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Altered feedback perturbation studies have shown that speakers only partially compensate for shifts
in vocal pitch, intensity, or spectral content. The partial compensation generally plateaus around
30%–40% of the non-shifted, baseline production and is proposed to reflect the integrated effect of
altered (auditory) and non-altered (somatosensory) sensory feedback. The authors hypothesized
that the same pattern should hold for changes in syllable duration with delayed auditory feedback.
To test this, the authors calculated average syllable duration from 21 young adults who read a standard passage as auditory feedback was delayed by 0, 10, 50, 100, 200, 300, and 600 ms. Given the
complex nature of speech errors elicited under delayed auditory feedback, the authors compared
durational effects across two broad error categories: prolongations and repetitions. Average syllable
duration increased non-linearly and reached a peak near 40% of baseline durations. Separated by
error type, prolongations, and distortions made up 89% of perceived errors. Only 9% of perceived
errors were identified as repetitions. Unlike prolongations, however, the duration of repeated tokens
ranged from 74% to 110% of the target syllable and compensated fully for the delay. These results
are consistent with the notion that increasing syllable duration compensates partially for delays in
auditory feedback. The compensation pattern resembles that of responses to other forms of altered
auditory feedback, which suggests that this may be a general attribute of low-level, sensorimotor
compensation. The higher frequency of prolongation occurrences further suggests that these may
be the primary means of compensation for delayed auditory feedback. Repetitions, on the other
hand, likely reflect compensatory mechanisms of higher-level motor planning or sequencing proC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5111758
cesses. V
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I. INTRODUCTION
A. Compensation to altered auditory feedback

An important argument for the direct involvement of
auditory feedback in the on-line control of speech is that
speakers automatically adjust their speech to controlled
changes in auditory feedback. An artificial increase in fundamental frequency or intensity is compensated for by a
decrease in the speaker’s pitch or loudness (Elman, 1981).
The rapid and often unconscious compensatory response
suggests that speakers compare various dimensions of the
auditory signal to an internal reference. The difference
between the intended and actual output is used to correct the
on-going production, conferring a degree of flexibility for
speaking in different and changing environments.
Certain characteristics of compensatory responses complicate this interpretation, however. Responses to altered
feedback can vary considerably within and across speakers.
While speakers generally compensate, that is, oppose the
direction of a change in pitch, for example, there are some
that show “following” responses that are in the direction of
the perturbation (Larson et al., 2007, 2008; Burnett et al.,
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1998). These same studies also report that a subgroup of
speakers shows no clear response to shifts in vocal pitch.
Often, the same speaker may compensate differently across
trials or perturbation modalities (i.e., auditory vs somatosensory perturbation; Lametti et al., 2012). This variability in
response may not entirely discredit the hypothesis that auditory feedback serves to monitor and correct one’s speech
(Howell and Archer, 1984), but indicates that the compensation is not simply a correction directly proportional to the
difference in auditory feedback, with other contributing factors to consider. It also raises the possibility that multiple
strategies are available and that a broader contextual analysis
may better delineate the role of auditory feedback for speech
sound production (Katz and Lackner, 1977). Another complicating factor is that the degree of compensation is rarely
complete and varies with the magnitude of the perturbation.
Smaller perturbations often generate more complete compensations, while larger perturbations are met with relatively
smaller adaptations. Previous research has shown that the
reaction to altered auditory feedback is nonlinear, approaching a peak as the magnitude of the feedback perturbation
gets larger (Bauer et al., 2006; Burnett et al., 1998, 1997;
Katseff et al., 2011). For example, if the intensity of a speaker’s voice is increased by 1 dB, it is likely that the speaker
would in turn lower their speaking intensity by 0.9 dB,
resulting in a 90% compensation—a more complete
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compensation in comparison to a production shift of 1 dB to
a simulated shift of 5 dB, a 20% compensation. Examples of
this phenomenon are provided for different acoustic dimensions in Fig. 1. The compensation relative to perturbation is
well characterized by a decreasing exponential.
Partial compensation has long been speculated to reflect a
correction for unimodal perturbation of a multimodal system
(Houde and Nagarajan, 2011; Lee, 1950). Proprioceptive and
vibrotactile feedback provide information that is integrated
with and, in the case of auditory perturbation experiments,
inconsistent with auditory feedback. The combination of accurate somatosensory information with a mismatch in auditory
feedback results in a smaller overall error signal and related
compensation. In support of this hypothesis, reducing somatosensory feedback (e.g., anesthetizing the laryngeal mucosa)
increases the degree of compensation to pitch-shifted auditory
feedback (Larson et al., 2008). The leveling out of the response
with greater magnitudes of perturbation suggests, however,
that the effect reaches saturation and a definable limit to this
form of compensation.
B. Compensation to delayed auditory feedback

