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Use of speech-modulated noise adds strong
"bottom-up" cues for phonemic restoration

JAMESA. BASHFORD, JR., RICHARD M. WARREN, and CHRISTOPHER A. BROWN
University ofWisconsin, Milwaukee, Wisconsin

When deleted segments of speech are replaced by extraneous sounds rather than silence, the miss
ing speech fragments may be perceptually restored and intelligibility improved, This phonemic restora
tion (PhR) effect has been used to measure various aspects of speech processing, with deleted portions
of speech typically being replaced by stochastic noise. However, several recent studies of PhR have
used speech-modulated noise, which may provide amplitude-envelope cues concerning the replaced
speech. The present study compared the effects upon intelligibility of replacing regularly spaced por
tions of speech with stochastic (white) noise versus speech-modulated noise. In Experiment 1, filling
periodic gaps in sentences with noise modulated by the amplitude envelope of the deleted speech frag
ments produced twice the intelligibilityincrease obtained with interpolated stochastic noise. Moreover,
when lists of isolated monosyllableswere interrupted in Experiment 2, interpolation of speech-modulated
noise increased intelligibility whereas stochastic noise reduced intelligibility.The augmentation of PhR
produced by modulated noise appeared without practice, suggestingthat speech processing normally in
volves not only a narrowband analysis of spectral information but also a wideband integration of am
plitude levels across critical bands. This is of considerable theoretical interest, but it also suggests that
since PhRs produced by speech-modulated noise utilize potent bottom-up cues provided by the noise,
they differ from the PhRs produced by extraneous sounds, such as coughs and stochastic noise.

In everyday listening, speech signals of interest are fre
quently interrupted by extraneous sounds. Yet, when in
terruptions are brief, the speech may appear intact and in
telligibility may remain high. Laboratory studies have
shown that this phenomenon reflects more than the ability
to use partially masked speech accompanying the inter
rupting sound-indeed, when part ofa word is completely
removed and replaced by an extraneous sound such as a
cough or stochastic noise, listeners perceptually restore the
missing segment, based on information preceding and fol
lowing the interruption, and they cannot distinguish be
tween the portions ofspeech that are physically present and
those that have been perceptually synthesized (Samuel,
1981a; Warren, 1970; Warren & Obusek, 1971; Warren &
Sherman, 1974).

The perceptual synthesis of absent speech, which is
known as phonemic restoration (PhR) (Warren, 1970),
represents the linguistic adaptation of a more general au
ditory process that restores continuity by subtracting a
portion of the neural input produced by the interrupting
sound and using it to reconstruct the missing signal frag-
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ment (Warren, 1984; Warren, Bashford, Healy, & Bru
baker, 1994). This process of "auditory reallocation" re
quires a spectral overlap between the interrupter and the
interrupted signal, and thus ensures that the substrate for
perceptual synthesis will be available only when the inter
rupting extraneous sound is capable ofmasking the signal
(Warren et aI., 1994). When this basic acoustic requirement
is met, and when there is sufficient signal context to guide
synthesis, reallocation can produce apparent continuity of
both speech and a variety of nonverbal sounds, including
steady-state signals such as pure tones (Houtgast, 1972;
Miller & Licklider, 1950; Thurlow, 1957; Warren, Obusek,
& Ackroff, 1972) and dynamic time-varying signals such
as frequency glides (Ciocca & Bregman, 1987; Dannen
bring, 1976; Kluender & Jenison, 1992) and music (DeWitt
& Samuel, 1990; Sasaki, 1980; Verschuure, 1978).

