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Abstract

Local and distributed theories of representation make
different predictions regarding the simultaneous activation of
multiple lexical entries during speech perception. We report
three experiments that use the cross-modal priming technique
with fragments of spoken words to explore competition
effects in the activation of multiple lexical representations.
The experiments suggest that lexical activation is inversely
related to the number of words being activated. This
competition effect is stronger at the semantic than the
phonological level of representation, supporting a model of
speech perception in which sensory information is mapped
directly onto distributed representations of both the form and
the meanings of words,

Introduction

Current models of cognitive functioning often describe
representations with respect to a local/distributed distinction.
A pure localist system uses a unique processing element for
each item to be represented. At the other extreme, a fully
distributed system uses each element to represent every
item. In many situations, this distinction is more a matter of
perspective than a hard theoretical division. Indeed if the
items in an distributed system can be represented by
unbounded linearly independent vectors, the system is
isomorphic to a localist system (Smolensky, 1986).
However, when this assumption does not hold, some
identifiable differences do occur.

Gaskell (1996) examined the combinatorial properties of
localist and distributed systems, with the specific intention
of modeling simultaneous activation of lexical
representations during spoken word recognition. A number
of cross-modal priming studies have demonstrated that
lexical knowledge about more than one word is transiently
activated during the perception of a spoken word. For
example, Marslen-Wilson (1987) showed that the
presentation of a spoken word fragment such as capt..
facilitates the recognition of words associated with more
than one possible continuation (e.g., ship related to captain,
guard related to captive).

These, and other similar data, suggest that a model of
lexical access in speech perception must allow multiple
word representations to be activated simultaneously. This
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finding is easily captured in a localist model, which simply
activates the nodes representing each of the words that
match the fragment so far. For a distributed model it is not
so simple, because overlapping patterns of activation will
create interference. Standard connectionist networks, when
faced with this problem, will produce a “blend” pattern,
equivalent to the arithmetic mean of the vectors representing
the patterns to be activated. Blending may be best
appreciated using a spatial analogy. Distributed patterns can
be represented by points in a multidimensional state space,
with each dimension of the space representing a single
element in the distributed pattern. The blend of a set of
patterns is simply their midpoint in this space. Blending is a
rather noisy solution to the problem of simultaneous
activation: as the number of patterns to be activated
increases, the similarity of the blend to each pattern
decreases and the blend may indeed turn out to be more
similar to some other pattern. A behavioral analogy to this
problem would be creating a blend of the distributed
representations of captain and captive in response to the
fragment capt... and accessing the meaning of, say, banana,
which happens to be close to the blend in the state space.

Fortunately, this possibility recedes as the number of
dimensions in the representational space increases.
Nonetheless, the basic finding of Gaskell (1996) was that
distributed representations can only be activated
simultaneously at a cost, and that for some critical number
of items multiple activation would become noisy or even
break down altogether.

An extension to this basic finding indicates that the ability
to represent multiple items simultaneously in a distributed
system depends on the organization and distribution of the
items within the system. If the system is organized so that all
items that are likely to be activated together have similar
representations, then their blend is also likely to be similar
to the constituent items and thus represent those items more
successfully. In the case of spoken words, this is true if
lexical representations are organized in terms of their
phonology. If, in some sub-area of lexical space,
representational dimensions correspond either explicitly or
implicitly to phonological features, then lexical blends of
words like captain and captive will be similar to those words
and relatively dissimilar to phonologically unrelated words.
On the other hand, because words with similar onsets tend to
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be unrelated in meaning, this advantage would not hold for a
distributed  lexicon in which items are semantically
organized (see Figure 1). Gaskell and Marslen-Wilson
(1995, in press) proposed a model of lexical access in which
a featural representation of speech is mapped directly onto a
distributed representation incorporating both lexical form
and meaning. This model predicts that the ability to activate
words in parallel will vary for different areas of lexical
space. This variation should be observable by manipulating
the experimental task to focus on either semantic or
phonological organization of the mental lexicon.
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Figure 1. Blending of onset-matched word representations
for spaces organized in terms of meaning (upper box) and
phonology (lower box) The filled circles represent lexical
items and the filled squares represent the blend in each type
of space. The representations of unrelated words, such as
banana, are more likely to be similar to the blend in
semantic space than in phonological space.

