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Abstract— A diagnostic method is presented that provides
for analyzing pitch “jitter” in running speech. “Jitter” is
typically measured with explicit voice tasks, namely sustained
vowel phonation. However, some voice pathologies cannot be
detected with sustained phonation. Further, it is not possible
to ensure explicit voice productions from certain patients,
including pediatric populations. In contrast, windowed relative
deviation reports instantaneous pitch “jitter” as well as the
overall “jitter” statistic commonly reported. Also, the width of
the analysis window is related to the rate of pitch deviation,
which provides a unique form of selectivity. Voice productions
from a normal adult speaker and from an adult speaker with a
known voice pathology were analyzed with this method. Voice
productions from the normal speaker exhibited less than 1%
pitch deviation during phonetic portions of the signal that were
akin to sustained phonation. On the other hand, the speaker
with a known pathology exhibited greater than 10% pitch
deviation at quasi-periodic intervals within sustained phonation.

I. INTRODUCTION

The evaluation of voice disorders is made difficult by a
lack of objective voice measures with which to rate voice
quality compared to normals. “Jitter” is one such objective
measure that reports the average relative deviation of voice
pitch. If the voice pitch at time t is p(t) and the signal interval
is t ∈ [0, T ], then “jitter” is

J =
1

p̄ T

∫ T

0

|p(t) − p̄| dt, (1)

where p̄ = 1/T
∫ T

0
p(t)dt is the mean pitch. Since “jitter”

reports deviation from mean, it is effective regardless of the
actual pitch frequency. Unfortunately, such measures require
explicit voice production, such as sustained phonation for
computing “jitter,” which limits their clinical usefulness.
In the clinic, it is not always possible to control against
changing phonation in speech, often because the patient is
not reliable, which is especially true in pediatric populations.
Further, some effects can only be realized during transition,
such as a vocal muscle spasm during a pitch change. It is
important to control the recording interval to only capture
the relevant voice behavior.

In contrast, perceptual ratings by trained speech-language
pathologists can evaluate voice quality [1], [2]. Such ratings
can serve as an indication of vocal tract or voice production
pathologies. However, perceptual ratings do not provide an
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objective standard for normalizing data and may not offer an
indication of the underlying pathology. Further, perceptual
rating scales do not offer resolution for tracking incremental
changes in pathological parameters, which can be useful for
evaluating treatment efficacy.

This paper presents the windowed relative deviation spec-
trum as an alternative to the “jitter” constant. This spectral
representation contains the “jitter constant” but also repre-
sents finer detail within smaller intervals of the pitch signal.

II. THEORY

Eq. 1 forumulates “jitter” over the entire interval of the
pitch signal, t ∈ [0, T ]. However, this statistic can be
measured over any window interval of width w and center
c, such that 0 ≤ c−w/2 ≤ t ≤ c+w/2 ≤ T . The following
define the windowed “jitter” over any such window:

p̄c,w =
1
w

∫ c+w/2

c−w/2

p(t)dt (2)

Jc,w =
1

p̄c,w w

∫ c+w/2

c−w/2

|p(t) − p̄c,w| dt. (3)

Thus, Jc,w reports the relative deviation of the pitch signal
within the window. As w → T , this statistic approaches
the coefficient of eq. 1; but for smaller w the statistic tends
toward a more “instantaneous” measure of relative pitch
deviation. For smoothly varying signals, the relative pitch
deviation will approach zero as w → 0, since limw→0 p̄c,w =
p(c) (see eq. 2).

Conceptually, windowed relative deviation (WRD) reports
the extent that a signal varies within the interval from its
mean and should therefore be sensitive to signal transitions.
Two examples help illustrate this behavior. First, consider
a signal changing proportionally in magnitude to its cur-
rent magnitude over the window interval, such as p(t) =
A exp(αt). The WRD (eq. 3) is

Jc,w =
2

αw

(
ln

(
2 sinh(αw/2)

αw

)
− 1

)
+ coth

(αw

2

)
.

