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Abstract—

 

Understanding spoken language is an exceptional compu-
tational achievement of the human cognitive apparatus. Theories of
how humans recognize spoken words fall into two categories: Some
theories assume a fully bottom-up flow of information, in which suc-
cessively more abstract representations are computed. Other theories,
in contrast, assert that activation of a more abstract representation
(e.g., a word) can affect the activation of smaller units (e.g., phonemes
or syllables). The two experimental conditions reported here demon-
strate the top-down influence of word representations on the activa-
tion of smaller perceptual units. The results show that perceptual
processes are not strictly bottom-up: Computations at logically lower
levels of processing are affected by computations at logically more ab-
stract levels. These results constrain and inform theories of the archi-

 

tecture of human perceptual processing of speech.

 

Humans can recognize tens of thousands of words in their native
language, even under listening conditions that pose severe problems
for the best computer-based speech recognition systems. For the past
half century, researchers have been trying to delineate the architecture
of the perceptual process that accomplishes this remarkable feat. Mod-
ern theories of word recognition are generally in agreement that there
is a mental lexicon that represents the words that we know, and that
there are some smaller units (e.g., syllables, phonemes, phonemic fea-
tures) that are activated in the course of recognizing a spoken word.

Superimposed on this theoretical consensus has been a theoretical
question of intense and long-standing contention: Is the flow of infor-
mation through this system strictly bottom-up, or is there also a top-
down component? In a purely bottom-up model, the smallest units are
computed first, and the results of these computations are sent on to the
next more abstract level, with this increasing abstraction culminating
in word recognition. For example, the system could first recognize
certain phonemic features (e.g., voicing, place of articulation, and
manner of articulation), then recognize the phonemes that comprise
these features, and finally recognize the word that is “spelled out” by
the sequence of extracted phonemes. In a system with top-down pro-
cessing, the more abstract representations can actually influence the
computation of the units that are logically less abstract. For example,
if the representation of a word becomes active, this lexical activation
might increase the activation of the phonemes that make up the word,
allowing them to be recognized with less acoustic evidence than they
would need without the top-down lexical influence. There are cur-
rently both strong proponents of models that are purely bottom-up
(Cutler, Mehler, Norris, & Segui, 1987; Massaro, 1989; Norris, 1994;
Norris, McQueen, & Cutler, 2000) and researchers who in contrast in-
sist on the necessity of top-down lexical influences on phonemic iden-
tification (Connine & Clifton, 1987; Marslen-Wilson, 1984; McClelland

& Elman, 1986; Samuel, 1996). The present study was designed to
provide a critical test to discriminate between these two views. The re-
sults clearly support the position that information about a word pene-
trates downward in a top-down fashion. This penetration causes listeners
to hear the sounds of speech in a manner that is based on their knowledge
of the word.

Although there have been many demonstrations of lexical informa-
tion influencing phonemic responses (e.g., Connine, Titone, Deelman,
& Blasko, 1997; Marslen-Wilson & Warren, 1994; McQueen, Norris, &
Cutler, 1999; Newman, Sawusch, & Luce, 1997; Samuel, 1981), pro-
ponents of purely bottom-up models have argued that these results do
not truly reflect top-down perceptual effects. Instead, these demonstra-
tions have been interpreted as merely showing that words can influence
phoneme responses at a decision stage that occurs postperceptually.
Consider, for example, a study by Ganong (1980). Ganong generated
speech continua that varied in the voicing feature of the initial conso-
nant, such as /dæ/–/tæ/. If / / is appended to each member of this con-
tinuum, the resulting stimuli sound like the word “dash” at one end
and the nonword “tash” at the other. If, instead, /sk/ is appended to
members of the same continuum, the nonword “dask” is obtained at
the /d/ end and the word “task” is obtained at the other. For an item
near the middle of the /dæ/–/tæ/ continuum, this creates an interesting
situation: Such an item corresponds to a word if the initial consonant
is heard as a /d/ when the ending is / /, but the same sound must be
heard as a /t/ when the ending is /sk/ if the item is to be heard as a
word. If top-down models are correct, then listeners should hear this
ambiguous initial consonant as a /d/ in the context of “_ash” and as a /t/
in the context of “_ask.”