Returning briefly to localist models of lexical
representation, in which a word is represented by the
activation of a single node, simultaneous representation can
occur with no cost in terms of reduced activation.
Regardless of the number of lexical matches to a fragment of
speech, the nodes representing each lexical item can be
independently fully activated (e.g., Marslen-Wilson &
Welsh, 1978). However, although localist models can have
this property, they do not have to. For example, the TRACE
model of speech perception (McClelland & Elman, 1986)
builds in inhibitory links between localist word nodes in
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order to capture competition between word candidates.
Localist models are less constrained in these terms, implying
that it s easier to find evidence supporting localist over
distributed models than the converse. Nonetheless the
prediction of distributed models—that the organization of
words within the lexicon affects the ability to activate word
representations in parallel—is not shared by TRACE or any
other localist model of lexical access in speech.

Previous Research

A number of studies (e.g., Marslen-Wilson, 1987,
Zwitserlood, 1989) have addressed multiple activation in
speech perception using associative priming, for which the
target 1s an associate of the prime (e.g., elbow-grease),
chosen from normative data (e.g., Moss & Older, 1996).
Recent computational and experimental work has suggested
that this type of relationship may be influenced
predominantly by knowledge about the cooccurrence of
word forms and is thus less useful for assessing access to
stored lexical knowledge (Moss, Hare, Day & Tyler, 1994;
Plaut, 1995). More recently, similar questions have been
addressed using a non-associative semantic relationship
between prime and target (e.g., Moss, McCormick & Tyler,
in press; Zwitserlood & Schriefers, 1994). These have
generally shown weak priming effects for fragments of
words cut off before uniqueness point, but have not directly
compared the levels of facilitation found for fragments of
speech matching different numbers of words.

Zwitserlood and Schriefers (1994) demonstrated the
importance of prime duration in the interpretation of priming
strength in terms of lexical activation. Their experiment
compared the priming effects of a short fragment of a word
to either a longer fragment of the same word or simply the
short fragment followed by an inter-stimulus interval
equivalent to the difference in duration between the short
and the long fragment (roughly 100 ms on average). The
short fragments did not facilitate recognition of semantically
related targets, but the other two prime types produced equal
amounts facilitation. This suggests that there is a delay
between information becoming available and the
observation of its effects at a lexical level. It also
demonstrates the problems involved in trying to find effects
of competition on activation by using different length
fragments of the same word as stimuli in a priming
experiment, because of the confound of processing time.
Instead, different sets of words, matched for fragment
duration and varying in competitor environment, must be
used.

Experimental Issues

Our current research examines the effects of competition on
the degree of activation of lexical candidates using the
priming technique. Two sets of words were created, which
varied in the number of possible continuations at certain
points. For one group, the words were uniquely identifiable
before the final consonant or consonants (e.g., /gamant/,
garment, where no other word matches the fragment
/gama/). We shall label these words the early uniqueness
point (UP) group. For the second group (late UP), at least



Table 1: Example primes for each condition, with phonemic transcription. The numbers of words that onset-match each
related prime phonemically (averaged across all items in that category) are given in brackets.

Related prime Unrelated control
CVC(C) CVC(C)V Complete CVC(C) CVC(C)V Complete
Early UP garm (23) garme (1) garment(1) chis chise chisel
/gam/ fgama/ /gamant/ Niz/ M1zaf Ntf1zal/
Late UP capt (39) captai (3.5) captain (1) mount mountai mountain
/keept/ fkaepty/ /kzptin/ /mawnt/  /mawntt/ /mawntin/

two possible continuations were possible at this point (e.g.,
/keptn/, captain, where the fragment /kepty/ is consistent
with both caprain and caprive). According to distributed
models of lexical access, as well as localist models
incorporating competition, the complete activation of the
words in the late UP set should only occur once the final
consonants of the words are heard. Before this point, more
than one candidate should be partially activated. On the
other hand, for the early UP group complete activation is
possible earlier on in the perception of the word. Localist
models that do not introduce direct competition between
word nodes (e.g., Cohort; Marslen-Wilson & Welsh, 1978)
predict no difference in activation between the two groups
before the final vowels, since they allow multiple word
candidates to be fully activated.

