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Transformed Auditory Feedback:
Effects of Fundamental Frequency Perturbation

Hideki KAWAHARA

Abstract

A rapid interaction between auditory perception and speech production has been
found using fundamental frequency perturbation to transform auditory feedback. The
technique of transformed auditory feedback has been developed to keep the distur-
bance of normal speech production processes to a minimum, while allowing interac-
tions between speech production and auditory perception to be detected. In the first
experiment, subjects were instructed to sustain the Japanese vowel /a/ and to keep
the pitch constant. Subjects’ speech was frequency modulated using sinusoids rang-
ing from 2Hz to THz and fed back diotically via a headphone. The modulation depth
was 200 cents peak to peak. The results indicated that there was a phase-locking
effect in the fundamental frequency of produced speech. In the second experiment,
a correlation analysis using a pseudorandom signal as a modulation source revealed
that the reaction to fundamental frequency perturbation is corrective and that its
latency ranges from 100ms to 200ms. Its relation to the auditory-laryngeal reflex will
also be discussed.

1 Introduction

Research on interactions between speech perception and speech production may provide
an interesting clue to the internal representation of speech, if speech production processes
involve speech perception as an indispensable ingredient. If we could extract and measure
interactions quantitatively, we would have a direct probe for auditory information process-
ing. One idea is to introduce modifications into one of the feedback paths, which account
for the interactions, and observe its effects on produced speech. DAF (Delayed Auditory
Feedback) is a well known example of such attemps[1, 2].

1.1 Background (DAF)

Delayed auditory feedback was a hot research topic in speech production and speech per-
ception because its effects on speech production are very strong and striking, and it was
thought to be evidence of interactions between speech production and speech perception.
In a sense, speech production as a multiple servo-mechanism was a common view in the
1950s[1, 2].

The main effects of DAF resemble stuttering. The effects consist of 1) increased repeti-
tion, 2) slowing 3) increased mispronunciation and 4) increased intensity and fundamental
frequency. DAF was intensively investigated as a technique of remediation for stuttering
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because many stutterers could speak fluently under DAF, suggesting that one possible
cause of stuttering is a timing error in the feedback paths[3].

But the strong destructive effect of DAF itself made DAF an inappropriate tool to
investigate interactions between speech perception and speech production under natural
conditions. A recent review of DAF suggests that it is an abnormal reaction to an abnormal
feedback condition: therefore it was concluded that the effects caused by DAF would
reveal nothing about interactions under normal conditions. This view is supported by
the findings of a DAF experiment using a speech-modulated square wave, which produced
similar effects[4].

These points do not necessarily imply that there are no interactions between speech
-perception and speech production under normal conditions. There are several indirect
evidence of such interactions to exist. The speech parametric shift caused by Lombard
effect may be account for some effect of auditory/speech perception on production[5]. Short
term audotory laryngeal reflex and effects of frequency moduleted tones on phonation also
suggest possible physiological basis for interactions under normal conditions(6, 7]. However,
these effects were reported very small and their role in speech production still remains
unclear.

1.2 Foreground (TAF)

Transformed auditory feedback (TAF) has been developed to investigate interactions be-
tween speech perception and speech production under natural conditions using parametric
transformation of feedback speech[8]. The basic idea of TAF is to keep the disturbance to
speech production caused by the perturbation to a minimum, while allowing interactions
between speech perception and speech production to be detected. This can be done by
combining a small perturbation with correlation analysis of the input perturbation and the
output speech parameter. :

In order to apply TAF successfully, it is indispensable to design an appropriate pertur-
bation signal and to decide what parameters should be transformed. One important re-
quirement for the perturbation signal is orthogonality which makes it possible to increase
detectability and makes interpretation and data processing easy. Sinusoids and pseudo-
random signals are such candidates. It is important that the parameters to be transformed
are reliable and sensitive since they directly determine detectability. It is suggested that
prosodic parameters may have stronger effects than phonological parameters[4, 9, 10]. A
preliminary test revealed that the fundamental frequency is several orders of magnitude
more reliable than spectral parameters such as LPC and formants.

Fundamental frequency modulation was selected as the transformation for the first TAF
experiments.

1.3 Pilot study

A series of measurements and experiments were performed to replicate results of DAF
experiments and to establish standard procedures for TAF experiments and a control con-
dition for reference. The effects of DAF mentioned in the previous section were replicated.