Exactly this result has been observed, in many studies (e.g., Con-
nine & Clifton, 1987; Ganong, 1980; Pitt & Samuel, 1993). However,
theorists who do not believe in top-down perceptual effects argue that
the data cannot be unambiguously interpreted. In their view, the initial
consonant is not perceived differently in the “_ash” and “_ask” con-
texts: In both cases, it is heard as ambiguous. But because the experi-
ment requires one response or another, the lexical context biases the
responses postperceptually. From this perspective, the perceptual flow
of information remains purely bottom-up. Only the later decision
stage is influenced by the lexical context. Nonperceptual interpreta-
tions of this sort have been offered for virtually all the demonstrations
of lexical influences on phonemic judgments.

As long as a task requires listeners to make phonemic decisions, it
is not possible to rule out a decision-level locus for any lexical influ-
ence on phoneme processing. With this constraint in mind, in our lab-
oratory we have conducted a series of experiments that provide a test
for top-down lexical influences on phoneme perception, using condi-
tions that rule out a decision-level interpretation. Preliminary evidence
for a true top-down lexical effect was reported in a previous study
(Samuel, 1997). The current study extends this effort, and includes a
crucial new procedure that conclusively demonstrates that lexical
knowledge does indeed penetrate down into the perceptual encoding
of speech sounds.
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In these experiments, the key innovation is looking for evidence of
top-down influences in the 

 

consequences

 

 of having heard a lexically
driven phoneme, rather than asking listeners to identify the phoneme.
By not requiring any phonemic decision, we avoid any opportunity for
decision-level factors to drive the results. The particular consequence
examined in this research was the occurrence of a selective-adaptation
effect.

Selective adaptation is a widely used psychophysical procedure
(e.g., Albrecht, Farrar, & Hamilton, 1984; Blakemore & Sutton, 1969;
Green, 1980). Eimas and Corbit (1973) showed that this procedure
works well with speech stimuli, using a test series that varied in voicing,
/da/–/ta/. In a baseline condition, listeners identified members of this
continuum many times. Then, in the adaptation phase, continuum items
were interspersed with repeated presentations of a continuum endpoint
(the adaptor). As in other psychophysical adaptation studies, the re-
peated presentation reduced the likelihood of perceiving stimuli that
were similar to the adaptor. After hearing /da/ repeatedly, listeners iden-
tified fewer test stimuli as /da/; the /ta/ adaptor reduced reports of /ta/.

Many experiments have explored speech-adaptation effects (e.g.,
Cheesman & Greenwood, 1995; Samuel, 1986; Samuel & Kat, 1996;
Sawusch, 1977). For the present purposes, two results are most ger-
mane. First, adaptation effects can be generated at three different lev-
els of perceptual analysis: (a) a very early, monaurally driven level; (b)
a binaurally driven level that combines acoustic properties, such as
different formant paths; and (c) a binaurally driven level that appears
to be phonemelike (Samuel & Kat, 1996; Sawusch, 1986; Sawusch &
Nusbaum, 1983; Sawusch & Pisoni, 1976). Second, no adaptation has
been found at the word level itself. A previous study using four differ-
ent tests (Samuel, 1997) repeatedly demonstrated that there are no di-
rect adaptation effects at the lexical level.

The localization of adaptation effects at three sublexical levels, to-
gether with the clear absence of adaptation at the lexical level itself,
guarantees that the phenomenon is appropriate for our purposes. Our
interest in adaptation in the current study lay in the potential for adap-
tation to reveal top-down lexical influences on phonemic processing.
The first application of this potential (Samuel, 1997) tested whether
lexical information could determine the identity of a phoneme, result-
ing in adaptation effects on the identification of test syllables. Because
adaptation is limited to sublexical processing, such an effect would
necessarily entail top-down lexical influences on lower-level percep-
tion. In this study, the lexical determination of a phoneme was accom-
plished through phonemic restoration (Samuel, 1981, 1996; Warren,
1970; Warren, Obusek, & Ackroff, 1972). In phonemic restoration, a
portion of a word (typically, a phoneme plus its transitions to adjacent
phonemes) is excised and replaced by a broadband sound such as
white noise. When the resulting stimulus is played to listeners, they
cannot indicate the location of the replacement (Warren, 1970), and
they show very poor discrimination of this stimulus from one in which
noise is merely superimposed on the corresponding portion of the
waveform (Samuel, 1981, 1996). Listeners appear to have perceptu-
ally restored the missing speech.