Distributed models further predict variation in activation
depending on the organization of the section of lexical space
under examination. Specifically, a distributed phonological
representation provides a better basis for parallel activation
than a distributed semantic representation, because the
lexical items that must be coactivated during speech
perception will be similar to each other phonologically, but
not semantically. To explore this issue, we varied the
relationship between prime and target between experiments.
For Experiment 1, the target was the orthographic form of
the prime and for Experiment 2, the target was a close
category coordinate of the prime. The issue of what levels of
representation these tasks tap into is not uncontroversial, but
it seems likely that cross-modal repetition priming will be
more influenced by lexical phonological form than semantic
priming.

Materials and Gating Pre-test

All experiments employed the same materials and design
(see Table 1). There were two within-item variables that
manipulated the form of the spoken prime: prime length (the
length of the fragment of speech used as prime) and prime-
target relatedness (either related or unrelated). The three
levels of prime length involved the bisyllabic spoken prime
word being presented either with the final vowel and
consonant(s) spliced out, or with the final consonant(s)
spliced out, or as a complete word. Each related prime token
was malched with a similarly spliced unrelated control
prime. A third independent variable involved the
manipulation of competitor environment between items
(early vs late UP words) as discussed above. The prime
words were concrete nouns, matched on phonemic length,
temporal duration and frequency of usage. In all priming
experiments, the prime word was presented spoken, in
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isolation, and the visual target was presented at the offset of
the speech. The task of the participant was to make a timed
yes/no lexical decision to the target.

The initial estimate of competitor environment was made
by phonemic dictionary search using the MRC machine
readable dictionary. Discounting morphological variants, the
prime words were all uniquely identifiable when complete.
At the second level of prime length (ie., with the final
consonant(s) of the word removed), the related primes in the
early UP condition were still uniquely identifiable, but the
late UP related primes were now consistent with at least 2
different word continuations. At the first level of prime
length (i.e., with the final vowel and consonant(s) removed)
there were generally more words consistent with the
fragments for both groups of fragments, with a range across
groups of 1 to 289. The mean number of possible
continuations for each related prime condition are given in
Table 1.

Although the phonemic dictionary searches were useful
for selecting stimuli, they tend to overestimate the number of
matches between a speech fragment and lexical items. This
is because firstly they do not specify subtle information in
the speech signal (e.g., coarticulatory information) that
might be used (o discriminate between lexical candidates,
and secondly they include rare words that may not be known
to the majority of language users. In order to obtain a
secondary measure of competitor environment, a reduced
form of the gating task (Grosjean, 1980) was used in which
participants were presented the related spoken primes in
order of prime length (e.g., /kapt/, followed by /kapty,
followed by /kaptm/). Their task was to write down what
they though the complete word was at each point and to rate
the confidence of their decision.

Mean percentage identification rates and confidence
values (out of 10) are displayed in Figure 2. The pattern of
results agrees quite closely with the dictionary estimates of
competitor environment, although the percentage of correct
responses early in the word is greater than the dictionary
searches would suggest. For the complete words, both sets
of words are identified perfectly, However, for both the
spliced conditions, there is a strong effect of competitor
environment, with early UP words correctly identified more
often than the late UP words. The ratings data display this
competition effect more weakly, with a stronger overall
effect of gate position.
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Figure 2. Results of the gating pre-test. The bars correspond
to the mean identification percentages (left hand scale) and
the lines correspond to the mean confidence ratings (right
hand scale).

Experiment 1: Repetition Priming

Experiment 1 uses repetition priming to examine the effects
of competition on the activation of words during speech
perception. The model of Gaskell and Marslen-Wilson
(1995) predicts that there should be more evidence of
coactivation of multiple lexical entries using a task that
involves phonological as well as or instead of semantic
dimensions of lexical space. We assume that repetition
priming is suitable in this respect.

