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i - Abstract

¥

- To establish normative values for natural 'production[‘

jitter;(glottal'period’perturbatlon) andishimmer (anplitude
‘rperturbatiOn) were« measuredv for nine Canadian English'
vowels, produced by elght male and e1ght female speakers in.
‘“the sentence frame "Please say /hva/ not /hva/." The speech
'slgnals ‘were dlgltlzed at a 20 kHz sampl1ng rate For'owing
extractlon;pf the vowelJ the duratlon and peak amplltude of
each | period ‘yere ‘Ameasured uslng via semi- automat1c
peak- plcklng procedure w1th quadratlc 1nterpolatlon. Jltter N
and shlmmer were determined as dlstance from a two- p01nt.
linear trend llne centered around the current period.
Period measures were normal1zed by dividing this dlstance
by the -local mean perlod duratlon; averaged across three
periods~ a similar measpre was employed for'snimmer. .
Analy51s of var1ance was used to exam1ne the effects
of ‘vowel quallty, speak@r sex, and 1ntonatlon (or sentence
posltion) on the jitter and shimmer magnltudes;’For.both
types of perturbatlon,n unexpectedly large speaker
dlfferences were found When the speakers were clustered
. into-. relatlvely~ homogepedusv subgroups, 51gn1f1cant “main
\feﬁfects ﬁor voﬁ%l appeared, w1th more jltte Co / / thanu
;fdr /5/, and more shxmmer for /a/ and /A/ than for /u/ and'
i/, Slgnlflcadi vowel by speaker interactions 1nd1cated"

that these effects would not necessarily hold for any given

speaker., For shimmer, a significant main effect for

s

v
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position ‘emerged, with 'more’ shimmer in sentence=final

words. - v . . - ’ Lo

'
1

The relation betwaen jitter and shinmer within the
vowel was investigated by cross<correiatin§ the signed’

jitter and shimmer perturbations of individual vowel’
' Y <

periods.. Significant correlations .appeared for less than

one quarter of the vowel tokens. The signed jitter and

>

shimmer values were also autocorrelated for lags rquing

.

!

from one to twelve periéds, to test for regularities w}thin
the perturbations. No consistent long-term cyclés,in the

'pérturbations were found.
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I. introdgction 5
It has long ?een recog: .zed (Scrlpture, 1906; Simon, 1927;
Moore & von Leden, 1958) that §%all perturbatlons or
irregularf%des ef'glottal vibration are present in normal
phonétion; Within the last twentyjfive “years, the
cycle-to-cycle variatiens of the gloétal period, called

jitter, and of the peak ’amplitgde, called shimmer, havei

been quantitatively examined by researchers. from various

fields. Proponents of voice "psychological stress

~m\e¥e}ﬁators" have  claimed a reduction 1in pel tv-bation
permits the reliable detection of lies (Disner, 982);
TN

////51Qgers and voice teachers noted the correlation between
excessive perturbation and rough or harsh voice qualltles
‘(Murry & Large, 1979: Mu:ry, 1980); and phoneticians,
concerned with the production of high—quality synthetfc
speech, aSsociaﬁed mihute amounts of random pert -bation
with 1ncreased naturalness (Kersta, Bricker, & David, 1960;
Askenfelt & Hammarberg, 1986). However, the gr est
interest has perhaps been shown by laryngologis.. or
clinicians, who have attempted to apply jitter and shimmer
measures to the early deﬁection of laryngeal pathologies.
Many measurement studies have been conducted with this aim.
The diagnostic}use of jitter and shimmer assumes that

s laryngeal neoplasms or ‘lesions disrupt the normal
functioniﬁg of the larynx, and so raise perturbation

magnitudeé above the 'levels expected for healthy speakers.

In establishing . . e le e2ls, the clinician attempts to

, -
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eliminate all factors which do nzt\relate diggctly to the
physical-structural condition of the wvoice source. To
control fer the potential influence of phonetic context,
stress, or 1intonation, measurements are commonly made from
the central portion of sustained vowels. The speakers may
be instructed to phonate as steadily as possiple, and the
trial, of severgl, with the lowest jitter or shimmer may be
selected for analysis. Fundamentally different questiens
may thns be asked by the clinician and the phonet1c1an. the
former concentrates on the capabilities of the speaker,
exploring the limits of his performance; while the latter
may examine his natural performance under normad
(laboratory) conditions.

This study measures the jitter and shimmer produced by
healthy adults in natural English vowels, extracted from a
sentential .context. It is, 1in part, motivated by an
experiment conducted by Rozsypal and Millar (1979), in
which subjects rated the naturainess of sus ained synthetic

vowels containing controlled amounts of jitter and shimmer.

They found the optimal amount of jltter to depend on the

+

vowel sound, while %ze presence of ‘shimmer always decreased
naturalness. The data'from netural, connected speech, which

.might explain these preferences, are not -available:

shimmer, in particular, has not been examined in this
environment. The present study remedies this’ lack: its
purpose. is to develop a _procedure, with appfdpriate'

software, to measure perturbations in natural vowels, ‘and



"2
so tqvprovide information on natural p;oduction. Although -
perceptual effects are h%t tested, this;worf adﬁitiona11y 
generates data which may be applicable to future studies of
the perceived shopthness’d?“roughness of the human voice.

A number ‘ofv specific questions are addressed. The
measufement sections aim to esfabllsh the magnltudes of
jitter and shimmer in natural vowels, and the effect which
the factors of vowel quality, speaker sex, and intonation
(or sentence position) ‘may haQé on these magnitﬁdis,
Correlatlons between the mean jltter ‘and shlmmer values of
the vowel tokens, and Cross- correlatlons between the signed
jltter' and shlmmer values of 1nd1v;5331 vowel perlods,
explore the relation- between the two types of
perturbations. Time series analysis is used to determine:
whether the perturbations‘ are random, as is often
suggested, or whether they display ‘some degree of
regularity. } ’

The folldwi&g chapter ‘reviews previoué experimental
evidence related to these questions. Many studies are drawn
from the clinical literature, and investigate jitter and
shimmer in sustained phonation; results are reported for
icomparativé* purposes. The presence of inconsistent or-
contradictory resulbé particularly 1is notéd. Chapter Three
provides a detailed description of the jitter and shimmer

P
extraction procedures followed inﬁthi?‘study. In Chapter-

» Four, the obtained measurements and correlations are

presented. The final chapter discusses these results and

B



! offers an

explanation,

based

on

individual differences

among "normal" speakers, for the inconsistencies of the

literature.,
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11. Literature Review .
In 1963, Philip Liebefman_published a papef, entitled "Some
acoustic measures of the fundamental periodicify ef nqrhal
and pathcloglc larynges" In ‘it, he ‘suggeSted thet
measurements of duratlon varlatlons in successiye periods
could'be applled to the detection of 1aryn§eal patholegies.
This ‘idea, - pffering an ‘objective,' noni;nvasive way to
assess the health of the - larynx, inspired further
vmeégﬁfement studies, initial;f of frequency perturbations
arone,'and 1atef, als- of eﬁplitude perturbations. The aim
sof msny of these stucies was to develop a technique which
could reliébly discriminate between normal, < healthy
'speakers and speakers with pathologles. Although normative
pdata were generated, the degree of cpwparablllty among such
studies was often limited by technical innovations,
implemented. to improve discrimination. The first portion of
this.chapter describes methodologicai factors whieh must be
con51dered when examining these results. |
Studles of jitter in connected speech may be W1th1n pr
'ou£51de of the <cilinical. tradition. Barly *papers byv
Lieberman linked jitter to the expression Qf emotional
content (Lieberman, 1961; 1962). A smail number of clinical
studles exam{ped' tﬁe ’absbiute: magnitpdes of the jifter
produced by -normal and pathologlc speakers in sentences or
:phrases._A discussion of these - papers 1ntroduces the second

major section, which presents -‘results . from prev1ous

measurement studies. In the following subsecé&pns, the

,

.-



effects of freqdené&,‘ speaker sex, énd vowel quality on
jitgér';nd shimmer are described, for the sustained vowels
of  healthy or control speakers. It‘ is noted that the
reported statisticél'effecté do not appear to remain-stable
from study to study. The Section. concludes with a brief
consideration of ckrtain additional factors which havefbeen
shown to influence perturbation magnitudes. .

The final sectdions of this chapter preksent

speculations on the origins of the perturbations, and

-

report on previous corrélational and autocorrelational

*

-analyses.

A. Methodological Considerations
. %

. , %
Information on factors which influence Jjitter and

shimmer is obtained from studies which employ, a variety of
meaéureﬁent techniques. This éecéion deggribeégthe range of
.>procedur¢s évailable, and the manner in‘which the options
selected;may affect results. The features discgssed must “be

determined for each study before results can be evaluated

or compared. -

p
i

‘Signal;Transducers

Althougﬁ perturbation studies commonly use
high-quality conventional microphones to transduce the
ai}bOrne speech signal, three other devices, contact

ﬁicfophones, electroglottographs (EGGs), and

photoglottographs may be employed to more directlj

’



in?eérigate variations in ‘the glottal source. Contect
microphones (including accelerometers) are attached
externally' to the ékin\ in the pretrachial area of the
threet; while passage tﬁrough the tissues between glottis
and surface filters eut high frequencies, the fundamental
,Wis not affected. EGGs utilize two'electrodes, symmetricélly
attached over the tﬂyroid cartilege, to record impedance
changes across. the iarynx; fapid' decreases in imbedance
mark vocal fold closureé. Photeglottogrephs illuminate the
glottis with a light source; a photodetector then.records
the changes in lueinous intensity which occur ae vocal fold
movements modu;ate the 1light. 'Each of these .dev;ees
lproauces a simple waveform for analysis.
The choice.of_instrumenrs does not appear to greatly
; %influence jitter results. Comparability with standard
microphones has been demonstrated by Horii (1982), who
" reported similar jitter magnitudes from a miniature
accelerometer and a conventronal microphone, and bj
Horiguchi, Haji, Baer, and Gould (1987), who found a
significant correlation between EGG-jitter and airborne
jirter. 'Phdroglottography, ‘though somewhat invasive, has
been sho&n. to provide reliable determination of the
fufidamental periodicity (Baken, 1987). Since Jjitter
~represents ,variﬁ:&%ns in the glottal period, instruments
which "are sensitive to the source vibrations, but not to
~ the acoustic resonances of the vocal-vtract, may indeed

improve  measurement accuracy by simplifying pitch
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extractaon. valid results are. thus produced by all four
types oﬁ d ' rze. |
Thé’case.is different for shimmer. Horii (1§82\ found
accelerometer sigﬁalé to have approximately half the
shimmer of airborne'ones, for the same utterances. This das
attributed to phaée shiftéuintroduded by the resonances of
the. vocal tract, which éfchted the waveshape and peak
amplitudes of the airborne wave, but which did not
influence the neck-wall vibrations. The glottal area
function provided by the photoglottpgraph may similarly
display less shimmer than the airborne signél. For
perceptual sﬁudies, the airborne signal should thus be
analyzed, With EGGs, interpretation of the amplitude
| ypérturbatfbns is prohlematic. The impedance sensed by the
EGG fépresents the snrféce area of contact between the
vpCal '1folds; : shimﬁer in the EGG trace reflects
{gpeéuia;ities in the mode of contact. However, EGG;shimmec

and ' airborne shimmer do not ‘appear to be correlated

i

Horiguchi . €t -al., 1987). *1In ,addition, the EGG's

R

sensitivity to ‘anatomical differences calls subject or sex

\

effecés‘fntoﬂguestibn: as Haji, Hofiguchi, Baer, and Gould
(1986) state, the greater EGG—sh{mmef they~ reported for
femaleg could be entirely due to a thicker fatty layer over
the female‘thrbap and “the attendant difficulty in ob%aining
a clear trace. Fbr thé%e réasons, shimmer results ffom'
voice micrgphohes, accelefometers,‘ pngyoglottographs,' and
'EGGs should not be chpéfed diréctly; shimmgr’determﬁnea

y

o7
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from an EGG trace must, in particular,' be treeted as a

’

distinct phenomenon.

Pifch Extraction
‘ Literally hundreds of algorithms have been proposed to
determine pitch in speech’;ignals (whéré "pitch" refers to
fundamental frequency and/or period duration,'?ather than
their perceptual correlates); however, only a 1limited
nunbef of methods a}e appropriate'for perturbation studies.
The algorithms or devices used must, most obviously, be
bapabie of measuring the‘ signal on a pé?iod by period
basis. This exoludes the "short-term analysis" algorithms,
- based on freqoency—domain analyses or correlations (Hess,
1982), sincelﬁhese estimate'fhe average pitch from signal
frames containing two or more periods. o
The method mosﬁ commonly employed is "peak-picking"”,
‘with the maximum_value of the major oeak selected as the
boundaryvpoint‘for each period. For jitter, the acoustic
signal ié‘often low-paés filtered prior to processing, to
reduca the complexity of the input'wave; this can'pfoduce a
siénal' equivalent, in effect, to that from a contact
aicrophone. The definition of shimmer requires that some
form of peak-picking be wused. Any pre—filtering' in a
shimner study ymus& beu'noted, however, as low frequency
cut-offs, particularly those below *2 kHz, will decraase
magnitudes (Titae, Horii, & Scherer, 1987). Peak-pfoking is

, - 2
comparatively simple to implement; its major disadvantage
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lies in a sensitivity to waveshape changes during segment
transitions.

Two other procedures, =zero-crossing detection and
inverse filtering, may be. used in. iitter‘ studies.
Zero-crossing detectjon is generally preceded by extensive
low-pass filtering. Measuremehts so obtained may be
influenced by thée "formant structure within "the pitch
period,ﬁ and by any noise or dc level in the signal
(Rabiner, Cheng[ Rosenberg, & McGonegal, 1976). Residue
inverse filtering mathematically cancels tne vocal tract
transfer function .and the glottal shabing function to
estimate the timing of the sou%ce.' Although conceptually
simple, }it g comblex in realization, Amplitude
pefaurbations may, incidentally,. be calcuiated "from the
residue signal (Davis, 1976, ‘19"9): however, their
perceptual significance remains unclear.

~Because of a perturbation study's need for extreme
accuracy, the procedure used 1is rarely Afully automated.
Tests by Rabiner et al. (1976) of several major types-s of
pitch .extraétors found none capable of: matchihgv the
'péffofmance of a human working interactively with a
’sqphisticated display of the speech waveform. Although
_pre-processing of the signal, or extraction exclusively
from sustained vowels, may improve performance, the
majority of studies maintain some degree of active human

control;
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Temporal Resolution

uDetails of the peéiod measurementv procedure are
largely determined by the device used to record the speech
waveform: continuous high-speed filming of an oscilloscope
'display, or galvanic reéogding - on light-sensitive papgr)‘
are accompanied by paznstaking hand measurements, while the
digitél sampling and storage of signals is normally-
ﬁollowéd by computer—assisted‘ processing. However, such
- aif§é¥%nCE§ in technique become critical only when the-
affect the temporal resolution of measurement} giv?n the
minute nature of the'jitter perturbations, the importance
of this factor cannot be over-emphgsized. Reported time
resolhtions,' or noise floors, range from 500 us (Moore &
_Tho son,{1965), with hand measurements from a phonelograph
tr!?fj to 2 us (Ludlow, Bassich,| Connor, Coulter, & Leé;
1987), with special-purpose circuits to directly process
the signal. Resolutions in the centre of this range, of 50
or 25‘us, are most'frequentiy chosen,

If, as in most: studies conducted within the last
decade, a computer is employed to store and analyze the
speech sighal, the temporél resolution will‘be determined
by the sampling rate. A 'high sampling rate must, inv
particular, be used when sex 'Qr frequency effects are
investigated: since fewer samples per aériod re taken .for
shorter periods, tge, uncertainty of measurement .- becomes

‘\
proportionally greater. Rates up to 100 KkHz have been

« . ‘Q,

v
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implemented (for éxample, by 2yski, Bull, McDonald, andv
Johns,‘ 1984); The storage requirements at this rate
severe{y constrain the 1engtP‘ ?f ©'signal which may be
recorded, however, and some compromise rate is usually
acceptéd. A réte of 40 kHz, giving a resolution of 25 us,
has been judged adeduqte for the stugy of jitter in normal,
male and female voices (Horii, 1979). While,interpolafion
between sgmplihg points could reduce thé sampling rate
required (Titze et al., 1987), this option has not found

wide acceptance.

An inadequate measurement resolution calls results
o questiom, or limits the  conclusions which may
1 gitimately be drawn. Moore and Thompsoﬁ (1965) reported
itter values of .30 ms for a severely hoarse voice, and
.06 ms for a modefately hoarse one; as Heiberger and Horii
(1982) note, the high noise floor of their analysis system
makes these results uninterpfetable. Kasprzyk and Gilbert
(W97§§,attempted to determine whethe% jitter varied as a
function of tongue kheight in sustained onels; w{kh‘ a
Visicorder record providing a resolution of 250'us, they
could show oﬁly that differences above this. magnitude did
- not occur among the tested vowels. Later studies, with
finer fesolutions, would indeed find such effects.
Information»on temporal resolution is thus required before

i

results ' can be evaluated.

é/
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Amplitude Resolution

The analogous factar for shimmer 1is the amplitude
resolution of the record-reproduce system. A high
signal-to-noise ratio must be maintained during re_crding.
If the signal is digitiéed, the A/D converter must use a
sufficient number of bits, or qﬁantization levels, to
ensure that the quantizatioﬁ error does not obliterate the
measuréd effeét.'ks Titze et a1.1(1987) observé, though,
amplitudevrgsolution in general presenté less of a problem
than temporal resolution, since for most digitized speech
waveforms, the number of bits per' amplituae exceeds the
number of samples per period; the measurement error is
correspondingly -smaller. Nine or ﬁo:e bits are considered

~sufficient to extract normal shimmer.

