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Abstract

Recognition of spoken words in noise and in quiet is more accurate for Lexically Easy words (high frequency words

with few similar-sounding neighbors) than for Lexically Hard words (low frequency words with many similar-sounding

neighbors). Using monosyllables, the present set of two experiments extends this finding to a perceptually interesting

class of stimuli and test formats. In both open- and closed-sets, listeners attempted to identify amplitude-modulated

and bandpass-filtered words [Shannon, R., Zeng, F., Kamath, V., Wgonski, J., Ekelid, M., 1995. Speech recognition

with primarily temporal cues. Science 270, 303–304]––noise-band speech––shown to simulate the performance of

cochlear implant (CI) patients using the same number of frequency channels. The words were synthesized from a data-

base that controls for Lexical Difficulty, Talker Identity and Talker Gender. Word recognition was significantly more

accurate for Easy words in both the open- and the closed-set experiments. These results indicate that, even when spoken

word recognition is challenged by noise-band speech, the Easy–Hard effect survives the perceptually uncertain condi-

tions of word variability. Consequences for models of spoken word recognition are explored.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Previous research on spoken word recognition

has demonstrated that some words are ‘‘easy’’ to

recognize and others ‘‘hard,’’ depending upon a

number of lexical properties and the structural
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relations among them; specifically, a word�s lexical

frequency, familiarity, neighborhood density, and
neighborhood frequency have a potent influence

on its intelligibility across a variety of listener

populations and listening conditions (Luce, 1986;

Torretta, 1995; Bradlow and Pisoni, 1999;

Luce and Pisoni, 1998; Dirks et al., 2001; Dorman

et al., 2000b; Sommers et al., 1997). According to

nearly all models of spoken word recognition
ed.

mailto:jtrout@luc.edu


J.D. Trout / Speech Communication 47 (2005) 424–435 425
(Forster, 1976, 1979; Marslen-Wilson and Welch,

1978; Paap et al., 1982), lexical identification pro-

ceeds by discriminating among lexical items in

memory that are activated by stimulus input, and

as expected, easy words have more discriminable
characteristics and are thus less confusable, than

hard words.

A number of lexical characteristics combine to

make words ‘‘Easy’’ or ‘‘Hard’’: frequency, famil-

iarity, density, and neighborhood frequency. Fre-

quency is the average number of times a word

occurs in printed text per million words (Kucera

and Francis, 1967). Familiarity (Nusbaum et al.,
1984), a subjective rating, is the reported familiari-

ty of a word (7.0 is ‘‘very familiar’’). Density (Luce,

1986) is the number of ‘‘neighbors’’ a target word

has that differ by one phoneme from it. Neighbor-

hood frequency (Luce, 1986) is the mean frequency

of words in the lexical neighborhood.

Forged by these four factors, easy words stand

out, and hard words are buried, as can be seen in
Fig. 1. These conditions determine the ultimate

accessibility of those words.

The listener populations in which this Easy–

Hard effect has been tested include normal listen-

ers (Luce and Pisoni, 1998; Bradlow and Pisoni,

1999), cochlear implant (CI) patients (Dirks

et al., 2001), and listeners with uncorrected hearing

loss (Sommers et al., 1997). The listening condi-
tions have included a variety of kinds of noise,

and test formats. Luce and Pisoni (1998) used

broadband noise to establish that Easy words were
Fig. 1. The Neighborhood Activation Model (Luce, 1986):

Word frequency, familiarity, and lexical density are character-

istics of ‘‘lexical neighborhoods’’ that influence spoken word

recognition (figure from Torretta (1995)).
more intelligible than Hard words under a variety

of signal-to-noise ratios. Sommers et al. (1997)

used Modified Rhyme Test words selected to meet

certain requirements for lexical ease, masked by

broadband noise at different signal-to-noise ratios
presented to normal listeners, and in quiet to CI

listeners in both open- and closed-set formats. In

a series of interesting experiments, Dirks et al.

(2001) replicated the Easy–Hard effect in an

open-set format using a ‘‘speech-shaped noise’’ de-

signed to follow the envelope of the entire ampli-

tude spectrum for the duration of the natural

speech that it is used to mask. Dirks et al. (2001)
used a different database than the Easy–Hard

Multi-Talker Speech Database used here (and

separate groups of young normal hearing listeners

and elderly listeners with sensorineural hearing

loss), examined the separate contributions of

neighborhood structure, such as neighborhood

density, and did so without a closed-set task.