Delayed auditory feedback poses an interesting problem
with respect to the analysis of compensatory speech responses
and presumed control variables. Acoustic dimensions like
intensity, fundamental, and formant frequencies (or psychological correlates of loudness, pitch, and vowel quality) are
functions of time. Compensations for a shift in any of these
dimensions are referenced to the same point in time. A delay,
however, affects the time parameter in each of these dimensions. The resulting effect on speech is complex and multidimensional. Both vocal intensity and fundamental frequency
increase in the presence of delayed auditory feedback, but do
not vary as delay increases (Howell et al., 1983; Fairbanks,
1955). Effects on temporal aspects of speech do vary with
delay, but in a non-linear manner, with an apparent peak at
delays around 200 ms (MacKay, 1987; Fairbanks and
Guttman, 1958).
One important implication of this difference between
delay and other forms of altered feedback is that there is no

strong a priori reason to expect similar response characteristics, such as partial compensation. This also implies that
delay is recognized and adjusted for independently of other
vocal dimensions. It is not simply an intensity or pitch-shift
response (Okazaki et al., 2010). Furthermore, the various
errors observed in DAF speech suggest different levels of
compensation (Katz and Lackner, 1977). Slowed rate and
sound distortions involve changes to the on-going production, whereas sound and syllable repetitions or substitutions
require a complete reiteration or replacement of a planned
utterance.
In line with this distinction based on error type,
Pfordresher and colleagues (Pfrordresher and Kulpa, 2011;
Pfordresher and Mantell, 2012; Pfordresher, 2003) have proposed differentiating timing and sequencing mechanisms
involved in dealing with delayed feedback. The two mechanisms are hierarchically organized and operate on different
time scales. Low-level timekeeping mechanisms help adjust
on-going actions by slowing or speeding up those actions. If
the temporal mismatch between action and perception results
in the overlap of contiguous segments, however, then
higher-order sequencing mechanisms are disrupted. With
respect to speech, this approach predicts that delayed auditory feedback should generally result in an overall slowing
of speech rate and concomitant increase in syllable duration.
If the delay results in an overlap between adjacent syllables,
however, the content (not just phase alignment) of the
planned segment is incorrect and corrections in serial ordering are made, such as syllable repetitions.
Important parallels may be drawn with the EXPLAN
model proposed by Howell (2004). This theory, while often
used to discuss fluency, describes speech sound production
in general. The approach distinguishes three levels of processing in speech production: planning, execution, and production (cf. motor planning, programming, execution in
models like Van der Merwe, 1997). Planning involves the
transformation of linguistic sequences for subsequent execution and as a consequence is a motor process susceptible to
linguistic processing constraints, including “local” rate control (intrinsic to planning and execution of an utterance).

