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Summary: Objective. The phonatory process is often judged during sustained phonation by analyzing the acous-
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tic voice signal and the vocal fold vibrations. Many formulas and parameters have been suggested for qualifying the
characteristics of the acoustic signal and the vocal fold vibrations during sustained phonation. These parameters are
directly computed from the acoustic signal and the endoscopic glottal area waveform (GAW). The GAW is calcu-
lated from laryngeal high-speed videoendoscopy (HSV) recordings and describes the increase and decrease of the
glottal area during the phonation process, that is, the opening and closing of the two oscillating vocal folds over time.
However, some of the parameters have strong mathematical dependencies with one another and some are ill-defined.
The purpose of this study is to identify mathematical dependencies between parameters with the aim of reducing their
numbers and suggesting which parameters may best describe the properties of the GAW and the acoustical signal.
Methods. In this preliminary investigation, 20 frequently used parameters are examined: 10 GAW only and 10
both GAW and acoustic parameters.
Results. In total 13 parameters can be neglected because of mathematical dependencies. In addition, nine of
these parameters show problematic features that range from unexpected behavior to ill definition.
Conclusions. Reducing the number of parameters appears to be necessary to standardize vocal fold function
analysis. This may lead to better comparability of research results from different studies.
Key Words: High speed video endoscopy−Glottal area waveform−Parameters−Mathematical dependencies−Ill design.
INTRODUCTION
Phonation is a complex process, during which the vocal tract
and the vocal fold vibratory patterns play a major role.
According to the source-filter theory, the tongue and lips mod-
ulate the sound while the vocal folds are the vibratory source.
During the periodic oscillation of the vocal folds, the area
between the vocal folds, called the “glottal area,” changes,
resulting in periodic interruption of the airflow traveling
through the trachea. This leads to a periodic series of flow
pulses that produces audible sound during phonation.1,2

One powerful tool for the examination of vocal fold
vibrations is high-speed videoendoscopy (HSV). As shown
in Figure 1, using HSV, the movements of the vocal folds
are directly recorded by a high-speed camera at speeds sev-
eral times faster than the fundamental frequency of the
vibrating vocal folds. Further, Figure 1 illustrates the oscil-
lation cycle of the vocal folds. The movies recorded with
HSV allowed determination of within-glottic cycle vibra-
tory patterns at the source. Obtained HSV data can be
quantified as the function of glottal area over time, that is,
the glottal area waveform (GAW).4−6
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Different definitions of the GAW exist.6−9 In this work,
the GAW is defined as the simple function of the glottal
area in pixels over time. Other definitions of the GAW and
their possible effects on the analysis will be outlined in the
discussion section.

In addition to HSV, other techniques for visualizing the
vocal fold vibrations exist, such as videostroboscopy10,11 and
videokymography (VKG).12,13 Their limitations compared
with HSV are already reported in previous publications.4,14

HSV currently reaches recording rates of 4 kHz in clinical
applications and up to 20 kHz in research applications,15

which is distinctly higher than the frequency range of the
vocal folds, reaching up to 1568Hz in soprano singing.16 In
general, fundamental frequency ranges are between 70 and
500Hz in men and between 130 and 1000Hz in women.12

Overall HSV is a superset of both, stroboscopy and VKG,
which also means that from HSV data artificial stroboscopy
and VKG data can be produced, called “simulated strobo-
scopy” and “digital kyomography.” This shows the superior-
ity of HSV in assessment of vocal fold vibratory patterns.4,14

However, even with HSV as an effective tool for evalua-
tion of vocal fold function, there are still challenges to be
addressed, predominantly involving the quantitative analy-
sis of the HSV data. One of these challenges is making sense
of the clinical value of a great number of HSV parameters
and their redundancy in the assessment of vocal function.
Whereas in some cases these parameters are exclusively con-
nected to the GAW, such as the Open Quotient, other
parameters are also used for acoustic signals, such as mean
Shimmer.17,18 In other cases, some of the parameters show
high intra-subject variability19 or can be problematic even
just from their definition, such as Shimmer(%), as will be
shown later in this work.
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FIGURE1. Schematic illustration of vocal fold recording by employing an endoscopic high-speed camera (left), an image of the vocal folds
(center), and a display of one oscillation cycle (right).3
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In this work some of the stronger mathematical connec-
tions between 20 different parameters or derivatives will be
shown. A “strong mathematical dependency” is defined by
either of the following criteria:

� within a group of parameters, all of them can be calcu-
lated if just one or some are known;

� the parameters are derivatives of another; for example,
the normalized version.

In other words, in both cases, there is no gain in informa-
tion by calculating a strongly mathematically dependent
parameter, if the others are known. Hence, this work aims to:

1. determine mathematical dependencies between param-
eters;

2. find ill-defined parameters, for example, parameters
being not defined within a meaningful interval;

3. suggest which of the parameters can be kept and which
should be discarded.
METHODS
In this preliminary investigation, 20 frequently used param-
eters are examined: 10 GAW only and 10 both GAW and
acoustic parameters. Because 10 of the parameter formulas
are also used for other types of signals (eg, acoustic or time-
resolved pressure signals), they are not exclusively devoted
to the assignment of GAW parameters.17,18 Different
weaker and stronger correlations between parameters exist.
However, in this work we focus only on strong mathemati-
cal dependencies. The parameters will be subdivided into
thematically connected subsections. For each subsection,
the purpose of the parameters will be explained briefly, and
subsequently, how to calculate one parameter out of the
others will be shown, and characteristics of different formu-
las will be revealed. Finally, a rationale will be given for the
choice of which related parameters should be kept for analy-
ses of vocal fold function.