The present research employs amplitude-modu-
lated and bandpass-filtered noise, or ‘‘noise-band’’

speech. Noise-band speech has special characteris-

tics. It is designed to simulate the noisy and strat-

ified output of a cochlear implant; portions of this

output retain the perceptual cues of voicing and

manner (Van Tasell et al., 1987; Shannon et al.,

1995) by simulating the excitation of specific re-

gions of the basilar membrane; large portions of
the spectrum are eliminated, and those that remain

are band-limited noise, modulated at the mean

amplitude of that region of the spectrum. By com-

paring simulation data to performance of cochlear

implant patients, recent research has established

that noise-band ‘‘speech’’ simulates performance

using a cochlear implant (Dorman and Loizou,

1998; Dorman et al., 1997; Fishman et al., 1997).
Unlike sinewave speech (Remez et al., 1981),

which specifically synthesizes spectral features

associated with formant structure, the frequency

bands of noise-band speech can be arbitrarily dis-

tributed, and so are not selected specifically to

track such perceptually important features as for-

mants. Finally, the natural speech masked by

broadband noise still retains information about
natural formant features whose excursions move

continuously across the range of the spectrum;

by contrast, the bands in noise-band speech are
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stratified, cutting uniformly through the spec-

trum of natural speech. Thus, the generation of

noise-band speech is insensitive to the continuous

movement of formants and their trajectories, elim-

inating an important source of recognition avail-
able in speech in quiet or masked by broadband

noise.

Noise-band speech has been widely presented to

normal-hearing subjects, but only once using words

selected for their Easy and Hard characteristics. In

a study using a design, word set, and training regi-

men different from the one used here, Dorman et al.

(2000a) found an Easy–Hard effect for multisyllable
noise-band words presented in isolation to normal-

hearing children, and natural multisyllabic words

presented to children with cochlear implants. At

the same time, Dorman et al. (2000a) did not per-

form a closed-set test, and so could not trace the

processing advantages of limiting response alterna-

tives. Although a number of different populations

(CI patients, deaf subjects, and normal hearing sub-
jects) have been presented with Easy vs. Hard

words, and recognition performance on noise-band

speech have been tested in both open- and closed-

set formats, the unique combination of factors in

the present experiments provide new information

about features of the lexicon by examining its reac-

tion to specific processing demands: Easy–Hard,

noise-band monosyllables, presented to normal
adult listeners in open- and closed-set test formats.

It is important to note that, by combining these fac-

tors we may undertake a novel investigation of the

mechanisms that underlie spoken word recogni-

tion. First, it is a central question in speech percep-

tion which aspects of the spectrum get encoded, and

which features can enhance recognition processes.

Noise-band speech is well-adapted to address this
question; it consists of isolated bandwidths distrib-

uted across the frequency spectrum and conse-

quently would provide insight into the extent to

which linguistic representations can be evoked by

the linguistic information preserved in these bands.

Second, this experimental arrangement allows us to

examine how the chronic activation and general

accessibility of Easy words compensates for specific
limitations on signal access imposed by amplitude-

modulation and bandpass-filtering. The simulta-
neous manipulation of test format allows an

additional means of examining the influence of

distinct lexical processing demands.

The first goal of the present experiments, then,

is to investigate the extent to which the Easy–Hard
effect survives the severe and calculated obstacles

to signal access posed by ‘‘noise-band’’ monosylla-

bles––when presented to normal listeners. Mono-

syllables have unique and interesting lexical

characteristics that fortunately limit the sources

of information that could explain performance

on noise-band tokens. Monosyllables as a class

have shorter duration, and so are challenging in
recognition paradigms, but they also lack the

intra-lexical prosodic cues of alternating rhythm

that might otherwise assist recognition, and thus

complicate the interpretation of recognition per-

formance. If the Easy words are more intelligible

than Hard words, then we may conclude that the

Easy word advantage is not restricted to words

whose structure is fully present, even if masked,
in the stimulus. However, if there is no difference

in intelligibility, we may conclude that the Easy

word advantage is insufficient to compensate for

the signal access obstacle presented by ampli-

tude-modulated and bandpass-filtered words. In

either case, the results would be of interest because

they would provide information about the ability

of the mechanisms normally responsible for the
intelligibility advantages of Easy words to still pro-

cess that lexical information once subjected to

noise-band synthesis. An intelligibility advantage

for Easy words in this context would make at least

two important contributions to speech research,

one theoretical and one clinical. An Easy–Hard ef-

fect promises to illuminate the theoretical issue of

the organization of words in the lexicon, and how
these sound patterns are accessed from the lexicon