The present study deals with the verbal form ofauditory
reallocation, phonemic restoration, and the contribution to
phonemic restoration made by different types of informa
tion: information preceding and following the interruption
and information available during the interruption. Previ
ous investigations have focused on restorations occurring
when a portion ofspeech is completely replaced by noise,
and those studies have shown that, under a variety of con
ditions, information provided by the intact portions of
speech is sufficient to restore the appearance of continu
ity (Bashford, Meyers, Brubaker, & Warren, 1988; Bash
ford &: Warren, 1979, 1987b; Layton, 1975; Miller & Lick
lider, 1950; Samuel, 1981a, 1981b, 1987, 1991; Samuel &
Ressler, 1986; Verschuure, 1978; Warren, 1970; Warren &
Obusek, 1971; Warren & Sherman, 1974) and to restore
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intelligibility (Bashford, Riener, & Warren, 1992; Bash
ford & Warren, 1979, 1987a; Cherry & Wiley, 1967; Hol
loway, 1970; Powers & Wilcox, 1977; Verschuure, 1978;
Verschuure & Brocaar, 1983). However, interruption
under normal listening conditions involves the mixing of
an extraneous sound with the speech signal, and thus,
under conditions of incomplete masking, allows for pos
sible contributions to restoration made by remnants of the
speech signal that are available during the interruption.
The present study investigated this topic by contrasting
restoration effects produced by interpolated stochastic
noise, which contributes no information concerning the
identity ofthe missing fragments, and interpolated speech
modulated noise. While speech-modulated noise provides
no formant information, it does duplicate in detail the broad
band amplitude envelope ofthe replaced speech fragments.

There were several reasons for choosing speech
modulated noise as the interrupting stimulus in this study.
First, it has been hypothesized that the broadband ampli
tude envelope of speech might serve as a rich source of
suprasegmental and phonemic information (e.g., Erber,
1979), although relatively little is currently known about
the role of this information in normal speech perception
(for recent reviews, see Repp, Frost, & Zsiga, 1992, and
Rosen, 1992). Previous studies have shown that speech
modulated tones can provide cues concerning articulation
rate (Gordon, 1988) and syllable numerosity (Remez &
Rubin, 1990), and both modulated tones and modulated
noises have been found to provide supplementary informa
tion for lipreading (Blamey, Martin, & Clark, 1985; Breeu
wer & Plomp, 1984, 1986; Erber, 1972;Grant, Ardell, Kuhl,
& Sparks, 1985;Grant, Braida, & Renn, 1991, 1994; Lemay
& Braida, 1994). In addition, it has been shown that lis
teners can recognize the correspondence between the am
plitude envelope of a word that has been superimposed
upon white noise and either the printed version ofthat word
(Frost, 1991; Frost, Repp, & Katz, 1988) or the articula
tory gestures associated with its production (Repp et aI.,
1992). Other studies that have presented modulated noise
as the lone source of verbal information have shown that
listeners can learn to recognize the amplitude envelopes of
syllables (van Tasell, Soli, Kirby, & Widin, 1987) and
words (Horii, House, & Hughes, 1971) when stimuli are
drawn from small, closed sets of items. However, when
stimuli are drawn from a large unknown set, the stand-alone
intelligibility of speech-modulated noise is essentially
zero (Frost et aI., 1988).1

It is quite important, from a methodological standpoint,
to know whether speech-envelope information conveyed
by modulated noise can be combined with information from
intact speech to augment phonemic restoration. Speech
modulated noise has been recommended (Horii et aI., 1971;
Schroeder, 1968) and used (e.g., Beck & Speaks, 1993;
Festen & Plomp, 1990) as an alternative to stochastic
noise for speech masking because it permits the experi
menter to select any desired signal-to-noise (SIN) ratio and
maintain this value moment-to-moment despite fluctua
tions in speech amplitude. However, ifthe modulated noise
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also provides useful information concerning the speech
signal, its role as a masking stimulus is seriously compro
mised. Furthermore, and of more direct relevance to the
present study, speech-modulated noise has been used pre
viously as a replacement stimulus in studies of phonemic
restoration (Repp, 1992; Samuel, 1987, 1991; Samuel &
Ressler, 1986; Trout & Poser, 1990) and in studies em
ploying the gating paradigm (Salasoo & Pisoni, 1985;
Walley, 1988).