(4)
Notice that this expression does not depend upon A, is
constant for all c, and increases with increasing α. Thus,
the statistic is proportional to the extent of signal change
but not to absolute magnitude. If x = αw/2, then eq. 4
can be rewritten in terms of just the argument x: Jc,x2/α =
(ln(sinh(x)/x)−1)/x+coth(x). Fig. 1 plots this function for
this normalized parameter. Note that the deviation is approx-
imately 1/2 when w = 2/α and asymptotically approaches 2
with increasing w. Windows with w � 2/α will report near-
zero relative deviation, while windows with w � 2/α will
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Fig. 1. The relative deviation of eq. 4 for normalized parameter x = αw/2.
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Fig. 2. The transition cone of an instantaneous pitch change (eq. 5).

approximately clip to a relative deviation of two. Essentially,
w selects for α, the proportional rate of change. Second,
consider the signal p(t) = η + ν · 1{t≥τ} (an instantaneous
step from η to η + ν at time τ ). If the window interval is
c − w/2 ≤ τ ≤ c + w/2, then

Jc,w =

(
1 − 2

(
c−τ
w

)) (
1 + 2

(
c−τ
w

))
1 + 2

(
c−τ
w

)
+ 2η

ν

. (5)

The WRD increases from zero at c = τ−w/2, to a maximum
at c = τ , and then decreases back to zero at c = τ + w/2
(it is zero ∀ |c − τ | > w/2). The maximum at c = τ is
(ν/2)/(η+ν/2), regardless of w; this is the ratio of the step-
change to the average of the two signal values before and
after the step. If the WRD is visualized as a two-dimensional
spectrum with horizontal abscissa c and vertical abscissa w,
the transition interval is always centered at c = τ while the
width of the interval is w; this is the cone-shape illustrated
in fig. 2. In general, the WRD depicts signal transitions as
cones in the spectrum that are proportional to the extent of
the signal transition.

III. METHOD

Voice productions for this project were recorded in a
digital format. The implementation of eq. 3 for digital voice
recordings is subdivided into the following components:
pitch extraction, computing the spectrum, and displaying the
spectrum in a diagnostically meaningful format.

A. Voice Recordings

Three specific voice tasks were performed for the con-
struction of a normative database: /a/, /aba/, and “How are
you?” Voice productions were recorded from subjects in
quiet at the NYU Voice Center using the KayPENTAX
Computerized Speech Lab 4500. The signals were digitized
with a 50 kHz sampling rate using a high-quality A/D
converter which included a front-end low-pass (anti-aliasing)
filter with cutoff below 20 kHz (at 20 kHz, signal power was
below -70 dB relative to signal peak).

B. Pitch Extraction

Pitch was estimated from the digitized voice recording as
the fundamental frequency reported by windowed autocor-
relation. Pitch was restricted to the range from 20 Hz to 1
kHz. Therefore, prior to pitch extraction, the voice recording
was downsampled from the 50 kHz sampling rate to a more
tractable 8 kHz sampling rate. Downsampling was performed
with the Fast-Fourier Transform (FFT) by removing elements
above 4 kHz and reconstructing a conjugate symmetric
spectrum up to 8 kHz. The downsampled signal was acquired
from this new spectrum through the inverse FFT. A 50 ms
hamming window was applied to the downsampled signal
and the FFT was taken on the resulting segment. The FFT
was oversampled (zero padding) to ensure spectral sampling
of not less than one sample per Hz. The power spectrum was
computed as the magnitude-squared of the FFT signal – then
the inverse FFT was taken to produce the autocorrelation
signal. A cubic spline was fit to the autocorrelation signal
within the interval 1/1000 ≤ t ≤ 1/20 (limiting the pitch to
the frequency range between 20 Hz and 1 kHz) and the time-
location of the maximum peak of the spline was located. The
fundamental frequency, and therefore the estimated pitch,
was taken as the inverse of this time-location. This process
was repeated over the entire digitized voice recording with a
95% window overlap. Panels A, B, and C of fig. 3 illustrate
the intermediate results of this process.

