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Fig. 4. Number of word units active (above 0.05) as a function of lexical attention manipulated by net input gain
(left panel) and negative bias (right panel). Reduction of lexical attention by net input gain tended to increase
active lexical neighborhood size (this pattern did not hold at the lowest level of «, though a relatively large lexical
neighborhood did become active even at this low level of lexical attention). Reduction of lexical attention by
negative bias rapidly decreased active lexical neighborhood size.

The reduction in sensitivity to lateral inhibition leads to lexical feedback that is dominated
by the cumulative effects of many words rather than the activity of the single best matching
word.

Figure 4 shows the effect of net input gain and negative bias manipulations on the number
of word units that become active above a minimal threshold (0.05; a word unit must rise from
a rest activation of —0.1 to above 0.0 activation to begin interacting with other units). As
net input gain is reduced (lower lexical attention), more word units become active. At the
lowest gain value (o = 0.1), lexical units are slow to become active and the active lexical
neighborhood is smaller, but a large number of lexical units are still able to reach the 0.05
level. In contrast, as negative bias is increased (lower lexical attention), the number of lexical
units to pass the activation threshold very quickly drops to one or zero. In Fig. 4 the mean
model RT is noted to emphasize that, at the point of phoneme recognition, reduction in lexical
attention due to net input gain tends to increase the size of the active lexical neighborhood,
but reduction in lexical attention due to negative bias severely decreases the active lexical
neighborhood.

The excitatory-only gain test and the number of active words data (Fig. 4) demonstrate that
as net input gain («) is decreased, lexical feedback becomes dominated by the cumulative
effects of many words rather than the activity of the single best matching word. At high
lexical attention the high activation of a single matching word provided facilitative feedback
to phonemes in that word, giving rise to a word advantage, but at low lexical attention, no
single lexical item could reach high activation levels (due to decreased net input gain). As
a result, feedback was equally supportive of phonemes in words and in non-words because
the test non-words were specifically designed to be as similar to the overall population of
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words as the test words were (i.e., the words and non-words were matched on phonotactic
probabilities). One of the interesting properties of the TRACE model is that it is sensitive to
the overall statistics of the lexicon as well as the effects of individual items (McClelland &
Elman, 1986), but this dual sensitivity depends on the balance of excitatory and competitive
dynamics, which is disrupted by manipulation of net input gain. In contrast, manipulation of
bias appears to reduce group and individual item effects together.

These simulations demonstrate neurophysiologically plausible mechanisms that are con-
sistent with interactive processing and show that different implementations offer somewhat
different accounts. Under the net input gain implementation, reduced lexical attention pro-
duced faster recognition of phonemes in non-words and no change in RT for words. Under
the excitatory gain and negative bias implementations, reduced lexical attention produced
slower response times overall, particularly for words. The consequences of the two im-
plementations make conflicting behavioral predictions regarding RT as lexical attention is
decreased: net input gain predicts faster RT for non-words and no change in RT for words
(or slightly faster RT) but negative bias predicts slower RT for both words and non-words
(particularly for words). In Experiment 1, in the low lexical attention condition relative
to the high lexical attention condition, there was a 57-ms increase in RT to phoneme tar-
gets in words (t(78) = 1.27, p =0.21) and a 25-ms decrease in RT to phoneme targets
in non-words (t(78) = 0.43, p = 0.67). The results for words and non-words point in dif-
ferent directions but since neither effect is significant it appears that they simply do not
provide evidence that can be used to distinguish between the two model implementations.
In Experiment 2, proportion of words was manipulated as in Experiment 1, but with in-
creased power to test the conflicting predictions from the two implementations of attentional
modulation.