GAW phase characteristics
This group of parameters is used to measure ratios between
different phases of increasing and decreasing glottal area.
Figure 2 shows a schematic illustration for a single GAW
cycle i, beginning with the opening of the vocal folds and end-
ing with a short interval during which the vocal folds stay
closed. Any such cycle can be subdivided into different phases:

� the opening phase ([C ! O]i), during which the glottal
area is increasing and the vocal folds are opening;

� the closing phase ([O ! C]i), during which the glottal
area is decreasing and the vocal folds are closing;

� the open phase duration (tiopen), which is the sum of the
two previous phases;

� the closed phase duration (ticlosed), during which the
glottis is closed and the glottal area therefore is zero;

� the sum of tiopen and ticlosed is the duration of the entire
cycle (Ti).

In Figure 2, below the GAW diagram, four images of
male vocal folds in different stages of the glottal cycle from
opening to closed phase are shown. For measuring different
ratios between these distinct phases of the GAW, six differ-
ent parameters are discussed:

� TheOpen Quotient,21 defined as

Oqi ¼
tiopen
Ti

� The Closing Quotient,22 defined as

Cqi ¼ ½O!C�i
Ti

:



FIGURE2. Subdivision of one GAW cycle (Ti) into different time intervals, the opening phase ([C ! O]i), the closing phase ([O ! C]i),
the open phase duration (tiopen), and the closed phase duration (ticlosed ). Also shown is the glottal area dynamic range Ai, which describes the
maximum changing area during one cycle between glottis opening and closing.20 Four images of male vocal folds in different stages of the
glottal cycle from opening to closed phase are illustrated.
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� The Speed Quotient,21 defined as

Sqi ¼ ½C!O�i
½O!C�i

¼ Oqi�Cqi
Cqi

:

� The Speed Index,21 defined as

Sii ¼ ½C!O�i�½O!C�i
tiopen

¼ Sqi�1
Sqi þ 1

:

� The Rate Quotient,21 defined as

Rqi ¼ ticlosed þ ½C!O�i
½O!C�i

¼ 1
Cqi

�1:

� The Asymmetry Coefficient,23 defined as

Aqi ¼ Sqi
1þ Sqi

:

For the above parameters, the last four can be calculated
using only the first two highlighted in bold type, which
shows the high degree of redundancy within the group of
GAW phase characteristic parameters. Hence it would be
useful to reduce the number of parameters and limit them
to just two parameters that provide independent informa-
tion. In this case, Oqi and Cqi may be considered the most
appropriate choice, because they describe the ratios of the
different phases in a straightforward manner and are widely
used in voice research.24−27 According to previous research,
breathy voice implies an increased open quotient; the clos-
ing quotient decreases when intensity and pressedness in
voice increase.22,24 However, depending on how exactly
ticlosed is defined and which type of signal is used to calculate
Oqi and Cqi, these coherencies may vary. Moreover, it
should be mentioned that these two parameters contain
only relative information about the lengths of the different
phases and absolute values are not included. Therefore, to
complete the set of quantitative data, one absolute value of
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phase length is needed. In this case, the duration of the
actual cycle Ti is thought to be an appropriate choice.
GAW derivative measures
GAW derivative measures aim to describe the change of the
glottal area over time. Two different parameters that mea-
sure the maximal declination of the GAW in one cycle, that
is, the maximum speed with which the glottis closes, are
reviewed here. The first is the Maximum Area Declination
Rate (MADR),28 which is the absolute value of the mini-
mum of the first derivative of the GAW in cycle i and the
second is the Amplitude Quotient (Amq), which is a normal-
ized form of MADR. Both parameters allow indirect insight
in the viscoelastic properties of vocal folds28 and are, in case
of Amq, directly related to the closing phase.29 Respectively
the relation between MADR and closing phase is inverse.
They can be written as follows:

� Maximum Area Declination Rate28:

MADR : ℝTi !ℝ

f fi ðtÞg!
���� min
t2 f1;...;Tig

d
dt
fi ðtÞ

� �����
where i= cycle number, t= sample number, fi(t) = ith cycle
of the signal, and Ti=period length of the ith cycle in
samples.