The preliminary TAF experiments used sinusoids as a modulator. The frequency of
sinusoids ranged from 2Hz to THz, and modulation depth was 200 cents from peak to peak.
Several types of speech were produced under TAF conditions. The utterance types are
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Figure 1: A schematic diagram of TAF experiment.

as follows: sustained vowel, a sentence consisting of all voiced sounds, ordinary sentences
from a Japanese fairy tale, and a technical document.

The results indicated that interactions are detectable only in the sustained vowel case.
The observed interaction is a phase-locking effect between the fundamental frequency vari-
ation of the sustained vowel and the perturbation signal. The other conditions consisted of
large fundamental frequency variations caused by the prosodic components of the sentence
utterance, which made it difficult to separate the effects of perturbation from prosodic vari-
ations in the fundamental frequencies. This does not mean that there are no interactions,
but simply that the signal to noise ratio is too small to detect the effects. An attempt
to cancel the prosodic components in the sentence utterance using DTW (Dynamic Time
Warping) failed, probably due to imperfect reproducibility of prosodic contours.

2 Experiments

Two series of experiments were conducted to quantitatively investigate the interactions
between speech production and perception. The first experiment examined the effects of
sinusoidal perturbation, while second evaluated the effects of pseudo-random perturbation.

2.1 Equipment

A schematic block diagram is shown in Figure 1. An H3000S (Eventide) pitch converter
was used to manipulate the fundamental frequency of fed-back speech. Control parameters
were prepared as a MIDI control signal, and MIDI software (Performer) running on a Mac-
intosh computer was used for sending the parameters to the H3000S pitch converter. The
algorithm for the fundamental frequency transformation is essentially based on waveform
expansion, contraction, and splicing.

This equipment is set up in an ordinary room environment without special sound atten-
uation. In order to reduce the effect of natural side tones and bone conduction, subjects
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wore circumaural headphones (Sennheiser HD250 linear II), through which their speech
was fed back with the addition of 78dB(A) of pink noise. This treatment also reduced the
effect of any environmental noise. »

The produced speech sound and the fed-back sound were separately recorded on left and
right channels of a dual channel DAT recorder then, via a DAT interface, were sent to a
workstation and stored.

2.2 Perturbation

Two types of perturbation signals were used: a sinusoidal signal and a pseudo random
sequence. A sinusoidal signal, because of its line sprctral representation, is useful in fre-
quency domain analysis. Four sinusoidal signals were used: 2Hz, 3Hz, 5Hz and 7.13Hz
with 200 cent, peak-to-peak deviations. '

A pseudo-random signal is a deterministic binary sequence, which is useful for time
domain analysis, because auto-correlation of the signal is the delta function; therefore,
cross-correlation between the signal and the system’s response to the signal gives the im-
pulse response of the system. The pseudo-random signal M,,, a bias-adjusted M-sequence,
was generated using the following recursive equation, and its bias was adjusted according
to the literature[11].

Xn = Xn-l @Xn—ti (1)
| 12 if X,=1 |
= VR " 2
M { -1 if X, =0 2)
Here, @ represents the ”exclusive or” and k represents the period of the sequence (31 in

this case).

The actual perturbation signal S; that was fed to the pitch converter, was a version of
M, that was up sampled eight times. The samples of signal S; were sent at intervals of
1/128 of a second. In this case the cycle of the pseudo-random signal was approximately
1.94s. We set the perturbation depth of the pseudo-random signal at a peak-to-peak value
of 100 cents.

2.3 Speech Materials

Subjects for pseudo random perturbation totaled eight: two girls, four men, and two
women, who were instructed to sustain the Japanese vowel /a/ with a constant pitch
for about ten seconds. The subjects were asked to phonate at their normal pitch. Ad-
ditionally, three of the men and the two women were asked to phonate both at high and
low pitch as well as at their normal pitch. Three men were also tested using sinusoidal
perturbation. Each subjects’ speech production was recorded three times under various
feedback conditions.