FIG. 1. Response magnitude relative to perturbation size in previous studies. Data adapted from studies listed above each panel. Raw data (bars) are fitted with
a second-order polynomial (curve) and interpolated points (circles).
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Linguistic complexity is one factor that may affect timely planning, resulting in pauses or repetitions that correlate with sound
or word frequency, syllable number, or stress. Execution organizes a planned speech sequence prior to actual production,
operating under “global” rate constraints of an external timekeeper. This timekeeper is domain-general and responds to
sensorimotor asynchronicity by slowing the rate of execution.
The parallels between these approaches are perhaps better
appreciated in how global “execution” or “phase-based” and
specific “planned” or “period-based” mechanisms are operationalized. The work by Pfordresher and colleagues generally
focuses on music, such that comparison with speech is clearest
with respect to prosody. Howell and Archer (1984) follow a similar line in that they argue that the speech signal itself is not what
is being monitored, but the overall rhythmic timing imparted by
the vocal intensity level. In other words, the elements of comparison are not phonemic, but prosodic units. Pfordresher (2003)
proposes that a categorical shift in response may be expected
when the discrepancy in relative phase mis-alignment between
production and perception (Fig. 2, two left panels) reaches a full
360! of disparity, a so-called period shift (Fig. 2, right panel).
Howell and Powell (1987) propose that “maximal disruption”
under DAF should occur “when the delayed sound starts to
increase in intensity at the point at which the current sound is
dropping to its minimum” (p. 168), that is, as the phase difference approaches 360! difference (Fig. 2, right panel).
Based on this two-part distinction, changes in syllable
duration are more readily comparable to responses to other
forms of altered auditory feedback and may support the intuition that they share certain properties. A prolongation refers to
a slowing down in the execution of an action, which is a
“low-level” process that may depend on the combined
involvement of somatosensory and auditory feedback. The
degree of prolongation, or increase in syllable duration, can
be expected to reach a maximum as a partial compensation to
the delay in sensory feedback. Repetitions, on the other hand,
are posited to occur in instances when the delay is equal to the
target sound or syllable duration (i.e., a period shift), involving “higher-level” processes that lead to compensations closer
to 100% of the original duration and of the delay magnitude.
C. Study objectives and hypotheses

To summarize, partial compensation for changes in
auditory feedback follows a fairly consistent pattern across

different types of feedback manipulations (Katseff et al.,
2011). This phenomenon is generally attributed to low-level,
sensorimotor mechanisms that integrate multisensory feedback
information. We hypothesized that this should also be the case
for increased syllable duration elicited under delayed auditory
feedback, with the caveat that it is applicable to prolongations
and not other commonly observed errors like repetitions. The
latter are hypothesized to result from higher-level, sequencing
mechanisms, which result in more complete compensations for
imposed delays (MacKay, 1987; Lee, 1950).
II. METHOD
A. Participants

Twenty-seven young adults were recruited for this
study. Six participants did not complete the study or their
data were excluded from the analysis due to equipment malfunction. The mean age of the remaining 21 participants,
was 23 yr (range: 21–26 yr; 13 male, 8 female). All participants were native General American English speakers with
no reported history of speech, language, hearing, or cognitive disorders. No formal characterization of regional dialect
was carried out and no particular dialect differences were
noted amongst the participants. All participants passed a
hearing screen with thresholds below 25 dB hearing level
(HL) at 250, 500, 1000, 2000, 4000, and 8000 Hz. Informed
consent was approved by the Ohio University Institutional
Review Board and signed by all participants.
B. Instrumentation

Participants spoke into a unidirectional, head-mounted
microphone (d:fine, DPA) placed approximately 5 cm from the
corner of the mouth. The audio signal was digitized at
44 100 Hz sampling rate with 16 bit quantization (Fireface,
RME) and altered using a digital voice processor (VoiceOne,
TC Helicon). A custom program (MATLAB 2014b, Mathworks)
identified the speaker’s voice onset (Psychtoolbox-3; Brainard,
1997; Kleiner et al., 2007) and initiated delays 400–1000 ms
after voice onset. Random delay onset was included to reduce
anticipation of delayed feedback by subjects. The signal was
then amplified (1202-VLZ PRO, Mackie) and fed back to the
participant through insert earphones (ER2, Etymotic) at 6 dB
above the intensity measured at the microphone. No additional
auditory masking was included in the feedback signal. Two

FIG. 2. Idealized intensity contours for a 3 Hz syllable sequence produced with different feedback delays.
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FIG. 3. Diagram of the recording sequence for a single production (reading).

channels of audio were saved directly to computer: what the
subject heard (audio at the ear) and what the subject said
(audio at the mic).
The feedback system was designed to process and feedback the speech signal as rapidly as possible. Outside the
voice processing software, all other components are analog.
The tested processing delay, from subject microphone to earphones, was approximately 10 6 4 ms.
C. Procedure

