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This study investigated the perceptual adjustments that accur when listeners recognize highly
compressed speech. In Experiment 1, adjustment was examined as a function of the amount
of exposure to compressed speech by use of 2 different speakers and compression rates. The
results demonstrated that adjustmeént takes place over a number of sentences, depending on
the compression rate. Lower compression rates required less experience before full adjust-
ment occurred. In Experiment 2, the impact of an abmpt change in talker characteristics was
investigated; in Experiment 3, the impact of an abrupt change in compression rate was
studied. The results of these 2 experiments indicated that sudden changes in talker charac-
teristics or compression rate had little impact on the adjustment process. The findings are
discussed with respect to the level of speech processing at which such adjustment might

occur.

It is well known that the relationship between the speech
signal and underlying phonological representations is ex-
tremely complex. This complexity is the result of several
different factors. First, no one-to-one mapping between cues
in the acoustic signal and the underlying representations
have been uncovered so far. Instead, many different acous-
tic cues distributed in the signal have been found to map
onto the same representation. Second, the nature of these
cues varies as a function of many different factors including
surrounding phonetic context, syllabic position, changes in
talker, speaking rate, speaking style. accent, and stress.
Despite this variation, speech perception is amazingly ac-
curate. This is comparable to visual perception, in which
widely different retinal stimulations give rise to perception
of the same object, a phenomenon called perceptual con-
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stancy. To achieve constancy, the perceptual system pre-
sumably uses different normalization mechanisms that com-
pensate for the variations induced by various situations such
as overall lighting conditions, distance, orientation, and
others (Epstein & Broota, 1986; Jolicouer, 1988).

Previous studies have suggested that, in speech, similar
normalization mechanisms exist that adjust perceptual cri-
teria in the different contexts. For example, consider the
problem of mapping acoustic parameters onto vowel cate-
gories across speaking contexts. Peterson and Barney
(1952) demonstrated that formant frequencies correspond-
ing to a single vowel category vary extensively across
different speakers. Moreover, the formant values for differ-
ent vowel categories show considerable overlap, creating a
difficult problem for theories of vowel perception. Several
studies have shown that vowel perception is influenced by
the pitch (approximately, the FO) of the talker’s voice (Bla-
don, Henton, & Pickering, 1984; Johnson, 1990; Nearey,
1989). Because FQ correlates with vocal tract size, some
researchers have proposed that, during vowel perception,
there is a stage of processing in which the formant values
extracted from the acoustic signal are normalized with re-
spect to the talker (Darwin, McKeown, & Kirby, 1989;
Johnson, 1990); Ladefoged, 1967, 1989; Ladefoged &
Broadbent, 1957, Remez, Rubin, Nygaard, & Howell,
1987).

Additional evidence for normalization has been found
with respect to the rate at which speech is articulated. It has
been shown that talkers make large and frequent changes in
their speaking rate during a conversation (Miller, Grosjean,
& Lomanto, 1984). These changes have a dramatic impact
on the realization of temporal acoustic cues such as voice
onset time (VOT), transition duration, closure duration, and
vowel duration (Miller, Green, & Reeves, 1986; Miller &
Baer, 1983; Summerfield, 1981; Port, 1979). Experiments
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in speech perception have demonstrated that the perceptual
system alters its criteria for judging such cues in relation to
the rate at which the speech was produced. For example,
Miller and Liberman (1979) examined the stop-semivowel
distinction of /ba/ versus /wa/ as cued by transition duration.
They found that deleting the last 216 ms of the vowel
caused the critical transition that separated the /b/-/w/ cat-
egories to shift toward a shorter duration. Miller and Liber-
man interpreted their results as demonstrating that analysis
of the transition duration was done in relation to the overall
speaking rate of the test syllable. In support of this notion,
Miller, Aibel, and Green (1984) found that modifying
/bal-twal syllables by deleting the final vowel had system-
atic influences on the judged speaking rate of the test
syllables. Tokens with shorter overall syllable durations
were judged to be produced at a faster speaking rate. Those
with shorter transitions were identified as fwa/ more fre-
quently at the fast rate than at the slow rate. Similar results
have been found for a voiced—voiceless distinction cued by
VOT and closure duration (Green & Miller, 1985; Green,
Stevens, & Kuhl, 1994; Port & Dalby, 1982; Summerfield,
1981). Studies with young infants show that they also dem-
onstrate sensitivity to overall syllable duration when dis-
criminating speech tokens (Eimas & Miller, 1980; Miller &
Eimas, 1983). Thus, adjustment to rate-induced variation
occurs at a very early stage in development, However, it is
not yet known whether such adjustment involves a speech-
specific mechanism, because similar results can be obtained
in primates (Stevens, Kuhl, & Padden, 1988) and with
nonspeech signals (Diehl & Walsh, 1989; Fowler, 1990;
Pisoni, Carrell, & Gans, 1983).

Normalization appears to occur immediately in response
to local variation in the speech signal. However, the ques-
tion arises as to whether short-term mechanisms are the only
ones responsible for perceptual constancy in speech, or
whether there exist other mechanisms with different prop-
erties. For example, there are indications that perceptual
adjustments occur in response to changes in speaking rate
over longer intervals than a syllable such as a precursor
phrase or sentence provides (Kidd, 1989; Miller, Green, &
Schermer, 1984; Summerfield, 1981). However, even this
phenomenon is fairly local, occurring within a few seconds
of the changes in the immediately preceding context.

On a more anecdotal level, there is the experience of
listening to a new talker with a heavy accent or dialect who
is difficult to comprehend at first. After a couple of minutes,
however, comprehension improves and it becomes possible
to understand the talker. Schwab, Nusbaum, and Pisoni
(1985) found a similar improvement in comprehension of
synthetic speech. This suggests that the adjustment to a new
speaking style occurs gradually, with recognition improving
over several minutes of experience for a particular type of
speech signal. A similar situation appears to occur when
listeners are presented with highly compressed speech. For
example, Voor and Miller (1965) found that comprehension
of compressed speech increased significantly over the first 8
to 10 min of listening, with little increase after that. Two
questions can be raised with respect to these findings. First,
is the slow improvement the result of perceptual normaliza-

tion mechanisms that are used to achieve perceptual con-
stancy? Or does it reflect the operation of more cognitive
strategies such as learning to guess words based on partial
information? Second, if the locus of these effects is percep-
tual (as opposed to cognitive), what is the relationship
between such a mechanism and the rate normalization
mechanisms that have been previously examined in pho-
netic perception?

The purpose of the current study was to address these two
questions by examining how listeners adjust to compressed
speech. Compressed speech is an ideal vehicle for studying
normalization mechanisms for a number of reasons. First, it
provides a quantifiable way of manipulating the speech
signal to create speech that is clearly outside the bounds of
normal experience. This is important because it is only
when speech exceeds such bounds that evidence is obtained
for gradual adjustment over time. This does not mean that
such adjustments do not take place with more typical sig-
nals, but that typical signals make it difficult to obtain
evidence for gradual adjustments due te ceiling effects in
the performance of the listener. Second, present-day signal
processing techniques enable one 10 compress the signal
without actually deleting portions of it or creating discon-
tinuities as occurred with older compressors (Foulke &
Sticht, 1969; de Haan, 1982; Heiman, Leo, Leighbody, &
Bowler, 1986; Schmitt, Moore, & Lass, 1986). Thus, in the
current study, the compressed speech signal is smooth and
its spectral characteristics are unchanged. Finally, com-
pressing speech affects the perceived rate at which the
speech was produced. It is therefore possible to compare the
normalization that occurs to highly compressed speech with
the normalization that occurs with more typical changes in
speaking rate. Such a comparison is important for providing
a complete understanding of the adjustment mechanisms
involved in phenetic perception.