C. Computing the Windowed Relative Deviation Spectrum

Since the pitch signal provided by the above method
was discrete, a discrete analogue to eqs. 2 and 3 was used
to compute the windowed relative deviation spectrum. Let
p(t) = τ

∑
n p[n]δ(t−nτ) be the discrete pitch signal, where

τ is the interval between samples. Further, let W = w/τ
and C = c/τ , with {C, W} ∈ Z

2, be the discrete window
width and center parameters, respectively. Then eqs. 2 and
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3 respectively become

p̄[C, W ] =
�C+W/2−1�∑

n=�C−W/2+1�

p[n]
2W

+
�C+W/2�∑

n=�C−W/2�

p[n]
2W

(6)

J [C, W ] =
�C+W/2−1�∑

n=�C−W/2+1�

|p[n] − p̄[C, W ]|
2Wp̄[C, W ]

+

�C+W/2�∑
n=�C−W/2�

|p[n] − p̄[C, W ]|
2Wp̄[C, W ]

(7)

(this form arises from edge effects when W is even, resulting
in a half-integral over the impulse area at the edges).

The collection {J [C, W ]} was computed over the valid
range of the input signal. If the pitch signal contained N
samples (1..N ), then legal values for W were 1..N and C
was allowed integer values such that 1 + �W/2	 ≤ C ≤
N−�W/2	. J [C, W ] was assigned a value of zero for illegal
{C, W}. Panel D of fig. 3 illustrates the resulting spectrum.

D. Visualizing the Windowed Relative Deviation Spectrum
in a Diagnostically Relevant Format

Although the collection {J [C, W ]} can be visualized as
a two-dimensional spectrum with horizontal abscissa C and
vertical abscissa W , it was transformed and presented in
a more diagnostically relevant format. Generally, a voice
pathology (such as vocal tremor) is diagnosed if a patient
presents with overall “jitter” (see eq. 1) of 1% or greater
(i.e., J ≥ 0.01). For more subtle pathology, “jitter” may
be smaller than 1%. Thus, the windowed relative deviation
(WRD) was more diagnostically meaningful when trans-
formed with a logarithm to highlight subtle changes:

JD[C, W ] = log10(J [C, W ] × 100%). (8)

In this format, values in the range [0..1] represent a 1% to
10% deviation, [−1..0] a 0.1% to 1% deviation, etc., such
that deviations on the order of 0.1% were represented with
the same dynamic range as deviations on the order of 10%.

The resulting spectrum was topologically complex and
required a visual enhancement to highlight diagnostically
relevant features. Even normal subjects would exhibit pitch
transition at some small level during sustained phonation
(/a/), while the more complex voice productions (/aba/ and
“How are you?”) implicitly contained pitch transitions. Since
a spectral cone occurred whenever there was a pitch transi-
tion, this lead to a topologically complex surface of distinct
or overlapping transition cones of varying amplitude, propor-
tional to the extent of each pitch transition. For diagnostic
purposes, it was most useful to highlight certain features,
namely 0.001%, 0.01%, 0.1%, 1%, and 10% deviation, so
the topology was presented as a contour map with elevation
lines at those points. Panel E of fig. 3 illustrates the resulting
contour-log spectrum.

Finally, a subset of the valid WRD spectrum was pre-
sented. Since phonemes do not typically exceed 250 ms,
larger window lengths (i.e., w = Wτ ≥ 250 ms) were not
presented in the final spectrum. This allowed the spectrum
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Fig. 3. The entire computational process of the windowed relative deviation
(WRD) spectrum, displayed for a normal adult subject voicing /aba/. Note
that the horizontal abscissa of the first three panels is time [s], while it
is window center c [s] for the final three panels. A: original signal, /aba/.
B: computed power spectrogram for a 50 ms moving hamming window.
C: estimated pitch. D: WRD spectrum, J [C, W ], where C = c/τ and
W = w/τ (see eq. 7). E: contour map of log10(J [C, W ] × 100%). F:
contour map, with vertical axis scaled to only display window widths 0 ≤
w ≤ 250 ms.

to emphasize the pitch deviation within a phoneme, which
was especially important for voice productions that contained
multiple phonemes. Panel F of fig. 3 illustrates the final
contour-log percent deviation spectrum.