The present experiments contrasted the effects of sto
chastic and speech-modulated noise upon the restoration
of intelligibility. Speech signals were subject to periodic
interruptions, and restoration was measured in terms of
the increase in keyword repetition accuracy that resulted
when regularly spaced gaps in the speech were filled with
either stochastic or speech-modulated noise. Both types of
interpolated noise had flat (white) long-term spectra and
bandwidths that matched that ofthe speech signals. In Ex
periment 1, separate groups oflisteners were presented with
sentences that were interrupted either by silence or by one
of the two types of noise presented at one of three SIN ra
tios: 0, -8, or -15 dB. The O-dB SIN ratio matched the
noise level employed in earlier studies that have used
speech-modulated noise as a replacement stimulus in gat
ing or phonemic restoration paradigms (e.g., Salasoo &
Pisoni, 1985; Samuel & Ressler, 1986). The - 8- and -15
dB SIN ratios corresponded to typical levels used for in
terpolated stochastic noise in earlier studies of multiple
restorations occurring with periodically interrupted speech
(e.g., Bashford et al., 1992; Verschuure & Brocaar, 1983).
To foreshadow: Experiment 1 showed that the restoration
effects obtained when sentences were interrupted by
speech-modulated noise far exceeded the effects obtained
with stochastic noise. Therefore, it was of interest to ex
tend the study to isolated monosyllabic words, which had
previously been found not to increase in intelligibility with
the interpolation of stochastic noise (Bashford & Warren,
1987a; Bashford et aI., 1992; Dirks & Bower, 1970; Miller
& Licklider, 1950). In Experiment 2, it was found that the
addition of stochastic noise to gaps in words decreased in
telligibility, whereas the addition of speech-modulated
noise increased intelligibility.

GENERAL METHOD

The sentences employed in Experiment I and the isolated words
employed in Experiment 2 were produced by a male speaker and
bandpass filtered from 100 Hz to 8 kHz (Rockland Model 852 filter
producing slopes of 48 dB/octave) before initial recording on au
diotape using an Ampex 440-C eight-track recorder operating at
15 ips (see Bashford & Warren. 1987a. for further details). For use
in the present experiment. playback of the speech signals was digi
tized (22-kHz sampling frequency, 16-bit quantization), and each of
the sentences and isolated monosyllables was individually rescaled in
level so that. upon playback. the peak amplitudes of all items varied
by less than 0.2 dB SPL. as measured by a Bruel & Kjrer Model 2230
precision integrating sound-level meter. The amplitude-adjusted
speech files were then used to create stereo files that had one track
consisting of the speech stimuli (i.e .• sentences or words, separated
by 3-sec silent pauses) and a second track consisting of bursts of ei-
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ther speech-modulated or stochastic noise occurring simultaneously
with the speech. The stochastic noise files were created by copying
the speech files, mapping the boundaries of individual sentences or
words, using a waveform editor, and then replacing the verbal stim
uli with segments of white noise (Briiel and Kjer Model 1405 noise
generator). The speech-modulated noise tracks were produced by
copying the speech files and randomly reversing the polarity of in
dividual sample points with a probability of 0.5 (Schroeder, 1968).
(It should be noted that, in our experiments, the procedures used to
produce the noise files resulted in a time alignment ofthe onsets and
offsets ofthe speech stimuli and corresponding noise bursts, thus en
suring that interpolated noise in both the stochastic and speech
modulated noise conditions always replaced speech and did not
occur during the interstimulus intervals.) The nature of the speech
modulated noise is illustrated in Figure I, which provides oscillo
grams, root-mean-square (rms) amplitude-envelope plots, and spec
trograms for both the digitized Central Institute for the Deaf (CID)
sentence, "Come here when I call you," and the speech-modulated
noise derived from that sentence. As shown in the spectrograms, for
mant structure is destroyed by the randomization of polarity. However,
the waveforms are quite similar, and the rms envelopes are, ofcourse,
equivalent.

For production of the final stimuli, the stereo digital files were
played back and recorded on audiotape (Otari Model MTR-IO two
track recorder operating at 15 ips) with the noise tracks subjected to
an intervening bandpass filtering identical to that ofthe speech sig
nals (100 Hz to 8 kHz with 48-dB/octave slopes). During the experi
ments, the analog playback of the speech and noise channels was
passed to the listener's headphones by separate, alternately triggered
electronic switches (Coulbourn Model S84-04), which shaped the
complementary onsets and offsets of the speech and noise with
10-msec raised-cosine ramps. The electronic switches ran continu
ously throughout an experimental session, so that the placement of
periodic gaps in the speech signals was completely independent of
the speech and determined randomly for each listener in all condi
tions. For the sentences presented in Experiment I, the speech sig
na� was on for 150 msec and off for 250 msec of each 400-msec
switching cycle (i.e., periodic interruption rate of 2.5 Hz). For the
isolated monosyllabic words presented in Experiment 2, the total
switching cycle was also 400 msec in duration, but on- and off
times were matched at 200 msec (50% duty cyclej.?