Definitions and Formulae

fhe,'greatest amount of variation occurs in the
measures used to quantify perturbations: many indices have
been proposed;rin the belief that some réformulation may
improve the diécrimination between normal and bathologic
speakers. These measures may be .categorized into three
general types;>though:‘absolute measures, which ignore the
overall - fundamental frequency or amplitﬁde of ﬁhe
utgerance; relative . measures, which no:malize the
perturbation maghi£udes by either the mean frequency or the

mean amplitude; and short-window measures, which determine-

perturbations as distance from the average over a small

-
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v

~

number of.periods.‘Each type of measﬁre incorporates the
prcceding»tybe. In each. of these measures, jitger may be
defined in terms > of -either periecd duration, or 'its
recip}ocal, instantaneous freguency. Amplitude.mqy refer'to
either the peak—tOjbaselihé, ‘or . the peak-to-trough
distance.- | |

| .‘Oné of . the firétk absolute jitter measures was
Lieberman's Peftufbation“Factor*‘(PF). Lieberman (196ﬁ)

plotted the .distribution of the différences in duration in

" adjacent periods P, that is, the distribution of

in sentences produced by'bgéifhy'ﬁale'sbéakérs;AA following
study. (tiebermah,‘ 1963), thch‘ inclﬁded..spéakersj with
pathologic larynges, showed that subjects with growths on
the vocal folds produce a-: gréater_'p;oportion of large.
differences” than do healthy speékers. The PF, dgfined as
the 'pefcentage: bf all‘vpertdfbations equal*'tg~ or greater
than .5 ms,‘was then suggested as-a suitable index with
which to  optimally sepérager the two groups. Altﬁ?ﬁgﬂ/<fx'
designed for this purpose,“Liebetméﬁ'S’ §F Haél also Seen
:applied Eo the invesfiga;ion of/vowel-differences (KaSprzyk

~t

& Gilbert, "1975), and sex and age. effects kBenjamin, 1981) .

K relatively gross measure, it provides little information

.

on the productions of normal, healthy speakers. "f

~—
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An alternate approach is to calculate the mean of the

durational differ -es AP from individual periods P :

B 1 N-1
AP:N—-T Elpi—PH'll ';' 2.2

T' > may be useful when comparing fhe same subjects under
diffcrent experimental conditions, as, for instance, in
Sorensen, Horii, énd Leonard (1980), who éhowed jitter to
~increase - following administration  of a  laryngeal
anesthetic. "Average Pitch Perturbatién" (zyski, et al.,
1984) and "Mean Frequency Perturbation" (Ludlow, Coulter, .&
vGenges, 1983a) have been used to destcribe this type of
measure; 1its units may be milliseconds, microséfonds, or
Hertz. In practice, mean Jjitter so calculated 1is often
presented in parallel with relative jitter values. |

To quantify shimmer, 2Zyski et al. formulated the
"Average Amplitude Perturbation" measure, by direct analogy
to Average Pitch Perturbation. Although 'shown capabie of
separating normal and pathologic speaker groups, 1t has not
been tested outside of their study. It remains the sole
example of an absblute shimmer measure. |

The appearance of relative jitter measures followed
the diséovery of a positive"correlation_ between absolute
jitter and,pefiod duration; larger differences in adjacent
cycies tend to be assoéiated with longer fundamertal
beriods (Lieberman, 1963; Koike, 1973). This. bresented a.

broblem to the use of absolute mégnitudes for screening
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purposes, since pathologic speakers with higher fundamental

frequencies were more likely to produce perturbations

falling within the "normal" range. To compensate for this

effect, Hollien, Michel; and.DoHerty‘(1973) suggested that

mean absolute jitter be related to the mean freduency of

\
phonation, in a measure called the "Jitter Factor":

I

mean jitter [Hz] 100[%]

- J1ger Factor mean Ty [Hz] ;

where-f‘ is the instantaneous frequenéy of the i-th period,
defined as the reciprocal of the period duration, P . The
1

duration-based equivdlent may be labelled "Percent Jitter"
(Ramig & Ringel, 1983), "Average Percentagg Pﬁtch
Perturbation” (2Zyski, et -al., 1984),v or’ "Jitter Ratio"
(Wilcox & Horii, 1980), although the last item can also
refer to a measure scaled by a factor of 1000 rather than
100 (Sorensen et ai., 1980). The relative jitter measures
are ‘+the type most .widely emplaoyed, both in normative
studie§ and in research involving pathélogic speakers; they
remove a great deal of predictable »variation from the
analysis. |

In a very small number of studies (Kitajima, Tanabe, &

" Isshiki, 1975; Haji et al., 1986; Horiguchi et al., 1987),

a logarithmic frequency scale, the semitone scale, 1s used
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to compensate for variations in fundamental frequenc}.‘lﬁ
cross-study comparisons are deéired, "the semitone values
can be converted to percentages, by < pfocedure similar to
that relating decibel énd percentage shimmer values.
Amplitude is normally gquantified on a relative scale:
it therefore appears natural that differences 'in péék
amplitude shculd be expresed in decibels, a unit based on

ampiitude ratios. Shimmer thus can be defined:

N-1 i A.
20 lo -
| ; ; (Am) l A o
- —— Shimmer = : . : 2.4
. N-1
AN

where A is the amplitude of the mJiSP\peak of the i-th
~e iod. This measuré, while frequently chosen, requires a
’logarithmic transformation in units if jitter ‘and shimmer.
magnitudes are to be compared. S}udies with this concern
may instead calculate shimmer directly as a percentage; as

-

in the "Average Percentage Amplitude Perturbation” Zyski

et al., and the "Shimmer Factor"” of Klingholz anu Martin
(1985), Peak amplitude may be simply substituted for period

"duration, or frequency, in corresponding jitter equations.

A less common choic. is to calculate shimmer from
differences in rms rather than peak intensity. For
sustained vowels, Hillenbrand (1987) found these two

methods to producex similar results. However formulated,

relative shimmer measures have thé distinct advantage of

‘controlling for veriations in the overall level of signal

9

transmission or recording.
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The short-window measures form a, sub-group of the

reiative measures. Koike (1973) noted that sustained vowels %
may exhibit sl&w and relatively smooth changes in periog <
duration, as 1is evidentxin'vibrato. To exclude the effect

of thegg slow shifts, he ,proposed to''determine jitter as

distance from a smocthed trend line. A three-pdint moving

average technique was wused for this purpose, in the
"Relative Average Perturbation” (RAP) measure: —
*

Relative Average Perturbation =

The numerato{ here expresses the average absolute distance
from the three-point average; the denominator normalizes
this- value by the average period duration across the entire
segment. The corresponding frequency-based measure has been
labelled the "Frequency Perturbation Quotient"™ (Takahashi &
Koike, 1976). Hartmann and von‘Cramon (1984) wéighted the
elements of the three-point filter in a manner different
from the RAP. They also normalized by a local avefage of#
period durations, although the isolafed 'vowels ;hey
examined were apparently sustained at a constant pitch.
Their measure, the "Fundamental Period vPerturbation", iis

the most similar to that employed in the current study.
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P _Pi_1+2Pi+Pi+1 '
Fundamental 1 i 4 :
Period Perturbation ~ N-2 2 P. +2P.+P. x 100[%]
1-2 1-1 1 1+1 <
. : 4 .
! N 276

A three-pdint window is not the 9nly'pos§ibility. Kitajima
et al. (1975) measured deviations from a five-pgint moving
average, with weighting coefficients calculated by the’
least squares fitting method. Davis (1976) systematically
investigated the effect of varying the window size, and
concluded that, for ;itter, a five-point window produced
the best measure for normal-pathological discrimination.
However, 1in spite of thpir‘ utility or promise, these
measures appear in cemparatively few jitter studies.‘ -
The shimmer measures difféf from each other primarily
in the length of the averaging windows used. The "Relative
Average Amplitude Perturbation" of‘Zyaki et al., obtained
by _substituting peak amplitude, A, for P in .the RAP
equation (Eg. 2.5), calculates shimmer from a threé—po%nt
avefage. In contrast, tﬁe~“Amplitude Perturbation Quotieat"
of Takahashi and Koika (1976) defines the trend with an
11-point moving average. This measure was destigned to
control for long-term amplitude d?ifts, and, when used i@n
conjunction yiph the frequency Pera?rbation Quotient, to
provide information on phenomena peCu&iaf to the amplitude
data. Davis (1976) found that, for shimmer as for jitter, a
five-point window optimaliaed this fuwctian for diagnostic

A

purposes. A five-point least aquares trend 1line was
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emplo§ed by Kitajima and Gould (1976). It should be noted,
however, that thése studies, with the exception .of that by
Kitajima and Gould, use either contact microphones or
inverf; filterfng: datg are generally lacking on shimmer
measured from trends in the acoustic wave.

The terms "Jitter" and "shimmer" refer to sequential
perturbatioa phenomena. They may be used iﬂfconnection with
perturbapions in individuai periods; or, as abbreviations
for "meaﬁ.jitter" and "mean shimmer", for éhe perturbations

in entire vowel segments.

B. Jitter and Shimmer Magnitudes

Connected Speech

Aﬁ small. number of studies - have measured Jjitter
perturbations  in connected speech. Two early .papers by
Lieberman (Lieberman,- 1961; Lieberman & Michaelsy; 1962)
werevconcerned with 1dentifying factérs related to speecﬁ//
quality, with.the ultimate aim of enhancing the naturalness

. : !

“of %%nthetic spgech production. Later research  focusse
almoéf‘"exclusively on Idiagnostic applications: wh.le
sustained phonations were defended as the phonatory task
.Mmost appfopéiate for screening \purposés, phrases or
sentences were also occasionally tésted. Most of these

studies employed absolute jitter measures, and so -produced

results of questionable generality.
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Lieberman (1961) investigated the effect of simulated.
emotions on jitter magnitudes. Six male speakers were askéd_
to read the sentence, '"They have bought a new car", 1in
‘eight emotional modes. The recorded waveforms were filmed

__from an oscilloscope display, and viewed on a microfilm
reader. Individual periods ”wFre then measured, to the
nearest -.2 ms, from the leading edge of the major amplitude
peak..The results were presented in terms of the relative
frequency of.occurrence of specific durational differences.:-
Overall, Lieberman found the magnitude of the.differences
between adjacenf‘péfiods to be greater than .6 ms 20% of
the time, and greater than 1.0 ms 15% of the time. The most
-e#treme changes occdrfed‘at the onset and end of voicing,
and during sudden spectral shifts. When the distribution
for each_emotional,modé was examined, smaller pérturbations
were ‘seen .to accompany doubt, fear, and happiness; a

n gfeater proportion of large perturbations 6ccurred with
boredom, confidentiality, and pomposity, and‘ objective
statements and questions. Although Lieberman nbted fbat the
.magnitude of, the differences increased wiﬁh the period
durations, andvglthat doubt, fear, happiness, - ahd
confidentialipy as a group COntaihed shorter periods, he
did not relate. these observations, but suggested that the
'modes. with redﬁced jitter _requiré‘ moré conscious vocal
control for their prodgction. It<wéuldV£e inte:esting to

isolate ‘the contribution of this factor, with a measure

L )

i
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which would compensate for the overall frequency'rahges of

" the sentences.

A complementary study (Lieberman & Michaels, 1962)

Qetermined that pitch perturbations were'pertinent to the

‘transmission of emotional content. Three male speakers read

eight sentences in eight émotional modes. The pitéh pulses
from these utterances were used to drive a fixed-formént
synthesizer, which maiﬁta{ned formant Qalues at 750, 1100,
and 2450 Hz. The fundamental freédency “information was
systematically mahipuléted in the sYnthesi;ed waveforms.
The' material was'_then ,presentea to groups of naive
listeners. For unprocessed speech, the subjects correctly
categofized the emotional ﬁode 85% of the time. When only
pitch and amplitude }nfofmation were included, in the first
of the test tapes, the categorizatioh.rate fell to 47%.
Smoothing pitch by a 40 ms‘time éohstant caused a further

reduction to 38%; 100 ms smoothing produced 25% correct

categorizations. When the results were examined in detail,

‘Lieberman and Michaels noted that perturbation magnitudes

‘appeared to be conditioned by the spegech habits of the

individual: different speakers favoured different acoustic
parameters for expression of the same emotional modes.
However, they concluded that the pitch p?rturbapions,
although less important than phonetic content or gross
pitch changes, did contribute to the overall commgnicétion
of emotion, and that it would be useful for speech

transmission systems to preserve them,

D)
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The relation between jitter and emotion has not been
pursued experimentall;. SChérer (1986), as part of a model"
of affect expression, predicted the effect specific
emotions would have on Jjitter magnitudes. He speculated
that emotional arousal wbuld produce tension changes in the
striated musculature, which would in turn alter tbg size of
the frequency perturbatigds. As an example, sadness would
~ be accompanied by muscular hypotension, generating a "lax"
voice with increased jitter. However, his predictions await
empirical confirmation: since simulated emo%ions_woﬁld not
fulfill the conditions of the model,. testin may”prove
difficult. )

Research on jitter took a different direction
following the pﬁblication of a paper by Lieberman (1963),
in which he suggested that pitch\ perturbations might be
used to detect laryngeal pathologies. Unlike the edrlier
studies, the focus was not on the prodﬁctions of 'ngrmal
speakers, but rather on the degree to which healthy  and
pathologic speaker groups might be differentiated. Studies
with this aim dq'not always report the j&tter ranges of
their subjects. |

Lieberman (1963) recorded the voices of twenty-three
speakers with \pathologic larynges, 'andl nine normal
cdntrols; he 1included an unspecified number of female
sﬁbjects. Jitter was measured from the voiced sections of
the sentences, "Joe 'took father's shoe bdnch out", rand

"They have “bought & new car". The analysis procedure

»
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-resembled that of the 1961 study; howéver} a finer vernier
provided a temporal resolution of 50 )\us. Lieberman reported
the relative frequency'of occurfencéyof the perturbations,
for different ranges of the fundamental period,‘4and
observed, again, that larger perturbations tended to
accompany longer periods. He also defined the Perturbation
Factor, the percentage of the total number of perturbations
greater than or equal to iS'ms; and plotted this measure
against the median pitch period for each speaker. With
normal speakers, perturbations of this magnitudeigenerally
occurred during rapid formant fransitions, as, for example,
near stops and voiced fricatives, and not during the
steady-state portions of the vowels. This restriction did
not hold for speakers with certain pathologies, who could
produce’large pérturbations in all'phonetic contexts.
\Liebermanfs Perturbation Factor was uéed in several
later studies of .jitter in connected speech' (Smith &
Lieberman, 1969; Hecker & Kreul, 1971; Heiberger & Horii,
1982). However, statements of "typical" wvalues, such as
11;2% for a male or 3.7% for a female (from Heiberger &
Horii), are not partiq@larly' useful, in the absence of"
details relating the perturbat}gn§~'to specific phonetic
<segﬁents. Lieberman's res;lt% stégesﬁed that, although
voicing transitions associated with vowels could generate
large perturbatibns, the PF was not sensitive to jitter

within the vowels of healthy speakers. .Meashrementsl from

sustained phonations on the whole supported this.
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6bservation. Iwata and von Leden (1970) found a total PF of
1.8% for 30 normal male and female speakers—sustaining /a/.
Zyski et al. (1984) reported that none of their 20 healthy
speakers produced ‘perturbations exceeding .5 ms in the
central portion of this vowel. The magnitude of_the PF for
- healthy speakers may thus be related to the number~;and
types of transitions in the test passage; it appears too
gross a measure for normal voc;licvmaterial.

As an abzolute measure, the Perturbation Factor varies
most directly with the .fundamental frequency ©of the
speaker; wiﬁhout data on this variable, comparisons among
PF values are ‘not’ meaningful. Relative measures, in
contrast, provide more general informatfon on jitter
magnitudes by cﬁntrolliné for the overall f§ levelé. It 1is
unfortpnate that this type of measure H;s rarely been
applied to the investigation of jitter in connected speech.
Kitajima et al.‘ (1975) arguéd' that measurements from
natural speech Wwere potentially more sensitive‘ to the
disrupti?ns of laryngeal function caused by patholegies.
They measured the.ji;ter produced by normal and pathologic
spgakers in _both a sustained /a/, and 1in the Japanese
all—qontinuént phrase, /aou umi/.,Jittervin the vowel was
determiﬁéd as the mean of tﬁe difference between each pair
of adjacent periods, ‘in semitones (STs). To control for
slowly—moving changes in frequency due to intonétion,

jitter in the phrase was calculated from a five-point least

squares trend- line, and expressed, again, in STs. If the
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trend indeed provided an apfropriate éorrection for
intonafion, and if the measures -thus were comparable,
jitter appeared torbe of . the same approximate magnitude for
the two types, of nmtérial: normal male speakers produced
perturbations ralging from .11 to .21 STs for the sustained
vowel, ahd from .08 to .17 STs for the phrase, while normal
females ranged from .15 to .24 STS for the vowel, and from
.11 to .19 STs for the phrase. However, a sampling rate of
12,315 Hz gave a temporal resolution of only 81 wus. Tests
on a saw-tooth signal of 100'HzAproduced jitter of up to
.13 .STs; at 200 Hz, the jitter attributable to system error
rose to .24 STs. , The quesfion of the cbmbarative size of
jitter 1in sustained or natural vdwels thus cannot be
résolved from this study; the magnitudes in all éases
appear near to or below the system noise.

‘The measurement of jitter from éustéined phonations is
often defended with the statement that, 1in connected

speedh, " the perturbaﬁions of interest for diagnostié
purposes would be confounded with,systemétic perturbations
due to phonetic context, stress, and intdnation (Horii,
1979). It 1is clear, from Lieberman;s work, that phonetic
context may have 'a considerable influence on befturbation
mggnitudes. Stress and intonation are acéompanied by
changes in frequency le§els which the absolﬁte jitter
measures Qill reflect. The effect of intonation on relative

~jitter has not been tested, however, and it is not

immediately obvious that a relation exists. The discussion

«
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of ?{equenCY- effects 1in the next section_‘bears on this
guestion, although frequency may not be the only relevant
factor.

| Research on perturbations in connected speech appears
to be restricted to jittef; sﬂimmer has not been

investigated.