Samuel (1997) selected five words with /b/ in the third syllable
(e.g., “exhibition”) and five with /d/ in the third syllable (e.g., “arma-
dillo”). For all 10 words, two types of stimuli were made. Experimen-
tal items were made using the noise-replacement procedure just
described, deleting and replacing each /b/ or /d/. Control items were
made by deleting exactly the same portions of each waveform, without
filling the resulting silent gap with noise. Previous research had shown
that the experimental items would produce phonemic restoration (i.e.,

listeners would hear the /b/ or /d/, determined by the lexical context),
but the control items would be heard veridically (i.e., as words with si-
lent gaps). Listeners identified members of a /b

 

I

 

/–/d

 

I

 

/ test series, be-
fore and after adaptation with either the /b/-based or the /d/-based
items, for both the experimental and the control stimuli. The experi-
mental items produced reliable adaptation effects: Listeners identified
fewer syllables as /b

 

I

 

/ after hearing the words with the /b/ replaced
than after hearing the words with the /d/ replaced. As expected, the
control items produced no such shifts. These results meet the criteria
for a true top-down effect: The lexical context determined what pho-
neme was heard (/b/ or /d/), and the resulting phoneme (which listen-
ers never had to report) produced the desired consequence—an
adaptation shift at a sublexical level.

We have recently completed a new set of experimental conditions
that confirm and extend this finding. These conditions used Ganong’s
(1980) procedure, rather than phonemic restoration, to impose lexical
information on phonemic perception. The appeal of this procedure is
that it requires that exactly the same acoustic stimulus be heard as dif-
ferent phonemes, depending on the lexical context (in the restoration
work, the replacement noise differed from stimulus to stimulus, pre-
serving the duration and amplitude envelope of the replaced pho-
neme). The current study also included a test that completely controlled
for any acoustic artifacts due to coarticulation, a control that was not
included in the previous study. As in that study, the listeners never re-
ported the lexically determined phoneme. Instead, we assessed its
identity by its ability to shift the identification of other speech sounds,
via adaptation.

 

METHOD

Materials

 

Four words that end with the phoneme /s/ (“bronchitis,” “embar-
rass,” “malpractice,” “tremendous”) and four words that end in / /
(“abolish,” “demolish,” “diminish,” “replenish”) were selected. These
words were chosen because they were expected to produce strong lex-
ical effects by virtue of their length and the word-final position of the
critical phoneme, and because they have the same vowel preceding the
final phoneme in a mid-Atlantic American English dialect, as verified
with the Carnegie Mellon Pronunciation Dictionary (1995) and by di-
rectly measuring the frequencies of the first two formants. These eight
words and the syllables /

 

I

 

s/ and /

 

I

 

/ were digitized (16 kHz A/D, 7.8-
kHz low-pass filter) and stored on computer disk. The /

 

I

 

s/ and /

 

I

 

/ to-
kens were digitally mixed in various proportions, to produce an eight-
step /

 

I

 

s/–/

 

I

 

/ test series.
Experimental and control items were constructed to serve as adap-

tors. The control items were made by removing the final consonant (/s/
or / /) from each word, along with enough of the preceding vowel to
eliminate any perception of the final consonant. The experimental
items were copies of the control items, with one change: An identical
piece of sound was appended to each of the eight control items. This
addition was an ambiguous consonant sound, taken from one of the
middle items of the /

 

I

 

s/–/

 

I

 

/ test series. This ambiguous consonant was
expected to be identified as /s/ after contexts such as “bronchiti_”, but
as / / in contexts like “demoli_.” The critical theoretical question is
whether this identification reflects true lexically determined percep-
tion of this consonant or is merely a postperceptual decision effect. If
the effect is perceptual, then the resulting phonemic percept should
produce adaptation effects on the identification of other sounds, even
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though listeners never had to report the identity of the sounds in the
adaptors.

 

Participants

 

Forty listeners participated in each of two adaptation sessions (one
with adaptors based on /s/ words and one with adaptors based on / /
words). One participant’s data were eliminated because the participant
was unable to identify the test syllables consistently. Half the listeners
received the experimental items as adaptors; the other half received
the control items.