2.4 Speech Parameter Extraction

Since preliminary studies predicted that the effect of TAF would be less than 1Hz when
converted to the rms value of the fundamental frequency variation, it was necessary to
extract them precisely. In the preliminary experiments, we employed a fundamental fre-
quency extraction method using a lag window in the autocorrelation domain[14] to find
an initial estimate of the pitch period. Then parabolic interpolation was applied to three



Kawahara: Transformed Auditory Feedback 5

iwataa0121 stp=9 edp=1018

0 200 400 600 800 1000 1200
time in frames (1frame = 10ms)
T 128 T '
5126 ........... VTIPS | MY fpe e s adien s ' ........... ‘ .........................
E 124 £ ) AN B { SN .; ) VR A, -7 l S SRR e ..!.. e ] ...............
0 200 400 600 800 1000 1200
fed-back speech produced speech
”;‘\100 ................................ ﬁ100
== =z
c c
2 0
T =
> >
03] 03]
a a
10-2" . . o o . 10- " . . . o g
10° 10’ 10° 10’
frequency (Hz) frequency (Hz)

Figure 2: An example of response to a sinusoidal perturbation. The top plot shows the
fundamental frequency of the fed-back speech. The middle plot shows that of produced
speech. The lower left plot shows the power spectrum of the fundamental frequency varia-
tion of the fed-back speech. The lower right plot shows that of the produced speech. The
frequency of the perturbation is 5Hz.

autocorrelation values around the initial estimate to find the final precise estimate. These
values are recorded as the reference data to evaluate the other faster algorithms. The
"formant” program in ESPS speech signal processing software system [12, 15] was used
throughout the experiments described below, because it showed reasonable (within 0.5Hz)
agreement with the reference data and was several times faster than the reference method.
The original speech waveform data were sampled at 48KHz and stored. Then, their
sampling rate was converted to 16KHz to make later processing efficient. Fundamental
frequencies were calculated every 10 ms using the down-sampled data. A semi-automatic
interactive segmentation method was used to select the data segment to be analyzed.

3 Experimental Results

3.1 Sinusoidal Perturbation

One example of the experimental results with the sinusoidal perturbation signals is shown
in Fig. 2 and Fig. 3.

Fig. 2 shows the extracted fundamental frequencies and their power spectrums. It is
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Figure 3: An example of phasic relation to perturbation. The top left image represents the
relative phase of the fundamental frequency of the produced speech. A stable phasic relation
is shown as horizontal bars. The bottom left image represents that of fed-back speech. The
top right plot shows the histogram of the phase difference between the perturbation and
the fundamental frequency of the produced speech. The bottom right shows that of the
fed-back speech. '

clearly shown that the perturbation to the fed-back speech produced a sinusoidal variation
in the fundamental frequency of the fed-back speech. The power spectrum of the funda-
mental frequency variation of the produced speech shows a small peak at the perturbation
frequency, indicating that there might be some interactions. However, the peak is not high
enough to be statistically significant.

Fig. 3 shows the result of a correlation analysis for the same data. A cross correlation
with a complex sinusoid (e~9*!) of the perturbation frequency was computed every 10ms
with a 1-s correlation window. The complex correlation obtained was calibrated using
the phase of the perturbation signal. The vertical axis of the images on the left in Fig. 3
represents phasic rotation. The density of the image represents the real part of the complex
correlation. If the phasic relation to the perturbation signal stays stable with time, bold
horizontal bars will appear in the image.

The definite dark horizontal bars in the lower left image indicate that the sinusoidal
perturbation to the fundamental frequency of the fed-back speech was successful. The top
left image shows that the fundamental frequency variation of the produced speech was
generally phase-locked to the perturbation signal.
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This observation is validated by the following analysis using the right-hand plots in Fig. 3.
The right plots represent histograms of phasic relations. If the phasic relation is constant,
a sharp distribution will result. However, if there are no stable phasic relations, a uniform
distribution will result. The Kolmogorov-Smirnov test of the histogram revealed that the
histogram for the produced speech was not uniform, indicating that the phase-locking effect
is not an artifact. :

Almost all the subjects showed the phase-locking effect under 5Hz perturbation. The
effect sometimes was not clear under 2Hz and 3Hz perturbation. Detailed results are given

in the literature[17].

3.2 Pseudorandom Pert urbation

It is now clear that there is an interaction between speech production and perception. The
next step is to investigate the characteristics of the interaction quantitatively. A series
of experiments using the pseudorandom perturbation was conducted to extract temporal
respomnse.