Frequency Effecls

Frequency normalization controls for the linéér effect
of the overall f, on the,_jittef perturbations. A small
number of studies have asked whether the relation is, in
fact, linear, and whether a secondary'effect for frequency
might not remain following normalization. In attempts to
resolve this question, jitter ~has been plotted and
correlated with ‘the fundamental, and measured from
phonations sustained at specified frequencies. A consistent
effect would‘have implications for jitter wvariations with
intonation. | b |

‘Three pitch—matching Stddies, Beckett (1969), Hollien
et al. ‘(1973), ‘and 'Hofii' (1979), directly examined the
relation bétween normalized jitter magnituaes and £,
,%levels. Their resglts iﬁiﬁially appear .contfadicto:y:
Béckett reported his Pertﬁrbation Quotient to decrease with
pitch, while the Jitter Factor o  r:1llien et al. increased,
and * the -Jitter Ratio of Horii remained approximately

N

constant for frequencies  up to 210 Hz. Important

methodological differences exist among these studies,
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however; attention must, in particular, be given to the

.
measures used.

Beckett asked one malé subject to sustain /a/ at four
pitch levels, ranging from 130 Hz (C3) to 262 Hz {C4). The

pitch periods were ‘measured from a Visicorder Oscillograph

_trace, with an estimated temporal resolution of about

50 wus. The Perturbation Quotiént, a measure uniqﬁe to’
Beckett's study, was used to —quahtify jitter: it was
aefined as the sum of therperturbatioﬁs, in .1 mm uﬁ&ts;
divided by the average freguency in.Hze# Such a measufq may
be expected to decrease as frequency rises, if the absolpte
- : B .

jitter stays constant or decreases, or if jitter increases
at. a slower rate than freguency. Unfo;tundtely, absolute
jitter values were nog“given, and if is not clear which
situation was represented.

In the study congkcted by Hollfgg et al., fohr young
male adults sustained the vowel./a/, at freqhencies 6f 100,
141, 200, and 282 Hz. The test material was recoréed“
simultaneoﬁgly with a ‘reference signal on fg 'two-chénnei
tape recorder. Thé sidnals were then- féd into separate
chaﬁnéls of an oscilloscope, and fi@med'with a high-speed

camera. Measurements were made by hand, with the reference

'signal as a guide; period durations were determined- from

%

the geometric centre of the major peak. The system error of
this procedure was declared to be about .2%. Absolute
jittér was given in Hz, representing the difference between

the instantaneous frequencies of each successive pair of

o -
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periods. Jitﬁer so defined may be expected to incréase with
freqﬁency, if jitter in ms 1s constant; it can increase
even if jittér in ms dé;reaseg. This was indeed what was
found: the .absolute Jitter, avera&ed over the four
speakers, was .48 at 100, .76 at 141, .85 at 200, and
2.76 Hz at 282 Hz. When the absolute jitter was divided by
the méan_frequency, in the.Jitter Faétor, valués of .47,
.53, .43, and .97% respectively Qere prodﬁced for the four
freqhencieé. An increase of relative jitter with frequency
can be observed oﬁly at the highest fo_leve%ﬁ

A similar effect was found in Horii's séudy. Horii had
six male adgits sustain the vowel /i/ at eleven fo levels,
ranging from 98 ﬁ6 298 Hz. The Babitual f;_leveis of the
speakers, as estimatéd from a short reading‘passage, ranged
from é4'to 135.Hz. The speakers Wére instructed to phonate
asdsteadily‘as possible. Théir voice samples were récgrded,_
then digitized via a 16-bit analog—to—aigital converter at
an effective sampling rate of .40 kHz; this gave a tempofal
resolution of 25uus.‘A pmak;picking'program measuredlthe
v‘pefiod'durations from the centrél portion of the voweis.
Horii reported that the mean apsolute jitter for the six
- speakers décreaséd from 51 us, at the sécond fo level, to
24 us, - at the eleyénth., Although the.’deCreases, for
indiyiqhal speakers.igé,'individual trials, were neithe?

monotonic nor ingérﬁable[ the overall effect appeared
. B e . \

TR

B, .
consistent; a cérrelation of -.95 was noted between the

- ;/;,355. . ) .
eleven absolute "jitter 'values -and the frequency levels.
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When the Jitter Ratio, a measﬁre formed by dividing the
mean absolute jitter by the mean period, was correlated
with frequéhcy, a positive relation was found (r=.78).
-Horii~”observe67“'however, thét the 1increase of relative
jitter with freguency was most evident above thq?fighth
level. He suggested that, at the higher fo;s, the
measgrement resolﬁtion may have inflated jitter values, and
concluaed that freqﬁency aid]not systematically influence
relative 5itter magnitudes. Hollien et al.'s data may be
interpreted as supporting this idea; Beckett's results may
. or may not be in agreement. -
| Koike, Takahashi, and Calcaterra (1977) ihtroduped an
additional facfér by suggesting that vocal effort be
consideredJ for speakers phonating over - a range " of
frequenciég. They instructed nine healthy adults to sustain
/a/, first at a comfortable pitch, then at a higher and
lower pitch level; they did not requiré the production of
predetermined'fféquéncies. The‘voyels were recorded with a
contact microphone, and digitized at.20 kHz. Semi-automatic
peak‘pickinév was used .to find_ thé periods. Jitter. was
quantified with the Frequency Perturbation Quoﬁiént -(see
Eqg. 2.5), a relative measure which determines perturbations
from- a threefpoint moving average. Plots of the FPQ againét
frequéncy, for the three‘ fékens -per speaker, showed no-
‘simple relation ﬁo exist between the two .Variablés.
HoweVer, the authors did note that the FPQ often assumed

its lowest value for the central, comfortable pitch of the
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subject; "uncomfortable” or forced pitch levels increased
perturk--ions. This effect could provide an alternate
explanation for the ;esults.of Hor}i and Hollien et 1al.,
since some of the fr?quency levels they tested would be
‘unusually high for jn@le speakers. Intonation effects
"associlated Qith frequency may then be predicted to occur
oﬁly if the.speakef utilizes the extremes of ﬂis range.
Ludlow et al. (1987) investigated the possibility that
shimmer might vary with frequency. They correlgfed the mean
shimmer ‘values with the mean fo's for 38 males and 61
_females who Sustained /é/ at g.-comfortable pitch. The
vowelé were recoraed, then digitized with a 12 bit ADC.
Shimmer was normalized by the mean peak level and expressed
as a percentage. For the male speakers, they reported a
Pearson r of -.41 (p<.01), . indicating a tendency for
shimmer  to increase at lower frequencies; although
significank, the coefficient does»”not ‘suggest a strong
relationship. For;females, no significant correlation was
found (r=-.09). Since each speakéﬁ} contributed only oné
data point, explanations or specﬁlations on the male
correlation cannot be based on within-subjects effects,
éuch ‘as -roal effort. The relation between shimmer and
‘ffequency' must be more precisely defined, in terms of
fredueﬁcy ranges or sex differences, before ‘further
,stateménts may be made. Within-subjects effects, with the
" same speaker phonating at différeht frequencies, must also

be examined. P ’ i
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Sex Effects

Although a number of studies have measured the jitter

and shimmer produced by male and female speakers, results

from both sexes are often pooled for énalysis, with
contrasts made only between healthy and pathplogic speaker
groups. The few studies which have directly examined sex
differences, using a relative jitter or shimmer measure,
" provide a limited amount of data and no firm ¢onclusions.

Sorénsen and Horii (1983) reported the mean jitter and
shimmer magnitudes of twenty adult females who produced
/a/, /u/, and /i/. This study was one of‘a series conducted
by Horii and his ‘assoéiates, and followed the same
procedure as in Horii (1979). The speakers were instructed
to éustain the vowels as steadily.as possible for about
five seconds. The items were recorded on tape and later
digitized with a 12" bit ADC at a sampling rate of 40'kHz. A
peak—picking program found the peak amplitudes and beriod
durations from a 3-second section in ﬁhe middle of the
vowel. Each subject produced three r etitions of each
vowel; ohly‘the trial with he lowest jitter, or the lowest
shimmer, was included in the analysis. gitter' was
normalized for freguency and expresseq in_percent, while
shi%mer was in decibels. The -results were compared wilith
those of Horii (1980), who had-similarly measured jitter
and shimmer for thirty-one adult males. .

For Jjitter, Sorensen and Horii noted both a main

effect for sex, with larger overall magnitudes for females,

-
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and a sex by vowel interacfion. :The values.repo:ted were
714 for /a/, .86% for /u/, and .96% for /i/, while Horii's
‘male speakers had average magnitudes of .61, 160} and .72%
.fbr these vowels. T-tests showed a significant difference
between the males and femalés for /i/ and /u/ (p<.05) but
not for /a/. As the next section will show, though, few
vowel effects appear to remain stable from grdup to group.
It might be instrucﬁive, not only to compare Sorensen and
Horii's females with other groups of male speakers, but to
compare the male groups from Horii's wvarious studies.
Without such analyses, it would be premature to emphasize
the sex by vowel interaction_ effect. Hpwever, the méle
speakers of Sorensen and Horii (1984), Wilcox and Horii
(1980), and Horii (1982) did appear to produce less jitter
overall than did the females: avéraging over the three

es were .49, .55,

/

Jvowels, the magnitudes from these étudj
and .66% reépectively, as‘compared to*bh§%.84% of Sorensenf
and Horii's females. '

Two other studies, Hartmann and\§on Cfamon (1984) and
Haji et al. (1986), tested for a sex effect on jitter, Qith
differing results. Hartmann and von Cramon asked ten male

and seven fémale normal speakers to sustain the vowels /a,
e, i, o, u/. Tﬁey digitized the voice signal at 20‘kHz,
then wused the autocorrelation method-'té 'measure the
durétions of individual periods. When the five véﬁel values’

of each speaker were averaged together, females were seen

to produce-significantly'moré jitter than males (p<.005).
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Vowel effects were not examiﬁed. In contrast, Haji et al.,
who used an EGG to record eighteen males and twelve females
sustaining /a/, did not réport a sex effect. The EGG
signals were digitized at 20 kHz. Periods were defined from
base-line crossings, and jitter was given in semitones. The |
source of the disparity in results is not known, -but may
perhaps depend upon the vowels measured, 1if sex by vowel
interaétiOns indeed reblicate, or\hpon some detail of the
’ measurement pechnique. These studies clearly do not resolve
the question of sex effects for jitter. » | )

For shimmer, Sorensen and Horii (1983) did not find a
main. effect for sex, but did note a sex by vowel
interéction; their female speakers were again compared with
the males from Horii (1980)."Shimmer' magnitudes for the
females were 3.87% fo; /a/, 2.21% for /u/, and 2.68% for
/i/, while Horii's males gave average values of 5.56, 3.87
and 4.35% for the three vowels;“T-tests showedmthe fémales
to produce significantly lesg' shimmer for /i/ and /u/
(p<.05), but not to differ from the males for /a/. For
consistency of presentation; the values have here been
converted erm decibeis ‘to pércentages. As with j?tter,
though, there is some que;tion whether the effects should
in fact be attributed to the 'speaker's sex. Sorensen and
Horii (1984) found magnitudes of 2.80% for /a/,»z;so% for
/u/, and 2.56% for /i/, for twenty male speakers, values
which are, for /a/ and /i/, lower than the averages for the

female group. Had the tests compared the males of So;enseh

{
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and Horii (1984) with the females of Sorensen and Horii
(1983), very different results would have been reported.
The first task should thus be to identify factors which
cause vowels to vary, within each sex or across the sexes;
without this information, conclusions based on vowel
interactions may not be extended beyo%d specific groups of
male and female speakers.

Like Sorensen and Horii, Ludlow ef al. (1987) failed
to find 'a significant main effect for sex. Their
thirty-eight male speakers produced an average shimmer of
5.1% for /a/, éustainéd for the subject's maximum phonation
time, while their sixty-one female speakers gave a sh&mmer
value of 5.3%. Unlike Sorensen and Horii, who examined only
relatiQely young adults, Ludlow et al. included a ’wide
range of dges in their groups. )

Given that females as a group have -highef speaking
fundamentals than males, any between-subjects frequency
effect on the relative jitter or shimmer measures would
likely be reflected as a sex effect. The tendéncy, noted by
Ludlow et al., for thé shimmer of{male speakers to increase
as frequency decreases, does not appear to créate a sex
difference: neither o? Ehe.two studies which exahined this
gquestion reported a main effect for sex. With relative
jitter, it is assumed that frequency does not affect the
measures, if the speakers phonate at 'a comfortable pitch
level, and if’ the' temporal resolution is édequa%e.

Comparing normal females with normal males, two of three
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studies found females to produce more jitter than’! males.
Attempts should. be made to repliééte this effect, with
particular attention given to the resolution of the
measurement procedure. It.may be trivially observed that a
sex difference will be found 1if jitter is determined in
absolute terms, with males producing more jittér than
females (Iwata & von Leden, 1970; Benjamin, 1981}; this is

predictable from the relation between absolute jitter and

perfbd length.

Vowel Effects
4 A series of papers by Horii and ‘his colleaéues
investigated the gquestion of vowel differences for jitter
and shimmer. Since these studies followed the procedure
previously described for Sorensen and Horii (1983), they
have the advantage of producing clearly comparable results.
Pertdrbations were always measured from a. central;
three-second pbrtion of the vowels /a/, /u/, and /i/, which
the speakeré sustained for f@ve seconds. ‘Both thg reported
statistical effects, ‘and the relative magnitudes for the
three vowels, will be examined.

| Four of 'the five papers in this series reported
significant vowel differences for jitter; the fifth paper,
Sorensen and Horii (1984), did not test fér_effects. Horii
(1980), »recbrding thirty-one young male adults, and
Sorensen and Horii (1983),“with twenty young females, found

/i/ to have significantly more jitter than /u/ or /a/.
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Raﬁig andbRingel (1983), who measured the productions»of
forty-eight 4 males; observgd /i/ and Ju/ to have
"significantly more Jjitter than /a/. Their speakers were

v

classed  into six groUps, representing three chronological

age ranges and two levels of physical condition; a-

speaker's condition was’ determined from measures of his

resting heart rate, systolic and diastolic blood pressure,

percentage of body fat, and forced vital capacity.

Interactions with .age or condition were not examined.

Wilcox and Horii (1980), with twenty young males (méan age
23 years) and twenty old males (mean age 70 years), found
siénificantly less jitter for /u/._However, the group means
show the older speakers to be largely responsible for the
effect: the young males gave avééage magnitudes of .53% for
/a/, .51% for /u/, and .61% for /i/, while the values for
the’ older speakers were .84, .58, and .76% for these
vowels. The pooled data do not well describe the

performance of the younger speakers.

" When significant differences are considered, only two

of the studies agree completely; however, three of the four

show a difference between /i/ and /a/. To examine the

relation betwvi.en /i/, /a/, and /u/ in greater detail, the

vowels ~from each group of speakers were grdered, from most
to least ,i*tey, irrespective of thé\significance of the
differences. These orderings are presented in Table 1,

below. Results froﬁhﬁamig and Ringel's six groups are given

separately, to alle comparisons based ‘on age. From the
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table, it may be seen that ten ©f the eleven groups
produced more mean jitter for /i/ than for /a/, with Wilcox
and Horii's group of o0ld male speakers ' as the sole
exception. Ramié and Ringel's old ‘males, with a similar
mean aée, gave the "normal” order.fFor /u/, no consistent
relation appears: the comparative amount of jitter for this

vowel varies with theugroup.

The' signals 'in these studies were recorded with
coﬁventional hic;ophones. Two otherostuaies, Horii (1982)
and Koike et al. (1977), éxamiﬁed vowel differences in the
siéhal at the glottis. Horii used a miniature accelerometer

‘ p

to record eight English vowels sustained by twenty young
male speakers} The procedure was .otherwise identieal ‘to
that of the above papers. He repo-ted an‘brder, frpm mbs£
to least jitter, of / 3, @, o, & ¢, i, u, a/, but\noted
no significant differences among the vowels. Koike et al.,
with a eontact microphone, recorded twenty-one male and ten
female speakers sustaining five English-vowelé.rfhey did
not %E§tistically test for vowel effects, 'but plotted the
Frequency Perturbation Quotient, a ﬁhrée-poinf short-window
measure, for the vowels of individual speakérs. No obviéus
trends could be attributed to vowel differences.

Shimmer was measured in four of the papers in Horii's
series. Qf these four, Horii L1980), with young males, and
Sorensen and Horii ‘(1983), with young females, noted

significantly more shimmer for /a/ than for /i/ or /u/,

while Ramig and Ringel, averaging over their male speakers

\



Table 1.

~"\0

Table 2.

Sorensen & Horii, 1983 (young females):

Hom (young males):

Wilcox & Horii (young males):
Sorensen & Horii, 1984 (young males):
Ramig & Ringel (young males, good condition):
Ramig & Ringel (young males, poor condition):

ig & Ringel (middle aged males, good condition):
ig & Ringel (middle aged males, poor condmon): ’

Ramig & Ringel (old males, good condition):
Ramig & Ringel (old males, poo: ccadition):

‘Wilcoxa & Horii (old males):

Reported vowel orders,

Sorensen & Horii, 1983 (young females):

Horii (young males):

Sorensen & Horii, 1984 (young males):

Ramig & Ringel (young males, good condition):
Ramig & Ringel (young males poor condition):

Ramig'& Ringel (middle aged males, good condition):
Ramig & Ringel (middle aged males, poor condition):

Ramig & Ringel (old males, good condition):
Ramig & Ringel (old males, poor condition):

Reported
shimmer.

vowel orders, from

most

/1, u, a/

/1, a, u/

/1, a u/

39

/[f'l a/

/u, i, a/
/u, 1, a/

/\1, u, a/
/1, a, u/

/i, u, a/
/1, u, a/
/a, 1, u/

from most to least jitter.