Participants were seated in a reclining chair, facing a
monitor displaying instructions and stimuli. The target passage was the first two sentences of the Rainbow Passage
(Fairbanks, 1960). Once the passage was displayed and the
subject began to read aloud, the recording software initiated
the delayed feedback between 400 and 1000 ms after voice
onset. The delay lasted 2 s, then returned to natural feedback
(0 ms delay; see Fig. 3). Participants read the passage seven
times, each with a different feedback delay (0, 10, 50, 100,
200, 300, and 600 ms). The order of the delays was randomly
permuted for each subject.
Participants were instructed to read naturally, without
over-articulating or worrying about mistakes. They were not
asked to speak at a specific intensity nor were they provided
with feedback about their speech intensity. They were not
given any specific instructions about rate of speech.
D. Stimuli

The first full sentence of the reading passage was retained
for analysis. The phonetic transcription, English text and
number of phones per syllable are provided in Table I. As
average syllable duration depends on the stress assignment
and the number of segments within the syllable (Crystal and
House, 1990), this information is included in Table I. Stressed
syllables of multisyllabic words are capitalized. Each row
TABLE I. Transcription of experimental stimuli.
st!aIks 0 !eIn
strikes RAIN
6
3

wEn
ð@ 0 sˆn 0 laIt
When the SUN light
3
2
3
3
ðeI
They
2
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ækt
act
3

laIk
like
3

@
a
1

0
p!I
PRI
4

z@m
sm
1

ænd
and
3

0

dZ!Ops In
drops in
5
2
fO!m
form
4
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@
a
1

ði
the
2

E2
air,
2

0
!eIn 0 boU
RAIN bow
3
3

represents a typical stretch of speech containing no pauses;
the end of each row is associated with a phrase-final lengthening and a pause.
E. Data analysis

All trials were marked for errors by two individuals not
directly involved in the study and blinded to condition. Each
syllable was originally marked as a distortion, repetition, omission, prolongation, substitution, or addition. Combinations
were also allowed, so a given syllable could be marked as both
a prolongation and a distortion. Distortions were qualified as
deviation in the pronunciation of an otherwise correct phoneme or syllable. Although transcribed as an affricate here, the
onset cluster for “drops” was not marked as incorrect if pronounced with an alveolar stop. Substitutions could be phoneme, syllable or word level changes.
Tokens on which listeners differed were reviewed by
the experimenters and listeners to reach a consensus on presence and type of error. The judges were asked to ignore
silences easily attributable to pausing between phrases, but
were expected to consider silences before the plosive-initial
syllables as possible prolongations of the stop gap (i.e., an
articulatory “block”). Prolongations and distortions were
combined into one category, as most distortions could be
attributed to the effect of prolonging the sound or syllable. A
vowel prolongation, for example, resulted in a change in
vowel quality and/or intonation contour that could qualify as
a distortion. Similarly, feature spreading on a prolonged
affricate such as /StS!aIks/ for /straIks/ was variably considered a distortion or a prolongation.
With 21 target syllables across seven delay conditions,
the maximum number of errors that could be attributed to
one participant was 147. With variable onset DAF, the actual
number of syllables included in the analysis varied across
productions, ranging from 16 to 21, such that the total number of syllables attributed to individual subjects ranged from
120 to 141.
To assess inter-rater reliability, a third individual not
involved in the study marked a randomly assigned 10% of
trials for errors. Reliability was calculated as the percentage
of syllables in agreement across these selected trials.
Audio files were visually marked at syllable boundaries
using overlaid intensity, fundamental frequency, and spectrographic information (Praat; Boersma and Weenink, 2016).
Inspirations between breath groups were marked separately
Samantha N. Davis and François-Xavier Brajot