3.2.1 General Features

One example of the experimental results with pseudorandom perturbation is shown in
Fig. 4. The vertical axis of Fig. 4 shows the normalized value of correlation between
signal S; and the extracted fundamental frequencies, normalized to show the same value
as a fundamental frequency variation in Hz. The abscissa shows the pitch analysis frame
numbers, and one frame corresponds to 10 ms. _

The middle plot in the figure represents the correlation between the fundamental fre-
quency of the fed-back speech and the perturbation. The bottom plot in the figure repre-
sents the correlation between the fundamental frequency of the produced speech and the
perturbation. The interval between the positive salient peaks corresponds to the cycle of
the pseudo-random signal. The bottom plot shows the correlation between the fundamental
frequency of the produced speech and the perturbation, and demonstrates inverted polarity
with reference to the middle plot.

This means that when the fundamental frequency varies during the process of phonation,
there is a mechanism to compensate for fundamental frequency variance. The effect of
compensation in produced speech in this example is less than 20% of the change in the
fundamental frequency of the fed-back speech, if its peak values are used as the measure.
However, when the area of the peaks is compared, the amount of compensation is more
than 50%. This indicates that the response has low-pass characteristics.

Here we defined the distance between the positive peak of the perturbation and the
corresponding negative peak of the response as the latency of the perturbation effect on
the auditory feedback loop. In the example in Fig. 4, the latency defined above is 154 ms.
In order to have a more precise measure of latency than the frame size permits, a parabolic
interpolation was applied as was done in fundamental frequency extraction.

3.2.2 Statistical Analysis

The results of ANOVA with two variables: subjects and pitch production conditions (nor-
mal pitch, high pitch, low pitch); and a dependent variable of latency were: subject
[F(4,30) = 22.87,p < 0.0000], condition [F'(2,30) = 19.32,p < 0.0000], and interaction
[£(8,30) = 5.12,p < 0.0005] were significant.
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Figure 4: An example of fundamental frequency correlations. The top plot shows the fun-
damental frequencies of the fed-back speech and the produced speech with pseudo random
signal. The solid line represents produced speech, and the dashed line represents fed-back
speech. The middle plot shows the correlation between the pseudorandom perturbation
and the fundamental frequency of the fed-back speech. The bottom plot shows the similar
correlation of the produced speech.

Fig. 5 shows the variation in latency for each subject. In the figure, a diamond represents
the mean and 95% confidence interval and a box shows the percentile values. Latency varied
from 100-200 ms and was distributed around 150 ms except for one subject who showed
especially short latencies. '

Fig. 6 shows the variation in latency in each pitch production condition for each subject.
The latency decreased as the fundamental frequency increased except for one subject. The
subject showing a different tendency and the subject showing especially short latencies in
Fig. 5 being identical. |

3.3 Relations between two conditions

Relations between these two perturbation conditions are investigated to find out whether
they represent the same response or not. In the previous experiments it was observed that
the major component of the response to the pseudorandom perturbation is the corrective
response. If this is indeed the case, the phasic difference under sinusoidal perturbation can
be predicted using the observed latency and the perturbation frequency.

Fig. 7 shows the predicted phase and the observations. The prediction shows good agree-
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Figure 5: Reaction time to pitch pertur- Figure 6: Reaction time dependency to
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Figure 7: Relations between predicted phasic difference and observed phase for one subject.
The solid line shows the predicted phase, assuming a 160-ms corrective response. The open
circles are the average values of the observed phasic difference.

ment with the observations, suggesting that the reactions to these two types of perturbation
signals are produced by the same mechanism. The apparent difference at 2Hz perturbation
may reflect an oversimplification of the response, because the low-pass characteristics of
the response imply that approximation using a negative impulse introduces a considerable
error in the low frequency region.
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Figure 8: An example of the phasic relation analysis for the control data. The top and
bottom panels are basically identical, because there is no perturbation. The left image
shows the phasic relation and the right plot shows the phase histogram. No stable phasic
relation is visible.

Further discussions and detailed results are given in the literature[8, 17].

3.4 Experimental Controls

In the control experiment, where the feedback speech was not manipulated, the funda-
mental frequency data were analyzed using the same procedures. The difference between
the fundamental frequency extracted from the feedback speech mixed with pink noise and
that extracted directly from the produced speech, was less than 0.1Hz and negligible.