by the modulation information carried by five-

channel noise-band speech. Together with the find-

ing that a developed lexicon places pediatric

cochlear implant patients at a distinct advantage

(Pisoni et al., 2000; Pisoni, 2005), any differential

processing features of Easy and Hard words might

be used to formulate practical, clinical strategies or
training materials to improve performance for

particular listener populations.
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The second question addressed by this set of

experiments concerns the extent to which listeners

can exploit the Easy word advantage under differ-

ent processing conditions of open- and closed-set

test presentation. Open-set auditory word recogni-
tion requires that the listener identifies the target

word on the basis of auditory presentation alone

which, at least in principle, results in a complete

lexical analysis of features and a full search of

the lexicon. Closed-set auditory word recognition

requires that the listener identify the target word

among those on a list of options, a procedure that

can culminate in accurate recognition on the basis
of an incomplete input analysis and a partial lexi-

cal search. If the Easy–Hard effect is present in the

open-set format but not the closed, we may con-

clude that the full analysis prompted by the

open-set task recruits word features, such as lexical

neighborhood characteristics, available in the Easy

words that allow a processing advantage to

emerge. By contrast, word recognition occurs in
the closed-set task before a complete lexical analy-

sis is carried out. Sommers et al. (1997) demon-

strated precisely this fact using broadband noise.

The question remains whether, given the unique

perceptual characteristics of 5-channel noise-band

monosyllables, the Easy–Hard effect disappears

in the closed-set task as well, and if not, whether

the reduced perceptual analysis in the closed-set
is detectable in other measures of processing. The

closed-set task does not require an adequate assess-

ment of all of the factors routinely involved in spo-

ken word recognition. The options in a closed-set

format are limited, and the correct answer appears

among them. The closed-set format tends to re-

duce the frequency bias across the set of alterna-

tives, because the set of alternatives among which
the subject must discriminate is known in advance.

If the set of stimuli is relatively unchallenging, the

bias may get set at zero; otherwise, the effect is sim-

ply attenuated. Simply put, in a closed-set task lex-

ically Hard words have been made more like Easy

words by having provided the correct answer in

the response alternatives.

In either case, the results would be practically
and theoretically interesting. If the Easy–Hard ef-

fect is present in the open-set format but not the
closed, this would extend Sommers et al.�s finding

to a different, theoretically interesting class of stim-

uli, and thereby advance knowledge of the mecha-

nisms affecting spoken language processing.

Minimally, it would show that the Easy–Hard
effect is moderated by task demands. If the

Easy–Hard effect emerges on both test formats, it

would show (by parity of argument) that noise-

band tokens preserve the Neighborhood charac-

teristics of natural speech that are exploited by

recognition processes. Should there be an Easy–

Hard effect in both open- and closed-set for-

mats, the moderating influence of analysis and
search processes may be reflected in different effect

sizes.

Recognition performance on noise-band speech

improves with exposure to sentence and syllable

context, limited response alternatives, and practice

(van Tasell et al., 1992). In the case of sentences,

this advantage has an easy explanation. As Fish-

man et al. (1997) put the point: ‘‘Probably less
spectral information (i.e., fewer electrodes) is

required when top-down linguistic processing can

�fill in the gaps� in a poor peripheral representation

of the signal.’’ (p. 1210) Not surprisingly, then, lis-

teners find recognition of monosyllables in an

open-set task (with little practice) very challenging.

In order to compensate for the reduced informa-

tion provided by monosyllables, the listener must
either be given more practice, more linguistic

(e.g., sentence) context, more channels, or less

talker variability. After 8–10 h of participant train-

ing, for example, Shannon et al. (1995) observed

nearly 100% correct on both open-set sentence rec-

ognition and closed-set vowel and consonant rec-

ognition with only four bands. Dorman et al.

(1997) observed performance of 80–100% on vow-
els, consonants and sentences with either five sinu-

soidal or noise band carriers. Loizou et al. (1999)

observed more than 90% recognition of sentences

in open-set with a 5-band noise processor. Predict-

ably, then, open-set recognition rates for monosyl-

lables should be the lowest among the conditions

tested. This prediction for open-set recognition

rates is supported by our findings and those
reported by others. Friesen et al. (2001) observed

about 55% correct for monosyllable words
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(CNC) in an open-set task with normal-hearing

listeners and a 4-band noise processor. Using

monosyllables, Dorman et al. (1997) divided the

signals into 6–20 bands, and the listener required

at least eight channels in order to achieve at least
90% accuracy in quiet. Noise-band sentences, how-

ever, required only four channels of noise band

outputs by normal-hearing listeners to achieve

90% accuracy. Loizou et al. (1999) established that

difficult sentences produced by multiple talkers re-

quire more than five channels for comprehension.

