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WHY ALL THE NOISE?
• Slow fluctuations in voice fo and intensity have been coarsely distinguished with respect to modulation frequency.

Three have presumed neurologic origins associated with auditory feedback (wow), somatosensory feedback (tremor), and motor unit discharge (flutter).

• These modulations account for much of the variability in fo (i.e. 2⁄3 of variance accounted for by lower 4 Hz, 1⁄3 just by wow alone).
Wow and tremor can be characterized by non-linear dynamics of negative feedback loops and are amenable to sensory perturbations.

• There is an important overlap between long-term phonatory instabilities and major speech cycles (breath group, phrase, word, syllable, phoneme).
Speech units may therefore be biologically derived, constrained, or influenced by the same mechanisms that give rise to long-term phonatory instabilities.

Spectrum of vocal fo during sustained phonation. Spectrum of vocal fo during sentence production.

MODEL
In the reflex resonance model proposed by Titze et al. 2002 JASA 111: 2272,
laryngeal muscle reflexes are mediated by feedback gain gr and delay τr.
Increasing gr results in a 4-7Hz vibrato (tremor).

We incorporated an auditory feedback loop.
In the linear case, the system is overdamped; oscillations are driven by noise ξ.
With non-linearity in auditory feedback, self-sustained 0.2-2Hz wow oscillations
appear for critical values of auditory gain ga and delay τa (i.e. Hopf bifurcation).
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!which is now stretched" are activated. In this case, the CT
muscle strain #1 is not equal to the vocal-fold strain #, but is
a predictable function of it !Titze, 1996". With respective
gain g2 , this feedback becomes the sensory reflex modula-
tion for the CT muscle on the left side of the figure, again
shown in dashed lines.

Concurrently, the vocal-fold strain # determines the pas-
sive tissue fiber stress in the vocal-fold, and the activation
aTA determines the active stress in the muscular portion of
the fold !bottom three system blocks in Fig. 1". Together, the
two stresses govern the effective tension, and thereby the
fundamental frequency Fo . The basic hypothesis in this
model is that the reflex gains and delays resonate, thereby
tuning the broad spectrum of central tremor frequencies to a
narrower band, which is known as vibrato !illustrated in tem-
poral and spectral form at the bottom of Fig. 1". Thus, sing-
ers with vibrato are expected to have a narrower bandwidth
!with correspondingly higher gains" in the reflex loops than
those who phonate without vibrato.

The time course of events is hypothesized to be as in
Fig. 2. Assume we begin with an increase in CT activation,
represented by a small spike disturbance in Fig. 2!a" at t
!0. !For simplicity, we illustrate all neural signals as single
spikes, even though they are typically trains of spikes, within

and across motor and sensory units. The single spike is con-
sidered to represent the center of any train of action poten-
tials." Below the spike shown in Fig. 2!a", a twitch-like con-
traction occurs in the CT muscle $Fig. 2!b"%, which reaches
its peak about 33 ms after activation !Perlman and Alipour-
Haghighi, 1988". The vocal-fold length !strain" increases in
proportion to this contraction, with a small mechanical delay
!10–20 ms", as shown in Fig. 2!c". This length increase trig-
gers the TA muscle spindles, which are sensitive to both
strain # and strain rate #̇ !Stein, 1982". Spindle activation is
shown in Fig. 2!d". The strain-rate dependence advances the
phase, in part canceling out the mechanical delay in vocal-
fold elongation, as observed by Stein.

The major time delay now comes from the integration of
the spindle sensory activation with the motor activation,
which is labeled TA reflex motor activation in Fig. 2!e". The
time delay is on the order of 40–50 ms, as we will show. A
TA contraction now occurs, the peak of which occurs another
20–25 ms after the activation !Alipour-Haghighi et al.,
1987". This is shown in Fig. 2!f".

Vocal-fold strain # is now reduced $Fig. 2!g"%, with a
concomitant increase in the length of the CT muscle and a
receptor activation $Fig. 2!h"%. The reflex loop is engaged
once more, resulting in another delay for sensory-motor in-

FIG. 1. Block diagram of proposed reflex-resonance
model of vocal vibrato.
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INTERACTIONS
Increasing reflex gain gr lowers the threshold at which auditory feedback
parameters reach Hopf bifurcation and stable limit cycle (blue → orange line).