The materials described above were used as primes in a
cross-modal priming experiment. On each trial, an auditory
prime was presented followed immediately by a visual target
word, which for the test items was the complete
orthographic form of the related prime in capital letters (e.g.,
CAPTAIN or GARMENT). Participants were instructed to
make a two alternative forced choice lexical decision on the
target word. Interspersed with the test items were a large
number of filler trials, which ensured that the ratio of word
to nonword targets was equal and reduced the prime-target
relatedness proportion to 29%. Filler items with nonword
targets related in form to the prime (e.g., secrer-SECREN)
prevented form links between primes and targets being used
as cues to word targets.

The results of Experiment 1 are summarized in Figure 3 in
terms of the amount of priming found in each condition.
This is the difference between the mean response times to
the related and unrelated conditions for each combination of
prime length and competitor environment. A positive value
suggests that the related prime has facilitated the lexical
decision to the target word, and further suggests that the
lexical representation of that word has been activated.
Modified Bonferroni planned comparisons showed that the
facilitatory effects of the primes were significant in all
conditions. This implies that even quite short fragments of
speech, which match the onsets of many words, will
facilitate the recognition of those words. Previous
experiments have shown that this effect disappears if the

lexical item and the spoken prime mismatch to even a slight
extent. For example, under similar conditions, heap or heak
will not facilitate the recognition of heat (Marslen-Wilson,
Nix & Gaskell, 1995). The facilitation cannot be explained
simply on the basis of a general phonological overlap
between different lexical items. Instead, the results are
consistent with a model of lexical access in speech
perception in which multiple lexical items can be activated
in parallel based on their lexical form.
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Figure 3. Repetition priming results

Despite the overall facilitation found in Experiment I,
there is also evidence suggesting that the degree of
facilitation depends on the number of lexical items matching
the spoken prime. This is evident firstly in the general
increase in facilitation as more of a prime word is heard and
the number of matching lexical items drops (F,[2, 96] = 9.5,
p < .001; F,(2, 138] = 9.2, p < .001), although an alternative
explanation of this finding could be that the increasing
duration of the primes accounts for the increased facilitation
(cf. Zwitserlood & Schriefers, 1994). More crucially, the
difference between the amounts of facilitation for the early
and late UP items was significant for the CVC(C)V stimuli,
which were matched in terms of duration and number of
phonemes (F,[1. 48] =7.7, p < .01; F;[1, 69] = 4.0, p < .05).
This is an advantage of tokens that match a unique lexical
item over tokens that match at least two items. If we
interpret strength of facilitation as a measure of degree of
activation of the target word, then it seems that multiple
activation has a cost. Complete activation of a lexical form
representation relies on the deselection of all competitors,
whereas the simultaneous activation of more than one lexical
item implies a partial activation.

Experiment 2: Semantic Priming

Experiment 2 applies the design and prime materials of
Experiment 1 to a different set of target words, for which the
target was semantically, but not associatively, related to
prime. The targets were chosen from the WordNet database
(Miller, 1990) and were near synonyms or close category
coordinates of the primes (e.g., captain-commander). Our
intention in Experiment 2a was to examine how parallel
activation of multiple lexical items affects access to the
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meanings of those words. Apart from the replacement of
form-related nonword filler trials, which were no longer
required, the breakdown of experimental lists was identical
to that of Experiment 1. The results, in the form of priming
values are displayed in Figure 4.
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Figure 4. Semantic priming results

Compared to Experiment 1, priming in all conditions was
greatly reduced. In fact the priming levels only reached
significance for the complete and final consonant excised
conditions of the early UP words, when the prime word is
uniquely identifiable. For the late UP items, not even the
complete words produced significant priming of the related
targets. Thus there is no evidence from Experiment 2a for
parallel activation of lexical semantic representations. Like
Experiment 1, there is evidence of competition effects: there
was significantly more facilitation for the early than the late
UP words overall (F|[1, 48] =4.7, p< .05; F5[1, 69] = 3.6, p
= 0.06). However, the lack of priming even at the offset of
the late UP words is surprising. It is possible that the
strength of competition involved for these words delays
access to meaning until after the offset of the word. Such a
lag between speech information entering the perceptual
system and the resolution of competition was observed by
Zwitserlood and Schriefers (1994) and is predicted by
models such as TRACE (McClelland & Elman, 1986),
which require repeated cycles of processing for mismatching
auditory information to take effect at the word level.