IV. RESULTS

This paper presents preliminary spectra from one normal
adult speaker and one adult speaker with a known voice
pathology. Currently, normative data is being collected and
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Fig. 4. Voice production of /a/ by the same subject as in fig. 3. Note that
only the voice production (A) and the final spectrum (B) are displayed.
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Fig. 5. Voice production of “How are you?” by the same subject as in
figs. 3 and 4. Note that only the voice production (A) and the final spectrum
(B) are displayed.

will include 20 normal adult speakers, 20 adult speakers with
a known voice pathology, 20 normal infants, and 20 infants
with a known voice pathology (in the case of infants, cry
data is analyzed). Figs. 3, 4, and 5 respectively depict the
contour log windowed percent deviation spectra from the
normal speaker for /aba/, /a/, and “How are you?” Fig. 6
depicts the spectrum from the speaker with a known voice
pathology for the sustained phonation /a/. In these spectra,
orange lines indicate the locations where percent deviation
crosses 1%, which is the common indicator of pathology for
the “jitter” constant in sustained phonation (eq. 1). Red lines
indicate ≥ 10% deviation.

V. DISCUSSION

Although the deviation spectra from the normal speaker
contain fluctuations, they are markedly different from the
deviation spectrum of the speaker with a known voice pathol-
ogy. Fig. 4 depicts the deviation spectrum of a sustained
phonation by the normal speaker. Note that for window
widths smaller than 100 ms, deviations are on the order
of 0.1% (green lines) to 1% (orange lines). This is also
generally true for /aba/ (fig. 3) during the vowels between
25 ms and 175 ms, and between 250 ms and 500 ms; and
the beginning of “How are you?” (fig. 5) followed by a
10% pitch deviation cone at approximately 300 ms, which
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Fig. 6. Voice production of /a/ by an adult subject with a known voice
pathology. Note that only the voice production (A) and the final spectrum (B)
are displayed. Orange lines indicate the locations where percent deviation
crosses 1%, the common indicator of pathology for the “jitter” constant in
sustained phonations (eq. 1). Red lines indicate ≥ 10% deviation.

corresponds to the beginning of “you?” (After this cone the
upwards pitch intonation of the question generates ≥ 1%
pitch deviation.) In contrast, the spectrum from the sustained
phonation of the speaker with a known voice pathology
contains deviations often in excess of 10% for widths below
100 ms. While the percent deviations ≥ 1% indicate the
speaker’s known pathology, it is worth noting that the interval
between these sharp transitions is often on the order of 100
ms and may be connected with the underlying physiological
abnormality producing the voice pathology. Aside from these
transitions, the 0.1% deviation structure (green lines) appears
similar to the same topological feature in the normal speaker.

VI. CONCLUSIONS AND FUTURE WORK

The presented spectra demonstrate the potential diagnostic
value of the windowed relative deviation spectrum. Espe-
cially when visualized as a contour map of log10 percent
deviation, the spectrum reveals the time locations and extent
of pitch transitions, intonations, and more subtle structures
that may be related to human voice control mechanisms.
Spectral visualization of pitch deviation also provides a di-
agnostic tool for analyzing “jitter” in running speech, which
potentially removes the constraint of sustained phonation
while simultaneously allowing exploration of more subtle
abnormalities in a more natural context.

Future work includes the analysis of a normative database
to establish objective measures in running speech. In addition
to possible effectiveness for adult patients, because this
method does not require specific voice productions there is
the potential to use this tool in infant populations as an early,
non-invasive diagnostic method of certain voice pathologies.

REFERENCES

[1] E.M. Konst, T. Rietveld, H.F. Peters, and H. Weersink-Braks. “Use
of a perceptual evaluation instrument to assess the effects of infant
orthopedics on the speech of toddlers with cleft lip and palate.” Cleft
Palate-Craniofacial Journal. 40(6):597-605, 2003.

[2] A.L. Webb, P.N. Carding, I.J. Deary, K. MacKenzie, N. Steen,
and J.A. Wilson. “The reliability of three perceptual evaluation
scales for dysphonia.” European Archives of Oto-Rhino-Laryngology.
261(8):429-34, 2004.

3758


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