In the first analysis, using a sinusoidal reference signal indicated no phase-locking for
these control data. An example of a phasic image is given in Fig. 8, and clearly shows
phase drift. The difference between phase distribution in the right plot and the uniform
distribution, is not statistically significant.

This suggests that the phase-locking effect observed in the analysis of the correlation
between the fundamental frequency of the speech produced under TAF conditions using
the fundamental frequency perturbation by the sinusoidal signals was not an experimental
artifact but an actual phenomenon.

In the analysis between the extracted pitch of the normally produced speech and the
correlation with the pseudorandom signal used for perturbation, there were no clear peaks.
An example of correlation is given in Fig. 9. Many small peaks due to natural variation of
the fundamental frequency are seen, but no clear peaks. This example also gives an estimate

e
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Figure 9: An example of correlation analysis using pseudorandom perturbation for control
data. The top plot shows the fundamental frequencies of fed-back speech and produced
speech. The middle and bottom plots are correlations between these fundamental fre-
quencies and the pseudorandom signal. They are basically identical, because there was no
perturbation. No definite peaks are visible.

of the error involved in the previous analysis using the pseudorandom perturbation. It
suggests that the negative responses observed under TAF condition are three times blo"ger
than these erroneous peaks.

This also suggests that the periodic peaks observed in the analysis of the correlation
between the fundamental frequency of the speech produced under TAF conditions using the
fundamental frequency perturbation by the pseudorandom signal was not an experimental
artifact but an actual phenomenon.

4 Discussion

The TAF experiments using fundamental frequency perturbation as the transformation re-
vealed that there is an interaction between speech perception and production, which com-
pensates for variations in the fundamental frequency of one’s own speech during phonation.
The average reaction latency to the perturbation is around 150ms. This may provide some
clues to the identity of the neural processes involved in this response. This value may be
‘too short for a voluntary control to be the source of this response, because the results of
a study on pitch tracking by voice [16] suggest that a delay of more than 300ms will be
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introduced in responding to perturbation, if the response is intentional.

There are several competing hypotheses on the origin of this corrective response: one is
that this response is one of the variants of the ”auditory laryngeal reflex”[13, 18, 21, 6],
other assumes involvement of trans-cortical connections[7]. If the response is found to be
specialized to a specific parametric dimension and insensitive to the other dimensions, the
response may be mediated by higher sophisticated processes. And if the similar compen-
sating response can be found in the other frequency control tasks, it may also support
the latter hypothesis. Obviously, it is still too early to make a definite statement. But
several pilot studies not reported here in detail [19, 20] suggest the possibility that the
latter hypothesis holds, whith may lead to an interesting discussion about the relation to
the general principle of motor learning scheme[22].

There is a minor point to be mentioned. In this study we defined the temporal distance
between the positive peak of the solid line and the negative peak of the dashed line in
cross-covariant analysis as the latency of the feedback loop. However, there is no assurance
- that the detection of the perturbation depends on the perception of the absolute value of
the perceived pitch, there being some possibility that subjects used pitch change as the cue.
Although inferences drawn on the latency processes in the paragraph above are basically
not affected by the perceptual mode used to detect pitch change, it is necessary to clarlfy

the actual cue to get precise response characteristics.

The interesting characteristic of the TAF method is that the perturbation and the re-
sponse have the same physical dimensions. This characteristics allow us to use TAF as a
non-invasive analysis technique of our auditory functions in various parametric represen-

tations. We are planning to take advantage of this characteristic in our future research on.

the role of the perceptual mechanism in speech production.

5 Conclusion

In this paper, a method of transformed auditory feedback was proposed, in which per-
turbation to speech parameters small enough not to disrupt normal speech, is fed-back
auditorily in order to investigate its effect on the extracted parameters of the produced
speech. Using this method, the effect of fundamental frequency perturbation on produced
speech was investigated, it was discovered that, in the fundamental frequency of their pro-
duced speech, subjects compensated for the perturbation effect with a 100-200 ms latency
when the fundamental frequency of the feedback speech was perturbed. Considering that
the speed of change in this perturbation does not allow for voluntary control and that the
latencies observed were too short to allow the interaction of conscious control, the results
obtained in this study suggest the existence of a reflex pitch control loop from auditory
processing to speech production.
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