6. Experiment 2

Experiment 1 demonstrated that manipulation of proportion of words is an effective method
of manipulating lexical attention—and consequently lexical feedback effects—while keeping
critical stimuli and task constant. However, the results of Experiment 1 could not conclusively
distinguish between the net input gain and negative bias computational implementations
of attentional modulation. Simulation 2 showed that attentional modulation by net input gain
predicts no change in RT to phonemes in words as a function of lexical attention, but attentional
modulation by negative bias predicts slower phoneme detection, particularly for words, under
lower lexical attention. Experiment 2 was designed to test this difference with a more powerful
manipulation than Experiment 1. By focusing on just the words and excluding the critical non-
word items, it was possible to strengthen the proportion of words manipulation (in Experiment
1 the manipulation was 80% vs. 20% words, in Experiment 2 it was 100% vs. 20% words)
and to increase the number of critical items per participant (from 10 to 20). In Experiment
1, we avoided similarity priming effects by using a two-list design to ensure that individual
participants would not hear both members of a word—non-word pair such as “hemlock” and
“lemlock”; in Experiment 2, each participant could hear the complete set of 20 critical words
because the derived non-words were not in the stimulus set.
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This approach is preferable to the complementary focus on just the non-words because
changes in RT to phonemes in non-words would be more difficult to interpret. A decrease
in phoneme detection RT in non-words in a high non-word proportion block (relative to a
low non-word proportion block) may be due to lexical attentional effects or may be due
simply to familiarity with monitoring for phonemes in non-words (i.e., a practice effect).
Some studies suggest that phoneme monitoring in non-words requires additional processing
resources (e.g., Wurm & Samuel, 1997); possibly due to the fact that typical participants are
unused to processing non-words. As a result, it is possible that this additional demand will
be reduced with practice, that is, in blocks with a high number of non-words, thus masking
an increase in RT. This non-word—specific practice effect is independent of a general task
familiarity effect, which would of course affect both words and non-words. In addition to
possible non-word—specific practice effects, researchers have found that phonological and
lexical effects in non-words are less robust (e.g., Lipinski & Gupta, 2005) and less predictable
(e.g., P. A. Luce & Large, 2001) than effects in words. In sum, Experiment 2 was designed
to examine the effect of attentional modulation on phoneme detection in words in order
to distinguish between two possible computational implementations of attention in speech
perception.

6.1. Methods

The stimuli and procedure from Experiment 1 were used in Experiment 2, but the design
of the blocks was changed to increase manipulation power by focusing on phoneme detection
in words. All blocks contained 20 critical (target-present) words and 20 target-absent filler
words. The high lexical attention block also contained the 120 attention-shifting words and the
low lexical attention block contained the 120 attention-shifting non-words. The experiment
began with a 40-trial practice session (during which feedback was provided) that consisted
either entirely of words (high lexical attention condition) or entirely of non-words (low lexical
attention condition). Thus, the high lexical attention condition was 100% words and the
low lexical attention condition was 20% words with the initial 40 trials all non-words to
induce a strong attention shift before any critical items were presented. As in Experiment 1,
phoneme target (/t/ or /k/) and attention condition (high or low) were manipulated between
participants.

6.2. Participants

Participants were 29 students at University of Connecticut who received course credit for
participation. All participants reported normal hearing and English as their only language.

6.3. Results and discussion

One participant was excluded due to having mean response times more than two standard
deviations above the mean. No participants had critical item accuracy lower than 80% (the
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Fig. 5. Experiment 2: Mean accuracy (top panel) and response time (bottom panel) for recognition of /t/ and
/k/ in words under high (black bars) and low (white bars) lexical attention. Error bars reflect +1 standard
erTor.

main exclusion criterion for Experiment 1), possibly due to more feedback during the practice
session (in Experiment 1 feedback was provided only on the first 20 trials, in Experiment
2 feedback was provided on the first 40 trials). Fig. 5 shows critical item accuracy and
response times for the remaining 28 participants. Participants were marginally more accurate
at detecting /t/ than /k/ (F[1, 24] = 3.8, p = 0.06), but there was no reliable effect of attention
condition on accuracy and no attention condition by phoneme target interaction for accuracy
(both Fs < 1).