For multisyllables, Dorman et al. (2000a) provided

10 sentences and 20 words in practice trials, and
listeners achieved about 32% correct for four-band

and about 85% for six-band items. In the case of

monosyllables, research on noise-band speech has

just begun and we do not yet know how differences

in training, test set size, database type, etc., will

affect performance levels. But current evidence

suggests that we can expect the lowest recognition

rates for monosyllables in open-set tasks with little
practice.

It has long been known in speech perception

research that information about amplitude enve-

lope-modulated noise allows the listener to infer

lexical information about the word from which

the envelope was extracted (Schroeder, 1968; Sam-

uel, 1987; Bashford et al., 1996; Trout and Poser,

1990). In order to systematically examine the sep-
arate influences of Difficulty, Talker, and Gender,

5-channel speech envelope noise versions of the

medium-rate words in the Easy–Hard database

were generated. The resulting stimulus materials

were tokens of ‘‘noise-band speech,’’ generated in

accordance with the methods set out in (Shannon

et al., 1995) and described below.
1 The Q-value of a filter is given by the center frequency of the

filter divided by the bandwidth of the filter.
2. Experiment 1: An open-set recognition

experiment

The survival of the Easy–Hard effect was inves-

tigated under the obstacles to signal access posed

by 5-channel ‘‘noise-band speech’’––amplitude-

modulated and bandpass-filtered words––when
presented to normal listeners in open-set test for-

mats. The extent of the effect of lexical difficulty,

talker, and gender, was evaluated.
2.1. Method

2.1.1. Subjects

Twenty introductory psychology students from

Loyola University Chicago were given partial
course credit to serve as participants in the exper-

iment. All participants were native speakers of

American English, and none reported any history

of speech or hearing problems.

2.1.2. Speech material

Two sets of 296 noise-band words were created

using the ‘‘Easy–Hard Multi-Talker Speech Data-
base,’’ produced by the Speech Research Labora-

tory at Indiana University. One hundred and

forty-eight words were created from each of four

talkers. Two of these talkers were male, and two

were female.

2.1.3. Signal processing

We created a ‘‘noise-band database’’ of all of
the 1500 medium rate words from the ‘‘Easy–Hard

Multi-Talker Speech Database’’. The database

recorded 10 talkers, five females and five males,

uttering the same 150 words. Seventy-five of the

words were Hard, and seventy-five were Easy.

(For complete details regarding this database, see

Torretta, 1995; Bradlow and Pisoni, 1999.) The

signal processing scheme produced the noise-band
speech as follows. Beginning with normal speech

samples within a broad frequency region, such as

those of the Easy–Hard Database, natural speech

is filtered by five gamma-tone filters. In the present

case, each had a Q of 10 centered at 200 Hz,

400 Hz, 800 Hz, 1600 Hz, and 3200 Hz.1 The enve-

lope of the filtered speech waveform at the output

of each filter is extracted by rectifying the filtered
waveform and low-pass filtering it at 100 Hz. The

same five gamma-tone filters that were used to fil-

ter the speech waveform are then used to filter a

broadband noise. Each of these filtered noises is

then multiplied by the envelope that was extracted

from the corresponding filtered speech waveform.

In other words, the extracted 200-Hz speech enve-

lope is multiplied by the 200-Hz filtered noise, the
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extracted 400-Hz envelope is multiplied by the

400-Hz filtered noise, and so on. Overall, then, this

procedure excises the temporal envelopes from fil-

tered speech and inserts band-limited noise modu-

lated by the envelopes in place of the filtered
speech. In this manner, the amount of spectral

information was severely diminished but temporal

and amplitude cues were preserved.

The resulting tokens have a number of unique

characteristics. First, because the placement of

the bands is not guided by the attempt to capture

or track speech information known to be perceptu-

ally important (such as formants, or talker-specific
information), any level of recognition accuracy

will be in spite of the insensitivity of the specific

band location to perceptually important speech

information. In particular, each band remained

in a fixed frequency range, while perceptually

important formants in natural speech move in

and out of those frequency regions (Van der Horst

et al., 1999). Second, these stimuli have only five
bands, three fewer than was required for monosyl-

lable performance to match that for sentences

(Dorman et al., 2000a).