/a, 1, u/ |

/a, i, u/ -

/ aj, 1/
/u, 1, a/
/u, a, 1/

/a, 1, u/

to least

/fa, i, u/
/e, 1, u/

Ja iu/
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groups, found no signifiéant'differences among the 3—se¢ond
vowels. As with jitter, Sorensen and Horii (1984) reported
only the mean values for eéch vowel. When the relative
magnitudes were examined, 1t was seen that eight of the
nipe tested groups produced more shimmer for /a/ than for
/i/, with six groups giving the order /a, i, u/; The vowel

order for each group is listed in Table 2.

e
Although vowel differences may or may nd;  be.

statistically significant for a given group, there appears

to be a strong tendéncy across groups .for /a/ to be
aésociated with.both less jitter énd more shimmer than /i/.
Speculations on the possible origins of these effecﬁs will
be given 1in thé Discussionhchapter} it.may be peripherally
noted that those studies which have ‘fquﬁd-asignificant
effects have offered no explanations. However, the prese#&é
or abseﬁce of signifiéant (differences does not seem o
depeng upon the speaker cha}aéteristics cpnsidered, gingv
groups of male speakers may give results which are similar
to those from females or olaer males, butbwhicﬁ differ_ffom
comparable groups of young males. The speakérs in these
stﬁdies attempted to phohate as steadiiy as possible; it is

not known whether results so obtained will generalize to

more natural productions.

Other Factors

s

The .preceding discussion focussed on factors which the

current study examines experimentally. However, a number of

1
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additional factors, related to the task or speaker, have

been shown to influence jitter and shimmer magnitudés. This -
section briefly reviews the effects which may be produced
by variations in signal inténsity, duration, and
initiation, and speaker age, physical condition, and vocal
training. Again, only the performance of normal, healthy
speakers 1s considered, with .all perturbations measured
from sustained phonations. . ‘\71

While the relationship between voice frequency and

absolute jitter encouraged the investigation of freguency

effects, the consistent use of normalized shimmer measures,
R

which contrél for variations in overall am, tude, did not
motivate a éimiiar examination of intensity. Incidental or
¢tasual ébservations appear to indicate, though, that
intensity has a weak, between—subjects‘effect on jitter and
shimmer magnitudes. Ludlow et ‘al.-'(1987) correlated
absolute jitter,“in us; and relative shimmer,’in percent,
with intensity for maximum duration',/a/'s,\kwhich the
speakers sustaihed at a comfortable loudness. They reported -
weak, but significant négatiVe correlations for the jitter
of their fémale-speake;s (r=-.37), and for theushimﬁer of
their males (r=-.44) and females '(r=—.44); as 'intehsit§
decreased, ' the perturbations _tehded to  increase. In
contrast, Koike et al. (1977), who did not systematically
pursue this question, noted no invariant effects for

loudness on relative jitter or. shimmer. They did, however,

‘state that the vériability'*attribUtable to loudness
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differences appeared td‘be smaller than that due to other
phonatOLy‘factors,'such'as freéuency. It must be emphasized
that these results refer only to betwéen—speakers effects.
Since .normative‘ studiés as a rule require speakers to
either _phonate at a comfortable loudness, or maintain a
predetermined outpus level, information on withig-spéakers
effects 1is lacking.

Beckett (1969) suggested that a reduction of air flow -
. tensities,

\

might affect the regularity of vocal fold vibration. In his

through the glottis, such as accompanies lower in

study, he asked speakers to produce /a/ wit high, medium,
and io& degrees of vocal constriction._The measured jitter
was then seen to increase with the strength of the
constriction. However, the speakers were Efai%ed to link
-high'constriction with "increased vocal‘efforqz a sense of
tightness within the vocal tract; and a feeling of stress
~or stfain," and it 1is not clear whether the 1increases
should be attributed primarily to the decreased air flow,
or to the abnormal effort of phohationﬂ | -

Ramig and Ringel (1983), whb considered the ‘effect of
yocal effort, notéd that physically taxingmkasks maf‘cause
performance breakdowns which are tqt préseﬁt_ on habitual
tasks. They. measured jitter and shémmer from comfortable
and maximum duration vowels, prodtzed‘ b; speakers_ who .
represeg%ed three chronological age ranges, and gobd or

poor levels of physical condition. .While an analysis of

variance revealed no significant effects  for the
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comfortable duration vowels,_diffefences did emerge'for the
maximum duration phbnatioms, mith more jitter end shimmer
produced by speaters in poor condition, and more shimmer .
given by the oldest group than the vyoungest. The task,
which reQuired_ max imum subject effort, mey’ here have
accentuated existing speeker"differences, or may have .
caused thefr unique manifestatfon. " The pe:tprbation
magnitudes for‘the'comfottable and extended duratgens were
)not‘compared: .o |
Lieberman (1961, 1963) 'reported that greater jitter
accompanied phonetlc transitions, with the most extreme
changes occuftring at the onset and end of voicing. Although
.most stﬁdfej/have attempted to ‘eliminate these transitions,
both Hartmann ‘and von Cramon (1984)"and Koike (1973)
confirmed Lieberman'é,obeervation for voice onset. Koike's.
stddy ‘isv particularly- interesting, in that he further
"demonstrated the effect of different types of initiations.
His thirty normal speakers produced the vowel Ja/ w1th a
451multaneous and -a breathy onset. The RAP (Eq. 2.5), a
three- p01nt short-window measure, was  then used to
determine the jitter in'the first seventeen vowel periods,
which, defined the onset jportioh,. and in the.-followfng
thirty—two periods, ‘whfch represented the' steady state.
Koike foumd a signdficant difference between the two types
of onsets, witﬂ en"verage jitter of 2.76% for the abrupt
:imitiatior as compared to 1.23% for the initiation‘pontion

3

preceded aspiration. A;jitter of .46%was measured from



44

the steady state. As might be expected, jitter appears to

be sensitive to the different mechanisms involved in

,differeht transitions; these effects have not been further

- researched. The present study uses a breathy initiation for:

all vowel samples.

Of the speaker properties, the effect of age has
received the gréatest attention. The nofmal éging proceés
may - produce degenerativevéhanges in“the laryngeal tiséues,
or in the fine neurological ,control " of the laryngeal
mechanisms (Ramig‘&'Ringel, 1983; Ryan & Burk, 1974). The
perturbation increases which would resulg from such changes

must be distinguished from those caused by pathologies or

neoplasms. One goal of these investigations is thus to

determine whether separate norrative levels are needed for

different age ranges,i
The results are equivocal, with little agreement even

‘ . . . [ . o . . . ’
among studies which utilize similar analysis procedures.’

% . . L . . .
Three papers in Horil's series, 1.e. Ramig and Ringel

(1983), Heiberger and‘Horii R1982), and Wiléox and Horii,
(1980); examined the perturbations of aged speakers.:- Ramig
and Riﬁgel reported no significant differences among their
three age groups (mean agest“31;.'53, and 68 years), for

jitter and shimmer in comfortable duration vowels. ,An

effect appeared only for the maximum duration task, with

the oldest group giving more shimmer than the youngest. In
contrast, Heiberger and Horii foundythat a group of older

males, ranging in agé'from 60 to 80 years, produced both

s
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significantly more jitter, and more shimmer, than did a
group of younger males, for perturbations measured from a
central 1.2 second section of the vowels /a/, /u/, and /i/.
Wilcox and Horii, who measured jitter from 3-second voweW
segments, observed significantly more jittgrl for thei:
older speakers (mean age 70) than for their younger ones
(mean age 23). However, they also noted large individual

differences,.‘and a substantial degree of overlap in the

' dlstrlbutlons of the two groups: while the jitter ratios of

their young males ranged from .32 to 1.28%, thelr older
speakers gave values ranglng from .31 to 1.89%. The only
conclusions to be drawn are that some young and some old
speakers differ, vas do\-some groups of young and old
speakers. Chronologlcal age itself 1is not a good predictor

of performance Addltlonal evidence for thlS last statement

~comes from Ludlow et al. (1987), who correlated the ages of

male and female speakers with the jitter and shimmer
: \

-magnitudes they produced. Speaker ages ranged from eighteen

to over sixty. Perturbations were measured from maximum

duratlon Ja/* S. ‘No significant correlations were found.
Ramlg and Ringel (1983)' suggested that the large

1nteLsub3éct var1ab111ty within chronological age groups

could--ge at least partlally attributed to phy51ologlca1

Hiar

differences among ‘the speakers. Tie  used such measures as

the restlng heart rate, the systolic and diastolic blood

;Spdessure, and the percentage of body fat to divide their

speakers into two groups, whose members were in "good" or

‘o
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"poor"'phyfiéal condition. Thi:}y males, 1in each of three
agé ranges, were tésted; for each age range, the eight
speakers witﬁ the best, pérformance on fhe phy%ﬁgal
qgndition measures, and ‘the eight with the worst,.aﬁére
gelected:to repéesen@ftheAtwo 1e§eis of physicq%écondition.
“These speakers prodﬁcéé. both comfortable . a;d max imum
duration vowels. As with age, an éffect for'gphysical
;conditibn was foun@ only for the maximally pfolonged

" phonations, with 'Speakers- in poor <condition giving

significantly more jitter and shimmer. Although the
age—by—ﬁhyéical : lébndition ~interactions 'were_ " pot
statistically significant, the differences were most

apparent among the eldérly speakers. The auﬁhg;s concluded
that,‘.in addition. to éhronslogical age, measures of the
‘age—félatedM changeg ;ﬁ bodyv physiology,';or physiological
age, sholild be emplofed to classifY-normagive data. i
Murry and targe (5979) aﬁd Murry;(1980) repqrtedyéhat'
voice't;aining cou}d}reduce tﬁe amount of jitter produced
in ,Speech._ While «this claim cduld have ‘interesting
implicatiohs>fop;the origins of the pefturbations; it ;s
unfortunaﬁely hoé.cléar.that the between—groups diffefences‘
observed iﬁ these studies were indeed due to this;factér.
In thé vearlier"sfudy, three female singers and five
non-singers sﬁstained the vowél /a/ in a cohfortable'
conversational voice. No information was given on the age

of the subjects or the sex of the non—singefs. The

utterances were tape recorded, then filmed. from an -
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oscilloscope display. Fifty periods 1in the sxeadi?state
portion of the vowel were manually «ﬁeasured from the
projected film. Jitter was éuantified with Hollien's
"Jitter Factor" (Eg. 3). Théﬁsingers were found to have an

avefage jitter <of .40%, while the non-singers -gave an

average of .%8%. The second study followed the same

procedure, but -compared the jittér of four female singers,
‘agéd 26 to 37, with that of five male non-singers, aged 55
to 71. The average' jitter of the,.singers, at .40%, was
significantlf smaller than the .99% of the non-singers.
Murry and Large Aspeculated that 'traihing may ing;ease -a
singer's control over the expiratéry airstream, allowing
him to decrease perturbatio;_magnitudes. While4this is not
an implausible hypothesis, the studies cannot be said to
have. demonstrated this effect, given the  differences,
particdlarly in age, between the groups.

C. Origins X
On the most superficial level, jittgr and shimmer

derive primarily from the ‘asymmetric ~and irregular

vibration of the vocal folds. It then remains to be

determined what factors, related to systeﬁ properties or
control, underlie this_behavior. The following discussion
describes some of the ‘neurological, biomechanic,

aerodynamié, acbustic; and psychosomatic sources which have
beén suggested in ‘the literature, Many dfﬁthe statements

>

must be regarded as speculatory, ‘since at presént, few

,gg



o

itf@‘

48

\

empirical investigations have attempted to connect specific

4

physiological mechanisms wiéh perturbationé. In the absence,
of these data, no,;omprehensive model of the perturbation
origins can be developed: the relative contribution of each
source 1s not known.

One of ‘the few experimental studies of the origins was

conducted by Baer (1980), who attempted to relate jigger to

,1a§§ngpal muscle control and to fhe inherent sloppiness of

muscle excitaFion. His hypothesis relied oﬁ
well-established muyscle physiology. A muscle is composed of
contractile fibers,'organized into functional groups called
motqr units. The summed contractions of "all motor units
produce the contraction’of the muscle as a whole.~Since, at

slow faging rates, the firings 'of individual units are

unsynchronized, the outputs cannot sum to a perfectly

‘constant result. Baer suggested that éingle—motor-unit

twitches could cause perturbations 1in the outputs of
individual ‘laryngeal muscles, which ‘would 1in turn be
reflected in the vocal-fold  tension and in the resulting

voice periodicity. To test this theory, ‘he made

simultaneous ~recordings of the voice signal and of the
. 1

electromyographic (EMG) activity froT the <cricothyroid
muscle, for one male speaker sustaining a steady tone.vThe
two signals were 'digitéply processed. The instantaneous
frequencies of the glottak\fffiods wefe calculated from the

voice waveform, and isolated single-motor-unit firings were

identified in the EMG waveform. Comparison of the f, and

3.

L’
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EMG traé;s sh&ﬁéd corresponding changes in f,, on the order
: 2 .

of 1 to 2an%,i-to occur 70 to 80 ms after the
single—motor—uniz firings. Baer claimed that this indicated
a relatively large neuromuscuyag contribution to the
perturbations. He furthé; specuigged that these effects,
though inheregiy {hight be regulated, >perhaps by,‘vocal
trainingy-whiéﬂ ﬁ?g%t‘produce systematic differences in the
motor control strategies of individual speakers.

Whilg Baer asked why perturbations should be present,
Sorensen et al. (1980) explored the mechanisms which
restrict perturbaéion magnitudes. Ongoing adjustments in
vocal fold tension are thought to be regulated by three
brainstem reflexogenic systems, operating from sensitive
mechano—receptdr nerve endings embedded in the laryngeal
tissues (Wyke, 1969; 1983). Sorensen et al. investigated
the cont?ibution‘of these recéptors to freguency control by
comparihg normal Jjitter with that proauced following
application of a laryngeal topical anesthetic. In their
study, f&ve adult males sustained the vowel /i/ at eleven
different frequencies, ranging from 98 to 298 Hz, under the
two experimental conditions. Horii's récording and analysis

procedure was used. Jitter was calculated both in absolute

terms, in microseconds, and as Jitter Ratios, defined as

the mean Jjitter di .ued by the mean perioqilduration'

multiplied by 1000 (see Eg. 2.3). Overall, sig#ticantly

more relative jitter was found wunder the anesthesia

L4ivg
;

condition, at 1.20%, as campared to a jitter of .62% in tKg
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control recordings. The differeﬁces were particularly
marked at the highér fundamental frequeécies. While noting
that mucous secretion or physical changes in the tissues
could have.causedgéye jitter 1increases, these researchers
too% the results té ihdicéte the impogténce of tactile and.
proprioceptive reedback for the lﬁaintenance of .the
appropriate laryngeal tension during phonation. |
Measurement studies with Thearing-impaired speakets
reveal that auditory feedback is‘particularly importanﬁ for
controlling the timing of the glo 1 source. Both Monsen,
Engebretson, and nguia ;(1979) and Metz, Whitehead; and
Whitehead (1984) found agnorﬁal cycle-to-cycle changes in
freguency and intenSity in the utterances of deaf speakers.
Monsen et ‘al., who examined the. productions of twenty

hearing;impaired_

pfevent a speake”“
of the gestures which alter and maintain wvocal-fold
tension. Metz et al., who studied four hearing-impaired
adults, observed that such speakers_appéar to lack contfol
over the intrinsic laryngeal muscles responsible féf
maintaining vocal fold stiffness, resulting in tension
imbalances between the two foids. Normally—hearing speakers
automonitor their vocal output, readjusting the laryngeal
mechanism on the basis of this information; long-term
'deprivatign of such data increases_perturbations.

While the same factors are commonly thought to produce

both jitter and shimmer, Ludlo&, Connor, and Coulter (1984)

AN
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attempted to make a distinction for the pathological

population, claiming that jitter is sensitive to changes in

-

larynggal morphology while shimmer 1is sensitive to changes
n

in neurological control. This idea derived in part from the

- results of Ludlow, Coulter, apd Gentges (1983b), who, for

jitt#¥, compared patients with vocal fold nodules, a

v LR . e, ,
nebplaéﬁ%é d%&bmm ghich gg%haﬁically disturbs vibration,
e ] )J’S R '. 2 i L v " . ‘ -0 ] P ) .
‘and patients with  —r¥insen’ neuromotor
disorder? % which may’ afféét:‘ laryngeal

. S
musculature, with groups of age and sex-matched control

speakers. They found that only the patients with nodules

differed signif%géﬁfly from their normal contrdls. However,
the results of Ludlow et al. . (1987) forced these
researchers to reconside¥ the distinction, as this later
study found | §imilar percentages of speakers with

morphological and neurophysiological pathologies to be

abnormal for each type of perturbation; the- idea of a -

differential sensitivity for jitter"and shimmer was then

abandoned.
In addition to neuromuscular variations,
physical-structural variations contribute to the

perturbations. Laryngoscopic motion pictures reveal that

slight asymmetries often exist in the configuration of the

. vocal folds (Heiberger & Horii; 1982); the tension, mass,

or length of ﬁheltwo folds'may differ. During phonation,

the folds' mechanical properties may be modified by changes

: 7
in the amount and location of mucous secretion (Hirano,

oo
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"1979). These sources of random perturbations are hot
controversial, however, and are not the® focus of
experimental studies.

) TIt is possible to view the vocal organs, frﬁy lungs to .
lips, as an' zerodynamic syetem; the airstream mechanisms
involved ‘in phonation may then be seen to 1introduce
perturbations into the signal. The airflow emerging -from
the glottis may become unstable or turbulent (Titze et g&.,
1987). Additive noise, which will be reflected in the
jitte: and shimmer measurements, may be generated by the
leakage. of éir during the cloefd phase of the glottal cycle
(Hillenbrand, 1987). Very le}gebperterbations, exceeding .5
ms for ‘jittef, may be proddbed by transient pressure
changes across fhe glottis, aﬁused by changing vocal tract
céhfigurations (Liéberman, 1963). Less ‘obviously, the
presencgiof either jitkef or shimmer at the{glottal source
may create acoustic interactions in the vocal tract; source
jitter may then produce shimmer in the acoustic signal, and
vice versa. ~This last phenomenon 1is examined 1in the
following section, 1in connection with Hillenbrand and
Milenkovic's studies with synthetic speech.