Listeners were tested individually in an audiometric room with
stimuli delivered diotically through Sennheiser HD 250-Linear
headphones. The speech signals were always presented at a peak
level of70 dBA, and the interrupting noise (when present) was de
livered at a peak level of 70, 78, or 85 dBA SPL.

EXPERIMENT 1

Method
Participants. The 140 subjects (7 groups of 20 listeners) were

native English speakers with no known hearing problems. They were
recruited from introductory psychology courses at the University of
Wisconsin-Milwaukee and were given money or course credit for
their participation in the study.

Stimuli. The speech stimuli were the 100 CID sentences used in
several previous studies dealing with the intelligibility of interrupted
speech (Bashford et al., 1992; Bashford & Warren, 1979, 1987a;
Powers & Wilcox, 1977). These sentences are arranged in 10 lists of
10 sentences and were designed to represent "everyday American
speech" (Silverman & Hirsh, 1955), with each list containing 50
phonetically balanced keywords varying in both syllabic composi
tion and positioning within sentences (e.g., "Come here when I call
you!" and "Did youforget to shut offthe water?"). The average du
ration of words in the sentences, calculated from sentence durations,
was 294 msec.

Procedure. Separate groups of 20 listeners were assigned ran
domly to each ofthe seven interruption conditions. For one group of
listeners, the sentences were interrupted by silent gaps. For the re
maining six groups of listeners, the gaps in sentences were filled
with either stochastic or speech-modulated noise presented at a level
of70, 78, or 85 dBA SPL. Since the sentences were always presented
at a peak level ono dBA, the resulting peak SIN levels were 0, -8,
and - 15 dB for both types of noise. The order of presentation for
sentence sets was blocked and pseudorandomized within conditions
so that each list of sentences occurred twice in each serial position
across listeners. Individual testing sessions lasted about 20 min, and
each listener was presented with only one interruption condition.
Listeners were instructed to repeat back each sentence as best they
could and were encouraged to guess if they were unsure. The exper
imenter scored the number of keywords correctly repeated for each
sentence.

Results and Discussion
Figure 2 presents the mean percent intelligibility scores

obtained for the seven experimental conditions, averaged
across the 10 blocks of CID sentences presented in Ex
periment 1. It can be seen that interpolation of stochastic
noise at all SIN ratios produced a substantial increase in
intelligibility relative to the silent-gap baseline condition,
and that the interpolation of speech-modulated noise pro
duced an increase approximately twice that of the sto
chastic noise. Overall, the highest intelligibility was ob
tained with the speech-modulated noise in the - 8-dB SIN
condition, which yielded accuracy scores 38% higher than
those in the silent-gap condition.

These observations are supported by statistical analy
ses. Listeners' accuracy scores for the six noise conditions
were subjected to a three-way analysis of variance, which
revealed significant main effects of noise type [F(l, 114) =
126.9,p < .0001], SIN ratio [F(2,114) = 8.8,p < .0005],
and block [F(9, 1026) = 35.8,p < .0001]. All interactions
were nonsignificant (F 5, 2.0, p > .14). Subsequent Tukey
tests for the effect of SIN ratio indicated that the greatest
enhancement of intelligibility by both types ofnoise (p <
.01) occurred in the -8 dB SIN condition. Analysis of the
block effect, using Helmhert single-df contrasts (Hays,
1988), indicated that repetition accuracy improved con
sistently across blocks of sentences (F ~ 6.1, p < .02 or bet
ter) until reaching asymptote at the seventh block. This pat
tern of improvement, which resulted in an intelligibility
increase ofabout 23% across blocks, held for all six noise
conditions, as indicated by the nonsignificant interactions.