The test set of Experiments 1 and 2 contained

148 word-types (see Table 1). (Word-types are

words categorized independently of the occasion

they are spoken or who produces them.)

Talker variability was reduced by presenting
only two of the talkers from the original database

to any given subject. With each word-type spoken
Table 1

The means of lexical characteristics of words in the present Test

Set, based on the Easy–Hard Multi-Talker Speech Database

Easy Hard

Present Original Present Original

Frequency 312.1 309.7 11.1 12.2

Familiarity 7.0 7.0 6.8 6.8

Density 13.5 13.5 26.8 26.6

Neighborhood

frequency

37.8 38.8 285.0 282.2

The means of the test items are only slightly different from those

in the original database, in which the term �wrong� occurred as

both an Easy and a Hard word. It was deleted from the noise-

band database used here, leaving 148 items per talker. The

values under Present in this table have been recalculated

accordingly.
only once by two different talkers (divided by a be-

tween-subjects factor of Gender of Talker), each

participant heard a total of 296 tokens.

2.1.4. Procedure

Each subject heard a total of 296 words, pre-

sented over headphones at a comfortable listening

level of 75 dB. Half of the participants heard 296

words spoken by two female talkers, and half

heard those 296 words spoken by two male talkers.

The participants heard each word-type twice.

Three factors were examined: Difficulty (Easy

vs. Hard) · Talker identity (2 Talkers) · Gender
(Female vs. Male) in which Difficulty and Talker

are within-subjects variables and Gender is a

between-subjects variable. Subjects were instructed

to type the word they thought they heard. Each

subject received six practice trials with feedback,

using words that did not occur in the test set.

2.2. Results and discussion

A mixed-design analysis of variance (ANOVA)

was conducted on the data, with lexical difficulty

and talker identity as within-subjects factors and

gender as a between-subjects factor. The Easy–

Hard effect was the only significant main effect,

[F(1,18) = 281.30; p < .0001]. There was a signifi-

cant interaction for Talker · Gender [F(1,18) =
104.56; p < .0001]. A post-hoc means test indicated

that the performance of the two male talkers was

elevated compared to that of Female Talker 2.

The recognition accuracy means and standard

errors for Difficulty, Talker and Gender in Exper-

iment 1 are presented in Table 2.

The overall recognition accuracy in this open-

set experiment (9.9%) is lower than that for other
noise-band speech studies, explained by the chal-

lenging nature of monosyllables in an open-set test

with only six practice trials (along with a relatively

large, and so variable, word set). However, the the-

oretical question addressed by the present experi-

ments––whether recognition performance is

influenced by Easy–Hard status for noise-band

monosyllables under different test formats––does
not require replication of performance levels of

prior, noncomparable studies, but rather perfor-

mance above the floor and below a ceiling. The



Table 2

The means and standard errors for accuracy data in percent

correct for subjects in Experiment 1

Recognition accuracy

PC SE

Difficulty

Easy 14.8 .8

Hard 4.9 .4

Total 9.9

Talker

M1 8.0 .8

M2 13.3 1.0

F1 12.0 .8

F2 6.0 1.0

Talker (M1, M2, F1, F2) · Difficulty (E,H)
M1E 12.8 1.4

M2E 17.3 1.4

F1E 19.1 1.2

F2E 9.9 1.2

M1H 3.2 .7

M2H 6.6 .7

F1H 7.6 .9

F2H 2.2 .9

Gender

Male 10.0 .6

Female 9.7 .7

Total 9.9

Note: PC = percent correct; SE = standard error.
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recognition performance in the present experiment

is well above chance performance.2 Piloting also
attempted to ensure that, using the same test

words, performance would not hit a ceiling. Rec-

ognition performance in the closed-set task was

over 50% on a 10-item list.

In light of this open-set recognition rate, it ap-

pears that whatever advantage is conferred by

low talker-variability is swamped by substantial

word variability. Even at these low performance
2 The lowest recognition rate is for Hard words in the open-

set, at 4.9%. In the 125,000 word CMU dictionary, 13.5% of the

words are monosyllables, for a total of 16,875 monosyllables. If

we restrict the reference set to singular, distinct monosyllables,

there are no less than 5000 root monosyllables. Chance

performance should yield a 1/5000 identification rate, but the

participants in Experiment 1, in the most challenging condition,

performed well above that level, at 245/5000. Therefore, a 4.9%

recognition rate (for Hard words) on the open-set task is well

above a performance floor.
levels, though, Easy words conferred a significant

advantage on spoken word recognition processes.

