive processing is a by-product of im
perfect stress-based segmentation, it should be found to
a lesser extent in the interrupted version than in the nat
ural version. In fact, having artificial word boundaries
does not seem to reduce retroactive processing a great
deal, because when words are presented in isolation (i.e.,
with clear word onsets and offsets), retroactive effects
are still present (Cluff & Luce, 1990; Mattys & Samuel,
1997). However, this result does not rule out the hypoth
esis that retroactive processing is the consequence of an
imperfect metric-based segmentation. The stress-based
strategy could be a mandatory process originating from
prolonged exposure to English. Presenting English speak
ers with words in isolation may not be enough to prevent
them from using this strategy.

In order to assess the relationship between the timing
of lexical processing and the availability of prosodic
cues for word boundaries, it may be informative to ex
amine languages in which word boundary cues are to
tally reliable in a natural way. For example, in Hungarian,
as in Finno-Ugric languages in general, primary stress is
always assigned to the initial syllable of content words.
A secondary stress is assigned to alternating syllables after

it (Archibald, 1993). Provided that the speech processor
can exploit this prosodic cue to segment speech, such a
fixed-stress system makes segmentation problems theo
retically nonexistent. The speech processor would locate
every primary stressed syllable in the speech stream and
use it to initiate a lexical search. Lexical processing would
essentially proceed proactively because each lexical at
tempt would be successful by definition. No additional
strategy like backtracking would be necessary. This hy
pothesis certainly calls for empirical testing.

What this example suggests is that if we accept that
the use oftime during lexical processing depends largely
on how word boundaries relate to prosodic cues, it may
vary from one language to another. A growing number of
studies carried out in Dutch (de Gelder & Vroomen,
1994; Vroomen & de Gelder, 1994, 1995), French (Banel
& Bacri, 1994; Cutler, Mehler, Norris, & Segui, 1983,
1986,1992; Dupoux, Pallier, Sebastian, & Mehler, 1997;
Mehler, Dommergues, Frauenfelder, & Segui, 1981;
Segui, Frauenfelder, & Mehler, 1981), Japanese (Cutler
& Otake, 1994; Otake, Hatano, Cutler, & Mehler, 1993),
and Spanish and Catalan (Sebastian-Galles et aI., 1992)
show that prosody does indeed have a considerable in
fluence on the perception and segmentation of speech.
The extent to which prosody affects the temporal aspect
of lexical processing of these languages remains to be
established empirically. However, the data reported above
on retroactive processing in English suggest that such a
dependency is clearly a possibility.

CONCLUSION

To conclude, the literature that has allowed us to ex
amine the use of time during lexical processing suggests
that segmentation problems dictate how lexical process
ing unfolds in time. Sequential processing, which for a
long time was considered a natural and universal princi
ple, can no longer be viewed as the only mechanism dur
ing speech processing. Overcoming the segmentation
puzzle by taking advantage of the most efficient word
boundary cues available in the signal apparently operates
at the expense of the very simple sequential procedure.
For example, we saw that metrical segmentation must
also include a "repair" function that proceeds retroac
tively. This is not to say that proactive processing does
not play any role in word recognition. Evidence in favor
of this process is too compelling to be ignored. Rather,
both proactive and retroactive mechanisms seem to be
necessary to parse the input successfully.

Similarly, it is likely that the temporal characteristics
of both serendipitous and explicit segmentation strate
gies operate in concert during lexical processing. For ex
ample, competition (as it is postulated in TRACE or
Shortlist) and metrical segmentation could conceivably
combine their effects to lead to a more efficient and
faster decomposition of the continuous speech input.
This possibility, implemented in the Shortlist model, was
successfully modeled with a lexicon ofover 25,000 words
(McQueen et aI., 1994; Norris et aI., 1995). Likewise, it



is possible that segmental cues such as glottal stops or al
lophonic variations and supra-segmental cues such as
lexical stress are both used by the speech processor ex
plicitly to help locate word boundaries.

In addition, given that the magnitude of segmentation
problems can vary considerably across languages, a
unique use of time during lexical processing that is suc
cessful universally is very improbable. Rather, the way in
which the processor handles the unfolding and evanes
cent nature of speech should be seen as highly flexible.
After all, the goal ofan adaptive speech system faced with
a continuous input is to maximize its chances to reach suc
cessful segmentation by taking advantage ofall the tools
at its disposal. In that respect, insight into the segmenta
tion procedures specific to different languages should pro
vide critical information about the timing of lexical pro
cessing and its relationship with segmentation.

Finally, examinations of the time course of word rec
ognition have so far included little consideration for possi
ble time reversals. As a consequence-or perhaps a
cause-few of the paradigms used today are well suited
for studying the use oftime during lexical processing and
segmentation. Techniques for exploring the contents and
time-related parameters ofauditory memory may provide
new information about the temporal nature of speech pro
cessing. Similarly, cross-modal priming research offers
promising ways ofobtaining a cross-section of the lexical
candidates activated at anyone time from the input.
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NOTES

I. This observation, however, applies only to young normal-hearing
adults. Research has shown that both the elderly and the hearing
impaired (young and old) exhibit a marked decrement in their under
standing of high-rate speech (Sticht & Gray, 1969; Working Group on
Speech Understanding and Aging, 1988).

2. Note that this figure includes all content words starting with ei
ther a primary or a secondary stressed syllable. Of these two cate
gories, 2.9% start with a secondary stressed syllable (2.6% ofthe en
tire sample of lexical words). It may be undesirable to include this
category among those supposed to initiate successful lexical access
on a metrical basis. Indeed, a system that would trigger lexical access
on primary and secondary stressed syllables would ipso facto postu
late an erroneous word boundary in the middle ofa majority of poly
syllabic words. Not counting word-initial secondary stress as a seg
mentation marker would make the system more efficient with a
minimal loss of statistical efficiency.

As for the distinction between content words and function words,
Cutler (1990) and Cutler and Carter (1987) reported that in a 190,000
word corpus of spontaneous conversation, three quarters of all strong
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syllables in the sample were the sole or initial syllable of a content
word while over two thirds of the weak syllables were the sole or ini
tial syllable of a function word. For this reason, the metrical segmen
tation strategy postulated by Cutler and Norris (1988) assumes two
separate lists: one ofcontent words and one of function words. The list
of content words is accessed by default whenever a strong syllable is
encountered in the signal. Weak syllables that are left unused after
search in the content word list are looked up in the function word list.
When Cutler and Carter tested the efficiency of this algorithm on a
minicorpus, they found that 82% of words were assigned to the cor
rect list on the first pass.

3. In their experiments, Pitt and Samuel (1990) used two types of
contexts to predict the stress pattern ofthe test word: a sentential con
text comparable to Gow and Gordon's (1993) and a word list context.
Only the latter yielded significant response time effects.

4. Free speculation about the size of this window could lead one to
wonder whether the span ofprocessing inside the window is the same
to "the left" and to "the right" ofthe stressed syllable. Could it be that,
as a result of the directionality of processing, the information after the
stressed syllable spread farther than the information before?
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