The data from the six interpolated-noise conditions
were also compared with the silent-gap baseline condition
in a supplemental two-way analysis of variance (7 inter
ruption conditions X 10 blocks of sentences), which re
vealed significant main effects of interrupter [F(6, 133) =

47.34, P < .0001] and block [F(9,1197) = 40.16, P <
.0001] and a nonsignificant interrupter X block inter
action [F(54,1197) = 0.76, p > .89]. Subsequent Tukey
tests confirmed that intelligibility was higher (p < .0 I)
in each of the interpolated-noise conditions than in the
silent-gap condition.

Averaged across SIN ratios, there was a 14% increase in
intelligibility produced by stochastic noise in this experi-
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Figure I. Speech versus speech-modulated noise . Oscillograms, root-mean-square contours, and spectrograms for the sentence
"Come here when I call you" and for the speech-modulated noise derived from that sentence by randomly reversing the polarity of points.

ment. This enhancement of intelligibility is nearly identi
cal to that observed in two earlier studies employing similar
interruption conditions. Bashford et a!. (1992) determined
the effect of interpolating 80-dB pink noise (SIN ratio =
- 10 dB) using the same cm sentences and the same 2.5
Hz interruption rate employed in the present study but
with a higher (50%) duty cycle of speech on-t ime. Al
though that duty cycle resulted in higher overall intelligi
bility scores, the increase produced by the addition of
noise was also 14%. Similarly, Powers and Wilcox (1977 )
obtained an increase of 14% for cm sentences inter-

rupted at a rate of 2.22 Hz (225-msec on- and off-times)
when gaps were filled with stochastic noise presented at a
O-dB SIN ratio. The O-dBSIN condition in the present ex
periment yielded an intellig ibil ity increase of 13%.

In contrast to the 14% average increase in sentence in
telligibility found in the present study when silent gaps
were filled with a potential masker that was unrelated to
the speech, there was a 3 I% average increase in intelligi
bility score s when speech-modulated noise filled the gaps.
These result s indicate that the broadband amplitude enve
lope of missing sentence fragments , when duplicated by
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Figure 2. Mean percent repetition accuracy (and standard-error confidence intervals) for
keywords in sentences subjected to periodic interruption by silence, stochastic noise, or noise
modulated by the amplitude envelope of obliterated speech fragments.

an interrupting noise, provides powerful cues to the iden
tity ofthe speech segment controlling the noise amplitude.
The immediacy of this effect, as indicated by the non
significant interrupter X block interaction, suggests that
the use of amplitude-envelope information is a routine
component ofspeech processing, as previously suggested
by Erber (1979) and Rosen (1992).

The dramatic augmentation of phonemic restoration
occurring when speech-modulated noise rather than sto
chastic noise was used with sentences suggested that cues
provided by speech-modulated noise might provide suffi
cient bottom-up information to permit restoration of in
telligibility for isolated monosyllables. Monosyllabic
word lists have previously been found not to provide
sufficient context for restoration of intelligibility when
interrupted by stochastic noise (Bashford et al., 1992;
Bashford & Warren, 1987a; Dirks & Bower, 1970; Miller
& Licklider, 1950). This hypothesis was examined in
Experiment 2.

EXPERIMENT 2

Method
Participants. One hundred and forty additional listeners (7

groups of20 listeners) were recruited from introductory psychology
courses at the University of Wisconsin-Milwaukee, using the same
qualifications and compensation used for Experiment I.

Stimuli. The 10 lists of 50 isolated words used in this experiment
were phonetically balanced monosyllables (American National
Standards Institute, 1971). The interruption rate (2.5 Hz) and rise/
fall times (10-msec raised-cosine ramps) were as described in the
General Method section, but the duty cycle of switching was altered
to produce equal on- and off-times of 200 msec. The average dura
tion of the monosyllables was 512 msec.

Procedure. The procedure was the same as that employed with
sentences in Experiment I. This included the blocking and pseudo-

randomization of presentation order within experimental conditions,
which ensured that each set of monosyllables was presented twice in
each serial position (block) across listeners and that interruption of
the words occurred at randomly determined positions that differed
for each listener.

Results and Discussion
Figure 3 presents the mean percent intelligibility scores

obtained for the seven experimental conditions, averaged
across the 10 blocks of isolated monosyllables. It can be
seen that filling gaps in monosyllables with stochastic
noise reduced intelligibility, while the interpolation of
speech-modulated noise enhanced intelligibility.