� Amplitude Quotient28,29:

Amqi : ℝ
2 !ℝ

fAi;MADRig! Ai

MADRi
ji ¼ cycle number

where Ai is the glottal area dynamic range in cycle i
(Figure 2), and therefore the amplitude of the GAW dur-
ing one cycle, that is, distance from most open to most
closed status of the glottis. To simplify the comparison of
the following formulas for GAW and acoustic recordings,
we will refer to this dynamic range as the “amplitude” of
the GAW in this work. Furthermore, all amplitudes of
GAW and audio signals are defined as greater than or
equal to zero. MADR and Amq are inversely proportional
to each other, and both contain information on the maxi-
mal declination, with the difference that Amq is addition-
ally normalized to one through the dynamic range Ai. By
performing the normalization to calculate Amq, the maxi-
mal declination of the glottal area is independent of the
glottal area itself because it is canceled out. Because of
this, one advantage is that values of Amq that are calcu-
lated from different GAW recordings can be compared
directly. In contrast, comparing MADR values between
different recordings is not meaningful because of varying
distances between glottis and endoscope tip resulting in
different numbers of pixels for the glottis itself.9 Hence, it
is not advisable to keep both parameters because they
both contain the interesting information about the GAW
declination. For the previously mentioned reason, we sug-
gest that Amq should be kept as the relevant parameter.

Another approach for measuring opening and closing
velocity and thereby the acceleration of the vocal fold by
using GAW data is the calculation of Peak Closing Velocity
and Peak Acceleration. These two parameters are based on
the similarity assumption between a GAW signal and a sine
wave. To avoid the calculation of the actual signal deriva-
tives, the maximal velocity and acceleration of a sine wave
are calculated instead. This sine wave is chosen to obtain
the same period length Ti and the half amplitude Ai of the
GAW. This approach is derived from formulas for the cal-
culation of vocal fold movement, as described by Titze,30

and leads to the following definitions:

� Peak Closing Velocity:

PeakClosingVelocity ¼ 2p� Ai

2�Ti
:

� Peak Acceleration

PeakAcceleration ¼ 4p2� Ai

2�T 2
i

:

The motivation behind this approach is to avoid the
direct calculation of the signal derivatives, because this can
lead to problems for noisy data. Instead, approximations of
the maximal signal speed and acceleration are calculated,
using the sine wave as an approximation for the GAW.
However, if the information on the amplitude sizes and
period lengths is known, these formulas relate the two varia-
bles to each other in a simple way. As indicated, measure-
ments for calculating the closing velocity of the vocal folds,
such as MADR and Amq, already exist. It may be true that
the approach to approximate the GAW with a sine wave
avoids some problems that can occur with noisy signals, but
it also can be an oversimplification for non−sine-like GAW
shapes of irregular vocal fold vibrations. Figure 3 shows the
GAW of a healthy male glottis with a distinctive closed
phase. Although no voice disorders were diagnosed for this
subject, the variation of the glottal area is obviously not
similar to the sinusoidal motion that is required by Peak
Closing Velocity and Peak Acceleration parameters. The
long closed phase extends the period length, resulting in an
underestimation of the maximal GAW slope for a sine func-
tion with the same period length. Furthermore, similarly to
MADR, Peak Closing Velocity and Peak Acceleration are
also dependent on the unit of the glottal area. As mentioned
before, this is highly disadvantageous when comparing data
from different GAW recordings. For these reasons and
because of the low explanatory power of the parameters, we
suggest that both Peak Closing Velocity and Peak Accelera-
tion should be discarded.



FIGURE3. The GAW of a male glottis during sustained phonation exhibiting a distinctive closed phase; that is, GAW=0.
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Amplitude perturbation measures
Amplitude perturbation measures can be determined both
for GAW and acoustic signals. Usually, a high degree of
amplitude perturbation, and hence a high value of ampli-
tude perturbation measures, is associated with change in
stability of the voice. Furthermore, Shimmer measures are
associated with the perception of hoarseness, even though
there is no unanimity on this point.31 For measuring the
perturbation of the amplitudes of the GAW and other peri-
odic signals, many different formulas exist.17,18 However,
this investigation focuses on the relationship between mean
Shimmer and Shimmer(%). Shimmer(%) represents an
attempt to normalize mean Shimmer to the percent scale
and is a good example for parameters that are problematic.
The mean Shimmer and Shimmer(%) are calculated as fol-
lows, whereas the absolute value in the denominator of
Shimmer(%) was supplemented to avoid the possibility of
obtaining negative values:

� mean Shimmer32,33:

meanShimmer : ℝN !ℝ

!
A ¼ ðA0; . . . ;AN�1Þ! 20

N�1

XN�2
i¼0

����log10

Ai

Aiþ1

� �����:
� Shimmer(%)33:
Shimmerð%Þ : ℝN !ℝ

!
A ¼ ðA0; . . . ;AN�1Þ! meanShimmer

20
N

PN�1
i¼0 jlog10Aij

�100;
where Ai is again the dynamic range of the GAW during
cycle number i and N is the total number of cycles of
the GAW. The first thing that catches one's eye is that
whereas mean Shimmer is in decibels (dB), Shimmer(%) has
obviously the wrong unit, by definition being percent.
For accurate evaluation of its formula displayed earlier, the
denominator turns out to be in the unit of the dynamic
range Ai. Hence, in the case when the GAW was measured
in pixels, the unit of Shimmer(%) would be dB