The three experiments in the current study address the
nature of the perceptual adjustments to highly compressed
speech. The first experiment uses a carefully constructed set
of speech tokens along with a counterbalanced design to
demonstrate that adjustment to compressed speech can oc-
cur. More important, this experiment also establishes the
amount of exposure needed to obtain improved recall scores
of the compressed sentences. This information is necessary
for the next two experiments, which examine the effect of
changing talkers and the preceding rate context on the
adjustment process. Both of these variables have already
been investigated with respect to their impact on local rate
normalization during phonetic perception (Diehl, Souther,
& Convis, 1980; Kidd, 1989; Summerfield, 1981). Experi-
ment 2 examines whether the improvement that occurs
generalizes to new talkers. Experiment 3 investigates
whether the performance is affected by the intervention of
uncompressed materials. These experiments constitute an
initial examination of the locus of adjustments to com-
pressed speech during processing and its relationship to
previous findings in rate normalization. We first describe
the stimuli and the general methodology used in the
experiments.
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General Method

Participants

Participants were undergraduate students at the University of
Arizona. Some were given course credit for their participation;
others were paid. All were native speakers of English. None of the
participants reported any history of a speech or hearing disorder.

Materials

A set of 40 sentences was constructed using the following
criteria: Each sentence consisted of 10 words with seven content
words and three function words; no compound, rare, or foreign
words were used; the overal! length of each sentence was between
14 and 16 syllables; each sentence fit into one of five different
syntactic frames; and none of the sentences was semantically
anomalous. The semantic plausibility of the sentences was exam-
ined in a pilot experiment. The 40 sentences were presented on a
single sheet of paper to a group of 14 participants who were asked
to rate the plausibility of each sentence on a scale from 1 to 7.

The 34 sentences with the highest plausibility ratings (average
of 5.4 to 6.7) were chosen for additional screening. These 34
sentences were spoken by a male talker, recorded onto audiotape,
digitized into a lab computer (at 20 KHz sampling rate, 12 bits
quantizatien) and compressed down to 35% of their original du-
ration. These compressed sentences were presented to a second
group of pilot participants for recall. Recall was assessed by
having each participant listen to a sentence, and at the end of the
sentence to write down every word that could be recalled. Guess-
ing was encouraged. The 20 sentences obtaining a recall accuracy
of approximately 50% (a total of 5 words with at least 3 content
words) were selected for use in the experiments. The range for the
20 sentences was 39% to 62% correct). This screening procedure
enabled us to select sentences that were roughly comparable in
their recall scores (being neither particularly easy or difficult to
recall at a compression rate of 35%). The list of 20 sentences is
presented in the Appendix.

A male and a female talker were recorded (Electrovoice micro-
phone: RE16, Tascam cassette deck: 122 MKII) while reading
these sentences at different rates of speech in a quiet, sound-
attenuated room. These tokens were low-pass filtered at 9.8 KHz
and then digitized into a lab computer (NEC 386-20) at a 20 KHz
sampling rate (12 bits quantization). The overall durations of the
sentence tokens were measured for each talker, and sentences were
selected that had similar durations across the set of 20 sentences
and the two talkers (see Table 1). This was to reduce any potential
interactions of speaking rate and compression. Each of the 20
sentences for the two talkers was then copied into its own file.
Finally, these two sets of 20 sentences were compressed to 33%
and 45% of their original durations using a computer pregram
developed by French Telecom based on the PSOLA algorithm
(Charpentier & Stella, 1986). The program operates by first seg-
menting the signal into consecutive pitch periods. Unvoiced por-
tions of speech are blindly segmented into chunks equal to the size
of the average pitch period, Next, adjacent pitich periods are
averaged in the time domain according to a scheme that depends
on the compression rate. The averaging function is slightly longer
than the width of each pitch pericd with smoothing functions on
either side of the averaging window. The end result is a signal with
fewer pitch periods than the original. For example, a signal com-
pressed at a 50% compression rate will end up with only half the
number of pitch periods as the original signal. However, because

Table 1
Duration Values and Articulation Rates of the 20
Sentences Spoken by the Male and the Female Talker

Duration Articulation rate

No. of (seconds) (syllables/second)

Sentence no.  syllables Male Female Male Female
1 14 2.42 244 5.79 574
2 15 2.54 244 5.91 6.15
3 14 2.36 2.26 5.93 6.19
4 15 2.50 2.54 6.00 591
5 14 245 242 5.71 5.79
6 16 2.67 2.64 5.99 6.06
7 15 2.55 2.57 5.88 5.84
8 16 243 2.36 6.58 6.78
9 14 222 2.20 6.31 6.36
10 16 2.53 248 6.32 645
11 14 2.74 299 5.11 4.68
12 15 2,78 2.83 540 530
13 14 2.26 2.24 6.19 6.25
14 15 2.56 2.65 5.86 5.66
15 15 2.66 27 5.64 5.54
16 15 2.56 248 5.86 6.05
17 15 2.49 243 6.02 6.17
18 14 2.55 2.50 5.49 5.60
19 14 2.72 278 5.15 5.04
20 14 2.66 2.60 5.26 5.38

the information is averaged across adjacent pitch periods and not
simply deleted, the signal retains many of the brief acoustic events
such as release bursts that are important to phonetic perception.

Procedure

The 20 sentences were partitioned into four sets of five sen-
tences with the same partitioning being used for both talkers. The
presentation order of these four sets of sentences was varied across
different groups of participants according to a Latin square design.
However, the presentation order within a set did not vary. The
sentences were presented individually to participants who were
asked to listen to a sentence and write down as much of it as they
could recall, taking as much time as necessary. At the start of the
experiment, each participant was presented with a single practice
sentence (not one of the original set of 20) compressed to €ither
38% or 45% of its original duration. The participants were asked
to listen to the practice sentence to get an idea of what the
sentences would be like.

The sentences were low-pass filtered (9.8 KHz), amplified
(Yamaha AX 630), and then presented to individual participants
over loudspeakers (Realistic minimus) in a small, sound-attenuated
room. Each participant sat about 4 feet in front of the loudspeakers.
The sentences were presented at a comfortable listening level
(approximately 74 dB SPL).

! Plausibility, as used in this article, refers to how likely or
ordinary an event is that is described by a sentence. Thus a
plausible sentence will describe a very ordinary event that has a
high probability of occurring in everyday life, whereas an implau-
sible sentence will describe a very bizarre or unexpected event that
is not very likely to occur.
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Data Analysis

For each participant, the number of content and function words
that were correctly recalled was determined for each sentence. The
data described in the current study only report the percentage of
content words that were correctly recalled. A narrow form of
scoring was used, with even slight deviations from what was said
being counted as errors, with the following exceptions. First, any
form of the noun or verb was counted as correct. Second, added
words were riot counted as errors.?