Listeners' accuracy scores for repetition ofmonosylla
bles in the six noise conditions were subjected to a three
way analysis ofvariance, which revealed significant main
effects ofnoise type [F(1,1 14) = 198.74,p < .0001], SIN
ratio [F(2,1I4) = 12.19,p<.0001],andblock[F(9,1026) =
17.20,P < .000 I]. There was also a significant noise type
X SIN ratio interaction [F(2,114) = 13.45, P < .0001].
The remaining interactions were nonsignificant (F:5:0.85,
p> .60). A simple-effects analysis ofthe noise type X SIN
ratio interaction indicated that the effect of SIN ratio upon
intelligibility was significant with interpolated stochastic
noise [F(2,57) = 21.96,p < .0001] but not with speech
modulated noise [F(2,57) = 1.77, P > .15]. Subsequent
Tukey tests indicated that the SIN-ratio effect for stochas
tic noise was due to a greater reduction of intelligibility
(p < .01) in the -15-dB condition.

The data from the six interpolated-noise conditions were
compared with the silent-gap baseline condition in a two
way analysis of variance (7 interruption conditions X 10
blocks of sentences), which revealed significant main ef
fects of interrupter [F(6,133) = 44.41, P < .0001] and
block [F(9,1197) = 19.58, P < .0001] and a nonsignifi-
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Figure 3. Mean percent repetition accuracy (and standard-error confidence intervals) for
isolated monosyllables subjected to periodic interruption by silence, stochastic noise, or
noise modulated by the amplitude envelope of obliterated speech fragments.

cant interrupter X block interaction [F(54,1 197) = 0.54,
p> .99]. Subsequent Tukey tests indicated (p < .05) that
interpolation of stochastic noise reduced intelligibility rel
ative to the silent-gap condition at all SIN ratios, and that
interpolation of speech-modulated noise increased intel
ligibility at SIN ratios of - 8 and - 15 dB. Analysis ofthe
block effect, using Helmhert single-dfcontrasts, indicated
that repetition accuracy improved consistently across
blocks ofmonosyllables (F~ 5.94, p < .02 or better) until
reaching asymptote at the fifth block. This pattern of im
provement, which resulted in an intelligibility increase of
about 9% across blocks, held for all conditions, as indicated
by the nonsignificant interrupter X block interaction.

The context provided by fragments of monosyllables
adjacent to the interruptions was not sufficient to permit
the restoration of intelligibility when interruptions were
filled with stochastic noise-indeed, a reduction of intel
ligibility was observed when stochastic noise was added
to the silent gaps. However, when the interrupting noise
carried information concerning the broadband envelope
of the deleted fragments, intelligibility was increased by
an average of about 4% relative to the silent-gap condi
tion. These opposing effects upon intelligibility observed
with stochastic and speech-modulated noise illustrate an
inherent tradeoff that always exists in conditions permit
ting phonemic restoration. Extraneous sound bursts that
can provide sufficient input for synthesis of obliterated
speech through auditory reallocation (Warren et al., 1994)
are also effective backward and forward maskers of the ad
jacent intact speech fragments (e.g., see Bashford & War
ren, 1987a). Thus, the net intelligibility of an interruption
condition will reflect a tradeoffbetween the extent of tern
poral masking of the intact speech and the extent to which
the restoration mechanism can employ available bottom-

up and top-down information for perceptual synthesis.
The sentence fragments presented in Experiment 1 pro
vided sufficient context to produce a net intelligibility in
crease for all six of the interpolated noise conditions ex
amined, although the results do indicate that the SIN ratio
of - 8 dB produced an optimal tradeoff between restora
tion and temporal masking. In contrast, the isolated mono
syllables provided insufficient context for restoration
when interrupted by stochastic noise, resulting in a net
loss of intelligibility at all SIN ratios. However, when sto
chastic noise was replaced by speech-modulated noise, so
as to provide additional, bottom-up information concerning
the amplitude envelopes ofthe deleted fragments ofmono
syllables, a cancellation of masking occurred, with intel
ligibility increasing by about 8% at SIN ratios of 0 and
-8 dB and increasing by 17% at a SIN ratio of -15 dB.