The degfee of control weich an individual speaker "may
exert over the pertu;bations has yet to be deteqm{nf
Lieberman (1961) suggested that some voluntary co~ .o
mechanism exists, since he found that the sir .. =2¢
emotions which’ reéuire greater conscious control th

voice were accompanied by less absolute Jjit As
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previously noted, it is thought that the vocal habits of a
singer may, over time, be modified by training, gllowing
the singer to reduce perturbations magnitudes. Although

thesgm

hypotheses are plausible, 'the influence of
higher-order mechanisms has not yet been convincingly

demonstrated.

D. Jitter and Shimmer Correlations

Correlations betwegp jitter and shimmer = bear
indirectly upon the origins of the perturbations, by
determining the degree of association between the two
varfébleé. However, cadlion must be exefcised when
inter-reting these data. If it is assumed that jitter and
shimmer may be measured independently of bne another, a
significant correlation may suggest that similar factors,
related to the élottal source, underlie the regulation of
5B

individual period durations and amplitudes (Horii, 1980).

Recent evidence from synthetic speech appears to indicate,

3 . . .
though, that the "acoustics of wvoice production cause’

interactions between the méasurés variables (Hillenbrand,
1987; Milenkovic, 1987). The measures .may not then be
directly interpreted as'reflecting glottal events. Although
thé correlations cannot resolve this issue, a model of the

origins must account for these relations.

The - reported gorfelations ‘vary considerably ;m'

) e
strength. Horii (1980), Hel

ger and Horii ?1982)} ahd

Horiguchi et "al. (1987) correla the mean jitter and

i
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shimmer values' for sustained . owels produced by healthy
speakers. 'All perturbatlons were measured from the acoustic
wave. Horii found a correlatlon of .47 (p<.001). for
perturbationss in three. vowels sustained by thirty-one
males. While noting that the predictive;.value was low, he
took the correlation to support the idea that similar sets
of physical ﬁorces, such as vocal fold tension, mass,
length} and subglottic presshre, underlie bGES types of
perturbations. Heiberger and Horii observed a correlation
of .77 (p<.01) for three vowels produced by twenty eiderly'
males. In contrast, Horiguchi et él: found no significant
correlation begheen_jitter and ehfmmer fo: the /a/ tokens
of eighteen male and ten femaie speakers. It is not clear
what factors might have caused these‘ddfferences.
Hillenbrand  (1987)  suggested  that  significant
correlations may be expected, 6ue to the acoustic effects
of wvocal tract transmissionr In a very interesting study,
he manipulaeed'synphetic vowels to demonstrate that jitter,
" introduced ‘at the source, may' produce. éhimmer in the
“acoustic .signal, and that - source ehimmer may produce
~acoustic jitter. The stimuli were five-formant /a/ vowels,
generated with a Klatt formant synthesizer. For the first

test, he created a sequence of 22 vowels,,in which mean

,v‘.-.- \

source jltter ranged from 0 to 6. 4%. The vowele'were each
200,ﬁper10ds long, with a mean fundamehtal frequency of

“130 Hz and a constant source amplitude; only the standard

deviation of the fundamental frequency distribution was

h .
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.gltered. Shimmer, calculated as the mean cycle-to-cycle
difference "in rms, was then measured from the synthesized
waveforms. Hillenbrand found changes 1in jitter to have
strong effects _on these measurements, with shimmer
increasing to .80 dB- (9.64%) for the.:token with the
greatest jitter. The second test reversed the conditions.
Mean shimmer at the’source was varied from 0 to 2;6 dB
(34.89%Y® while the source frequency .was‘.kepf constant.
Jitter was then measured from waveform zer04cros§ings. The
effect .of shimmer on jitter was observéd to be relatively
weak, with jittef reméining around .01% for shimmer values
below .5 dB (5.92%). A jitter value of .86% was obtained
fo% the token with the greatest shimmer.

V Hi}lenbrahd discussed two _ways - %p which pitch
perturbations could influence peak émplitudes. The
intensity of a ;ndse'in the acoustic' waveform is;, first,

N

partially determined by ;he relationship - between the -

LY .

;Ebarmonics of the glottal source and the location of" the"

vbcal—tract resonances. These rélétions becomev more
variable as jitter increases. The second, more important
effect is the eﬁergy overlap betweenl‘adjacent pulses} A
. glottal pulse will, in general, be generated before the
pféviousjpulse is fqlly damped; the currént pulée is then
supgyimposed on the -tail of the préceding pulse. With
inéreésing’ jitter, the degree of overlaé. becomes more

. . varfiable. _éince the overlap 1is greater for shorter
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fundamer.al periods, jittc: may bé predicted to have
stronger effects én shimmer atiﬂ higher fundamental
freguencies. Tests by both Hillehbrand (1987) and
Milenkovic | (1987) - indicate that this indeed occurs.
Milenkovic additionmally showed the effect of 7Jitter on
" shimmer to vary for the synthetic vowels /a/, /u/, and /i/:
the différent'vﬂcai tract impulse_responseé of the wvowels
also influence the jitter/shimmer interaction.

| AsiHillenbrand noted, it would not'Qiﬂfprpfising to
find that jittenvana shimmer.are actually correlated at the
glottal source.’Eofrelations between perturbations in the
acoustic wavefo;m cannot be directly ingLrpreted as
indicating a common source origin, though: they may reflect

: , . , o

e

’ + e o .
source effects, acoustic ‘effec or some combrnation of

K
the two. ;

E. Time Series Analysis
- While jitter énd shimmer are often charagterized as
random pertﬁrbations (Hollien et al., 1973; Baken, 1987),
time Seriesj analysis has 'revealed that the perturbations
"may yafy in a regular Jranner. This type of analysis
correlates a series ofb measurements with time-delayed
copies Qf itself{,for successively greater lags, expressed
as numbers ofb voice periods: a .significant correlation

indicates the presence of a repeated pattern, with a period

~equal to the lag. Serial correlation coefficients have been

-
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‘calculated for measurements of peak amplitudé (Koike, 1989;
U\V@n Leden & . Koike, 1970), period duration (Hiki, Sugawara,

& Oizumi, 1966), and jitter (Iwata, 1972) ...

Y .
Koike (1969) and Von Leden and Koike (1970) examined
amplitude moduléfions in the éust@ined vowels of normal
speakers ana speakérs with laryngeal pathologies.  Koike
‘included! 20 normal  speakers, while Von Ledén and Koike
M ooked at 35 such speakers: only results‘for these subjects
are presented. The .studies followed idenﬁical.pfocedures. A
contact microphone'was used to record sustained productions
of /a/: The signal; wefe recﬁrded on tébe,’then played back
into a Visicordérr-which produced signal trace; at a paper
speéd of 200 cm/s. The amplitude envelopes of 30
consecutive periods, frém the steadiest portion Qf\ gge
utterances, were theny manually ﬁeasured at the domin;hf
amplitﬁdev'peaks. These measuregents fweré autocorrelatéd,
for lags of 1 to 15 periods: Koike found a significant
positive correlation betweenmfhe amplitudes of consecutive
periods (lag=1) for 13 speakers, while high positive
éorrelations éppqared for 32 of Von Leden and Koike's
subjects. Von Leden and Koike did not test the statistical
significance _of their results. Corr;lograms,‘which express
the‘correlation-coefficients as a fﬁnction of the lag, also

-

showed the presence of long-term periodicities: a negétive

peak in the wvicinity of lag 12 was "quite(’common" in
< i .

Koike's study, and was found for 21 of Von Leden and

Koike's speakers. Short-term periodicites of between 2 and
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10 le ;s zppeared for 2 of Koikeﬂ; subjecﬁg-and 11 of Von
Leden <nd Koike's subjecés#}#ﬂ,_' o o
, T e
Iwata (1972) usedﬁﬁtKo{ke's ba;ié procedure ‘té

investigate periodicitiesfypﬁ'fpitch<'pefturb8t{on. “Twenty

i

normal supjects were rechded., Period -durations ; were

i W
o ~#in " the ¥isicorder
’ g e L T S
. R SO
traces. He. found typical Corrgiogﬁamskwtol sh

DA

measured as the peak-to-pe%%ﬁ.@i§tance

major

negative peaks at lags of one ‘and éfqhtjpexﬁbdé, and major

positive peaks at lags of seven and fourteen periods. This"

may be contrasted with the resulté from Hiki et aﬂ?ﬁ(i956).
~These researchers sed a‘Qcontact_ microphoﬁe to record
Japanese vaels‘éuséained by 32 male and 30 female normal
speakers. The utterances were digitized; with a temporal
resolution of 50 us, and ﬁeriod durations were measured. No
apparent periodicity iqéthe perturbations was ob: -ved.

i
These studies, .ogether, show that speakers may

{
\

produce non-random perturbations, ,at least in sustained
vowels, although the proportion of speakers who display

‘?ﬁis behavior is unclear. The'long—term periodicities, over
‘twelve periods for amplitude and seven periods for
frequency, have been compared to the éingﬁr's vibrato. The

task of sustaining or intoning a vowel at a constant pitch

Vljmay well encourage the introduction of regqular modulations.

"‘Ipfis ‘interesting to note, though, that the amplitude and

:frequency modulations do not corresponé in period, as might
be expected if they were to reflect a “common - control
mechanism, Data on amplitude and frequency variations

i’

N
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should be obtained from the same speakers. Several tokens

from an individual should also be examinéd,‘ to establish

whether the variability evident among speakers also occurs

within the individual.
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II11. Methodology
This'chapter describes the procedure by which jitter and
shimmer measurements were obtained 1in ‘this study. The
procedure‘followed can be divided into five main steps: (1)
recordiag context sentences to the hard disk files of a
micro—comﬁ%ﬁ@%; (2) &diting the signal files to isolate the
vowelwﬁgegments of interest; (3) peak-picking ‘throughout
each 'vowel segment to find the period. durations and peak
ampiitudes; (4) calculating mean jitter and shimmer £from
the saved duration and peak values; and (5) computing
cor;elational measures, based onl'the jitter and shimmer

values for individual periods.

A. Subjects

The shbjects were Xoung, male and female adults, with
no known laryngéal pathologies df\ history of pathology.
From a set of twenty—one randemlglseleCted individuals, the
productions of elght male ahd elght female speakers were
chosen for analy51s, based Corr the technlcal quality of ‘the

- ° " E
recordings. The’male speakers ranged- in .age from 19 to 38

.years, w1th a mean - age of 28 25 ..the females ranged from 19 .

to 35, w1th a. mean . age of 25 37 Aithohgh smoking was not a

factor coptrolled for,vthe smoklng hlstory of each subject

¢

‘was noted, as it was~thqughtjp0551ble that it could affect

the laryngeal tiseﬁes. and hence th jitter and shimmer

measures. Five male and five £female speakers had never
smoked. Information on the ages. and smoking habits of the

}..

60
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Speakers
Age Smoking
Male Speakers | , :
MO1 32" Infrequently, for 10 years
MO02 37 Pack a week (Colts cigarillos), for 20 years
- MO03 38 Never , .
MO04 32 Two cigarettes per week, for 2 months
MO6" 25 © Never .
M08 20  Never
M09 23 Never
MI10 19  Never
Female Speakers 'ﬁ%“
FO1 23 On and off, for 9 years
FO2 29 Never ’
. FO3 35  Quit 10 years ago
FO4 30 Never , )
FO8 19  Never ) )
FO9 - 21, Never
. F10 25  Quib 7 years ago
c . Fll 21  Never

Table 3. Age and smoking background of the speakers.

\ . |
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subjects 1is 1included in Table 3. Additional data were

gathered concerning the subjects' hearing status and their
linguistic and musical backgrounds. No significant loss of
hearing was reported. All subjects were native speakers of

either Western .Canadian or Ontario English ¢ alects. Only

one subject, F08, had received any formal vocal training.

B. Test Material”‘;\‘)

Jitter and shimmer were meésured for nine Canadian
English vowels:‘phonemicélly, these were /i, (, e, &, 2 ,
A, u, o , o/. Since period durations ;ere determined as
peakfto—peak distance, and since this method of period
extraction 1is sensitive to changes in formant structure
(Rabiner et - al., 1976), efforts were made to minimize
transition . and coarticulation. effects: only vowels
traditionally described as monophthongal, produced in the
"neutral” context hVd, were examined. iThe /h/ initiation
allowed presetting of the articulators to thé position of
the fdllowing vowel:; the /d/ incréased vowel duratioﬁ
withgut'breatly altering formant values from thése expected
for iso ated vowels (Stevené & House, 1963).

Subj cts‘wefe given a list of seﬁténces oa'the form
"Please say hVd not th"U They‘wefe not required to read
phonetic symbols, *bﬁt saw the items as the, words ."heed,
hid, head, had, heafdy':Hud, who'd, hood;" and "hodf.
Intonation effects%were investigated by placing the words

. 3 Do L ’ v
in two stfessed positions in the sentence; there were two
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replications in each position. The order of the thirty-six

test words (9 vowels x 2 positions x 2 replications) was
1 )

randomized in two blocks of nine sentences, with each;-blc -k
b : .

containing each word in each position. No word could occur

twice in the same sentence. The "RANDOM" prdéram,rgiven in

Appendix A, generated an individual'liét,fof each subject.

During analysis, the -tokems for a. subject . were
44 : T . o

uniquely identified by a'fou:—IeEtefféégpénce{ consisting -

of a two-letter cOde‘for’thé'Qgﬁg;;»ghé?1g£péf”3 (between

words) or E (end of sentence) f6;'thefpbgitidn}”and‘thé'

Y - .:-'?
H C oo i

numbers 1 or 2 for the replicatibhﬁ.éfhe.:Laifhfleﬁtér

‘e B -t

representations of the vowels were:

X
e

1Y
N : IH | i St
| EH : .é b
AE : 'm. 3
ER : >
AH , : . A
UwW : w u
UH : ]
AW | : D

-~

Thus, the first replication of the vowel /i/,  between
words, would appear as IY¥BI1. This notation  will

occasionally be used when individual tokens are discussed.
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C. Apparatus

The technical specifiiééﬁons o7 the instruments used
95

in this study are given below.

1. Condenser Microphone: Sennheiser MKE 405
Frequency rvesponse: 200-,7)00 Hz * 2 dB
50-20,000 Hz + 5 dB
Directionality: cardioid
Windscreen :

2. Microphone Power Supply: Sennheiser MIZIN 5-1
s .

3. Audio-Frequency Filter: Rockland Wavetek 852 Dual Hi/Lo
Filter ’
Freguency range: 0.01 Hz to 111 KHz
- Cutoff frequency accurancy: = 2%
Attenuation slope: 48 dB/oct
Filter characteristics: Butterworth -
Attenuation at cutoff: 3 dB

; . u .
4. Analog-to-Digital Converter: Tecmar Lab Master
Amplitude Resolution: 12 bits
Input range: -10 to +10 V
Sampling rate (max): 30 kHz: =

5. Microcomputer: IBM PC-AT, for speech sampling
' Memory: 640 KBytes RAM
20 MByte hard disk
1.2 MByte floppy disk
EGA (Enhanced Graphics Adapter)
Sampling rate (max): 20 kHz
Operating system: DOS 3.0

6. Microcomputer: IBM PC-XT, for data analysis

Nty
A

Oy
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D. Recording

<

The microphone signal was digitized through'a 2-bit
'analog—to-digital converter ae.a sampling;gate of 20 kHz.
;The signal was low-pass filtered at 7800 Hz to prevent
: ﬂa}1a51ng, and high-pass filtered at 50 Hz to eliminate the
; H%Areffect of breath expiration. The 1low cut-off for the

filter was selected to capture the frequency

ané Ehlmmer, of the lowest voice components. Rather than

filtering out any 60 Hz power-line hum, rigorous attention

was given to the proper grounding and shielding of éll

equipment and-conneoting cables.

Subjects were individually necorded in a sound-treated

‘and sound—insnlated recording room. Each subject was given
a list of twenty-one sentences to ‘read. The. first two

sentences were identical for all speakers, and contained

combinations of the worde "hayed", "hoad", and "hide";

these were not stored, but were used to test the amplitude

level and accustom the subjects to the task. A final

sentence ' containing these words was also included to

prevent any iist—final intonation effects. A typical list

may be seen ‘in Appendix B- |

The amplitude of the recordings could be adjusted only

by placing the subjects nearer to or further from the
microphone suspended in front of them. No amplifier was

used, in an attempt to keep instrumentally-induced noise

and hum at a minimum. As a consequence, while the full

C2
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range of the ADC allowed for 4096 guantization levels, two

bits were commonly lost. Utilizing approximately 10 bits .

T
ogki'

about 60 3B was achieved (Rozsypal, 1976); this was felt to

(1024 levels), a signal-to-quantization noise ratio

be sufficient.

Once placed, subjects were instructed to maintain a
constant distance from the micrc shone and to speak at a
volume comfortable to them. Their +terances were monltoreg
durlng- recording usmng a separL microphone, and each
sampled sentence could be immediately played back to verify
the correctness of the recording. Communication with the
subject was effected by means of two small red and green
signal lights. The green light told the subject to proceed
to the next sentence; a red light indicated that he\m§§;to
repeat the current one. Repetitions could be required for
coughs or stutters, mispronounced vowels, or mistimed .
triggerings of the sampling procedure by the operator.

Sampling was‘controlle%.Qy the tA/D Sampling"” module
of the Alligator' (Eagles, Morrow, & Sannino, 1986), which
was programméd _to digitize 3 seconds of spéech at the
20 kHz .sampling rate. A 15—30> second pause between
sentences was required\for each utteranc; to be saved and
displayed. Recording' ‘took . approximately 10 minutes per

subject.