Experiment 2b, which replicated Experiment 2a with a
delay of 250 ms between the offset of the prime and the
onset of the target, confirmed this hypothesis (see Figure 5).
All conditions showed similar levels of priming to
Experiment 2a apart from the complete late UP condition,
which in Experiment 2b showed significant priming. There
is a detectable delay between auditory information entering
the perceptual system and the consequences of the new
information showing up at the semantic level.

Discussion

In all three priming experiments we find some effect of
competitor environment that modulates the strength of
facilitation of target words. Spoken word fragments that
match a single lexical item reliably facilitate the recognition
of the visual form of that word and also generally facilitate

recognition of non-associated category coordinates of that
word (with the exception of late UP words immediately
followed by a semantically related word). These results
indicate that a unique match between speech and a lexical
form allows full activation of its representation and access to
stored knowledge about the word. This finding 15
unsurprising and does not contradict any model of lexical
access.
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Figure 5. Delayed semantic priming results
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More importantly, when there is still ambiguity about the
identity of a spoken fragment we find weaker facilitation and
in some cases no facilitation. The degree of facilitation (and
thus the degree of activation of the matching lexical entries)
seems to be inversely related to the number of word
matches. This contradicts localist models, such as the
original Cohort model (Marslen-Wilson & Welsh, 1978),
that do not incorporate direct inhibition between lexical
candidates. The competition effect is explained either by
incorporating lateral inhibition in localist models (e.g.,
TRACE) or by “natural competition” (Smolensky, 1986) in
distributed models (e.g., Gaskell & Marslen-Wilson, 1995).

Finally, comparing the results across experiments we find
greater evidence for parallel activation in a task exploiting
the forms of words than in one involving the meanings of
words. Facilitation by non-unique word fragments, although
partial, was reasonably strong in the repetition priming
experiment, but became weaker or disappeared altogether
when the targets were semantically related to the prime.'
This result was predicted by the distributed model of
Gaskell & Marslen-Wilson (1995, in press; see Gaskell,
1996, Figure 6). A blend of multiple distributed
representations is more likely to be informative if those
representations are similar to each other in the state space
spanned by the distributed vectors. This is true when all or
part of the distributed representations encode similarity of

"In our experiments, there was no significant semantic priming
before uniqueness point. However, it is possible that a more
powerful experimental design would pick up the weak effects (of
the order of 10 ms) in the anticipated direction. This null result
does not invalidate previous demonstrations of semantic priming
using ambiguous word fragments (e.g., Zwitserlood & Schriefers,
1995).
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phonological form and the selected words share a common
onset.

We should note at this point that a variant of, say, TRACE
that retained the localist word nodes and added a distributed
semantic layer could quite probably accommodate these
findings. Nonetheless the most parsimonious account of
these data requires simply that acoustic input is mapped
directly onto a single distributed space encompassing (at
least) lexical semantics and lexical phonology. The resulting
automatic and obligatory competition between distributed
lexical item then guarantees the pattern of facilitation found
in our experiments.

The development of models of lexical access in speech
over the past 20 years exemplifies the transition from the
computer to the brain metaphor. Earlier models (e.g.,
Forster, 1976) proposed a serial search through lexical
entries in order to determine a match with auditory speech
information. Stored knowledge about a word was not
available until the search process had selected a single
match. Later models (e.g., Marslen-Wilson & Welsh, 1978;
McClelland & Elman, 1986) went to the opposite extreme,
stressing parallel activation of many localist word
representations, with recognition consisting of a process of
elimination as incoming speech mismatched lexical
candidates.

Our proposal, that speech is mapped directly onto a
distributed representation of word forms and meanings, is in
fact a compromise between these two positions. Parallel
activation of multiple distributed representations is
permitted in this type of model, with the proviso that
complete activation of a full representation can only occur
for a single lexical item. Lexical access proceeds as a
gradual emergence of signal from noise, as lexical
candidates are rejected and the blend of distributed patterns
is adjusted to eliminate the mismatching representations.
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