The difficulty of the open-set task does not seem

to derive from the processing load added by sensi-

tivity to talker differences; there was no main effect
of talker. Moreover, participants only heard talk-

ers of the same gender, and so their results would

not reflect sensitivity to gender-based differences in

Talker, such as differences in fundamental fre-

quency or in frequency range of formants partially

represented in the 5-channel noise-band speech.

An account of word recognition that character-

izes effect size as depending on completion of input
analysis predicts that the Easy–Hard effect would

subside or vanish in closed-set tasks. Because the

Neighborhood Activation Model (or NAM; Luce,

1986), for example, assumes that the frequency

information that biases decision units is a flexible

rather than intrinsic feature of the activation levels

of the acoustic–phonetic patterns, the size of the

Easy–Hard effect depends upon contextual factors,
such as the frequencies of other words. This means

that in order to exploit the relevant aspects of

neighborhood structure to produce the Easy–Hard

effect, a sufficiently complete analysis of the input

must be carried out. A closed-set task truncates

this analysis and should result in a diminished

Easy–Hard effect.
3. Experiment 2: A closed-set recognition

experiment

The Easy–Hard effect investigated in the open-

set Experiment 1 is here examined in a closed-set

format. The extent of the effect of lexical difficulty,

talker, and gender, was evaluated.

3.1. Method

3.1.1. Subjects

Twenty introductory psychology students from

Loyola University Chicago (different from those in

Experiment 1) were given partial course credit to

serve as participants in the experiment. All partici-
pants were native speakers of American English,

and none reported any history of speech or hearing

problems.



Table 3

The means and standard errors for accuracy data in percent

correct for subjects in Experiment 2

Recognition accuracy

PC SE

Difficulty

Easy 53.2 1.5

Hard 50.2 1.9

Total 51.7

Talker

M1 50.1 2.6

M2 55.8 2.7

F1 54.5 2.6

F2 46.5 2.7

Talker (M1, M2, F1, F2) · Difficulty (E,H)
M1E 52.0 2.3

M2E 56.8 2.8

F1E 55.3 2.3

F2E 48.9 2.8

M1H 48.2 3.0

M2H 54.9 2.9

F1H 53.8 3.0

F2H 44.1 2.9

Gender

Male 52.3 1.8

Female 51.1 1.9

Total 51.7

Note: PC = percent correct; SE = standard error.

3 This is an idealization, because the response alternatives on

each trial in the closed-set task were drawn from the 148 word-

types in the test set, rather than from the entire lexicon.

Although participants were not informed of this fact, implicit

learning might raise the outcome of a ‘‘guessing’’ strategy

slightly above the chance performance of 10%.

J.D. Trout / Speech Communication 47 (2005) 424–435 431
3.1.2. Speech material

The same two sets of 296 auditory stimuli were

used in the present experiment as were used in

Experiment 1.

3.1.3. Signal processing

The same set of audio stimuli were used in

Experiment 2 as was used in Experiment 1.

3.1.4. Procedure

In the closed-set, each trial presented partici-

pants with an audio noise-band token over head-

phones at a comfortable listening level of 75 dB,
in the same manner as in Experiment 1. In Exper-

iment 2, however, participants were presented with

a video display of 10 different words on each trial

simultaneously with the audio stimulus onset. The

display on each trial included the correct answer,

and subjects were instructed to click the mouse

on the menu display word that they thought they

heard. The 10 response alternatives were quasi-
randomly selected from the Easy–Hard database,

with the constraint that no two response alterna-

tives shared an initial phoneme. Each subject re-

ceived six practice trials with feedback, using

words that did not occur in the test set.