' The Alllgator is a multi-purpose signal editing program
written in Turbo Pascal for use on IBM PC's.
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- E. Vowel Gating

The signal editor of the Alligator was used £o isolate
the vowel segment in each test word. If the amplitude.at
(vowel‘ onset increased sharply over a small numbef of
périoq§ before achievihg a roughly stable levei, all
"onseg" periods were eliminated; however, if né stable
level existed, the vowel segment was defined as beginning
at the first period haviné an amplitude at least half that
of the greatest point in the signal. A vowel was regarded
as ending with the disappearance of the. waveshape
yariations whiéh indicate a formant strﬁcture. The vowel/d
boundary was,  though, somewhat arbitrarily established at a
pcint preceding this, where waveshape changes suggested the
start of the transition between the'two sounds, or where
amplitude suddenly decreased. | In spite * of these
restrictions, there was no attehpt to capture the vowel
"nucleus" or the "steady-state" pértion of the vowel as
such, since this -would often, particﬁiarly with male
speakers, have\uproduced signals containing very few
- periods. Playb{;k,of seleéted signal segments helped verify
the appropriateness of these criteria, or motivated further
“gating; the-procédure continued until a vowel percept was

produced. |
Those utterances where the pitch fell into creak or
fry presented special. difficulties. Often, when this

occurred, only a few periods in what was clearly the

vowel/d transition were affected: these periods were
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removed. However, 1in those rargjgistances when the fry both

-

appearéd.through a substantial portion of the sighal, and
contained Stfées7of the same general shape as the vow 1, 1t
was decided’ that 1t should be rgtained, as a natural
phenomenon, with the full k@bwledge that its 1inclusion
would greatly increase fhe jittér‘and shimmer values for
these tokens. The effect of this decision will bé discussed
in the next chapter. -

An IBM PC-XT microcomputer was used for gating and for

all subsequent analysis of the vowels.

f. Period and Amplitude Measurement
A semi-automatic peak-picking program; "JSPEAKS", was
used to establish the duration and peak amplitude of each
pericd in the bowel segmeﬁtgi The program searched for thév
gfeatest point under a horizontal bar, spanning forty
sampling points, foughly placed on ia. major signal peak.
After the 6perator had positioned and confirmed the bar for
the first two peaks, the program took the number of
sampling po;nts between these peaks as the interval by
which "'to advance the signal display for evgfy following
period; the signal ﬁhen appeared to shift for&ard by
approximately a period while the bar remained stationary.
The operator would, 1if neéessary, correct the  bar's
position, or woula simply confirm the appropriateness of

its placement. In this first pass though the signals, the
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length of the bér relative to the period 1engfhs made few
adjustments necessary. .

Once the greatest point in“?*beriod had been located,
JSPEAKS calculated thé maximum of a parabolé‘ passing
through thigfpoint andythe ones immediately preceding and
following. The y value of the parabola maximum was stored
as the peak amplitude; the corresponding x coordinate
allowed the period dﬁration, in fractions of sampling
;ntéfvéls, to be computed, a figure which was converted_tg
milliseconds .before storage.

This interpolation was necessary to ihprove thé ”
tempbral resolution, critical to :a jittef study. At @hé 
20 kHzi_sambling rate, one sample was taken evefy 50 ﬂs.

. . , R
Since the resolution without interpolation is equal to thev

gthe - sampling interval, the ‘aceuracy Bf':
mease¥ﬂﬂ : };id be no better than 50 us. This is of the
‘as reportzd mean -jitter, at least for -that
measured froﬁ the stéady-state portion of sustained onels
(Horii, 1979; Wilcox & Horii, 1980; and others). Tiﬁze'ét
al. (1987) have demonstrated, though, that pafabolfc.
interpolatién with peak—pickigg .can greatly reduce the
number of sampliEQ poihts per cycle éequired to resolve
jitter. They suggest that a 10 kHz sampling rate with
interpolation would be ac;eptable;' for fundamental
frequenciés‘up.to 200 Hz. In tﬁis study, the efficiency of

the parabolic interpolation was tested on a sinusoid of

1001 Hz; this frequency was selected since the peaks found

-
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hby the peak-picking procedure ‘are strongly influenced by

the second vowel formant. A mean period duration of

*.999005 ms was found over 100 periods. The standard

deviation of the measurements was .388}ys; values deviated

from the mean .by a maximum of .940 us.

€

For ampligude, the correction provided by the

interpolation could exceed the size of the guantization
interval. Since the first two formants are presumed to
exert the; greatest influence on airborne Sh;mmer, tests

were made on*“sinysoids in the 1000 Hz range, having' peak

amplibudes.of'SOO quantization levels. Corrections of over

five quantization.intervals, from a peak sample point of

494, to an interpolated peak of 499.5, were observed.
The assumptions about the nature ,of the original

signal, needed for parabolic interpolation, were believed

) be approximately'valid,within thevgestrieted environment

1 2 :
of a. ‘vowel peak. However, this type of nterpolation could
not ibe u%ed where three or more successive points at the

‘9)}"5 .
peak. had the same value. Instead, a  sep e 'procedure:

»

within JSPEAKS dealt with flat peaks. These were not due to

'peak cl pp1ng, put  occurred. natqrally ‘with brOadly peaked

vowels, most notably w1th_/u/, for,whlch the wa&e could

take on a smooth, almost sinusoidal shape. In these caSes,'

N . o G .
the centre of the flat portion was found and used to

calculate pe?iod duration; the peak amplitude was?aésumed’

6

to be that of the peak points: ' SR

e
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. JSPEAKS existed in two versions, allowing the period

3 14
durations to be extracted by two methods. In the first,

called "maximum peak-picking", the greatest point in theq§\

period was always taken as the reference for period
calculation. Althoﬁgh this may  seem implied by the term
"peak-picking", . it produced some unusually variable

duratiens, when a secondary peak suddenly.bécame prominent

in a period, or when two peaks alternated in prominence ig'

1

a series of periods. This last appeared only with some

female speakers’ producg&ons of /v/ and /a// vowels 1in

which the first two formants were narrowly separated and

had more to do with the supraglottal resonances and damping
of the voca% tract than with any varfétions in the giottal
source, Compﬁ?gson'by }istening failea tb distingﬂ sh these
tokens from ones without the effect.

The> secondr version of -the p?é@raﬁ\ was shbstantially

similar to the first, but allowed the operétor to more

precisely control the léngth and loc®tion of the bar; he.

could then position . the bar'on a’ selected, characteristic
peak, Yhether or not this peak was the greatgst/}n the

period. To be éhosen, a peaks had to be the most prominent

at some place in the vowel. The.operator then tracked this ..
N _. . 3 : .

"peak throughout the .vowel, using..it as the startpoint

reference for all periods. In many instances, the two

LS

program versions’ produced identical results.. However, for

255 of the 576-tokéﬂs'there was so¢é difference, invdl&ingAA

at leaé} one, and usually several, period markers. Table 4,

- . . . -
. * ‘ s~ A . .\

L

-~
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taken from a Qowel section with psaffswitching, sugcests
the manner 1in whieh measutements- generated Lty the .two
methods could deviate; Figure 2 schematically 1llustrates
this situation. While jitter values calculatec som the
"max imum-peak" period durations will be presenzed in the
following cha%ter, the | analysis concenr ‘ates oh
"characteristic-peak” jitter, as more c osel§ representing
the phenomenon of interest..lt should #ncidentally be noted
that studies examihing the steady—state section of
sustained vowels need net contend with the period-to-period
shape variations here encountered, as period shape in such
cases essentially doe$ not vary; |

JSPEAKS permitted the inversion'dﬁ signals, an option
which .was ‘occasionally chosen for \Eharapteristic—peak
"extraction, when the negative4going_peaks were:more ciearly
defined or consistent than the positive ones. Inversion was
also considered for maximum-peak extractioh within the 26
tokens‘foriwhich\the absolute value of the signal’miﬁimum
" exceeded the maximum. This was rejected, however, since
large negative . peaks: appeared onlyb in;‘relativeiy short
portions "of the vowels, produced’ by different' femdle
speakers, and clearly did not result trom any overall
reversal of s1gnal polarlty {ﬂrthe apparatus.‘

in contrast to perlod duratlons, peak amplltudes were,
: by deflnltlon, always determlned from the max1mum p01nt in

the perlod “and were - always obtalnéa from p051t1ve peaks.,

. . .
The characterlstlc peak version of’ the ptggram did not

¢
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Period Maximum Peak Charactensti¢ Peak
Number Picking - Picking

4 - 3.70 3.65

5 3.80 3.78

6 : 2.72 3.81

7. 3.86 : ) .3.86

8 5.02 3.91
.9 3.92 3.93

10 -7 2.85 3.94

11 3.97 - 3.97

Table 4. Period length in ms, as determined by two methods
of' period extraction, for a section in which the
first and second peak in the periods alternate in
prominence. (From F11AWB2; values truncated).

v
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Figure - 2. Two- methods. of period ‘determination. Note that '
> amplitude is always measured from .the greatest . -
‘peak in the period. oy ) ‘ ‘
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report amplitude measures. "Maximum-peak" amplitudes and

"characteristic-peak" period durations could thus have a

certain independence, 1in terms of the points from which °

they were calqplated.

The outﬁﬁt of .the- maximum-peak version of JSPEAKS
consisted of the following data, for evéry period: the
period number, the amplitude values of the three peak
sample points, the array index of the maximum point, the
interpolated period duration in ,milliseconds; and the
interpolated péak. amplitude. With the excéﬁtion of
aﬁplitude,‘ the output format was identical . in  the

characteristic-peak run. A listing of the maximum-peak

.version__ of the, JSPEAKS program, and a sample outputl
. R FENEEN ' . ) -

- . oo ?’ A
@gstlng, can bef s

-vﬂin Appendix C.

G. Jitter and Shimmer Measurement
.The period durations and peak amplitudes obtained from
7L

JSPEAég"served as - input to a second program, "JSEXTR",

which,caiculafedamean jitter and'shimmgrﬂfor each vowel,
~and* plotted the signed jitter and shimmer values. for .each.
period. A additional procedure in, the . program

‘autocorrelated signed jitter and shimmer values for various .
<-4 N . D

. ‘ -
lags, and cross-correlated jitter with shimmer for lags of

-1, 0, and 1 period. A 1listing of JSEXTR Iis given in
‘ : e -

Appendix D. - o J

-

- - o . N . . * * - L .
. - - - B ' ! [ >< [Lgn
YN .
v - . - a, .
,
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Mean jitter was calculated according to the foliowing

formula:
) T.,+ T ‘
;N ‘7}-—LL§—31 /
Mean Jitter = — x 100[%]
N-2 i=2 T+ T+ Ty : '
3 e 3.1
s

y

Qhere T is the duration of the i-th period in ms and N is
;he-number of periods in the vowel, T%e numerator measured
Lhe absolute difference Dbetween T, and an arithmetic
%veraée*4o£ the preceding énd following period dﬁrations.
'his énsured thatl dura@%on variations resulting‘ from
%teadily incredsing or decreasing perioa trends woula not
?e included in the measure as jitter. The denéminator
Tormalized this = value gor frequency, since jitter
¢agnitudes without normalization increase with pe;iod
iength (Lieberman, 1963; Horii, 1979); a local average over
thee periods was used to contr?i for the range of

frequencies which‘intonation'produces within a vowel. The

overall mean was then obtained by dividing the sum total of

| . . : . . .
the absolute, normalized, deviations from linear ‘trend by

| v e

the Rumber of,pe;idds includgg'inA;he analysis, minus two

. beriods,fone lost at ;he‘beginning:and’one.at the end. This

formulation of jitter closely resembles the
, Lo ! ' . . ~

‘Average Perturbation" (Eg. 2.5) measure of. Koiks 1973 and

the "Fundamenfal Period Perturbation” (Eg. 2.6 of Har:tm:nn

énd von Cramon (1984). §§ ‘ .

"Relative -

y .

-
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+

An exactly analogous formula was used for shimmer:

. A A AL
Mean Shimmer .- gi b 2 x 100[%]|
- Mean Shi = ) ; ‘ 0
) T , _-N-?__ = ' ) Ai'_1+ Ai+ Ai+[ ‘
-3 ‘ 3.2

’wherelA]'is the peak ampliﬁdde bf,the i-th periocd. Defining
shimmer as a fatio of amplitudg variations to local a;erage
:amplitudes prevented differences in fecording levels’from
directly affecting shimmer magnitudes. The.nfbrmula is

similar to the "Relative Average Amplitude Perturbation”

"

~measure described in Zyski et al. (1984).

The percentages produced by these formulae must be
interpreted cautiously. For the artificial case of

alternating small and- large peaks, with the small peaks

ot

exactly half the size of the large, the formula would not,
for examplef measure shimmer at the SO%IQr 100% which might

be expected, but would give a value over three periéds of
75%. Thi%ﬁiéé%gtermined by'the weighting of elements in the
aenominagér; dividing by (Al_1 *U2A 0+ A”‘)/3 would. d&be 50% .

for  this case, while (A =+ A )/2 would produce 100%.

7 ere appears to be no compelling reason for-choosing among
these welghtings, however.

Gx)

After calculating -mean Jitter and shimmer, and the
. mean funcamental frequency, JSEXT?_aispléyed a plot of the

/ o : . \ -
positlye or- negative Jitter ~and shimmer valuwes for .each
o . ) ’ . ' o Py ' R i N e el e . .
period ir the vowel._These“ploﬁslgﬂﬂcwed‘vxSual evaluation
of the .pertyrbation .partern, and greatly assisted

‘interprezation of the csrrelation data. Copies ¢f the plots
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were optionally printed, and examples can be .found in the

LI
-

" Results chapter (Figures 16 to 19). The vertical plot

scales varied, to providefgood resolution for each token.

The proéram's Aut rr procedure investigated possible
cycles,withinjtgy/;j;ned jitter and shimmer values for the

periods. In this procedure, the measures were

Cautdcorrelated for period lags ranging“ from one, to

one4rbird.the total number of periods, to a maximum lag of
twelve periods. Significant correlations thus indicate the
presence -of at legst three cycles of- regular perturbation.
The twelve perloég maximum: lag was selected since the
previous time serigs: analyses of jitter or shimmer (Koike,
1969: vVon Leden & Koike, ’1970; Iwata, 1972) have shown

maxima to occur within this'range. However, the full twelve

lags were rarely re 'héd'fd male spéakers, as their vowels

often contalned fewer than $_:4thirty—six periods required.
The procedure also' >Xplored the period-to-period
' i

relations  between 51gned jitter and shimmer by

crosstcorrelating the two parameters at three bériod lags.
"A¥°a 1ag of 0, the duration of a period was correlated with

‘the height of the following peak; at a lag of 1, it was

correlated with the .peak within the ‘same peribd. These
relétions are schematically = illustrated in Figure 3,
altnhough it must be émphasized that the calculétions vere
in ract carri ed out on the sxgned j1tter and shimmer values

rarher than *he ' ac;ual, period  dur atlons  and peak

amplitudes._ﬁs jitteér and shimmer measure deviarigns from
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linear trend, however, the correlggions can be;ﬁﬁterpreted
as relating durations and heights wit@ thesqyéinear tfends
remozfd.’The lag of -1, wﬁich correlatedfpériod duration
with the height of the peak of the second, following period,
was included solely to give flexibility to the program;
interesting data were not produced. U ‘

JSEXTR produéeaLth:ee‘output ﬁiles foﬁgtéch subject.
Onevcontained,'férﬂpaéﬁfvowel, the values for hean jittef
and shimmer, and mean fundamen;él freq;ggcy; the second

‘stored the’ autocorrelation coefficients for the different

lags; and the third held the cross-correlation coefficients

L

e

for the three lags.
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Figure 3. Cross-correlations at lags of zero and one.
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‘ IV. Results
The initial portion of this chapter reports the jitter and
shimmer magnitudes measured, and descrﬁbes a procedure for
the explorafion and adj stmént of anomalous items. The
effects of vowel, spea&giusex, and intonation, as indicated
by analyses of variance, are then detailed. The final
section bresenté the jitter and shimmer correlations, based
on the mean vaiues for the tokens,” and on the

period-to-period deviations.

A. Maximum Peak Jitter

As explained in the "Period and Amplitude Measurement"
section, vberiod durations were determined in two ways,
"automatically"”", from the maxihum point in each perio&? and
"intelligently", with the program user tracking' a selected -
¢haracteristic peak gﬁroughout the vowel. For purposes. 6%&
éomparison,;?#Tdble .5 presents the Jjitter maéhf%u&es 
calculated.from‘the two period measurement sets, averaged
across the fokens of each subject. With both methods, the
jitter values of‘maﬁy Spéakers can be seen to exceed the .5
t6 1%'considered tyéical-for 4itter in sustained phonations
(Heiberéer & Horii, 1982). wﬁile it was thought possible
that the stress and intonation of natural vowels might
elevate overall jittér’ levels, notably large values and
l;rge speaker diffprencés were expected only with

"maximum-peak" jitter, reflecting this. measure's added

sensitivity. to waveshape perturbations. However, ‘while

82
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- Jitter 2

Characteristic Peak
Picking [%]

Maximum Peak

Picking l%g
Malé Speakers

MO1 91 .54
MO02 2.55 2.00
MO03 .5.56 4.81
M04 75 46
M06 1.67 1.21
MO8 .88 .57
M09 .82 .54
M10 1.06 .70
Female Speakers

Fd
FO1 1.02 43
F02 .88 .49
FO3 -.99 79
FO4 2.10 1.11
FO8 1.72 1.30
FO9 3.34 2.57
F10 1.76 g2
F11 1.31 .80

Table 5. Jitter values for each subject, averaged over

thirty-six tokens,; for the two methods cf period
determination. Similar speaker differences appear
with both methods. :
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&
maximum-peak jitter magnitudes were consistently larger
than "characterfstic—peak" ones, the measurement technique
itself did not contribute greatly to the inter-speaker
variability. | P
- An exploratory analysis of variance performed on the

maximum—peak jitter data fevealed no ;ignificant effects
apart froh phose associated with speaker differences
(subjegz, p<.01; subject x wvowel, p<.05; subject . x
position, p<.05; subject x vowel x position, p<.01). In the

.

absence of evidence_ relating period-to-period waveshape

v 1

¢hanges to perceived voice quality (as - opposed to vowel

quality),;}further examination of these data was not

motivated, although an analysis parallel to that which will

be presented for characteristic-peak Jjitter could =~ be

.

perfofmed.