Experiment 1

As reported earlier, there is some indication, both anec-
dotal and experimental, that perceptual adjustment can oc-
cur to compressed speech. On the anecdotal side, partici-
pants often report that compressed speech sounds
unnaturally fast at first and difficult to understand. With
exposure, they find it easier to understand and report that it
sounds less compressed. In addition, when switched back to
uncompressed sentences, listeners report that the uncom-
pressed speech sounds abnormally slow. Such anecdotal
reports are suggestive of some kind of adjustment to rapid
rates of speech. On the experimental side, there is the
finding that, with practice, perceptual performance on
highly compressed speech shows some measurable increase
(Voor & Miller, 1965). This is expected if some type of
adjustment to the compressed signal takes place. However,
these earlier studies used a compression technique that
involved deletion and subsequent concatenation of portions
of the acoustic signal. Such effects tend to disrupt the
speech signal. Using the less disruptive techniques, Mehler
et al. (1993) showed that performances on compressed
speech improve over time for a French-English bilingual
talker as well as a Spanish-Catalan bilingual.

The purpose of Experiment 1 was to replicate this finding
using the speech of two monolingual English talkers and to
provide a baseline for Experiments 2 and 3. In addition, this
first experiment extended the study of Mehler et al. by
documenting in more detail the gradient of adaptation as a
function of the amount of experience with compressed
speech. Finally, two different compression rates were nsed
to determine the generality of the results.

Method

Participants. One hundred sixty undergraduate students at the
University of Arizona participated in the experiment. Each partic-
ipant was randomly assigned to 1 of 16 groups of 10 participants.

Materials. The materials were the four sets of five sentences
spoken by a male and female talker, compressed to 38% and 45%
of their original durations.

Procedure. Eight groups of participants listened to the senten-
ces produced by the male talker, and eight groups heard the sentences
of the female talker. For each talker, half of the groups heard
sentences at the 38% compression rate and the remainder at the
45% compression rate. Finally, the presentation order of the
four sentence sets was counterbalanced across the four groups re-
ceiving a particular compression rate, using a Latin square design.

Results

The percentages of content words correctly recalled from
each sentence were determined for each participant. These
values were averaged over the five sentences of each set to
yield four set scores for each participant. The set scores
were then submitted to a single four-way analysis of vari-
ance (ANOVA) with Compression Rate (38% vs. 45%),
Talker (male vs. female), Set Position (sentence sets pre-
sented in Position 1, 2, 3, and 4) and Counterbalancing (the
4 counterbalanced participant groups) as the main factors.
Unless otherwise noted, F values not discussed in the text
were not significant with p > .05. The cell means collapsed
across participant groups are presented in the upper half of
Table 2. An examination of this table reveals several things.
First, there is an overall difference in the percentage of
content words that were correctly recalled in the two com-
pression rates. Not surprisingly, the sentences that were
compressed to 45% of their original duration produced
much higher accuracy in the recall scores of the content
words. This resulted in a significant effect of Compression
Rate, F(1, 144) = 655.4, p < .0001.

Second, there is 2 small difference in the recall scores for
the two different talkers with the female talker producing
slightly higher recall scores, F(1, 144) = 10.67, p < .005.

-This difference occurred at both compression rates; there

was no interaction between Compression Rate and Talker,
F(1, 144) = 245, p > .12. It is not clear why the female
talker’s utterances produced slightly higher recall scores.
However, it is probably due to the female talker’s utterances
being more formally produced than the male’s.

Of primary interest is whether there is any evidence of an
increase in recall rates across the different sentence sets.
Such an improvement would provide evidence that experi-
ence with the compressed speech resulted in perceptual
adjustment or adaptation. As can be seen in Table 2, there
was an increase in the recall scores across the first four
sentence sets for both talkers at both compression rates, F(3,
432} = 76.9, p < .0001. Set Position interacted with Com-
pression Rate, F(3, 432) = 3.42, p < .02, because, whereas
the recall scores for the 38% compression rate increase from
the first to the second and from the second to the third
sentence sets, for the 45% compression rate, there is only an
increase from the first to the second sentence set. To exam-
ine this interaction further, separate three-way ANOVAs
were conducted on the two compression rates. Because our
specific interest was whether there was any improvement in
recall scores from one sentence set to the mext, planned
comparisons were carried out on pairwise set means for
each compression rate,

At the 38% compression rate, the effect of Set Position was
significant, F(3, 216) = 26.19, p < .0001. However, the
planned comparisons indicated significant differences only be-
tween the cell means for Set 1 and Set 2 (p < .0001) and
between Set 2 and Set 3 (p < .05). There was also a significant

? That is, missing or added plurals on the noun or verbal inflec-
tions were not counted as errors, and additions such as “every one”
versus “every” were scored as correct.
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Table 2

Average Percentage of Content Words Correct for Four
Different Sentence Sets Across Two Talkers and
Sentence Compression Rates

Set order
Second Third Fourth Talker M

Compression rate 38%
Male 26.9 319 349 350 322
Female 317 402 429 423 39.3
See M 293 36.1 389 387

Compression rate 45%
Male 61.5 4.7 742 - 786 72.2
Female 67.6 717 77.0 76.6 74.7
SetM 64.5 76.2 75.6 71.7

Talker First

effect of Talker, F(1, 72) = 1324, p < 001 but no Set
Position by Talker interaction, F(3, 216) = .84, p > 45.

In the 45% compression condition, there is an increase in
recall scores only between the first and the second sets.
Specifically, there is a significant effect of Set Position, F(3,
216) = 56.49, p < ,0001. However, the planned contrasts
showed that only the difference between Set 1 and Set 2 was
reliable (p < .0001). There was also a significant Talker X
Set Position interaction, F(3, 216) = 4.24, p < .01. The
nature of this interaction can be seen in Table 2. The male
talker’s sentences in the first set were harder to recall than
the female's (61.5 versus 67.5 for the male and female
talker, respectively). However, recall reaches the same level
for both talkers by the end of the second set.?

In summary, the results of this first experiment revealed a
significant increase in the. number of content words that
were comectly recalled across the different sentence sets.
For the 38% compression rate, the increase occurred over the
first three sets whereas in the 45% compression rate the
increase only ogcurred between the first two sentence sets.
Thus, as shown in Figure 1, the twp compression rates pro-
duce different rates of improvement with the 45% rate
approaching a plateau faster than the 38% rate. Furthermore,
although the total pumber of words recalled differed for
the two talkers, the pattern of improvement across sentence
sets is remarkably similar in both compression rates for the
two talkers. This similarity demonstrates the generality of
the findings and indicates that they are not due to the spe-
cific acoustic—phonetic characteristics of a particular talker.

Discussion

The results from this experiment indicate that improve-
ment in recall of compressed speech can occur with expo-
sure to.only 5 or 10 compressed sentences. These resuits
replicate the earlier findings of Mehler et al. (1993) and
provide empirical support to the anecdotal reports of those
who have listened to compressed speech. In addition, this
experiment extends the findings of Mehler et al. in two
ways. First, similar findings were obtained for two new
talkers of English, Moreover, the overall performance of the
participants listening to the two different talkers is very

similar probably because the durations of the sentences for
the talkers were closely matched before compression. Sec-
ond, these results show that the form of the improvement
depends on the nature of the experience. When the sen-
tences are compressed to 38% of their original duration,
they are extremely difficult to understand, and the adjust-
ment process requires more time than when they are com-
pressed to 45% of their original durations.

One important 1mphcat10n of this finding is that listeners’
performance did not improve over the course of the exper-
iment simply due to practice with the task itself (e.g.,
memorizing and recalling sentences under a time con-
straint). If this had been the only reason for their improve-
ment, then similar rates of improvement should have been
obtained for the two different compression rates.