Response times were measured from target offset and only trials on which the participant
provided the correct response were included in analyses. Phonemes were detected more
quickly under high lexical attention (293.5 ms) than under low lexical attention (362.3 ms)
(F[1, 24] = 5.35, p = 0.03). There was no reliable difference in response times between the
two phoneme targets (F[1,24] = 1.22, p = 0.28) and no attention condition by phoneme
target interaction (F < 1). This finding is consistent with the negative bias implementation of
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attentional modulation, which predicted slower response times to detect phonemes in words
under lower lexical attention, and conflicts with the net input gain implementation, which
predicted no change in response times under lower lexical attention.

Experiment 2 provides behavioral evidence that distinguishes between two possible com-
putational implementations of attention: net input gain and negative bias. The net input gain
implementation is not consistent with these data. This evidence does not specify the nature of
attentional modulation of speech perception, but it does provide constraining evidence toward
understanding the effect of attention on speech perception. Any model or theory that predicts
no change or faster phoneme detection in words under lower lexical attention is inconsistent
with these behavioral data.

7. Summary and conclusions

This report described a test of attentional modulation of lexical feedback effects us-
ing a paradigm in which critical stimuli and task are identical across attention conditions.
In this paradigm, attention is shifted between lexical and prelexical levels by the pro-
portion of words relative to non-words among the filler items, thus allowing tight con-
trol of critical stimuli and task across attention conditions. Eliminating stimulus and task
differences between attention conditions eliminates alternative explanations so the results
can be more confidently attributed to attentional modulation. Experiment 1 demonstrated
that manipulating the proportion of words in an experimental block produces attentional
modulation of the word advantage effect in phoneme detection. Other researchers have at-
tributed variability in lexical feedback effects to attentional modulation, but this is the first
demonstration in which the critical stimuli and task were held constant across attention
conditions.

To account for attentional modulation of lexical feedback effects, we proposed a general
mechanism of attentional modulation based on selective modulation of lexical activation.
This approach is consistent with neurophysiological studies of visual attention and with a
recent MEG investigation of speech perception. The TRACE model of speech perception
was extended to include two concrete implementations of this mechanism: net input gain
and a global external input to all lexical units. Both of these implementations are consistent
with the principle of interactive processing and simulations demonstrated that each of these
implementations can account for attentional modulation of lexical effects on speech sound
recognition. The approach and implementations are intended to generalize across specific
lexical effects; the present work described tests in the context of two classic lexical effects:
lexical bias in identification of ambiguous speech sounds (Simulation 1) and faster recognition
of speech sounds in words than non-words (Simulation 2).

Critics (Norris et al., 2000) of the interactive view of speech perception have argued that
interactive models cannot account for such attentional modulation effects without removing
their interactivity. This criticism overlooks the possibility that, consistent with neurophys-
iological evidence, the effect of attention could take place at the lexical layer itself. The
present simulations demonstrate that attentional modulation of lexical activation dynamics
can produce modulation of lexical feedback effects while leaving the interactive architecture
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intact (for a recent review of interactive processes in speech perception see McClelland et al.,
2006).

The simulations also showed that different implementations offer somewhat different ac-
counts: under the net input gain implementation, reduced lexical attention reduced sensitivity
to lateral inhibition between lexical items, thus allowing large lexical neighborhoods to dom-
inate lexical feedback. Since the words and non-words were matched in phonotactic prob-
ability, lexical neighborhood feedback led to faster recognition of phonemes in non-words
and no change in RT for words. Under the excitatory gain and negative bias implementa-
tions, individual item support for phonemes in words was reduced along with a reduction
in lexical neighborhood feedback to phonemes in both words and non-words. Consequently,
response times increased overall, particularly for words. Experiment 2 tested these conflicting
predictions of response time to detect phonemes in words using a more powerful version
of the paradigm of Experiment 1. The behavioral results were consistent with the nega-
tive bias implementation of attentional modulation and conflicted with the net input gain
implementation.