pixel. Another
problem with Shimmer(%) is stated by theorem A.1,
Appendix A. The maximum value that Shimmer(%) can
reach is 300, which is unexpected for a parameter that
should be a normalized measure of amplitude perturbation.
Theorem B.1 predicates a further issue: Shimmer(%) is non-
linearly dependent on the absolute size of the amplitudes if
the ratio between the single amplitudes in the formula for
mean Shimmer stays the same. Although in general a nor-
malized version of a parameter should be preferable to a
non-normalized parameter, in this case, the normalization
did not work well. Furthermore, through this normaliza-
tion, Shimmer(%) also became nonlinearly dependent on
the absolute values of the amplitudes. Results suggest use of
mean Shimmer instead of Shimmer(%).
Period perturbation measures
As amplitude perturbation, perturbation in period lengths
between different oscillation cycles is measured by several
parameters.18 Similar to amplitude perturbation, period
perturbation is also associated with the stability of the pho-
natory system. As the phonatory system is not a machine,
no voice is perfectly free of period perturbation; neverthe-
less, an abnormal larynx should produce a more erratic
voice than a healthy one.34 At least four different variations
of Jitter formulas exist, where one is the actual mean Jitter
and the others are normalized variations suggested by
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different research groups. Mathematically, the different
forms of Jitter are as follows:

� mean Jitter33,35:

meanJitter : ℝN !ℝ

!
T ¼ ðT0; . . . ;TN�1Þ!

PN�1
i¼1 jTi�Ti�1j
N�1

:

� Jitter(%)33,35:

Jitterð%Þ : ℝN !ℝ

!
T ¼ ðT0; . . . ;TN�1Þ! meanJitter

1
N

PN�1
i¼0 Ti

�100:

� Jitter Ratio35:

JitterRatio : ℝN !ℝ

!
T ¼ ðT0; . . . ;TN�1Þ! meanJitter

1
N

PN�1
i¼0 Ti

�1000:

� Jitter Factor35,36:

JitterFactor : ℝN !ℝ

!
f ¼ ðf0; . . . ; fN�1Þ!

1
N�1

PN�1
i¼1 jfi�fi�1j

1
N

PN�1
i¼0 fi

�100:

In this case, Ti is, analogously to amplitude perturbation
measures, the duration of the cycle i of the GAW and N is
again the total number of cycles. Further, fi is the funda-
mental frequency of the ith cycle and therefore is equal to 1

Ti
.

The most obvious dependency in this case exists between Jit-
ter(%) and Jitter Ratio, because the latter is 10 times the for-
mer. Jitter(%) and Jitter Factor are also strongly connected
as the only differences are their function arguments, which
are mathematically dependent. Even though a connection
exists between these two parameters, they behave differently
to the presence of an outlier cycle with increased or
decreased duration. The outlier cycle with increased dura-
tion will increase Jitter(%) up to a limit of 200, whereas Jit-
ter Factor remains almost unaffected. On the other hand,
one outlier cycle with decreased duration will increase the
Jitter Factor but Jitter(%) remains almost unaffected. An
example is given in Appendix C. Also, as stated in theorem
D.1, similarly to Shimmer(%), Jitter(%) (and analogous Jit-
ter Factor) can reach values of up to 300, whereas Jitter
Ratio reaches values as high as 3000. Despite all these
inconsistencies of the Jitter parameters, all of them are inde-
pendent, and in case of mean Jitter, linearly dependent, of
the absolute period lengths, as shown for Jitter(%) in theo-
rem E.1. Furthermore, they are, with the exception of mean
Jitter, dimensionless and therewith appropriate for compari-
son between different recordings and subjects.
However, all four Jitter parameters describe the perturbation
of the cycle length and thereby of the fundamental frequency
without adding further information. Thus, to be consistent
with mean Shimmer as chosen parameter for the amplitude
perturbation, we suggest that mean Jitter should be used.

In addition to different Jitter formulations, there are also
other parameters for measuring period perturbation.18 One
of them is the “Relative Average Perturbation” (RAP),
which can be calculated using two different formulas, that
is, version 1 (v1)33 and version 2 (v2)37,38:

� Relative Average Perturbation—version 1:

RAPv1 : ℝ
N !ℝ

!
T ¼ ðT0; . . . ;TN�1Þ!

PN�2
i¼1

��� Ti�1þTiþTiþ1
3 �Ti

���PN�1
i¼0 Ti

:

� Relative Average Perturbation—version 2:

RAPv2 : ℝ
N !ℝ

!
T ¼ ðT0; . . . ;TN�1Þ!

1
N�2

PN�2
i¼1

���� Ti�1þTiþTiþ1
3 �Ti

����
1
N

PN�1
i¼0 Ti

:

The second formula is an attempt to normalize the first
version and therefore only one of them is needed. As theo-
rem F.1 states, RAPv1 reaches a maximum value of 4

3. RAPv2

is additionally dependent on N and goes up to 20
9 (see corol-

lary of theorem F.1 in Appendix F). However, 20
9 is only

reached for the case N=5, T0 =T1 =T3 =T4 = 0, T2> 0.
Aside from that, compared with Jitter, there is also a less
obvious difference, as the following example shows:

if Tiþ1 ¼ Ti þ c 8 i; c2ℝ> 0

RAPv1 ¼
PN�2

i¼1

����Ti�1 þ Ti þ Tiþ1

3
�Ti

����PN�1
i¼0 Ti

¼
PN�2

i¼1

����Ti�cþ Ti þ Ti þ c
3

�Ti

����PN�1
i¼0 Ti

¼
PN�2

i¼1

���� 3Ti

3
�Ti

����PN�1
i¼0 Ti

¼
PN�2

i¼1

��Ti�Ti

��PN�1
i¼0 Ti

¼ 0:

As one can see, RAPv1 (and analogously RAPv2) is insen-
sitive to overall linear deviations, so if the cycle duration
increases or decreases by a constant value c over time, this
perturbation will not be detected by both RAP measures.
Depending on the type of noise that is added to the signal,



TABLE1.
Summary of the Different Parameters Discussed Together With Our Suggestions Where Further Use Seems Appropriate

Parameter Source Reasons to ✘ or @ Retain

Phase characteristic parameters
Open Quotient GAW Widely used, straightforward @
Closing Quotient GAW Widely used, straightforward @
Speed Quotient GAW Redundant ✘

Speed Index GAW Redundant ✘

Rate Quotient GAW Redundant ✘

Asymmetry Coefficient GAW Redundant ✘

Derivative measures
Maximum Area Declination Rate GAW Not normalized, redundant information ✘

Amplitude Quotient GAW Normalized @
Peak Closing Velocity GAW Oversimplification, not normalized ✘

Peak Acceleration GAW Oversimplification, not normalized ✘

Amplitude perturbation measures
mean Shimmer GAW, acoustic widely used, straightforward @
Shimmer(%) GAW, acoustic ill-design bad normalization ✘

Period perturbation measures
mean Jitter GAW, acoustic Widely used, straightforward, consistent with

mean Shimmer

@

Jitter (%) GAW, acoustic Design problems ✘

Jitter Ratio GAW, acoustic Design problems, redundant ✘

Jitter Factor GAW, acoustic Design problems, redundant ✘

Relative Average Perturbation v1 GAW, acoustic More consistent maximum value @
Relative Average Perturbation v2 GAW, acoustic Design problems ✘

Signal periodicity measures
mean Cycle Duration GAW, acoustic Redundant, only indirectly determinable ✘

Fundamental Frequency GAW, acoustic Directly determinable @

Note: The groups of directly connected parameters are separated from each other by horizontal dashed lines if they belong to the same subsection.
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this can lead to unexpected low values of RAP. Still, this
does not necessarily have to be a disadvantage, but anyone
who uses this parameter should know about this character-
istic. For standardization of the parameter set in GAW
evaluation, just one of the RAP parameters should be kept.
In this case, we suggest discarding RAPv2 because its maxi-
mum range is dependent on the number of cycles N.
Signal periodicity characteristics
For predicting the periodicity characteristics of the GAW,
at least two different measurements are in use.18 One of
them is the mean cycle duration (T) in milliseconds (ms),
which, as the name indicates, is equal to the mean
duration of one oscillation cycle of the GAW. The other
is the fundamental frequency (F0) in Hz, which is calcu-
lated as follows:

F0 ¼ 1000� 1
T
:

The multiplication by 1000 is necessary to obtain F0 in
Hz, as T is commonly measured in ms owing to the relevant
frequency range in human phonation. F0 and T are related
to the perceived pitch of the voice. In general, pitch
increases with F0, albeit the relation is not linear because
the auditory system is varyingly sensitive to different fre-
quency changes.39 It is difficult to say which of either meas-
urements is superior in a mathematical sense, and
depending on the actual situation, it may be more conve-
nient to choose one of them according to the focus of the
study. For the sake of standardization, it should at least be
acknowledged that both measurements technically rely on
the same information. Thus, for automated and computer-
ized calculation of relevant parameters, only one of them is
necessary. In such cases, we suggest that F0 be used, because
it also can be directly determined using Fourier transforma-
tion. In contrast, for the calculation of T, the duration of all
cycles Ti has to be known beforehand.
RESULTS AND DISCUSSION
As shown, parameters that are used to describe different
features of the GAW and acoustic signals are very similar
or redundant. Some of the parameters such as MADR,
PeakClosingVelocity, and PeakAcceleration, owing to their
design and the methods to calculate them, do not allow
direct comparison between different recordings. Further,
parameters may have unexpected properties, such as RAPv1

and RAPv2, which are insensitive to linear increasing or
decreasing cycle durations. Even severe design problems
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were revealed, as in the case of Shimmer(%), which may lead
to the misinterpretation of data in the worst case. A sum-
mary of all parameters that were discussed here, together
with our suggestions for keeping or discarding them, is pre-
sented in Table 1. In total, out of 20 analyzed parameters,
13 were found to be redundant.

Given the number of different parameters and the poten-
tial problems that arise with the use of some of them, the
necessity to discard especially the ill-designed ones seems to
be indisputable. However, it is not always uncontroversial
which of the parameters should be discarded and which
should be kept. To support our suggestions, various subtle
properties of different parameters were shown, whereby
some of these traits indicate severe design problems, as men-
tioned. Still, in some cases, different versions of parameters
may be used to describe different kinds of data, as is the
case with T and F0. The clinical researchers have to be
aware of the shortcomings of the GAW and acoustic
parameters discussed in this work to ensure that the param-
eters can be used to determine the treatment effects and are
comparable from one recording to the next.