To rule out definitively that task familiarity might play
some role in performance, we conducted an additional con-
trol experiment. Four new groups of 10 participants each
were presented with a set of five test sentences compressed
to 38%. Before the critical set of test sentences, each group
of participants heard a set of context sentences. The first
group of participants heard the remaining three sentence
sets compressed to 38%. We call this the compressed con-
dition, and it serves as a replication of one of the earlier
participant groups. The second group of participants heard
the remaining sentence sets uncompressed. These sentences
were easy to comprehend and provide a cdntext in which
participants can practice the recall task without getting any
exposure to compressed speech. We call this proup the
uncompressed condition. The third gtoup of participants
heard the uncompressed sentences in white noise at a signal-
to-noise ratio of —1dB.* Pilot testing had determined that
this signal-to-noise ratio resulted in an overall intelligibility
for the uncompressed speech that was comparable to that of
the 38% compressed speech. This gondition was included to
determine whether the adaptation is simply the result of
learning how to deal with speech that is degraded in some
fashion. This group is called the noise condition. Finally, a
fourth group was included that had no prior experience with
cither compressed or uncompressed speech. This group
provided a baseline level of performance on the critical
sentence set without any previous context. This group is
called the baseline condition.

If practice with the task is sufficient to account for improve-
ment, then the first three conditions should result in signifi-
cantly better performance on the critical sentence set over the
baseline condition. However, if improvement is specific to
experience with compressed speech, performance in the com-
pressed condition only should be above baseline.

The results of this control experiment are that the recall
scores in the compressed condition (26%) are higher than

3 The analyses of both compression rates revealed significant
interactions between Counterbalancing, Set Position, and Rate
(7 < .0001 for both analyses). These higher order interactions are
difficult to interpret; however, they appear to reflect. the fact that
the different sentence sets had different recognition performance
for which the counterbalancing in the experiment controlied.

* We thank Arthur Samuel for suggesting this controi condition.
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Figure 1. The percentage correct of content words for the four
different sentence sets in the 38% and the 45% compression
groups. The data are collapsed across the two different talkers.

the scores in the remaining three conditions (11%, 12%, and
13% for the uncompressed, noise, and baseline conditions,
respectively). A one-way ANOVA revealed a significant
effect of condition, F(3, 36) = 7.95, p < .001. Pairwise
comparisons (Neuman-Keuls) revealed a significant differ-
ence hetween the compressed condition and the other three
(p < .01). None of the other groups differed significantly.
The results of this control experiment clearly demonstrate
that the improvements measured in this first experiment
were not due to general practice effects with the experimen-
tal task. Rather, they reflect adjustments specific to the
compressed speech.

How then do we interpret the difference in rate of learning
between the two compression rates? One possibility is that
the ability to comprehend a message has an impact on the
amount of improvement. If a large number of words can be
recognized initially, then it is quite easy to engage in a
strategy that reconstructs the missing words. Alternatively,
if only a few words are recognized, a strategy based on
reconstructing or “‘guessing” the missing words is much less
effective. According to this notion, improvement in recog-
nizing compressed speech would primarily reflect adjust-
ments in higher level guessing strategies. The rate of adap-

tation should therefore depend on the number of
recognizable words,

An alternative possibility is that the amount of exposure
required is greater for the higher (38%) compression rate,
because the tokens are more extreme examples of rapid
speech. When perceivers encounter speech produced at dif-
ferent rates, they retune certain perceptual criteria (cf.
Miller & Liberman, 1979). This retuning takes time, and the
more extreme the speaking rate, the more time is required
for the retuning process to be completed. Note that such a
retuning process would be independent of the number of
words initially recognized in the speech signal. More im-
portant, the shape of the recall function should depend on
the compression rate of the speech and not on a particular
participant’s overall performance level. Thus, the gradient
of adjustment has a stegper slope for the 45% group than for
the 38% group not because participants find the sentences
compressed at 45% easjer to recognize than the sentences com-
pressed w0 38%. Instead, the more highly compressed sen-
tences require more time for complete normalization to occur.

To examine this possibility, overall performance across
the 38% and 45% conditions was equated to determine
whether similar learning curves occur. For each participant,
the two senterices on which they performed best and the two
sentences on which they performed worst were identified in
each of the four sentence sets. Next, the participants’ best
responses in the 38% compression condition and the worst
responses in the 45% compression condition were extracted
for further analysis. The mean percentage of content words
correct in each of the four sentence sets obtained from these
data are displayed in Figure 2. As shown in the figure, the
performance level on these sentences in the two compres-
sion conditions is approximately equal. However, the shape
of the function differs for the two compression rates. For the
38% condition, improvement is gradual over the first three
sets. In contrast, a substantial improvement occurs between
the first and second set in the 45% condition, with little
change between the remaining sets. Analyses similar to that
performed in the Results section confirms this evaluation,
Even though the performance in the two compression con-
ditions was no longer significantly different (F' < 1), there
was still a significant Rate X Set Position interaction, F(2,
288) = 9.29, p < .0002. Separate ANOVAs were again
performed on the data for each compression rate with
planned comparisons between the individual set means.
Again, there was a significant increase between Set 1 and
Set 2 for both compression rates (p < .001); however, the
increase between Set 2 and 3 was only significant for the
38% compression rate (p < .001).*

These results demonstrate that the improvement in recall
is primarily determined by compression rate and not by

3 In the first set of five sentences, the mean sequential position
of the best 38% was 3.6, and for the worst 45% sentences, it was
2.4, Tn the other sets of five sentences, the mismatch was in the
same direction, but did not exceed 1 sentence position. It is
unlikely that this small difference in sentence position could ac-
count for the pattern of improvement across compression rates.
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Figure 2. The percentage comect of content words for those
participants with best recognition scores in the 38% compression
group and the worst recognition scores in the 45% compression
group. The data are collapsed across the two different tatkers.

overall performance level. Even when performance levels,

are equated, the same difference in the slope of the adjust-
ment fupction occurs. This finding is inconsistent with the
view that high-level guessing strategies account for the
differences between the two compression rates. However,
the results are also consistent with the idea that at least some
of the improvement in the ability to recognize compressed
speech is due to perceptual mechanisms involved in the
normalization for speaking rate.

Experiment 2

The results of the first experiment support the claim that
normalization of highly compressed speech does occur, that
maximum normalization takes some time, and that the rate
of improvement is a function of the compression rate. The
purpose of the second experiment was to explore the nature
of that normalization. Specifically, this experiment ad-
dressed the question of whether experience with one talker
transfers to a different talker. The issue of transfer is im-
portant because studies have found that changes in speaker
identity have an impact on the early levels of speech pro-
cessing. Green, Tomiak, and Kuhl (in press) have shown
that the underlying dimensions of talker and speaking rate
are processed in an integral manner, Studies examining how
the speaking rate of a precursor phrase influences the pho-
netic identification of a test syllable indicate that little or no
transfer occurs when the precursor phrase and test utterance
are spoken by different talkers (Diehl, Souther, & Convis,
1980). It is therefore possible that the kind of normalization
measured in Experiment 1 may be talker specific. If so, then
participants who have listened to one talker’s sentences at a
highly compressed rate should drop to the level of their
original performance (or even lower) when switched to a
different talker,

To test this hypothesis, it was necessary to switch talkers

at a point at which performance was already significantly
above baseline. The results of Experiment 1 indicate that not
much improvement occurs after 10 sentences have been
presented. Therefore, in this experiment a switch in talker
was made after the presentation of the first 10 sentences.