For the remainder of this study, "jitter" can thus be

-

taken to refer exclusively td "characteristic-peak jitter".

B. Jitter and Shimmer Magnitud2s

Over the 576 tokens, jitter had a mean leue of 1.19%,
with' a minimum of .11% and a maximum of 17.26%; shimmer had
a mean of 3.99%, and ranged from .73% to 84.43%. With the
given fokmulae for jitter and shimmer (éqs.’3a1 and 3.2),

dlarée values do not directly express the depth of
variation: however, a 5e@§ure cf 84.43% indicates that the |

-

amplitude for this token varied, on average, by more than

L
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one-half across the three-period sets. This degree of

variation was not anticipated.
<

' : -
Histograms of  the jitter '‘and shimmer measures showed
' that, while the ‘majority of items .were distributed around

the means, a humber of unexpectedly large'valﬁes had been'

~-~

produced. For ﬂitter; these included’five values aboye‘15x[
seven between ﬁd and 15%, and nine betyeen 5 and 10%;.fcr
shimmer, thre#& vaYues exceeded 50%,'four”feil betweenv30
‘and 50%,'and nine were berween 15 and 30%. The production
of outliers appeared to be characteristic of certain
speakers: f1ve of the sixteen speakers were respoa51ble for
all such 1tems§;whrle multlple outllers occurred only with
"M021 M03, and FO09. Table 6,  which gives the meap jltter and
&

shimmer . magnitude% for each speaker, ‘'suggests the effect

- -

‘these‘values had in crearing speaker differences.
Outllers were 1nterpreted as‘represent1ng the presence
of some phenomenon add1t10nal to normal jltter‘and shlmmer
the nature of which remained to be detéf;ined. If ‘the
effect appeared throughout the data, witﬁvthe oqtliers as'
its extreme manifestation, some covariance measﬁre could be'
deyised}.;howerer)-*ifv it were unique to the outlieés;'»a?'
separarefanalysis of these tokens wogld be appropriate. The

followingd section details one attempt to define the

phenomenon.
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: 3‘ ! ‘ ' \, ‘ . h
s Jitter [%] \.\\Shimmer (% =
. Male Speakers o : |
P . ) . »
. ‘MO1 , 54 3.34
: - MO02 7 - 2.00 - 5.08 .
-MO03 ' - 481 : 14.27
* MO4 . 46 - 224 .
* a MO06 - 121 ‘ 389 .
7 MO8 57 215 "
\Y (0, - .54 . 2.45 ‘
M10: -0 . - 411
Female Speakers o .
FO1 | 43 2113
F02 49 2.33
J FO3 .79 2.28
FO04 : .11 3.14
FO8 1.30 . 505
FO9 257 622
F10 12 . 2.64
F11 .80 . 245
\ —

'I"a'blev v6‘. Jitter .. and shimm,ezi _mag‘nitudé'-‘s}' averaged EOV'e_f/v““‘
thirty-six tokens for each speaker. Outlying'
tokens were produced by M02, M03, M06, F08, and
F09.

&
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C. ‘Alternate Period Measurés

In the waveform of ‘certain tokens, alternate pulses

were observed to correspOnd more'closely, both'in'period
: oL . i 1 o L. )

- duration and peak. amplltude, _than adjacent ones. This

<

. characteristic »offithe wave, called "double- per1od1c1ty"'

0

~(Shoup -& - Pfelfer' 1976) could produce very large values
'for perturbatldn measures on Sﬁcceeﬁlve pulses. To test the
extent to Wthh double per10d1c1ty ex1sted in the data set

and the extent to Wthh it could.account for the outller

-

values,'jitter_and shimmer were recalculated from alternate

;@:iodsy This measure, for jitter, had the form

Tl 2+ T1+2

: ' T;- e
o 1 - ' 2. :
' = = : 100{%]| .
Alternate Pel’:fod‘ Jitter N4 Z Tt Ti T X [%|
r . : : 3 - v 4.

”

A similar measure was used for shimmer. For tokens

4

containing double periodicity, alternate period jitter and

éhimmer values would be smaller thaq{ those pfeviouslyu

calculatEd; for tokens without it, vadues very similar to

the original magnitudes were predicted.

-The vreéults, for both jltter and shimmer, 1nd1cated

»'that thlS effect was not con51stently present. For a\number.

: !
ofgspeakers, a,roughly‘proportlonal relation could be seen
betWeen the two “pres of »meaé@ﬁes, with the alternate

perlod perturbat1on maghatudes approx1mately equalllng the'

R

successive perxod ‘ones. The plot of jltter Mlthfalternate.f*'

period jitter for F11 (Flg 4) prov1des an example of thlS

»

~.



expected to exceed them. That thlS last pa

fact, occurv%ay be traced to the assumption,

S , , _ > )

type; with th1s Speaker there ‘is-"no ev1dence fdr any

phenomenon apart from normal" jlttet{p In contrast, the
— °

plots for speakers F08 ‘F04 and,MOBY(F1gs..5, 6, and 7)

show the presence of tokens with double periodic1ty,‘but

"f:- J ,‘:‘ “ R 88‘

&

suggest.various'relations between the measures. Note that

the horizontal and vertical scales of‘these‘plots vary;_Thejl

and alternate period jitter,'w1th values for normal jltter

..

»
3

plot for F08rreveals a rcughly linear trend bet&een jitter:

x
-greater than those for alternate perlod jltter- one.extreme‘

jitter outlier deviates markedlytﬁxom the trend. This can .

be compared with the relation in FO4, wh1ch would be- best

v‘

described by a quadratic, and w1th the scatter in ‘M03,

N

wh1ch is not suggest1ve of any regular nelatlon.LSuch lack

e N . o “J

of con51stency, both in presence- and effect dld not permlt

e 7

the wuse of the double perlod1cxé§ measures cas\ llnear.“

-
\ .

covariates. - o

Alternate period values were prediétéd»to be smaller

.
!

than. or equal to successive per1od values, but were not

»1b111ty d1d bfh

"vthe-measures;gthat systematic varlatlons 1n‘perrbd duration

~,or amplitude will follow linear  trends. 'with~ néturaL$'

vowel®, this 1is more likely to appear true over three

periods than. five; since fhe measurements are of deviations =

. “from-such trends, ythe londer averaging window for alternate

‘hperiodS*Vceuld increase the measured magnitudes. The

[N

Spec1f1c;.Values ‘calculated may thus —be used only™ as

R SO

'mﬁlidibf1n

° e

<
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Figure 4. Plot of jitter .with alternate period jitter for
the thirty-six tokens of female speaker F11.
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Figure 6. Plot of jitter with alternate period jitter for
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the tokens of female speaker F04.
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' approximate éuides to the amount of double periodicity

present &

With this caution, the alternate period values forvthe
oﬁtlier tokens Qére examined, to determine the contribution.
of doubie periodicity to these itemg. A list of such’
tokens, with the successive and alternate period\values, is
given(in Appendix E. In general, the jittef and shimmer
Values‘from alternate periods can be sq?n'toibe greatly
.réduced from the origingl magnitudes, indicating a notable
degree 6f dbubleﬂberiodicity;‘However) the fange of vaiues
produéed‘ suggésts that this characteristiﬁ alone was nof'
responsibie for aii of the e#ceptional pertu:bations.
Tokens such as ERE2, spoken‘ by MO06, and AWE2, b§/ FO09,
containég séctionéJof glottal fry, which may be described

as double periodicity with added irreqularities. Token

UHE2, by M03, showed variable doublevperiodicityy with two

7,
e

pulses of the samé_type occasionaili.adjaCént. Other,tdkehs
differed 1in the consistency of the effect, having it
thfdughouﬁ\the/vowél'or only ‘in certain portions. For these
reasoné;ﬁ.the outliers"may ‘not . be regarded as a truly
Jhomogenebus group; dbuLie"periddicity was>“ﬁbt_ theA sole_'
‘n §henomenon displayed. Tl A |
ST '-  "ﬂb"]_ :
D,iAnalysiS of”VarianCe; All Speakers 7
Althod§h ”th9 ‘alte:nate period analysis failed to

explain all of‘ﬁhgnoﬁtiier values, it did support the idea

-~tha£’1argé valuesAreptesented,some phenomenon or phenomena

. o e . .
5 _ , . .
R T : } _ .



. Table 7.

Jitter [%] Shimmer [%]
Qutliers Adjusted Qutliers Adjusted

Mal ker )

MO1 - - .54 334

MO02 ' 1.12 473

MO3 1.27 5.46

MO04 46 2.24

MO06 .78 3.89

MO8 - 57 2.15

MO9S .54 2.45

M10 © 0 4.11
Female Speakers

FO1 ' .43 2.13

F02 .49 2.33

FO3 .79 " 2.28

‘FO4 .11 3.14

FO8 - .85 2.80

F09 ) 1.38 451

F10 ~ 12 2.64

F11 : .80 245

/
~Mean jitter add shimmer magnitudes for each
speaker, following adjustment of the outlier

-token values.

”~

speakers M02, MO3, M06, F08, and FO09.

N

92

Note the change from Table 6 for



extra to, and qualitativelY‘different from "normal" jltter
and shimmer., If 1ncluded in the genefal analy51s,'values
produced by‘these effe;ts, whether double periodicity, or

fry,'\wbuld conceal or distort the. variations due -to
] x ) . . N .

. ) . e P ' .., :
"normal"” jltter and shimmer. -Arbitrary upper - limits on."=.
% N : ' .

\

acceptable; jitter, at 4%, and sh;mmer} at 15%, were

'therefore . established, based on distribhtional criteria.

J

Values above these(levels were adjusted to 1%, for jitter,

and:3.5% for shimmer, the approximate'overall‘means of the

rparameters. This step effectlvely ellmlnated the outllers’

from the analy51s, and prov1ded a. dlstrlbutlon Whlch better

3

satlsfled thew,normallty Lrequ1rements of ‘ghe statlstlcal

tests.v"

.

Using the rabove criteria, 29° (5.0%) jitter and*:16}“

(2. 8%) shimmer\values were;claSSed as outliers, from the

;total of 576 tokens,‘w1th one exceptlon, the_outlierﬁtokens

for- sh1mmer were also outllers for Jltter._ The 1ist in
Appendix E shows that these did not: depend on elther vowel

p051t10n, or repllcatlon although their productlon _was

restricted tQj particular speakers. The effect thelr-

ellmlnatlon had on the means for these speakers can be‘seen
by compa1 . Tables .6 and 7. Thelr pecullar1t1e5¢w1ll be

further dlscussed in the."Correlatlonal Analyses" sectlon.

Follow1ng ad]ustment of the - outllers; analyses of

varlance (ANOVAS), were performed on - the ]1tter and shlmmer
_ . -

data. The ANOVAs were‘-generatedﬂ—by the ANOVAR .use}

procedure, called from SPSSx. A mixed repeated measures

¥
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»
design,was used, with sex as a bé%ween;sﬁbjects,factor, and
< i .

with vowel, position‘. and repllcatloﬁ as within-subjects
factors. Sex; vowel, and position were treated as rfixed
factors. .Subjects, imp11c1tly'-random, were nested within

.-

sex. Repeated measures were made on vowel and position.

. The ANOVA sums of squares F ratios, and probabllltles
for jltter and shimmer are presented in Tables 8 and 9. For
both pepturbatlon measures, strong subject effects were
.found (p<.01). For jitter, the “sex by vowel interaction
v(p<.01) and the vowel by position interactien (p<.05) were
also g&gnificant; for shimmer,'significant main effects for

. . . B9

vowel (p<,01) and position (p<.05) emerged.,

. To examine the jitter interactions, tests on simple

L(mein. effects (Winer, pp. 544-5) were performed. In this

case, this ‘involved cohstructing F ratios to test the
effect of sex, and .position, at eéch of the‘ n}ne vowel
levels., For sex,'the results ind’zated a difference only
for the vo&el /c/; with females haying'significgptly more
jitter than males [F(1,34) = 7.497, p<,. 05] For position,
/ > / was observed to ‘have significantly mo?e jltter at the
end of the sentence thd"between words [F(1 ,126) = 11.866,
p<.01], while /o / had more jitter between words [F(1,126)
= 4.859, p<.05]. Plots.of these interactions may be seen in
Figures 8 and 9. |

| For shimmer, a Tukey (a) test (Winer, p. 198), was

conducted to determine which pairs of vowels differed. From
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Soume. - SS df MS F ' p

Sex : ~.828 1 828 252 624 -
Subjects (Sex) 46.008 | 14 |3.286 16.851** | .
Vowels ‘ 3.247 8 406 | 1.615 128

+ Sex x Vowels 6.133 8 | .767 | 3.051%* ; .004

Vowels x Subject (Sex) - 28.142 1 112 | .251 1.287 ~
‘Position 6821 1 .682 | 3.036. | .103
Sex x Position " .099 1| .099 440 518
Position x ‘Subject (Sex) 3142 14 | .224 | 1.149 -
Vowels x Position - 3.699 8 | .462 | 2.336* | .023
Sex x Vowels x Position 1.530| 8| .191"| 966 | .466. |
Vowels x Position X Subj (Sex) 22167 [ 112 | .198 1,015 S
Replication g 040 |- .1 | 040 | 202 | .660

**p<0.01

* p<0.05

o » . |
Table 8.. Analysis of variance summary table for jltter
~ following adjustment of the' outller tokens.

s

__Source. | { . SS | df] MS| F "| p
Sex .u | 70387 1 [70.387+ 1.670 -] .217
Subjects (Sex) ’ 590.129 | 14 .]42.152 | 14.135%* :
Vowels 1100914 8 [12:614| 3.448*+ 001 |
1 Sex x Vowels SR 46.436 8 | 5.804 [ 1.587 | .137
Vowels x Subject (Sex) 409.730 | 112 | 3658 | 1.227 | |
Position = - | .18.471 1. 118.471 | 4.709* |:.048 |..
Sex x Position ‘ | 6234 1] 62341 1.589 | .228
- { Position x Subject (Sex) .| 54918 14 |. 3923 1316 |
‘| Vowels x Position .~ | 13777 8| 1722| 702 | 689 |
Sex X 'Vowels x Position . 33.598 | 8| 4.200. 1.712 -] .103
{ Vowels. xPosmonxSubj (Sex) 274793 (112 | 2454 .823 ]
Replication =~ 4 S 171 521 081 | 780
% p <001
* p<0.05

' Table 9. Analysm of wariance summary table for shlmmer
' ‘ followmg adjustment of the outl1er tokens :
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measures between each pair of entities (in this 2
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most to leastsshimmer, the vowels ?ere‘ofde:ed /&, o, A,
e, », ¢, 2, u, 1i/. At the .01 hﬁev§14 /&/ and / ® /
displayed hqre shimmer than /i/. For positidﬁ, more shimmer
was found at the end of the sentence than within it (mean
shimmer, §entence—£inal = 3.38%; betWeeﬁ words =.3.02%).
The large subject effects, apparent with both jitter

and shimmer, éuggested that the speakers ‘had been drawn

from more than one subject population. To exploreK the

.speaker differences, and. their effect on this an- lysis,

cluster analyses of the subjects were then gener~ted.

E. Cluster Analysis. s

U Cluster analysis is a teﬁhn{que,which groups'ehtiﬁies
into hpmobeneouS'subgroups on the basis of the similarit?
of their fegponse pfofiles (Lofr, 1983). The analysi takes
as input a matrix of the raw data from which distance
2,
subjgcts) afe computed.f The agglomerative hierarcu.cal
method of clustering sequentializ combines the set of-
subjects,-téking at each étage the-&wo subjects or clusters
whichﬁ are closest, ‘to produce a tree-structure
representation ﬁf the distances. Height on the resulting
treeﬂémay thus bel‘equatéd with distance. Subjects with
similar profiles 'will‘ be joined at a 1low level 1in tﬂe
hierarchy. Groups of similarly respondin§ subjedts will be
combined at a lc: ~ vel : iong themseives,~but will only

merge with other groups at a relatively high level.

/
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Subjects grouped at a high level may have little in common:
since the procedure continues until all entities are
included, spurious groupings may be formed.

Using SPSSx, two subject clustgr analyses were
produced, 'one with the Jjitter and the othe#’ with the
shimmer measuresh as the profile variables; the adjusted
values were used for the outliers. Distances among tge

~

subjects were \Seterminéd' by the squared Euclidean
dissimilarity metric, and clustering proceeded by Ward's
minimum variance method (Lorr, p. 90). |

For jitter (Fig. 10),- the subjects can be seen to
¢luster into ‘two - groups of six subjects each. Group
membershiéuwés not determined by sex: the first group, the
most homoggneous, contained two female and four -male
speakgrs, while the second, connected at higher levels,
_held four females and two males. The height at which the
four remaining speakers were added indicaied that these
sfour, thougﬁ linked in the diagram, were best treated as
individuals. @? | v . | ,

For shimmer (Fié. 11), one group of nine relativély
similar sbeakers (six fegale, thrée male) wés formed. A
second group, consisting of. F04, MI10, and MOS, was more
~oosely defined, énd four speakers again were best régafded
as ungrouped. Three of the four ungrouped speakers, for
both ‘jitter and shimmer, were MO02, MO3, and FO09, the

speakers responsible for most of the outliers: even

follbwing removal of the extreme values, their measures
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Figure 10. Subject clusters for jitter, . following
adjustment of the jitter outlier values. :
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Figure 11. Subject clusters for shimmer,- following
‘ adjustment of the shimmir outlier values. '
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appeared abnormal. The other ungrouped speaker for jitter,
F04, was included in Ehe‘secdpd shimmer group;, ﬁhe fourth

speaker Qitb abndrmal shimmer, MOl, was i1 -he first group
.fﬁr.jitfef, As a .general rule, similar 'y ior jitter did
not i@ply simiiafity‘for;shimmer.

Smoking did not appear to affect group membership, or
non-membership. The two Jjitter groups and the iafgest
Sh;mmer group each contained a mixture of smokers and
"nqn—sﬁokers; of the consistently ungrouped spéakers, only
>M02‘haa.a7hi5tory oflémbking.'