 

Procedure

 

The task was to identify members of the /

 

I

 

s/–/

 

I

 

/ test series as end-
ing in either /s/ or / /. The test syllables were played in blocks of eight
randomly ordered items, alternating with 30-s adaptation blocks. Dur-
ing each adaptation block, eight randomizations of the four adaptors
for that session were presented. Participants simply listened during
these adaptation phases. They responded to the test syllables by push-
ing one of two labeled buttons (“s” or “sh”). Each session included 24
identification-adaptation passes. Order of sessions (/s/ words vs. / /
words) was counterbalanced.

š

š
š

š

 

RESULTS AND DISCUSSION

 

Figure 1 shows the resulting identification functions for the test
syllables, broken down by the lexical context (/s/ words or / / words).
For the no-consonant control items (left panel), no differential adapta-
tion occurred; there was no information in those truncated words to
drive any adaptation shifts. When exactly the same stimuli were fol-
lowed by a neutral sound (middle panel), a very different result ob-
tained: Listeners reported fewer syllables as “ish” when the adaptors
were made from words that normally end in / / than when the adaptors
were derived from /s/-final words. A 

 

t

 

 test using the difference in aver-
age “sh” report as a function of adaptor showed that the shift was ro-
bust, 

 

t

 

(18) 

 

�

 

 3.60, 

 

p

 

 

 

�

 

 .002. In contrast, there was no difference for
the control items, 

 

t

 

(19) 

 

�

 

 0.51, n.s.
A third condition provides even more definitive evidence for top-

down lexical effects. The eight words were rerecorded, but with the fi-
nal consonant of each word intentionally mispronounced (/s/ and / /
substituted for each other; e.g., “aboliss,” “bronchitish”). Experimen-
tal items were made by deleting these final consonants, and replacing
them with a neutral “s/sh” (individually selected for each listener to be
neutral, based on a pretest). In addition, most of the vowel preceding
the final consonant was deleted and replaced by white noise. Retaining
the first couple of the vowel’s pitch periods meant that a strong percept
of the vowel could be generated by the perceptual restoration process,
but at the same time the strongest coarticulatory cues to the following
fricative were eliminated. These procedures produced adaptors in

š

š

š

Fig. 1. Percentage of test syllables on the /Is/–/I / continuum identified as /I /. Results are shown separately for test syllables presented after no-
consonant control items as adaptors (left panel), experimental items with neutral consonants as adaptors (middle panel), and mispronounced
words with neutral consonants as adaptors (right panel). In “s contexts,” the adaptors were derived from words that end in /s/; in “sh contexts,”
the adaptors were derived from words ending in / /.
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which any possible residual acoustic information would work 

 

against

 

the lexically driven adaptation shifts. Adaptation was conducted as be-
fore, with 21 new listeners. As the right panel of Figure 1 shows, al-
though the mispronunciation of the words stacked the deck against the
top-down effect, a reliable shift was found, 

 

t

 

(20) 

 

�

 

 2.61, 

 

p

 

 

 

�

 

 .02. This
result rules out any possible acoustic artifact as an explanation of the
effect.

The results of previous studies (Samuel, 1997; Samuel & Kat, 1996)
have clearly shown that adaptation shifts occur at early acoustic-pho-
netic levels of perceptual analysis, and not at the lexical level itself.

 

1

 

 The
information that determined the identity (and therefore, the adapting
property) of the critical phonemes in the current study was lexical: The
same physical sound was an /s/ in the context of “bronchiti_,” but was
an / / in the context of “aboli_.” Taken together, these findings and the
results of our previous study (Samuel, 1997) demonstrate that the per-
ceptual system includes top-down connections from the lexical level to
the phonemic: Listeners 

 

hear

 

 speech sounds in accord with the repre-
sentations of words stored in their mental lexicons.
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1. The likely locus of the adaptation effect in the current study is the “cate-
gorical” (third) level (Samuel & Kat, 1996). Shifts at this level appear to be me-
diated by criterion shifts in phonemic identification. Critically, in the current
study, these shifts were necessarily determined by lexical influences, with the

 

shifts affecting test syllables presented 

 

after

 

 listeners had heard the adaptors.