Even the definition of the GAW varies. In some cases it
is defined just as a plain function of the glottal area in pix-
els, as in this work, whereas in other cases additional
means of normalization, such as division through the maxi-
mal opening of the glottis, are applied.6−9 Hence, some of
the abovementioned problems, such as the comparability
of data from different recordings, may or may not arise for
some of the parameters, depending on the used GAW defi-
nition. For instance, if one uses a normalized form of the
GAW, MADR values from different recordings may be
comparable.

Measurement of vocal fold vibratory characteristics and
their relation to perceived vocal quality in vocal health
and disease is essential to improve the clinical assessment
and treatment of voice disorders. Establishing sound meas-
ures of laryngeal biomechanics that give insight into the
changes into viscoelastic properties of vocal folds before
and after voice intervention is still needed. This study
results highlight the need for the clinicians to educate
themselves on the limitations of routinely used parameters
for the assessment of vocal fold vibratory function as the
outcomes of behavioral or medical voice interventions.
This study identified mathematical dependencies between
some of these parameters with the aim of reducing the
numbers of parameters used in clinical settings and sug-
gested which parameters may best describe the properties
of the GAW and the acoustical signal.
LIMITATIONS
The selection of parameters discussed in this paper repre-
sents only a small fraction of frequently used parameters
and does not cover all of the less explicit connections
between at least 63 different formulas and variations of for-
mulas for GAW parameter calculation.18 Also, it was not
investigated if the found issues also apply for different
GAW calculations.6−9 Furthermore, there may exist other
definitions or derivations of the examined parameters,
which were also not investigated here.
CONCLUSION
In this work, one step toward parameter reduction has been
suggested. Even though it will require future effort and
many further steps of discussion and debate, the final aim of
a greatly reduced set of significant parameters should be
worth this effort. A small set of standardized parameters
will be a major step to enhanced information exchange
between different studies and help to increase relevance of
evaluated data in clinical settings. Future studies will inves-
tigate the presence of the redundancy in other frequently
used parameters in voice research and clinic.
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APPENDICES
Appendix A. We prove by contradiction that the
maximum value that Shimmer(%) can reach is 300

Theorem A.1: (Let N be a non-negative integer>2 and let
!
A

be a vector of amplitudes in real numbers, which is compo-
nent-wise greater than or equal to zero and which contains
at least one Ai 6¼ 1, then).
a) Shimmerð%Þð!AÞ�300.
b) Moreover there exists

!
A� in ℝþ

0
N for which

Shimmerð%Þð!A�Þ ¼ 300.

Proof:

aÞ
20
N�1

PN�2
i¼0

���log10
Ai

Aiþ1

h i���
20
N

PN�1
i¼0 jlog10Aij

�100> 300

,N�
XN�2
i¼0

����log10

Ai

Aiþ1

� �����> 3�ðN�1Þ�
XN�1
i¼0

jlog10Aij

,N�
XN�2
i¼0

jlog10Ai�log10Aiþ1j

> 3N�
XN�1
i¼0

jlog10Aij�3�
XN�1
i¼0

jlog10Aij

)N�
XN�2
i¼0

ðjlog10Aij þ jlog10Aiþ1jÞ

> 3N�
XN�1
i¼0

jlog10Aij�3�
XN�1
i¼0

jlog10Aij
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,N�
XN�1
i¼0

jlog10Aij�Njlog10AN�1j

þN�
XN�1
i¼0

jlog10Aij�Njlog10A0j

> 3N�
XN�1
i¼0

jlog10Aij�3�
XN�1
i¼0

jlog10Aij

, 3
N

�
XN�1
i¼0

jlog10Aij>
XN�1
i¼0

jlog10Aij þ jlog10AN�1j þ jlog10A0j

) Contradiction if N≥ 3if N=2:

3
2
�
X1

i¼0

jlog10Aij>
X1

i¼0

jlog10Aij þ jlog10A1j þ jlog10A0j

¼ 2�
X1

i¼0

jlog10Aij

) Contradiction if N=2
) Shimmer(%) cannot reach any value higher than 300 for
any N

bÞ Case N ¼ 3; A0 ¼ A2 ¼ 1; A1 > 1

20
2

P1
i¼0

���log10
Ai

Aiþ1

h i���
20
3

P2
i¼0 jlog10Aij

�100 ¼
1
2 ðjlog10A1j þ jlog10A1jÞ

1
3 jlog10A1j �100

¼ jlog10A1j
1
3 jlog10A1j �100 ¼ 3�100 ¼ 300 q:e:d:

therefore, as shown above, the maximum value that Shim-
mer(%) can reach is 300.
Appendix B. We prove that Shimmer(%) is
dependent on the absolute values of its amplitudes

Theorem B.1: (Let N be a non-negative integer>2 and let
!
A

be a vector of amplitudes in real numbers, which is compo-
nent-wise greater than or equal to zero and which contains
at least one Ai 6¼ 1, then). The function Shimmerð%Þð!AÞ is in
general not linear.
Proof:
Let c=1, N=2, A1 = 100 and A2 = 1000 be given, then:

20
N�1

PN�2
i¼0

����log10

c�Ai

c�Aiþ1

� �����
20
N

PN�1
i¼0 jlog10ðc�AiÞj

�100

¼
20�

����log10

100
1000

� �����
10�ðjlog10100j þ jlog101000jÞ

�100 ¼ 40
if c=0.1

20���log10
100
1000

� ���
10�ðjlog10100þ log100:1j þ jlog101000þ log100:1jÞ

�100

¼ 200
3

if c=10

20���log10
100
1000

� ���
10�ðjlog10100þ log1010j þ jlog101000þ log1010jÞ

�100 ¼ 200
7

These different pairs of c and Shimmer(%)(c) do not lie on a
straight line:

I : 40 ¼ m�1þ t, t ¼ 40�m ¼ 280
27

II :
200
3

¼ m�0:1þ t ¼ m�0:1þ 40�m,m ¼ 800
27

III :
200
7

6¼ 800
27

�10þ 280
27

q:e:d:

Therefore no straight line exists that can contain all three

value pairs of ci and Shimmerð%Þðci�
!
AÞ. Hence Shimmer(%)

depends nonlinearly on c.
Appendix C. In the following we give an example of
the different reactions to outlier cycles of Jitter(%)
and Jitter Factor
Influence of prolonged outlier cycles on Jitter(%):

1
N�1

PN�1
i¼1 jTi�Ti�1j

1
N

PN�1
i¼0 Ti

�100

¼
1

N�1 �
jT1�T0j þ . . .þ jTk�Tk�1j þ jTkþ1�TkÞj

þ . . .þ jTN�TN�1j
� �

1
N
ðT0 þ . . .þ Tk þ . . .þ TNÞ �100

�
1

N�1 �ðTk þ TkÞ
1
N
ðTkÞ �100

! 200 for large N

Influence of prolonged outlier cycles on Jitter Factor:

1
N�1

PN�1
i¼1

�� 1
Ti
� 1

Ti�1

	��
1
N

PN�1
i¼0

1
Ti

�100
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¼

1
N�1 �

���� 1
T1

� 1
T0

����þ . . .þ
���� 1
Tk

� 1
Tk�1

����þ
���� 1
Tkþ1

� 1
Tk

����
þ . . .þ

���� 1
TN

� 1
TN�1

����

0
BB@

1
CCA

1
N

1
T0
þ . . .þ 1

Tk
þ . . .þ 1

TN


 � �100

�

1
N�1 �

���� 1
T1

� 1
T0

����þ . . .þ
����0� 1

Tk�1

����þ
���� 1
Tkþ1

�0

����
þ . . .þ

���� 1
TN

� 1
TN�1

����

0
BB@

1
CCA

1
N

1
T0
þ . . .þ 0þ . . .þ 1

TN


 � �100

Therefore, the value of Jitter(%) converges to 200,
whereas the value of Jitter Factor is mainly dependent on
values of T(i). Hence a perturbation with single prolonged
cycles has almost no influence on the value of Jitter Factor.
This applies analogously also for perturbation with single
shortened cycles, if the role of Jitter(%) and Jitter Factor
are switched.
Appendix D. We prove that analogously to Shimmer
(%), the maximum value that Jitter(%) can reach is
also 300

Theorem D.1: (Let N be a non-negative integer>2 and let
!
T

be a vector of cycle durations in real numbers, which is com-
ponent-wise greater than or equal to zero and which con-
tains at least one Ti 6¼ 0, then).
a) Jitterð%Þð!T Þ�300.
b) Moreover there exists

!
T� in ℝþ

0
N for which

Jitterð%Þð!T�Þ ¼ 300.

Proof:

aÞ
1

N�1
PN�1

i¼1 jTi�Ti�1j
1
N

PN�1
i¼0 Ti

�100> 300

,N�
XN�1
i¼1

jTi�Ti�1j> 3N�
XN�1
i¼0

Ti�3�
XN�1
i¼0

Ti

)N�
XN�1
i¼1

Ti þN�
XN�1
i¼1

Ti�1 > 3N�
XN�1
i¼0

Ti�3�
XN�1
i¼0

Ti

,N�
XN�1
i¼0

Ti�N�T0 þN�
XN�1
i¼0

Ti�N�TN�1 > 3N�
XN�1
i¼0

Ti�3�
XN�1
i¼0

Ti

, 3
N

�
XN�1
i¼0

Ti >
XN�1
i¼0

Ti þ T0 þ TN�1
Contradiction if N≥ 3if N=2:

3
2
�
X1

i¼0

Ti >
X1

i¼0

Ti þ T0 þ T1 ¼ 2�
X1

i¼0

Ti

Contradiction if N=2

) Jitter(%) cannot reach any value higher than 300 for
any N

bÞ Case N ¼ 3; Að0Þ ¼ Að2Þ ¼ 1; Að1Þ> 1

1
2

P2
i¼1 jTi�Ti�1j
1
3

P2
i¼0 Ti

�100 ¼
1
2
�ðT1 þ T1Þ
1
3
T1

�100 ¼ T1

1
3
T1

�100

¼ 3�100 ¼ 300 q:e:d:

This shows that the maximum value that Jitter(%) can
reach is 300.