To look at the effect of a switch in talker on the adjust-
ment to compressed speech, three analyses were performed.
The first examined whether there was a drop in performance
due to the switch in talker. The second set of analyses
compared the performance after the switch in talker to the
performance of other groups of participants that had no
switch but had varying amounts of experience with com-
pressed speech, ranging from no prior experience to three
full sets of sentences. Finally, to determine whether a switch
in talker had a local effect, we ran similar analyses but
restricted the data to the first two sentences after the switch.
Note that the counterbalancing of the experiment was done
only in sets of five sentences, not in terms of single sen-
tences or pairs of sentences, This means that the interpre-
tation of these more local analyses is tentative.

Method

Participants. A total of 60 new undergraduate students at the
University of Arizona participated in the experiment. The partic-
ipants were randomly assigned to one of six experimental groups.

Materials. The materials were the same four sets of five sen-
tences spoken by the male and female talkers of Experiment 1. The
sentences were compressed to 38% of their original duration.

Procedure. The participants in this expetiment heard two sets
of five sentences from one talker, and then a third set of sentences
from the second talker. Despite the attempts to make the sentences
comparable, there was some variability in their “recognizability”
after compression. Therefore, it was necessary to counterbalance
for the set of sentences presented as the third set. This was
accomplished by comparing across four groups of participants.
The first two groups (Groups A and B) were presented with Sets
1, 2, and 3, with the change in talker coming between Sets 2 and
3. The second two groups of participants-(Groups C and D) were
presented with Sets 1, 3, and 2, with the change in talker occurring
between Sets 3 and 2. Participant Groups A and C heard the male
sentences first, followed by the female sentences. Participant
Groups B and D heard the female sentences first.

In addition, four control groups of participants were needed for
comparison purposes. These groups were presented with the sen-
tences in the same order but with no change in talker. Two of these
groups heard the sentence sets in the order 1, 2, 3. One group was
presented with the female sentences and the other group with the
male sentences. These data were taken from Expetiment 1. In
addition, two new control groups were run. These pasticipants
heard the sentence sets in the order 1, 3, 2. Again, one group was
presenied with the.male sentences and the other group with the
female sentences. As in Experiment 1, each group consisted of 10
participants,

Results

Table 3 shows the mean percentage of content words
correctly reported for the second and third sentence sets for
those participants who were presented with a change in
talker between these two sentence sets (the “different
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Table 3

Average Percentage of Content Words Correct for Two
Different Sentence Sets as a Function of the

Preceding Talker Context

t vositi
Initial Set position
talker Second Third M
Different talker
Male 272 33.1 30.1
Female 322 207 309
Set M 29.7 314
Same talker
Male 259 316 28.7
Female 36.3 36.8 36.5
Set M 31.1 34.2

talker” condition), and for those participants in the control
groups in which there was no change in talker (the “same
talker” condition). As can be seen in the table, changing
talkers appears to have little or no impact on the listeners’
performance. on these highly compressed sentences. These
data were analyzed using a four-way ANOVA with Change
Condition (change in talker, no change), Talker (male or
female), and Counterbalancing as between-subject factors
and Set Position as a within-subject factor. As in the first
experiment, the effect of Set Position by itself was signifi-
cant, F(1, 72) = 4.03, p < .05. This result confirms the
earlier finding that improvement in recalling these highly
compressed sentences occurs between the second and third
set of sentences. Although there is a numerical trend toward
less improvement in the different talker condition versus the
same talker condition, neither the effect of Change Condi-
tion, ¥(1, 72) = 1.18, p > .28, nor the Change Condition X
Set Position interaction was significant, F(1, 72) = 414,
p > 352

Althcugh there was no significant effect of Talker, F(1,
72) = 3.29, p > .07, there was a significant interaction of
Talker and Change Condition, F(1, 72) = 4.98, p < .03, and
Change Condition by Talker by Set Position, F(1, 72) =
8.24, p < ,001. These results indicate a difference between
the two talkers as a function of a change in talker. Specif-
ically, changing from the female talker to the male resulted
in a slight drop in recall whereas a change from the male
talker to the female produced a small increase. These effects
can be partially accounted for by the fact that the sentences
of the female talker were easier to recognize than the
sentences by the male (see Experiment 1). The main effects
turn into interactions due to the counterbalanced design.
Finally, the remaining interactions, as well as the Counter-
balancing factor, were not significant, Fs < 1.18, p > .27.

A second analysis compared the performance in the set of
sentences after a change in talker (the Different Talker
condition) to three other conditions taken from Experiment
1: a no preceding context condition, a same talker condition
in which the sentences were preceded by two sentence sets
by the same talker, and a complete context in which the
sentences were presented after three sentence sets of the
same talker. The means for these conditions are presented in

Table 4. Also presented in the table is performance on the
first two sentences presented in the set. These data are
discussed below.

Performance on the third set of sentences is lower for
those participants for which there was a change in talker
between the second and third sets (different talker) than for
participants hearing the same talker throughout (same talker
and complete context). However, performance in the differ-
ent talker group was higher than that of the group of
participants with no prior exposure to compressed speech. A
three-way ANOVA was used to compare the means across
the four experimental conditions with Condition (4 levels),
Talker, and Group as between-subjects factors. The
ANOVA revealed a significant effect of Talker, F(1, 144) =
11.23, p < .001, again due to the female talker producing
higher recall than the male talker sentences. The ANOVA
also revealed a significant effect of Condition, F(3, 144) =
9,42, p < .0001. None of the other factors or interactions
was significant (all Fs < 1.42, p > .23).

A pairwise comparison (Newman-Keuls) between the dif-
ferent talker condition and the no preceding context condi-
tion was significant, indicating that a change in talker re-
sulted in performance that was still better than baseline.
Comparisons among the different talker, same talker, and
complete context conditions were not significant. Thus,
performance after a change in talker is not worse than
performance after no change in tatker.

It is possible, however, that there is a more local or
immediate decline in the recall of compressed speech that
only occurs in the first couple of sentences following the
change in talker. To examine this possibility, recall perfor-
mance was examined for the first two sentences in the set
presented right after the change in talker (see Table 4).°

In the different talker condition, performance on the first
two sentences after the change (24%) was lower than the
average performance on the set just before the change
(30%). Moreover, performance on these first two sentences
was also lower than the performance on the same two
sentences in the same talker condition (30%), which showed
little decline relative to the preceding set (31%). Thus, it
appears that there is a local decline in performance imme-
diately after a change in talker, which then shows rapid
recovery over the last few sentences in-the set. To examine
this further, paired ¢ tests were calculated between the
sentence set before a change in talker and the average of the
first two sentences in the set immediately after a change in
talker for the different talker and same talker conditions.
These tests indicated that the decline in performance during
the first two sentences after a change in talker was nearly
significant, #(19) = 2.56, p < .03 using a corrected alpha
level of .025, whereas the corresponding test on the same
talker condition was not, #19) = .55, p > .58, Thus,
changing talkers seems to have a small, immediate impact

¢ We decided to average over the first two sentences to reduce
the influence that a single sentence might have. In addition, to
provide a good baseline comparison of the participants’ perfor-
mance before the change in rate, the average of the five sentences
in the set presented before the rate change was used.
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Table 4

Average Percentage aof Content Words Correct for Two
Different Sentences as a Function of the

Preceding Talker Context

After change
Before All 5 First 2

Preceding context change sentences sentences
Different talker 29.7 314 239
Same talker 311 342 29.8
No preceding context

{no normalization) 24.3 17.1
Complete context 355 29.8
Same talker (full

normalization)

on the adjustment to compressed speech which is then
compensated for very rapidly by the perceptual system.