and not included in the duration calculations. Syllables in
the delayed feedback condition produced before delayed
feedback began were not included. Syllables marked as repetitions were removed from the dataset and analyzed separately. Average syllable duration (ASD) was calculated as
the mean duration of all remaining syllables produced as
auditory feedback was delayed.
Syllables marked as repetitions were separated into first
and repeated parts or tokens (T1 and T2), and durations were
calculated for each. Durations were compared between parts
of the repetition as well as relative to the magnitude of the
delay. The repeated token (T2-produced) was also compared
against the first instance of the repeated syllable being heard
(T1-heard), to assess whether these could be tied to period
shifts (Pfordresher, 2003; Howell and Powell, 1987).
There were five instances across the entire dataset
where a participant stopped speaking at the onset of delayed
feedback, paused, then began again. These were considered
conscious stop-and-start by the subject and were not
included in the error count. No syllables were repeated
more than once. Eleven additional tokens that had been
marked as repetitions were apparent single-phoneme, vowel
repetitions that on closer analysis could be better characterized as a vocal flutter. The frequency of this vocal fluctuation ranged from 6 to 16 Hz, as determined by visual
analysis of the pitch contour and higher harmonics in the
spectrogram. These tokens were also not included in the
analysis. Last, only two omissions, two whole-word substitutions and no additions were identified. These were not
included in the subsequent analysis.

1. Statistical analysis

Error data were highly skewed, with a large number of
zeros (the majority of syllables were not marked as an error).
As we were unable to adequately transform these data, we
opted for non-parametric statistical analyses for this portion
of the analysis. A Friedman’s analysis of variance (ANOVA;
Friedman, 1937) was conducted on mean error rate as a
function of delay. Post hoc tests were then carried out using
Wilcoxon rank sum tests (Wilcoxon, 1945).
The duration data had a characteristic log-normal distribution. The data were therefore log-transformed and verified
with Lilliefors’ goodness-of-fit test (Lilliefors, 1967), which
found no significant deviation from normality, D ¼ 0.06,
p ¼ 0.26. A Bartlett test (Snedecor and Cochran, 1989) likewise failed to find violation of homogeneity of variance,
v2(6) ¼ 7, p ¼ 0.32. Parametric testing was considered appropriate and a two-way, repeated-measures analysis of variance (ANOVA) was conducted on duration measures with
Sex as between-subjects factor and Delay as within-subjects
factor. Sex was included as a between-subjects factor as certain studies have reported greater susceptibility to delayed
auditory feedback in male subjects (Corey and Chuddapah,
2008). One-tailed t-tests, assuming that shorter delays would
result in shorter durations, were carried out with and without
corrections for multiple comparisons (Holm, 1979).
J. Acoust. Soc. Am. 145 (6), June 2019

III. RESULTS
A. Speech errors

Inter-rater reliability for error identification and labeling
reached 99%. Across all subjects, 221 syllables were marked as
containing some type of error. Comparing overall errors to delay
condition, results of a Friedman ANOVA confirmed a significant effect of delay, v2(6) ¼ 60.6, p < 0.001. Summary statistics
are provided in Table II. An important increase can be noted
beginning at 50 ms delay, with a peak around 200–300 ms, consistent with previous reports (Fairbanks, 1955). Post hoc
Wilcoxon rank sum tests (Wilcoxon, 1945) on sequentially
increasing delay conditions revealed significant differences for
10 vs 50 ms (Z ¼ #2.4, p ¼ 0.009), 50 vs 100 ms (Z ¼ # 1.9,
p ¼ 0.03), and 100 vs 200 ms (Z ¼ #1.7, p ¼ 0.04).
Separated by error type, prolongations and distortions
accounted for 88% of the errors and repetitions for 5%. All
repetitions occurred at delays above 100 ms.
1. Post hoc analysis

A potential confound in this analysis is that the distribution
of observed errors may be dependent on the phonetic composition of the target sentence. Specifically, prolongations and distortions may be a natural adjustment for syllables beginning
with continuant sounds like fricatives and liquids, whereas syllables with an initial stop may be more likely to result in repetitions. To evaluate whether this may have been the case, the
distribution of errors was evaluated in each of these two broad
categories. Plosive-initial syllables (“drops, prism, bow” in the
stimulus sentence) made up 3/21, or 14% of all target syllables.
Only one instance of a plosive-initial syllable prolongation was
a block (prolongation of the stop gap). All other syllables were
classified as continuant-initial (fricative, liquid, nasal, and
vocalic), making up 86% of all target syllables, for a continuant-to-plosive ratio of approximately 6:1.
221 syllables were marked as errors, or 8.3% of the
entire dataset. Separated by phonetic category, 148 errors
were on continuant-initial syllables, 58 on plosive initial syllables (or a roughly 70%: 30% correspondence). This ratio
remained fairly consistent across error types. For prolongations alone, the number of continuant- versus plosive-initial
TABLE II. Error count and corresponding percentages in each delay
condition.
Delay