3.2. Results and discussion

A mixed-design ANOVA was conducted on the

data, with lexical difficulty and talker identity as

within-subjects factors and gender as a between-

subjects factor. There was a significant main effect

of Difficulty [F(1,18) = 8.98; p < .008]. There

were two significant interactions: Talker · Gender

[F(1,18) = 14.97; p < .001], and Difficulty · Talker ·
Gender [F(1,18) = 4.87; p < .04]. No other main or
interaction effects were significant. Post-hoc tests

indicated that the Talker · Gender interaction is

largely explained by the poor performance the

second female talker when compared to that of

both male talkers. The recognition accuracy means

and standard deviations for Lexical Difficulty

and Gender in Experiment 2 are presented in

Table 3.
The moderate overall recognition accuracy in

this experiment (51.7%) shows that participants

found the closed-set task on this relatively large
word set challenging, but not unduly so. With

the correct item among the 10 response alterna-

tives, chance performance is 10%.3 Even at these

fair performance levels, Easy words still conferred

a significant advantage on spoken word recogni-

tion processes. Whether due to the challenging

character of 5-channel noise-band speech, the sub-

stantial word variability across the test set, or the
increased confusability of response alternatives

that were all drawn from the test set, the task is

sufficiently difficult to permit the benefit of lexical

ease to emerge. Table 3 represents the small mean

difference in correct performance between Easy

and Hard words on the closed-set task (53.2% vs.
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50.2%), compared to the much larger mean differ-

ence on the open-set task (14.8% vs. 4.9%). How-

ever, as in the open-set Experiment 1, the

difficulty of the closed-set task does not seem to

derive from the processing load added by implicit
accommodation of talker-differences; there was

no main effect of talker. Moreover (again as in

Experiment 1), participants only heard talkers of

the same gender, and so their results would not

reflect sensitivity to gender-based differences in

Talker, such as differences in fundamental fre-

quency or in frequency range of formants partially

represented in the 5-channel noise-band speech.
4 The lexical frequency figures for their database were not

included in (Sommers et al., 1997), so we are unable to isolate

this difference as a possible explanation for our divergent results

on the respective closed-set experiments. Type of difficulty may

also be a factor in explaining this effect-size pattern across

open- and closed-set tasks. Test set size, confusability of target

and response alternatives, difference between the means of the

relevant characteristics of particular classes of Easy and Hard

words: All of these factors may (differentially) influence the

difficulty of the task. Sommers et al. (1997) reports only the

neighborhood frequency and neighborhood density of the class

of Modified Rhyme Test words selected, and the present

experiments are comparable along these dimensions. However,

neighborhood frequency and neighborhood density are not the

only characteristics that contribute to lexical ease; lexical (as

opposed to neighborhood) frequency has been shown to be a

potent contributor to accessibility (Luce and Pisoni, 1998).

There is a large mean difference between the lexical frequency of

the Easy and Hard words used in the present experiments

(Easy: 312.1 vs. Hard: 11.1). This difference alone could explain

why the Easy–Hard effect emerges in the closed-set test format

of Experiment 2, but whether or not it does explain the effect is

unclear. Because Easy–Hard effects depend upon the neighbor-

hood characteristics of the designated samples of words, further

experiments are needed to identify the specific contributions of

neighborhood characteristics to the effects of lexical difficulty.
4. Summary and conclusions

This study was designed to address two issues:

the magnitude of an Easy–Hard effect in the face

of the severe obstacles to signal access posed by

‘‘noise-band speech,’’ and the magnitude of the

Easy–Hard effect across the different processing

conditions of open- and closed-set test presenta-

tion. The findings of this study demonstrate that

(1) There was an Easy–Hard effect for normal

listeners of noise-band speech.

(2) The Easy–Hard effect emerged in both open

and closed-set test formats, but there was a

substantially smaller Easy–Hard effect in

the closed-set.

The results of these two experiments identify the
influence of lexical difficulty, as well as a number

of properties of spoken language settings that

attenuate the benefits of Easy words. We will dis-

cuss these findings in the order presented above.

These experiments further confirm and extend

the findings concerning the benefits of Lexical

Ease. The Easy–Hard effect can survive the shift

from a difficult open-set task to the easier closed-
set task. In the present experiments, while talker-

specific information may ease the burden of word

recognition, word variability is a powerful barrier

to word recognition. Bradlow and Pisoni (1999)

uncovered a related, compensatory connection be-

tween various sources of processing difficulties and

outcomes. There, the processing burden imposed
by lexically Hard monosyllables was eased by the

listener�s experience with the speech of a specific

talker. Finally, the property of lexical ease can be

used to compensate for substantial perceptual deg-

radation. On the basis of 5-channel noise-band
speech––in which participants are only receiving

information about the frequency placement of five

noisy, amplitude envelope-modulated bands––par-

ticipants still perform well above chance levels,

and still benefit from lexical ease.