Discussion

The results of this experiment found support for the idea
that there are considerable savings on recall over a shift in
talker when dealing with highly compressed speech. After a
change in talker, participants’ performances do not return to
baseline. Indeed, the overall performance of groups experi-
encing talker change did not differ significantly from those
of proups experiencing the same talker. Finally, a marginal
decline in performance was seen in the first two sentences
after a change in talker, indicating that changing talkers may
have an immediate impact on the adjustment to compressed
speech. However, the perceiver is able to recover from this
within a couple of sentences and performance at the end of
the set is comparable to that of the group of participants
presented with just a single talker.

The results of this experiment contrast with others show-
ing that changing talkers has a detrimental effect on many
perceptual and memory tasks (Goldinger, Pisoni, & Logan,
1993: Martin, Mullennix, Pisoni, & Summers, 1989; Pisoni
& Mullennix, 1989, 1990). This difference may mean that
the adjustment to compressed speech is accomplished by
mechanisms that are not tapped by these other tasks. The
fact that there is considerable savings from one talker to
another might indicate that adjustment to compressed
speech is performed at a rather abstract level, that is, a level
at which detailed acoustic characteristics of the signal no
longer play a role. An alternative account, which we favor,
is that at least some of the adjustment to compressed speech
does involve perceptual mechanisms involved in rate nor-
malization. Moreover, switching talkers does produce an
immediate decline in performance, but the effect is com-
pensated for very rapidly by the perceiver. However, further
investigation of the time course of adjustment on a
sentence-by-sentence basis may be necessary to show such
immediate effects.

Experiment 3

The previous two experiments examined adjustment as a
function of exposure to highly compressed speech and ex-

plored whether the adjustment transfers from one talkerto a
new ialker. However, they did not address the durability of
the adjustment, that is, once a plateau in performance is
attained, whether it is maintained despite the need to adjust
to other rates of speech. This question is of interest because
it relates to the nature of the underlying mechanism. If the
phenomenon is due to local rate normalization, then the
adjustment should be affected by abrupt changes in the
compression rates of the sentences. For example, the nor-
malization might reset after the presentation of uncom-
pressed materials. Alternatively, there may be some savings
across different rates, in which case part of the adjustment
precess may be related to more permanent leamning.

Consider an analogy from the visual modality, the per-
ception of contrast with respect to dark adaptation. The
perception of contrast is directly influenced by the sensitiv-
ity of the visual system to the ambient light level. However,
we often experience large changes in the overall levels of
ambient light in-the course of a normal day. Therefore, our
visual systems have to be able to operate over a wide range
of lighting conditions with extreme sensitivity. The visual
system meets these two requirements by adopting a narrow
operating range for intensity with good contrast sensitivity,
and then adjusting that operating range to match the jevel of
illuminatior in the environment, through an adaptation
mechanism (Goldstein, 1989; Hood & Finkelstein, 1986).
‘When an observer moves from a dark environment to a Light
environment (or vice versa), adaptation takes place over a
5-10 min period of time. During that time, the visual system
adjusts its operating range to the new light level, and the
perception of contrast can be impaired. Once a state of
adaptation has been attained, the perceptual system can
quickly adjust to smaller amounts of illumination changes
within a particular scene.

If adjustment to compressed speech is analogous, then
after adjustment has occurred, presentation of uncom-
pressed speech should cause the perceptual system to reset
to the normal range of speech rates, A switch back to
compressed speech should then trigger a readjustment. Al-
ternatively, normalization to compressed speech may in-
volve some kind.of perceptual learning (e.g., Pisoni &
McClaskey, 1983; Schwab et al., 1985) in which the pho-
netic parameters adequate for dealing with new or degraded
stimuli are extracted and stored for later use. If so, some
savings may be maintained through intervening uncom-
pressed materials.

This last experiment asked whether normalization, once
attained, can be affected by intervening speech that is either
uncompressed or less compressed. Participants first heard
10 sentences compressed to 38% of their original duration.
Next, five new uncompressed or less compressed sentences
were presented, followed by five new sentences at the
original 38% compression rate. As in Experiment 2, the
participants were assigned to either of two groups, with the
sentence material before and after the change in compres-
sion rates counterbalanced across the two groups. Three
conditions were compared. In the first, all sentences, com-
pressed and uncompressed, were produced by one talker. In
the second, the talker changed during the uncompressed
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sentences. This condition was added as an alternative way
of examining the generalizability of the compression adjust-
ment, In the third condition, listeners heard just one speaker,
and the shift was from less compressed (50%) to com-
pressed speech rather than from uncompressed to com-
pressed speech. This condition was added to see whether
any influences due to an abrupt change in compression rates
would also be found with a less dramatic change in rate.
Each of these groups was compared to a group of partici-
pants who heard the same sentences with no intervening
uncompressed or 50% compressed sentences. This group
was drawn from Experiment 1.

As in Experiment 2, three sets of analyses were con-
ducted. In the first set, a potential drop in performance was
tested by comparing scores before the change in compres-
sion rate to scores after the change. In the second set of
analyses, the performance after the change was compared to
conditions with no change in compression rate across the
four sets and various amounts of prior exposure to com-
pressed materials. Finally, we again looked for evidence of
an immediate drop in performance on the first two sentences
right after the change in compression rates.

Method

Participants. Sixty undergraduate students at the University of
Arizona participated in the experiment. These participants were
randomly assigned to one of six groups of 10 participants. They
had not participated in Experiments 1 or 2.

Materials. Three of the four sets of sentences spoken by the
male talker and compressed to 38% of their original duration {from
Experiment 1) were used in this experiment. In addition, the fourth
set of sentences spoken by the male and the female talker in their
original uncompressed form, and the fourth set of sentences spo-
ken by the male talker compressed to 50% of their original dura-
tion, served as stimuli in the study.

Procedure. The same general procedure used in Experiments 1
and 2 was followed in this experiment. Each participant heard two
sets of five sentences compressed to 38% spoken by the male
talker, followed by one set of alternate rate sentences (either
uncompressed or 50% compressed), followed by a last set of
sentences compressed to 38%, spoken by the male talker. The first
two groups of participants were presented with the male talker's
uncompressed sentences as the alternate rate set (henceforth, the
“male—uncompressed” condition). The second two groups of par-
ticipants were presented with the female talker's uncompressed
sentences as the alternate rate set (henceforth the ‘female—
uncompressed” condition). The last two- groups of participants
heard the male talker’s sentences compressed to only 50% as the
alternate rate set (the “male-50% compressed” condition). The
order of the sentence sets appearing before and after the change in
compression rates was counterbalanced across the two groups in
each condition.

Results

Table 5 presents the mean percentage of content words
correctly reported from the set of 38% compressed sen-
tences presented immediately before a change in compres-
sion rate (before change) and the set presented immediately
after the alternate rate sentences (after change), for the three

rate-change conditions. Also included in the table are the
means from the three control groups of participants who
heard the same sentence sets without any intervening alter-
nate rate set (the “no change” conditions).