GENERAL DISCUSSION

Previous studies have revealed that the verbal form of
auditory induction, known as phonemic restoration, is a
highly adaptive and sophisticated process that can use in
tact portions of speech surrounding an interruption to
identify and perceptually reconstruct the obliterated signal
fragment. The results of the present study extend our un
derstanding of the contextual factors governing this restora
tive process, and show that amplitude-envelope informa
tion available during an interruption is also used as a guide
for perceptual synthesis. In Experiment 1, listeners were
presented with periodically interrupted sentences, and it
was found that filling gaps with stochastic noise produced
an intelligibility increase ranging from 13% to 17%, de
pending upon SIN ratio, whereas interpolation of noise
that followed the broadband amplitude envelope ofthe re-
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placed speech fragments produced an increase ranging
from 28% to 38%. Thus, amplitude information available
during the interruptions in sentences contributed at least
as much to phonemic restoration as did the intact portions
of speech preceding and following the interruptions. In
Experiment 2, listeners were presented with lists of inter
rupted monosyllabic words, and it was found that inter
polation of stochastic noise produced only masking, with
performance decreases ranging from 4% to 13%, depend
ing upon the SIN ratio. However, when the broadband am
plitude envelope of deleted fragments of monosyllables
was superimposed upon the interpolated noise, there was
a substantial cancellation ofmasking, yielding a net intelli
gibility increase ofabout 4% at all SIN ratios. Thus, restora
tion ofisolated monosyllables was possible, but only when
context provided by intact speech fragments was aug
mented by information available during the interruptions.

In keeping with past studies, the restoration of intelli
gibility induced by interpolated stochastic noise in the
present experiments depended upon the amount of con
textual information provided by the remaining fragments
of speech. Interpolation of stochastic noise in periodic
gaps has been found not to enhance the intelligibility of
monosyllables spoken in isolation (Bashford et al., 1992;
Bashford & Warren, I987a; Dirks & Bower, 1970; Miller
& Licklider, 1950), although monosyllables are subject to
restoration when spoken in sentential context. For exam
ple, Bashford et al. (1992) presented listeners with peri
odically interrupted SPIN (speech perception in noise) .
sentences (Kalikow, Stevens, & Elliott, 1977) and found
that the intelligibility of the sentence-final, monosyllabic
keywords was increased by about 10% in nonpredictive
sentence contexts (e.g., "Ruth hopes she called about the
junk") and by about 20% in predictive contexts (e.g.,
"Throw out all this useless junk") when periodic gaps in
the sentences were filled with higher intensity 'stochastic
noise (SIN ratio = -10 dB) rather than silence. Thus, it
appears that restoration of intelligibility requires linguis
tic information beyond that provided by the isolated syl
lable and is greatest when the speech consists ofsentences
providing not only intralexical coarticulation, intonation,
and syntactic structure, but also semantic, top-down in
formation. It should be noted that a similar contextual de
pendency has also been observed in studies examining the
effects of interpolated noise upon the restoration of ap
parent continuity of speech. Thus, interpolation ofhigher
amplitude stochastic noise in periodically spaced gaps
may produce illusory continuity through very brief inter
ruptions (100-150 msec) when the verbal stimuli are iso
lated monosyllables (Bashford & Warren, 1979, 1987b;
Miller & Licklider, 1950) or sentences read with the order
of words reversed (Bashford & Warren, 1987b), whereas
normal prose permits restoration of apparent continuity
through much longer noise-filled gaps of 300 msec or
more. Interestingly, the limiting gap duration closely cor
responds to the average word duration in prose passages
(Bashford et al., 1988; Bashford & Warren, 1987b), with
this correspondence being maintained when the playback

rate of the same message is increased or decreased by
15% (Bashford et al., 1988).