As reflex gain approaches the bifurcation threshold for tremor, the relationship
becomes non-monotonic (green line). Within the grey areas, tremor is suppressed.

Hopf bifurcation lines and example fo for given ga and τa at gr = 5.57

calculating peak-to-peak amplitude (in Hz) of the tremor and
wow components from the PSD and comparing them with the
overall SD of vocal fo. On this graph, low tremor magnitudes
correspond to the shaded grey areas in the bifurcation diagram
of Fig. 8 (left panel), where auditory feedback suppresses the
reflex oscillations. At high feedback gains, non-monotonous
dependence is also observed for the overall SD. Figure 10(a)
shows that for large enough auditory feedback delays (i.e.,
sa > 0:3 s), the fo time variation is dominated by wow,
whereas tremor is the major contributor for smaller delays
(sa < 0:2 s). As in the case of pure auditory feedback, wow
frequency f1 decreases with the increase of the auditory delay

time [Fig. 10(b)]. Importantly, the dependence f1ðsaÞ follows
well the analytical result from Eq. (10) for sa > 0:3 s, where
low-frequency wow dominates.

III. MODEL EVALUATION

We now turn to examples from experimental data illus-
trating model applications and limitations in two subjects.
Specifically, we show that feedback gain does indeed

FIG. 9. (Color online) Heat maps of the power spectral density of vocal fo vs
auditory delay. (a) The reflex feedback gain is set to gr¼ 5, i.e., below its bifur-
cation value of g$r ¼ 5:591; ga ¼ 0:5. (b) The reflex feedback gain is set to
gr ¼ 5:57, i.e., close to its bifurcation value; ga ¼ 1:5. Noise SD is q¼ 0.01.

FIG. 10. (Color online) Extent and frequency of fo oscillations vs auditory
delay time for the nonlinear model. (a) Extent of fo modulation (peak-to-
peak) when gr¼ 5.57 (blue line) and ga¼ 1.5 (orange line), at different
auditory feedback delays. The SD of the overall fo signal is also included,
scaled by 2
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. (b) Wow frequency, f1, estimated by the position of the
dominant peak of the PSD within 0–1 Hz for the indicated values of feed-
back gain. The dashed line shows the analytical dependence saðf1Þ of Eq.
(10), with b ¼ 2pf1, also shown in Fig. 6(b).

FIG. 8. (Color online) Effect of reflex and auditory feedback on vocal fo. (a) Hopf bifurcation thresholds of auditory gain ga vs delay sa, at different reflex
gains gr. Equilibrium of the system is stable below the corresponding line and within the shaded area for gr ¼ 5:57. Self-sustained oscillations appear in the
regions above the lines. (b) fo contours for increasing auditory feedback gain and auditory delay set to sa ¼ 0:44 s, which falls within one of the stability
bands (grey shaded area in the left panel). (c) fo contours for increasing auditory feedback gain and auditory delay set to sa ¼ 0:53, which falls outside the
stability bands. The reflex gain gr ¼ 5:57 in (b) and (c).
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VOCAL WOW
Delaying auditory feedback induces 0.2-2Hz modulations in vocal fo.
This is consistent with the view that speech and voice use negative feedback.
This effect is visible in syllable repetition, but lost or hidden in connected speech.

vowel prolongation syllable repetition sentence repetition

VOCAL BEAT
A potential confound is the effect of blood flow on stiffness of laryngeal muscles.
Pulse systolic peak and "harmonics" extend 1-5Hz, possibly as high as 8Hz.

Beat analysis of sustained /a/ (300 ms delay)

fo power spectra at different delays

DEMODULATION
The modulations are time-varying, non-stationary and interact.
Empirical mode decomposition provides a way to extract "intrinsic modes".
There appear to be correlations between wow and phrase variations, beat and
word-level variations - but this has yet to be properly tested experimentally.