0

10

50

100

200

N (number of data points and error counts)
Total syllables
390
380 376 383 382
Total errors
1
1
21
34
57
Prolongations
0
0
17
28
38
Distortions
1
1
4
5
12
Repetitions
0
0
0
0
3
Other
0
0
0
1
4
Percentage (with respect to all syllables or all errors)
Errors/syllables
0.3
0.3
5.6 8.9 14.9
Prolongations/error 0.0
0.0 81.0 82.4 66.7
Distortions/error
100.0 100.0 19.0 14.7 21.1
Repetitions/error
0.0
0.0
0.0 0.0 5.3

300

600 TOTAL

385
63
33
17
5
8

377
44
27
11
4
2

2673
221
143
51
12
15

16.4 11.7
52.4 61.4
27.0 25.0
7.9 9.1

8.3
64.7
23.1
5.4

Samantha N. Davis and François-Xavier Brajot

3535

FIG. 4. Distribution of errors by type and syllable.

errors was 99:44 (69%: 31%). For prolongation and distortions combined, the ratio was 139:55 (72%: 28%). For repetitions, the ratio was 9:3 (75%: 25%). Very coarsely, we can
say that ratio of continuant- to plosive-initial syllables ranged
from 3:1 to 4:1, regardless of error type.
An additional analysis was conducted to assess whether
a distinction could be drawn as a function of prosodic category. Error count was collapsed across delay conditions and
separated by type and syllable (see Fig. 4). Three syllables
made up 47% of the 51 syllables marked as distortions:
strikes, air, and pris(m). Six syllables made up 60% of the
143 syllables marked as prolongations: strikes, drops, air,
act, pris(m), rain. These distributions suggest that distortions
were more prevalent on phrase-final syllables, whereas prolongations were more frequent at the end of each foot.
Repetitions appeared fairly uniformly across the sentence.
The overall incidence of errors was largely influenced by
prolongations, as they occurred most frequently.
In sum, the distribution of error types does not appear to
be dependent on syllable-initial phonetic category. The difference in continuant-to-plosive ratios between the stimulus set
(6:1) and prolongations and distortions (3:1) is consistent,
however, with the frequency count in each of these error types.

Results of the repeated-measures ANOVA on duration
failed to show a Sex-by-Delay interaction, F(6,114) ¼ 0.7,
p ¼ 0.64, but did reveal a significant effect of Delay, F(6,114)
¼ 25.9, p < 0.001. One-tailed t-tests comparing individual conditions were significant between 0 and 50 ms delay and all other
conditions, t(40) > 1.7, p < 0.05. Correcting for multiple comparisons (Holm, 1979), significant differences were retained for
0#10 ms against all other conditions, t(40) > 3.2, corrected
p < 0.03, but all other comparisons were non-significant,
t(40) < 2.1, corrected p > 0.4.
Separated by syllable and collapsed across delay condition, syllable durations in most cases increased by 20%–40%
of durations in the 0 ms condition (Fig. 6). Unlike what was
found for prolongation errors, no clear pattern was observed
relating duration to phrase, foot, or syllable composition.
2. Repetitions

Analyzed separately, repetitions revealed a different pattern of compensation. A good degree of concordance was
found between parts of the repetition themselves (T1 and T2
in Table IV) and with the magnitude of the delay. Durations
of the first portion of each repetition, in particular, were
roughly within 630% of the delay duration.