Appendix E. We prove that Jitter(%) is independent
of the absolute values of its amplitudes

Theorem E.1: (Let N be a non-negative integer>2 and let
!
T

be a vector of cycle durations in real numbers, which is com-
ponent-wise greater than or equal to zero and which con-
tains at least one Ti 6¼ 0, then). For any c in ℝþ it is true that

Jitterð%Þðc�!T Þ ¼ Jitterð%Þð!T Þ; that is, Jitter(%) is invariant
with respect to uniform scaling of the function argument.
Proof:

1
N�1

PN�1
i¼1 jc�Ti�c�Ti�1j

1
N

PN�1
i¼0 c�Ti

� 100

¼
1

N�1
�c�PN�1

i¼1 jTi�Ti�1j
1
N

�c�PN�1
i¼0 Ti

� 100

¼
1

N�1

PN�1
i¼1 jTi�Ti�1j

1
N

PN�1
i¼0 Ti

� 100 q:e:d:

Therefore, Jitter(%) is independent of any chosen positive
real number c.
Appendix F. We prove that the maximum value that
RAPv1 can reach is 4

3

Theorem F.1: (Let N be a non-negative integer>2 and let
!
T

be a vector of cycle durations in real numbers, which is com-
ponent-wise greater than or equal to zero and which con-
tains at least one Ti 6¼ 0, then).
a) RAPv1 ð

!
T Þ� 4

3.
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b) Moreover, there exists
!
T� in ℝþ

0
N for which

RAPv1 ð
!
T�Þ ¼ 4

3.

c) Furthermore, RAPv1 ð
!
T Þ� 2

3 if N=3.
d) And RAPv1 ð

!
T Þ�1 if N=4.

Proof:

aÞ
PN�2

i¼1

��� Ti�1þTiþTiþ1
3 �Ti

���PN�1
i¼0 Ti

>
4
3

,
XN�2
i¼1

����Ti�1 þ Tiþ1�2Ti

3

����> 4
3
�
XN�1
i¼0

Ti

,
XN�2
i¼1

jTi�1 þ Tiþ1�2Tij> 4�
XN�2
i¼1

Ti þ 4�T0 þ 4�TN�1

)
XN�2
i¼1

Ti�1 þ
XN�2
i¼1

Tiþ1 þ 2�
XN�2
i¼1

Ti > 4�
XN�2
i¼1

Ti þ 4�T0 þ 4�TN�1

,
XN�2
i¼1

Ti þ T0�TN�2 þ
XN�2
i¼1

Ti�T1 þ TN�1

> 2�
XN�2
i¼1

Ti þ 4�T0 þ 4�TN�1

, 0> 3�T0 þ 3�TN�1 þ TN�2 þ T1

)Contradiction sinceTi�0 8 iand 9Ti > 0

bÞ Case N ¼ 5;T0 ¼ T1 ¼ T3 ¼ T4 ¼ 0;T2 > 0

P3
i¼1

����Ti�1 þ Ti þ Tiþ1

3
�Ti

����P4
i¼0 Ti

¼
1
3
T2 þ 2

3
T2 þ 1

3
T2

T2

¼
4
3
T2

T2
¼ 4

3
q:e:d:

This shows that the maximum value that RAPv1 can
reach is 4

3.

cÞ
P1

i¼1

��� Ti�1þTiþTiþ1
3 �Ti

���P2
i¼0 Ti

>
2
3

,
��� T0þT2�2T1

3

���
T0 þ T1 þ T2

>
2
3

) T0 þ T2 þ 2T1

3
>

2T0

3
þ 2T1

3
þ 2T2

3

, 0>
1T0

3
þ 1T2

3

This leads to a contradiction because there has to exist at
least one Ti that is greater than zero and furthermore Ti can-
not be less than zero.

Hence RAPv1 cannot reach any value higher than 2
3 if

N=3.

dÞ
P2

i¼1

��� Ti�1þTiþTiþ1
3 �Ti

���P3
i¼0 Ti

> 1

,
��� T0þT2�2T1

3

���þ ��� T1þT3�2T2
3

���
T0 þ T1 þ T2 þ T3

> 1

) T0 þ T2 þ 2T1

3
þ T1 þ T3 þ 2T2

3
>T0 þ T1 þ T2 þ T3

, 0>
2T0

3
þ 2T3

3

Analogously to c), this also leads to a contradiction.
Hence RAPv1 cannot reach any value higher than 1 if

N=4.

Corollary F.1: (If theorem F.1 (a−d) are fulfilled). Also RA

Pv2 ð
!
T Þ� 20

9 if
!
T is a vector of cycle durations in real numbers,

which is component-wise greater than or equal to zero and
which contains at least one Ti 6¼ 0.

Moreover, there exists
!
T� in ℝþ

0
N for which RAPv2 ð

!
T�Þ ¼ 20

9 .

Proof:if N=3

maxðRAPv2Þ ¼ max
3

3�2
RAPv1

� �
¼ 3�maxðRAPv1Þ ¼ 3� 2

3

¼ 2

if N=4

maxðRAPv2Þ ¼ max
4

4�2
RAPv1

� �
¼ 2�maxðRAPv1Þ ¼ 2�1

¼ 2

if N≥ 5

maxðRAPv2Þ ¼ max
N

N�2
RAPv1

� �
¼ 5

3
�maxðRAPv1Þ

¼ 5
3
� 4
3
¼ 20

9

Hence the maximum value that RAPv2 can reach is 20
9 .
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