The table shows that an intervening change in compres-
sion has litlle impact on the listeners’ recall of these highly
compressed sentences. The first analysis compared the recall
scores for the three conditions (Numbers 1-3 in Table 5) in
which there was an intervening set of sentences at a different
compression rate, with a control condition in which there was
no change in compression rate across the sentence sets (Num-
ber 4 in Table 5). The data were analyzed using a three-
way ANOVA with Change Condition (uncompressed-same
talker, uncompressed—different talker, 50% compressed-same
talker, 38% compressed—same talker) and Counterbalancing
as between-subject factors and Set Position as a within-subject
factor. As in the last experiment, the effect of Set Position
was significant, F(1, 72} = 9.66, p < .005, reflecting the
overall improvement in recall scores from the sentence set
before the change in compression rate to the sentence set after
the change in rate. Although there was a tendency for there
to be less improvement in the conditions with a change in
compression rate, this did not result in either a significant effect
of Change Condition or a Change Condition X Set Position
interaction (both Fs < 1.37, p > .25). Thus, this first analysis
indicated that an intervening rate had little effect on the recall
of compressed sentences. :

The second analysis compared the recall of the sentence
set after a change in compression rate to three no change
conditions (no preceding context, no change context, full
context) using a two-factor ANOVA with Condition (six
levels) and Counterbalancing (two levels) as between-
subject factors. The ANOVA revealed a significant effect of
Condition, F(5, 108) = 4.04, p < .005. Neither the effect of
Counterbalancing nor its interaction with Condition was
significant (both Fs < 1.48, p > .22). Pairwise comparisons
between the individual Condition means (Newman-Keuls
test) revealed that the group having no preceding context
(Number 5) recalled significantly less than all of the other
five groups (p < .01), including those with a set of inter-
vening sentences at a different compression rate. Thus, an
intervening compression rate did not cause performance to
drop to levels equal to the unadjusted state, None of the
other contrasts reached significance (p > .1), indicating that
performance after a change in compression rate did not
differ from a condition with no change in rate.

Table 5 also presents the data for the first two sentences
in the set immediately following the change in compression
rates. The table shows that performance on the first two
sentences immediately following a change to an uncom-
pressed rate (Numbers 1 and 2) is lower than on the same
two sentences in the condition with no change in compres-
sion rate (Number 4). There is a decrease of 6.3 and 8.8
percentage points for the same and different talker condi-
tions, respectively. This suggests the possibility that a
change in compression rate resulted in a more immediate
decrement in performance right after the switch back to the
original 38% compression rate that was compensated for by
the end of the sentence set. To examine this possibility
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Table 5

Average Percentage of Content Words Correct for the Sentence Sets Immediately
Before and After the Intervening Alternate Rate Set and the Means for the Same
Sentence Set for the Control Groups With No Preceding or Intervening

Alternate Context

After change

Before
Condition no. Preceding context change  All 5 sentences First 2 sentences
Change conditions
1 Uncompressed same talker 25.9 29.6 19.6
2 Uncempressed different talker 274 27.1 186
3 50% compressed same talker 271.2 324 22.1
No change conditions
4 38% compressed same talker 25.7 31.7 25.0
5 No preceding context (no 204 129
normalization)
6 Complete context same talker 328 239
(full normalization)
Nofe. Also included are the means for the first sentence, the first two sentences in the set following

the alternate rate context,

further, paired z tests were calculated between the sentence
set before a change in compression rate and the average of
the first two sentences in the set immediately after a change
in rate for the three change conditions and the 38% com-
pression no-change condition (using a corrected alpha of
013). These tests indicated that a change to uncompressed
speech produced a significant decline over the first two
sentences of the set after a switch back to 38% compression,
1(19) = 2.74, p < .013, and «(19) = 2.87, p < .01, for the
same talker and different talker conditions, respectively.
However, switching to only 50% compressed speech did not
result in a significant decrease in performance, 1(19) = 1.32,
p > .20. Finally, the no-change condition also failed to
show a decrease in performance over the same sentences,
H{19) = 62, p > .54. Thus, a change in rate to normal
speech also seems to have an immediate impact on the
adjustment to compressed speech.

Discussion

Overall, these results indicated that adjustment to com-
pressed speech did not cause a return to baseline perfor-
mance when intervening uncompressed sentences were pre-
sented to the listener in either the same voice or a different
voice. The presentation of compressed speech at an inter-
mediate rate had a similar effect. However, there were
indications of a small drop in performance due to the
intervention of the uncompressed speech: The mean recall
scores for the compressed sentences immediately following
the uncompressed tokens were numerically lower than these
of a comparable group of participants who did experience a
change in compression rate. This small drop was due to
lower performance on the first two sentences after the
change, suggesting that a change in rate has a small and
immediate impact on the adjustment process. However, this
impact does not cause a complete resetting of adjustment
parameters to baseline. This suggests that some kind of

perceptual learning must be occurring. Finally, these results
support the findings from Experiment 2 by again demonstrat-
ing that a change in talker has little effect on the adjustment to
compressed speech even when that change is combined with a
change in compression rates. Apparently, the perceptual mech-
anism that is responsible for compression adjustment, although
influenced by large changes in compression rates, is not influ-
enced by a change in talker characteristics.

General Discussion

The results of the first experiment established that per-
formance improves with increased exposure to compressed
speech. In addition, this improvement is specific to com-
pressed speech in that prior exposure to uncompressed or
noise degraded speech did not produce improved perfor-
mance with compressed speech. The adjustment is not im-
mediate, requiring experience with five or more sentences
before full adjustment is obtained. Moreover, the time to
reach a platean in performance depends on the rate of
compression: Highly compressed stimuli require more time
for improvement than less compressed tokens. The second
and third experiments extended this research by exploring
how an abrupt change in ¢ither talker or compression rate or
both influences improvement.

Experiment 2 demonstrated that, once listeners have
adapted to the compressed speech of one talker, an abrupt
switch to a different tatker causes a small decline in perfor-
mance immediately after the switch. Performance does not,
however, drop to the level of participants having no prior
experience with compressed speech. Moreover, the drop in
performance is made up in the next few sentences, indicat-
ing that there are considerable savings across talkers. Ex-
periment 3 investigated whether an abrupt shift in compres-
sion rates from highly compressed speech to uncompressed
speach would influence the adjustment process. The results
of the experiment revealed that an interruption by uncom-
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pressed speech had little overall impact on the recall scores
for compressed speech. There was some evidence of a
decrement in performance in the first two sentences after the
switch back to compressed speech. However, the decrement
was small and by the end of the set, performance had fully
recovered. Thus, the adjustnent after a change in compres-
sion rate or a change in talker is much more rapid than
observed on the first exposure to these compressed sen-
tences. These two findings indicate that there are savings
from an earlier exposure to compressed speech, although
further experiments are necessary to determine the exact
nature of such savings and how long it might last.