B. Syllable duration
1. Prolongations

Summary statistics for average syllable duration across
delay conditions are provided in Table III. The degree of
compensation relative to baseline durations (0 ms delay) was
non-linear, with a peak around 38% from 200 to 600 ms
(Fig. 5, middle panel). Referenced against perturbation size
(Fig. 5, right panel), compensation peaked at 95% at 50 ms
delay and fell to 13% for the 600 ms delay, consistent with
patterns reported for compensation to frequency-shifted
paradigms (Katseff et al., 2011).
3536
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TABLE III. Average syllable duration of prolongations across delay trials.
Absolute measures are in ms; relative measures are referenced against mean
duration in the no delay condition (0 ms) or the duration of the feedback
delay. All values have been rounded to the nearest unit.
Delay

ms

0

10

50

100

200

300

600

Mean
S.D.
Difference from 0 ms
Re: 0 ms
Re: perturbation

ms
ms
ms
%
%

210
26

216
32
6
3
67

257
52
47
24
95

267
58
57
28
58

287
47
77
38
39

284
55
74
37
25

289
57
79
39
13
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FIG. 5. Measures of compensation to delayed auditory feedback. Average syllable duration (left panel), duration relative to baseline (middle), and relative to
perturbation size (right), across all conditions. Whiskers represent one standard deviation.

Comparing production against feedback, the repeated
syllable (T2-produced) occurred at the same time as the initial syllable in the repetition pair being fed back (T1-heard)
in 9 of the 11 repetitions. One instance was completely outof-phase, with 0% overlap, and one production overlapped
T1 in the feedback signal by 50% (approximately 90! outof-phase). Tokens that did overlap differed in duration and
spectral make-up, so their loudness contours did not necessarily align perfectly. Figure 7 is an example of one repetition where the delayed sound starts to increase in intensity
when the produced sound is at its minimum (i.e., Howell and
Powell, 1987). Figure 8 is a separate example of a repetition
whose intensity contours do not align as neatly, yet show a
nice alignment in spectral content (i.e., Pfordresher, 2003).
We should note that while repetitions were associated
with specific syllables, repeated segments were not limited to
pre-defined syllabic sequences. Repetitions comprised portions of a syllable (e.g., /lAI-lAIt/, “ligh-light”; /dZ!Ops-Ops/,
“drops-ops”) and crossed syllables (e.g., /reIndZ-reIndZ!Ops/,
“raind-raindrops”; /p!Iz-@mIz@m/, “priz-m-izm”).
IV. DISCUSSION

This study evaluated changes in syllable duration as a
compensation for delays in auditory feedback. Overall, the
duration of prolonged syllables increased up to 39% as delay

increased to 600 ms. This pattern closely resembles
responses to other forms of altered auditory feedback and, as
such, may reflect functional limitations of a general sensorimotor mechanism that integrates information from multiple
sensory feedback sources (Katseff et al., 2011). In this study,
the weighting of the corrective system likely changes its
dependence on auditory and somatosensory feedback
depending on the discrepancy between the two inputs, as
illustrated in the varying degrees of compensation. For
instance, a small delay yielded a near complete compensation (e.g., delay of 50 ms resulted in a 95% compensation),
while a larger delay caused less compensation (e.g., a 25%
compensation to a 300 ms delay).
In analyzing durational differences between error categories separately, it was also possible to determine that partial compensation is specific to the prolongations
traditionally considered to be low-level, sensorimotor execution “errors” (alongside or as a subtype of distortions).
Viewed as a compensatory response, repetitions effectively
increase the duration of a planned utterance, but unlike prolongations are not similarly limited by presumed discrepancies in multisensory feedback. In the majority of instances
TABLE IV. Durations of repetitions by part, first token (T1) and repeated
token (T2). Underlined portions of transcribed tokens indicate repeated
segments.
Subject
#

FIG. 6. By-syllable percent compensation relative to baseline, averaged
across delays. Bar height represents the group mean and whiskers one standard deviation.
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2
4
4
4
4
4
4
20
20
20
21

Delay
ms

Token
T1-T2

T1
ms

T2
ms

T2/T1
%

T1/Delay
%

T2/Delay
%

200
600
600
200
300
300
300
300
600
200
600

lAIt
!eIndZ!Ops
dZ!Ops
dZ!Ops
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FIG. 7. Spectrographs and intensity contours of the repeated syllable “like” under 200 ms delay. T1 and T2 represent the first and second tokens of the repetition. Horizontal bars show the durations of T1 being heard (dashed line) and T2 being produced (solid line).