In the present work we have focused on a particular attention effect (modulation of lexical
effects on speech perception) and a particular model (TRACE), but the key principle is very
general. For example, applying our approach to the semantic layer in the triangle model of word
reading (e.g., Plaut, McClelland, Seidenberg, & Patterson, 1996) would account for increased
word reading errors on inconsistent words under low attention (Monsell et al., 1992). It is
also possible to generalize our approach to models that learn contextual representations and
have no explicit “word” level. For example, in the case of simple recurrent networks (SRNs;
Elman, 1990), the attention effect would be applied to the context layer. This approach points
toward a computational account of attention on verbal short-term memory (Jeffries et al.,
2006) in the context of a recurrent model of serial order recall (Botvinick & Plaut, 2006).
More generally, our approach is based on previous work on the Stroop effect (Cohen et al.,
1990), which has become a critical paradigm for studies of selective attention (e.g., MacLeod
& MacDonald, 2000), and our approach shares the central principle of the biased competition
theory of attention (Desimone & Duncan, 1995).

In sum, the present computational investigations comprise an important step toward
an understanding of the effects of attention on language processing, including a clear
demonstration that attentional modulation is consistent with interactive processing. The
behavioral experiments provide both a paradigm for testing attention modulation effects
and some evidence elucidating the consequences of modulation of lexical attentional on
speech perception and constraining further development of models of attention in speech
perception.
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Appendix A: Critical items for experiments

Table A1 contains word and non-word critical items used in Experiment 1 (word items from
this list were critical items for Experiment 2). Non-words were designed by swapping onsets
between words and matching average onset-vowel occurrence as measured by (a) number of
words with the specific onset-vowel in the corpus, (b) the sum frequency of the onset-vowel
occurrence, and (c) the sum natural log transformed frequency of onset-vowel occurrence.
The CMU Pronouncing Dictionary was used for these analyses and the set was limited to
two-syllable, initial stress words (to match the critical items); conditions were equally well
matched according to analyses of the full corpus.

Table Al
Critical items for experiments. Onset-vowel occurrence means and standard errors (in parentheses) are included
at the bottom

ik /k/
Words Non-words Words Non-words
bracelet nacelet cynic mynic
debit sebit fabric gabric
Words Non-words Words Non-words
faucet braucet frolic molic
forfeit plorfeit garlic marlic

gadget padget gimmick simmick
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Critical items for experiments. Onset-vowel occurrence means and standard errors (in parentheses) are included at

the bottom (Continued).

It/ /k/

Words Non-words Words Non-words
habit mabit gothic lothic
limit gimit graphic haphic

magnet lagnet haddock laddock

nugget sugget havoc mavoc

pamphlet hamphlet hemlock lemlock

planet vanet lilac gylac

private spivate logic hogic

profit pofit lyric syric

pulpit dulpit magic gragic

rabbit fabbit mimic fimic

senate venate Mohawk pohawk

spirit firit music pusic

summit rummit panic hanic

velvet prelvet public gublic

visit prisit sumac frumac

Count 105.50 98.25 112.30 113.50
(14.73) (15.91) (14.18) (13.86)

Frequency 989.65 858.10 657.20 715.95
(276.34) (276.11) (156.46) (171.86)

Log-freq 22.49 21.16 22.08 24.44
(3.69) (3.60) (3.77) (4.26)

Appendix B: Stimuli for simulations

Word contexts used for simulation 1

Fricative-final

/s/-bias: decrease, produce, carcass, glorious
/[/-bias: abolish, brackish, publish, galosh

Stop-final

/t/-bias: abrupt, carpet, secret, biscuit, product
/d/-bias: crooked, regard, placid, solid, garbled

Stimuli used for simulation 2

Words: ballast, basket, carpet, Charlotte, culprit, deduct, depart, dulcet, gasket, goblet,

product, redact, sculpt, tablet

Non-words: dallast, rasket, tarpet, barlotte, dulprit, geduct, Shepart, gulcet, prasket, skoblet,

koduct, kedact, dulpt, bablet