The results of this study raise the question of the level of
speech processing that is responsible for the improvement in
the recall scores with highly compressed speech. Speech
compressed at high rates presents a challenge to the listen-
er’s processing system at a number of different levels. First,
the robustness of various acoustic cues in the signal is
severely reduced due to their brief durations. Some cues that
are extremely short to begin with (such as release bursts)
may be too brief for the perceptual system to detect. In
addition, the underlying temporal characteristics of cues
such as VOT or transition duration are also dramatically
altered. Because the compression algorithm compresses all
parts of the speech signal equally, the temporal relationship
between cues such as VOT or closure duration to vowel
duration are also distorted. Therefore, extraction of phonetic
information from compressed speech is severely jeopar-
dized, and it is remarkable that listencrs can recognize
anything at all. Second, once phonetic representations are
determined, whether correct or not, lexical access must then
operate with an unusually high rate of phonetic—
phonological input. After lexical access has occurred, and
barring errors, syntactic integration and semantic interpre-
tation have to cope with the unusually high rate of
syntactic~semantic input. Therefore, difficulties are created
for the entire speech processing system and adjustments
may take place at any of these levels, resulting in an
improvement in the recall score of compressed speech over
time, In the following discussion, several of these possibil-
ities are addressed.

The present research ruled out the possibility that the
improvement in performance reflects the operation of cer-
tain task-specific strategies such as the ability to recall the
sentences or write down the items on the response sheet.
Participants presented with uncompressed training sen-
tences on which they performed the transcription task had
no better performance on subsequently presented com-
pressed sentences than participants with no prior exposure
to the compressed tokens (see also Mehler et al., 1993).
Moreaver, no effect of these training sentences was ob-
served even when the sentences were partially masked by
white noise, making them as difficult to understand as the
compressed versions. Improvement occurred only when the
training sentences were compressed.

We also judge it unlikely that the improvement reflects
improved guessing of unperceived words based on the
words that were accurately perceived. Patticipants initially
recalled fewer than 30% of the words at the 38% compres-

sion rate, which does not provide much of a context in
which guessing strategies can operate. In addition, the re-
sults of Experiment 1 indicate that the compression rate
influences the gradient of adjustment. The higher the com-
pression rate, the more exposure is required before perfor-
mance reaches a plateau. Importantly, this difference in
gradient is maintained even when the number of recalled
words is globally equated between the two rates, This indi-
cates that it is compression rate, and not the amount of
recalled words, that determines the gradient of adjustment.
This finding is consistent with those of Mehler et al. (1993),
who reported that monotingual Spanish speakers can benefit
from hearing compressed sentences in Catalan, a language
they do not know (and for which they can hardly understand
anything). In other words, comprehension of the message
may not be necessary for adaptation to compressed speech
to occur {for a similar finding, see Altmann & Young,
1993). Therefore, although the possibility of improvement
at late levels of processing cannot be ruled out, it is unlikely
that they are the only factors in the adjustment to highly
compressed speech.

Another possibility is that the improvement reflects ad-
justments occurring at early levels of speech processing in
which the acoustic signal is mapped onto underlying pho-
netic representations. As described previously, past studies
have demonstrated that certain perceptual criteria at the
acoustic—phonetic level can be modified by variations in
speaking rate. Given that compressing speech dramatically
alters the physical and perceived rate of the sentences, it is
plausible that some portion of the adjustment to compressed
speech was the result of low-level tuning of the perceptual
system such as occurs during rate normalization. Some of
the results from the current study do seem to reflect rate
adjustments in phonetic perception. For example, there was
a small and immediate drop in performance as a result of
changing talker, compression rate, or both, which is remi-
niscent of similar effects in rate normalization studies.

However, the results of the current study reveal some
important differences between compression adjustment and
rate normalization. First, the adjustment to compressed
speech occurs over a number of sentences whereas rate
normalization operates over a fairly small, local context.
Most studies on rate normalization randomize their test
trials such that the rate of either the precursor phrase or the
syllable itself varies from trial to trial. If the system did not
respond within a single trial, there would be little difference
in the phoneme boundaries across the entire experiment.’
Second, although there was evidence for a drop due to a
change in talker and compression rate, this drop was small
and did not reset performance to baseline. In other words,
uniike in rate normalization studies, compression adjust-
ment shows considerable savings through changes in talker
characteristics. Moreover, once stable performance has been
reached for compressed speech, the level of performance is

7 However, we cannot rule put the possibility that the nonlocal
character of our effects are due to the extreme range of compres-
sion rates that we are using.
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roughly maintained despite the presentation of intervening
materials spoken at a very different rate.

‘We speculate that adjustment to compressed speech may be
the result of two processses operating simultaneously: a short-
term adjustment to local speech rate parameters (that would be
related to rate normalization in phonetic processing) and a
longer term adjustment reflecting a more permanent perceptuat
learning process. This long-term adjustrent would operate on
a level of representation abstract enough that the acoustic
differences between talkers no longer matters. As in other
cases of perceptual learning (e.g., Schwab et al, 1985), it
would involve a long-term memory compaonent.

What could be the purpose of such a long-term adjust-
ment? One possibility is that it is used to compensate for the
fact that talkers vary in their overall articulation rates (Mill-
er, Grosjean, & Lomanto, 1984) and in the way in which
they realize their articulatory targets according to speech
rate, phonological context, and dialect. To operate under
optimal conditions for all talkers, the perceptual system may
extract a set of phonetic—phonological parameters that work
best in a given situation and store them for later use.

In perception of compressed speech, some of the cues for
a phonetic segment might be lost in the compression process
or misapplied to another segment. Alternatively, even when
phonetic information is recovered comectly, it could be
inappropriate to the current speech rate. For example, the
compression algorithm does not flap or spread nasality.
However, the phonological-lexical system might expect
these phonetic changes to be present at these speaking rates
and attempt to overcorrect for them. Therefore, it may be
that the phonological-lexical component has to adjust for
what is essentially 2 new speech style, perhaps in the same
way that it handles foreign accents or dialects. This hypoth-
esis would account for the fact that, once the adjustment to
fast speech has been learned for a given talker, there wil be
(a) considerable savings for a different talker (at least, of the
same dialect) and (b) savings that persist over an extended
period of time (the only cost being in retrieving the
phonetic—phonological mapping rules appropriate for that
particular input on later occasions).

In summary, adaptation to compressed speech is an in-
teresting phenomenon that raises many questions related to
speech perception and spoken language processing. The
purpose of the current study was to establish the phenom-
enon and suggest some directions for future research. We
expect that examining how listeners adjust to highly com-
pressed speech will provide further insight into the mecha-
nisms involved in spoken language processing.
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Appendix

Materials

The 20 sentences used in the experiment:

1. Mother yelled at Billy because he never eats fresh fruit.

2. During home football games we drink lemonade and eat
peanuts.

3. Sally wanted fresh fish but could only buy it frozen.

4. Every girl whe phoned Mary heard exactly the same
story.

5. After a hard day’s work William goes directly to bed.

6. A man who loved fresh vegetables wanted to grow
cucumbers.

7. Behind the wooden fence Sam watched the construction
crew working.

8. The oranges that grow in Nancy’s yard taste very bitter. -

9. Randy has never left the country or even the state.

10. A painting that cost a million dollars was stolen
yesterday.

11. Above Susan’s head large black spiders crawled on the
‘ceiling.

12. From disease and rot the large oak timbers finally
collapsed.

13. The womaz{ who won the lottery last week quit working.

14. An apple that is baked withowt cinnamon tastes very
bland,

15. The famous author who opened the program told clever
jokes. ’

16. Linda called home shortly after she got her big promotion.

17. The angry teacher made Tommy write sentences on the
board. o ‘

18. Many passengers saw the cruise ship strike the fishing
boat.

19. Mark only makes mistakes when the supervisor checks
his work.

20. Near the old red building many different desert plants
grow,
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