FIG. 8. Spectrographs and intensity contours of the repeated syllable “like” under 300 ms delay. T1 and T2 represent the first and second tokens of the repetition. Horizontal bars show the durations of T1 being heard (dashed line) and T2 being produced (solid line).
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identified in this study, the repeated syllable reached over
80% of the duration of the original syllable, which itself
averaged 98% of the delay magnitude. This indicates that, at
some level, an equivalence is made between delay magnitude and the syllable being executed. The variable duration
of the three instances of “drops” by one of the participants,
in particular, points to a compensation for on-going productions already subject to prolongations, not for some inherent
duration of planned productions. This is also supported by
the variable phoneme composition of repeated syllables
(e.g., /reIndZ-reIndZ!Ops/). This is consistent with
Pfordresher’s (2003; Pfordresher and Mantell, 2012) hierarchical model of movement sequencing, as corrections for
timing (asynchronous phase difference) and sequencing (isochronous serial ordering) may co-occur and are interdependent (Pfordresher and Kulpa, 2011).
Characterizing changes in duration as a compensation
also provides a unifying explanation for apparently disparate
effects of delayed auditory feedback on speech. The upper
limit to increases in duration with prolongation alongside the
larger degree of compensation with repetitions that occurred
only for delays above 100 ms suggests a possible threshold
where prolongations may induce, or switch to, repetitions.
This can also explain why previous research consistently
finds 200 ms delays to result in maximal disturbance
(Fairbanks, 1955).
There are some important limitations in the assumptions
and design of this study that constrain the generalization of
these findings and prompt certain caveats for future analyses
of this kind.
First, while this study focused on changes in duration
when an error does occur, there remains the question as to
why effects are not observed across all syllables. This is not
a new finding; reports on the incidence of DAF effects have
been as disparate as 1% (Stuart et al., 2002) and 40%
(Fairbanks, 1955), although typically below 50%. While this
issue is outside the scope of this study, it is an important one
to address if we are to make reasonable claims about the
underlying mechanisms. It is also an issue relevant to all
feedback perturbation studies as compensation is neither
ubiquitous nor one-dimensional (Lametti et al., 2012;
Burnett et al., 1998). Important developments in the analysis
of ecological statistics, which often deal with skewed data
containing many zeros, may provide useful tools for considering both presence and degree in a single model (Fletcher
et al., 2005).
Second, given the small number of repetitions identified
in the current study, the above deliberation on mechanisms
and function of repetitions is highly speculative. While the
results are largely consistent with accounts of generalized
rhythmic disturbance proposed by Howell and Powell (1987)
and Pfordresher (2003), a much larger sample is needed,
including multiple instances of repetitions on the same
tokens. As the elicitation of repetitions may depend on a correspondence between the magnitude of the delay and the
overlap between production and perception, both the number
and type of repetitions can be expected to be strongly
stimulus-dependent. It is not just a matter of increasing
delay, in other words, but of an interaction between syllable
J. Acoust. Soc. Am. 145 (6), June 2019

duration, feedback delay magnitude, and the difference in
temporal alignment between production and perception.
While each trial was judged for errors as accurately as possible based on perceptual and spectral information, video
recording was not taken of subjects speaking. Future analyses of this kind should include video recordings to help distinguish articulatory “blocks” from simple pauses.
Third, we attribute partial compensation and limits to
prolongation durations to a presumed integration of multisensory feedback. While there is some direct evidence for
this with perturbations of pitch and intensity (Larson et al.,
2008; Brajot et al., 2018), it is primarily an abductive inference that requires closer consideration of actual interactions
between auditory and somatosensory feedback (Lametti
et al., 2012).
In conclusion, errors commonly observed when speaking with delayed auditory feedback show different degrees
of compensation in terms of average syllable duration. The
increase in duration associated with prolongation resembles
the partial compensation reported for other forms of altered
auditory feedback, such as pitch, intensity, and formant frequency shifts. Syllable durations for repetitions suggest
more complete compensation and a shift in how the temporal
discrepancy between production and perception is being corrected for. Speech errors elicited under delayed auditory
feedback may therefore represent qualitative changes to a
single, continuous change in the duration of speech sound
sequences.
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