As discussed briefly in the introduction, Warren and his
co-workers (Warren, 1982, 1984; Warren et al., 1994)
have attributed the restoration ofobliterated speech to the
linguistic form of a general auditory process that restores
continuity of interrupted signals by using a portion of the
neural input from the interrupting noise to reconstruct
contextually appropriate missing fragments. Since this
process of auditory reallocation requires that the spectral
representation of the interrupting sound overlap that of the
speech, restoration is limited to verbal components that
could have been masked by the noise. This theory is sup
ported by previous studies showing that when narrowband
speech (l.5-kHz center frequency) is interrupted by nar
rowband stochastic noise with various center frequencies,
the extent of restoration, whether measured by intelligi
bility (Bashford et al., 1992; Bashford & Warren, 1979) or
by the upper durationallimit ofapparent continuity (Bash
ford & Warren, 1987b), depends upon the masking poten
tial ofthe particular noise band. Moreover, direct evidence
for reallocation under these conditions was subsequently
provided by Warren et al. (1994), who found that there was
a reciprocal interaction of narrowband speech and inter
polated narrowband stochastic noise, such that a loudness
reduction of the noise occurred that was commensurate
with its ability to induce illusory continuity of the speech
(cf. Bashford & Warren, 1987b). Experiment I ofthe pre
sent study, in which sentence intelligibility was highest
with interrupting noise at - 8 dB SIN, has provided further
evidence consistent with the reallocation theory and with
the results of previous studies. Verschuure (l978), for ex
ample, examined conditions permitting optimal continu
ity of discourse with an on-time of periodic interruption
(125 msec) similar to that used in Experiment I (150 msec)
and found that a SIN ratio of - 10 dB provided an optimal
balance between masking and the restoration of continu
ity. Somewhat similar results were obtained by Powers
and Wilcox (1977), who examined effects of noise level
upon the intelligibility of periodically interrupted em
sentences and found that intelligibility was highest at SIN
ratios of -6 to -24 dB. This range of SIN ratios produc
ing equivalent intelligibility includes relative noise levels
higher than that found to be optimal in the present study,
but it is likely that this difference was due to the much
longer on-time (333 msec) used by Powers and Wilcox,
which would be expected to permit proportionately less
forward and backward temporal masking of speech frag
ments adjacent to the noise and,hence, to result in a broader
peak in the SIN function.

Finally, the effects ofamplitude envelope in the present
study were both substantial and immediate, requiring no
practice or learning by the listener. This suggests that nor
mal speech processing involves not only a narrowband
analysis of spectral information but also a wideband inte
gration or summing ofamplitude levels across spectral re
gions. This conclusion is consistent with hypotheses ad
vanced by several investigators (e.g., Erber, 1979; Rosen,



1992; van Tasell et al., 1987) and is also consistent with
previous findings indicating that amplitude-envelope
cues, superimposed upon noise or tones, can supplement
speech identification when combined with other sources
of information (for a review, see Repp et al., 1992). The
impact of envelope cues in the present study indicates that
use of this information by listeners is routine, and that the
use of speech-modulated noise for such purposes as
phonemic restoration studies (e.g., Samuel, 1987, 1991;
Samuel & Ressler, 1986) may introduce bottom-up infor
mation concerning the identity of missing speech frag
ments.
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NOTES

I. In keeping with the observations of Frost and his colleagues (Frost,
1991; Frost et aI., 1988), our laboratory personnel, who were highly fa
miliar with the cm sentences employed in Experiment 1, found that they
could easily identify the sentence used to modulate the amplitude of a
given noise segment. To assess intelligibility in the absence of prior
knowledge of the stimuli, we presented the modulated noises to 2 expe
rienced listeners who had never heard the original sentences. One listener
declined even to guess for any of the stimuli; the other listener managed
to identify correctly only 2 ofthe 500 keywords within the sentences. This
yielded an estimated average intelligibility ofjust 0.2% for the 2 listeners.

2. Previous studies of phonemic restoration under conditions of peri
odic interruption have employed a 50% duty cycle of switching, and this
duty cycle was employed for interrupting word lists in Experiment 2.
However, we departed from this procedure in Experiment I and used a
reduced percentage of on-time (37.5%) for the cm sentences to avoid
possible ceiling effects-we have previously found intelligibility scores
for these sentences to be about 85% when interrupted at 200 msec on/off
by interpolated stochastic noise (Bashford et aI., 1992).

(Manuscript received August 29, 1994;
revision accepted for publication July 31, 1995.)