The second chief finding of the present set of

experiments was that the influence of Difficulty

in the closed-set experiment is fragile. The com-
mon forces of lexical processing might explain

why, although our closed-set experiment departed

slightly from the findings of (Sommers et al., 1997)

by reaching significance in the subjects-analyses,

and noise-masked and noise-band speech have

interestingly different characteristics,4 we did nev-

ertheless find a similar pattern: The effect size

was smaller in the closed-set experiments than in
their open-set counterparts, indicating that reli-

ance on lexical ease decreases in the presence of

other useful cues, such as a visual menu of 10 op-

tions in the closed-set test. Generally, this ‘‘limited
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processing demand’’ account predicts that the

Easy–Hard effect will decrease as processing

demands decrease. So whether or not the effect

disappears altogether will be determined by the

perceptual availability of identifying information
in each stimulus item. This feature of perceptual

availability varies across task (open-set, closed-

set, reaction time, error rate), item (phonological

characteristics, neighborhood characteristics, etc.),

and masker (white, Gaussian noise at +5 dB,

speech shaped noise, amplitude-envelope modu-

lated and bandpass-filtered noise, etc.). Our results

on the closed-set task differed only slightly from
those of Sommers et al. Sommers et al. found that

the processing advantage for lexically Easy words

vanished on the closed-set task. If this ‘‘limited

processing demand’’ explanation for the vanishing

closed-set effect is correct, then closed-set recogni-

tion effects on such tasks should be more fragile

than those gleaned from open-set formats. So it

is not the character of the closed-set task per se,
but the full range of specific processing demands,

which determines performance on the closed-set

format. The Difficulty effect size (partial Eta

squared, gp
2) in the subjects-analysis for the identi-

fication test in the open-set (Experiment 1) is .940,

and in the closed-set (Experiment 2) is 0.333.

Using the scale defined by Cohen (1988), the

open-set effect size for Difficulty is large, while
the closed-set d is a medium-to-small effect size.3

Insofar as the organization of the emerging lex-

icon powerfully influences the acquisition of lan-

guage by children with cochlear implants (Pisoni

et al., 2000; Pisoni, 2005), knowledge about the lex-

ical storage of fine, talker-specific details should

advance research on the encoded components of

speech that could be beneficially exploited in
speech and hearing technology. In light of the

results concerning cochlear implantation, the per-

formance boosting provided by lexical ease sug-

gests a practical strategy for the construction of

training materials for cochlear implant patients,

particularly pediatric patients. Shannon et al.

(1995) points out that amplitude-modulated and

bandpass-filtered speech simulates the stimulation
pattern of a cochlear implant. Word-related fea-

tures may indicate what speech sounds are poten-

tially effective in training cochlear implant users.
In particular, the original pediatric cochlear im-

plant protocol was designed for children with

acquired deafness, children who already had some

exposure to language. Pisoni et al. found that the

outstanding pediatric cochlear implant performers,
or ‘‘stars’’, had more developed mental lexicons to

begin with than their cohorts (Pisoni et al., 2000;

Pisoni, 2005). It appears that their relatively devel-

oped lexicon conferred the expected processing

advantages. Accordingly, training materials that

exploit lexical advantages may ease the perceptual

challenge of early implant use. Easy words afford

just such lexical advantages, and it is an open
empirical question whether the effects reported here

are large enough that the processes underlying

them could be recruited in those training efforts.

It still remains to be determined how the manip-

ulation of the number of channels interacts with

the influence of lexical ease. As well, we need to

better understand the precise durability of such

features as Difficulty. The difficulty of a word is
not a single, intrinsic part of the activation levels

of acoustic–phonetic patterns, and so does not

simply act as a standing prime for intelligibility

and recognition. But neither is its biasing influence

on decision units indefinitely flexible. Rather than

a single prior occurrence lowering the threshold of

the token, the threshold of that token�s node in the

lexicon is chronically depressed by its lexical stand-
ing. The use of both open- and closed-set test for-

mats on noise-band monosyllables allows us to

examine this critical issue for spoken language

processing.

The research reported here contributes to the

continuing project of understanding the organiza-

tion and activity of the lexicon. It remains an inter-

esting theoretical question just how flexible are the
properties of word units. Can their thresholds

change and, if so, at what rate and for what rea-

sons? Can the manipulation of neighborhood

parameters––frequency, density, etc.––contribute

to this process? These questions remain unan-

swered. One thing is clear, however. Top-down,

lexical information offers potent compensation

for degraded bottom-up information. In the fast
and noisy commerce of spoken language process-

ing, the words that stand out from the crowd are

the ones most easily recognized.
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