F. Analysis of VarianCe} Gﬁouped'qujectsi'“

With the subjects nested Qithin'relétively hombgeneousu
subgroups, much of the variénce attributable to speaker
differences could be éliminated;bThis would provide addéd
sensiti&ity to tests on vowel or \positiod effeéégi—hThe
‘subject * groups defined by thé cluster analyses werév
- therefore used in a second set of ANOVAs, which explored
the jitﬁer and shimmer variations within the groups.

The ANOVA for jitter fbliowed thé same basic design as
the previous ané&ysis,.with the two groups replacing the
two sexes as the between-subjects factor, and with the same
three withinfsubject ‘faCtors. Only the twelve grouped
subjects were @ncludea. Group, vowel, and positfon vere
déclared as fixed; subjects,\ nested within;;groups, and
replication‘WEre random. The results, presenteérin Table

<
10, showed a significant main effect for vowel *(p<.05) and
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a significant sybject by vowei interaction (p<.0ff. Aé
éﬁpectgd, groups wer€ also significant (p<4001).‘

. From most to least jitter, the vowels were ordered /;,
u, o, i, ¢, = A, v, 2/, although the subject by vowel
interactibnAindicated this would-not’hecessarily hold for
angkgiven speaker., A Tukey teéf showéé only that, overall,
vthz'éﬁtreme cases, /t/ and {a*/, differed (p<.05). This may.
be reléted back to t.e sex by vowel and vowel by position
effects of the first ANOVA, which involved these vowels,
Plots of the subject by vowel interactions for the two
. groups (Figs. 12 and 13), generatea"to test whether any
subset“of speékers behaved consistent&y, suggested that the
production of jitter  for differeht vowels should bev
examined on an individual basis. Any vqwei effects may thus
be regarded only as tendencies. | | u

For shimmer, only the nine subjects clustered into the
first group were analyzed; | there were  thus no
.betw?en;éubjects fadtofs. The three within-subject factors
Qe:e again 'vowei, posiﬁion, and replication, Aé with
jitter, the re§;1ts_%showed a vowel effect (p<.01) and a
subject by QOwelj‘iﬁteractioﬁ (p<.01);. 8 significant
poéit}on effectb-also appeared (p<;05)} fhis analysis is
summarized in Table -11.

From mést to least sﬁimmer, thé,vowelé were ;rdered‘
/&, A, ©, D, €, , a,‘i, u/. A Tukey test indiggted that
/&/ and /A/ differed’ significantly {nom /u/ (p<.01) and

from /i/ (p<.05), though these effects again did not hold
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Source -, ‘ S | df{ MS F | p
Groups - 7726 1| 7.726 | 76.895*¥]| .001
Subjects (Groupé) 1.005 | 10 00 1.127
Vowels 3.880| 8 486 | 24854 | .018
Groups x Vowels : 477 8 060 305% | .962
Vowels x Subject (Groups) 15.653 | 80 Jd96 1 2.210M* :
Position . 452 1| 452 4.513 060
Groups x Position 0041 1 004 040 | .845
Position x Subject (Groups) 1.002 ] 10 00| 1.127
Vowels x Position ‘ J1671 8 0961 1.012 434
Groups x Vowels x Position J541 8 .094 995 | .447 d
Vowels x Pos'n x Subj (Groups) | 7.576 | 80 095{ 1.071 ‘
eplication 0361 1 036 231 41
- **p<0.01

A

* p<005

. . ?
Table 10. Analysis of variance summary table for jitter,
. with 12 speakers in two groups ofysix.

Source | SS F"' )

df | MS
Subjects 14.623 1 8 | 1.828| 1.936
‘| Vowel , | 62.046 | 8 | 7.756 | 4.621**| .001
| Vowel x Subject 107.416 | 64 | 1.678 | 1.778**
Position . 9.2831 1 | 9.283| 6.140* | .038
Position x Subject 12.094 | 8 | 1.512] 1.602
Vowel x Position : J10) 8 .089 120 | 998
Vowel x Pos'n x Subj - 47.457 | 64 742 786
Replication , 066 1 066 030 | 867
**p <0.01
* p<0.05

P

Table 11. Analysis of variance summary table for shimmer,
for one group of nine speakers.
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for all speakers. A plot of the subject by vowel

interaction, given in Figure' 14, “'shows the lack of

.consistency within the group. More shimmer appeared in

sentence-final tokens (mean shimmer = 2.56%) than in those -

occurring between words (shimmer = 2.22%).

G. Correlational Analyses
» L 4
The preceding analyses examined the effect of certain

factors on ;. jitter ~and: shimmer - magnitudes, without

attempting to relate the two measidrement parameters. The

correlational analyses explicitly investigate this

relationship, both in the mean magnitudes for the tokens

and in individual periods.

Token Magnitudes
To test the degree of association between mean jitter
and shimmer, the Pearson  product-moment 'correlation

cbefficient was calculated from the 576 tokens. With,the 30

jitter or shimmer outliers included, the Pearson r was

"found to equal .846 (p=.000): thé linear correlation

accounted for approximately 72% of the variance in the
parameters. However, when the outlier tokens were excluded,

the coefficient was reduced to .491 (p=.000), indicating a

- shared variance of only 24%. The outliers, which as a group

were exceptional for both jitter and shimmer, produced an

impression of linear dependence between the measures ‘which

_the normal tokens did not strongly support.



Number of r
‘ Tokens
Male Speakers
- MO1 36 .0800
MO02 33 - .1972
MO3 19 7841
M0O4 ' 36 .1040
MO6 35 3331
MO8 36 -.1402
MO9S ' 36 7380 .
M10 36 : .5207
Female Speakers
“ FO1 36 1686
FO2 ‘ 36 .3008
FO3 36 -.0523
F04 36 5288
FO8 35 4354
F09 28 7279
F10 7 36 0616
Fi11 36 - .6241
Table 12.

‘normal tokens of each speaker.

321
136
000 **
273
025 *
207
000 *x*
001 **

163
037 *
381
000 **
004 **
000 **
361
000 **

106

Cbrrelations between jitter and shimmer for the

et
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To obtain a more detailéd view, correlation
coeffiéienté for the'normal.tokens of individual subjects
‘wére caléulated. The‘;esulﬁs, prese;ted in Table 12, show&d
jitter and shimmer to be significantly correlated at the
.01 level for seven of the sixteen speakers., This should
not be immeQiately attributed to speaker differences,
‘however,'as much of tﬁe apparent linear dependence could be
seen to derive from a small number‘oﬁ tokens. The'plof for
M09 (r=.738), the subject having the highest correlation
with 36 tokens,.provides an example of this type: through
the gredter portién of this plot, a substantial degree of
scatter 1is displayed (Fig. 15). Claims for a prédictive
relation betweenl the mean jitter and mean shimmer

magnitudes were thus not appropriate.’

Cross—Correlations

.The cross-correlations investigated the association
between the signed jitter and shimmer values for indixidual
periods within a token: At a time lag of zero, the jitter
for a period, defined: as the signed deviation from the
linear krend in period duration, was’co;related with the
shimmer from the following peak; at a laé of 6ne, it was
correlated with the shimmer from the,peakahithin the same
period. These relafioﬁs were 1llustrated in Figufe 3. The
érst-correlations thus relate the perturbatiphs in period
duration with the perturbations in peak amplitude, on a

period-to-period basis.’ 'Significant correlations would

0

- -
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support the hypothesis' that the -same causative: mechanism
Underlies both perturbations, although the‘.cqrrelation
itself could not, 1logically, provide 1insight into £he
nature of this mechanism.

The results showed the signed jitter and»shimmer to be
significantly correlated, at the .01 level,vfbr 140 of the
©—576 tokens (24.3%). Significant negative correlations at a

lag of zero, or positive cotrelations at a lag’<3f one,
aecounted for 115 of these cases (19.9%). In these tokens,
~long periods followed 1large peaks, end - short periods
followed small peaks. By contrast, positive correlations at
lag zero, or negative corre;ptions at lag one,.appeared in
only 25 cases (4.3%), representing the fevefee situation.
When the outliers were examined algne, 26 of these 30
tokens were found to be inciuded ahong the 115 flarge‘peak
following long' period" items; none demonstrated the
opposite possibility. As a g;oup,Athey were remarkable for:
the 'strength of their eorrelations:~ twelve of the
twenty-six correlations were above .90, and all but three
exceeded .70. The results\also‘tended to be consonant with
the alternate period‘measures,'aithough the plot (Fig.f16)
of tﬁe eigned jitter and shimmer'in ERE1, by, M03 (lag=1;

r=-.25, not significant), shows one way in which the.
. J ' = * ’,
analyses could- deviate: although the alternate period g

jitter and shimmer measurements wefe. both smaller than the
successive period values, no consistent relation between

jitter and shimmer "was maintained. However, for most of

* -
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these tokens, the correlations .supported the idea that

double, perlod1c1ty, 1nvolv1ng consistent ‘alternations in

' both peak helght and perlod duratlon was present.

‘Without the outllers, 89 of the 546 normal tokens
(16.3%) fell ‘into the "long period following large peak"
“group; the number " of "short period following large peak"
tokens remained the same. The majority ‘'of these
_correlations‘were comparatiyely weak, however: of_the tléwg
signiticant coeffipients only 4 werei\gréater? thanl ;éO,
while 39 were between .70 and 89 ‘and'71vfell'between .40
and-.6§; The plots for tokens AEE1 (lag=1rjr=.97) and AEE2
(lag=1, r=.55), produced by FO08, ‘re;eal the qualltatlve
difference between strong and weak correlatlons (Figs. 17v

and 18). These plots link the Jitter of a perlod w1th the

shimmer from the fOllOWlng peak thls corresponds to avlag

of 0. Token. AEE1, an extreme outlier (jitter = 17 ,20%.,~
shimmer = '84 43%), | dlsplays thel exaggerated | re ular
tpattern characterlstlc of double perlod1c1ty In_contraSt,)
AEEY (j}tter ;..55%, shlmmer/;l5.01%)_shoys‘What Could be -
kdesoribed~ as an inconsistent regularity: " the relationv
between the parameters does not account for a great deal’ of
the varlance As the autocorrelatlon analy51s w111 show,
the correlatlons for - most of these tokens should not be
assoc;ated w;th double perlodlolty.

The piot_ for a vthird- /z/ by FOB,_*KEBZ (Fig. 19),
provides an example of a token with no ﬁignificantp

correlations (lag=0, r=-.16; 1ag=1,, r=.09). This was‘vthe



[SY

‘| SIGMAL:  M@3 EREL - "TTER & SHIMMER EXTRACIION DELTA VALUES |
- =
|
I
' !
@.167- ' X
i ;
| : : |
* L] )
. [ ! '
L L} ' ] . !
|
I ! . 3 .
8.8~ o s |
? ; |
. . '
. ] : v . .
. [} . ’
I
(] 1]
4
SIGHAL CONTAINS 25 PERIODS . ' JITTER ¢ SHIMMER

Figure 16.

t

‘Signed Jjitter and shimmer for each periodi&n

token ERE1, produced by male speaker M03. The
points represent relative perturbation values
prior to the conversion to percentage.
Jitter=4.59%, shimmer=9.54%, r=-.25 at lag=1.
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Figure 17'@

Signed jitter and shimmer for each period in
the outlier token AEE1, produced by female
speaker  F08. The regular alternations are
characteristic of - double. periodicity.

.Jitteré17.20%, shimmer=84.43%, r=.97 at lag=t,
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AEB2, a normal token with no significant
jitter/shimmer correlation, produced by
speaker F08. Jitter=.63%, shimmer=2.54%, r=.09
at lag=1. '
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case for approximately four out of five of the normal
tokens. Such a degree’ of independence sudéests that
separate causative mechanisms for jitter and shimmer should

4
be considered.

H. Autocprrelations’
The -autocorrelation analysis tested for cycles witﬁin ‘

the signed- jitter or shimmer deviations of each ;oked;-Tﬁe.

array of period values for jitter, of for shimmer, Qéé

»

correlated with versions of the same series, delayed by
integer ' numbers of periods; Jsig"‘i\can,t cdrrélafions
irdicated the presence of regularly repeated perturbations,
with periods equal to the time deléys. The delays, or iags,
Jranged from one period, to one-third theltotal,numbén of
periods, to a maximum lag of twelve pefiods? to be.véiid,_
at least three cycles had to be represented within a token.
Sincé thé number *of 1ags varied for differen: okéng,
results are reported bofﬁ by the number vof_ tokens
signifiqant at a given lag, and by percentages, with the
number of sigﬁificant t <ens divided by the. number of itémé
for which the lag was calculated.
Jiftér and shimmer values wére based on  tﬁree
succéssive periods.'Thps, the cerrelated ‘'measures were not
independent at lags of ohe

¥

or two periods, lags for which
the trend line windows ovérlapped. This tended to produce

.4

negative correlations at a lag of one period, .and positive

correlat%ons‘at lag two, results whieh cannot be directly



114

interpreted in terms of perturbation periodicities. For ?
v ' ?
this reason, only resu%ts for lags three to twelve are

presented. *®

The normal and outlier tokens  were examined
separately. In addition, a distinction was made between
"sequential"” and "non-sequential" correlations. With the
former, significant correlations:appearéd for-a consecutive~
-number of lags, starting “at lag one; with the latter,

_ - \
correlations at longer time lags were significant, while

Fa

those at shorter lags were not. Sequential correlations

were believed to arise from a relation between alternate

periods. The coefficients for these tokens were negative at
oddAlégs and positive at even’ohes;vthey decreased in value
as the lag increased. The non-sequential correlations,
reflecting long-term cycles in ~the underlying sigﬁal,
represented the more interesting'cage. )

Results for the hormal tokens Jare given in Tables 13
and 14. Overall, very fewvco:relations Qere significant at
p<.0.1. For the non-sequential items, thevnumbers appear aﬁ,
or near to, chance levels. To determine the number ofs?
correlations which might be expected due to chance alone,
-the arrays for each token could be randomized, and Again
autocorrelated. However, the minimal effects dbserved for
both jitter and shimmer did not motivate this pfocedure:
consistent non-sequential correlations did not occur at any

lag. The sequential correlations suggested that periodic

relations across two periods existed within a small number

N\
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of normal tokens. For jitter, this effect involved less

-than 6% of the tokens (negative correlations‘at lag ;hree =
5.87%5; for shimmer, it was present for less than 3.5% (lag
three = -3.41%). Tokens with sequential correlations were
produced by fourteen of the sixteen'speakers,“but were not
frequently generated by any individual.

The thirty tokens for whicﬁ/i}ttér or shimmer was an
outlier showed a . high proportion of sequential
correlations. This could be expected fgom the regular
alEernations visible in many of the token pertufbation
'pléts. However, as with the normal group, no consistentg%
longer cycles were apparent. Results for thesé tokens are
presented in Tables 15 and 16.°

The relation between jitter énd shimmer differed for
normal aﬁd outlier | tokens. Sequential correlations
affecting both parameters occurred 1in only six normal‘
tokens; the remaining correlations showed that eyclical
variations ih duration, ‘or in amplitude, could exist
‘independently of each, other. In contrast, pagallel:
correl;tions for jitter and shimmer appeared in t%ir;een of
the thirty " outliers. This effect, associated ‘with
consistent double periodicity, should be distinguished ffom
" the independent alternations.

The token plots previously presented demonstraté some
of the possibie relations between the pafameters. For}tokén
ERE1, by M03 (Fig. 16), sighifiééhf correlations appeéfed‘

at lags of one to five periods for -jitter, but only at lag
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one for shimmer; in the plot, jitter can be seen to vary
reguls . throughout the token, while shimmer fails to
maintain consistent alternations. The correlations for AEE]
(Fig. 17), an outlier with marked double periodicity, were
highly significant at 1lags one through=¢€wélve for both
jitter and shimmer. AEE2 and AEB2 (Figs. 18 and 19) provide
examples of normal tokens with no correlations at lags

greater than two; this was the case for the vast majority

of tokens.



o Non-Sequential Sequential
Number '
Lag | of Positive Negative - Positive Negative
Tokens [Correlations |Correlations |Correlations |Correlations
# % # % # % # %
3 528 6 1.14 1 19 31 5.87
4 499 7 1.40 10 2.00 | 21 4.21
5 | 464 8 172 | 3 65 —| 16 345
6 | 405 7 173 | 9 222 8 198
7 | 350 9 257 | 8 2281 -1 7 200
8 301 6 . 199 9 299 4 1.33
9 | 254 6 2.36 7 275 | 3 1.18
10 207 4 1.93 3 145 1 48
11 166 2 120 | 3 181 1 .60
2 | "1 s |1 s | 1 s

“"}

Table 13. Number of - nofmal tokens = with significant
~ autocorrelations for signed jitter at lags
ranging from 3 to 12 periods (p<.01). ’
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Non-Sequential Sequential
Number _— _
Lag of Positive: ~ Negative [  Positive Negative
Tokens |Correlations |Correlations | Correlations | Correlations
# % | 4 % # % # %
3 | 528 11 208 7 132 ‘ 18 34]
4149 |1 21 8 160]| 11 220
5 | 464 6 129 | 5 1.08 7 151
6 | 405 5. 123 4 99| 5 123 |
7 | 350 386 | 4 114 3 86
8 | 301 1 .33 4 133 2 .66
9 [ 254 0 | 3 1.18 2 .79
10 | 207 | 1 48 3. 1451 2 .97
11 | 166 2 120 | 3 181 I .60
12 | 124 2 161 | 6 484 1 81
14. Numbé} of  normal tokens with: éignificant

Table

autocorrelations for signed

shimmer = at. lags

ranging from 3 to 12 periods (p<.01). %




4
Non-Sequential Sequential
Number ‘
Lag of Positive Negative Positive Negative
Tokens |Correlations |Correlations Correlatgons Correlations |
9 4 @ | # 9 g ¢ 9
3 30 333 0 v 18 60.00
4 29 0 0 12 41.38
5 27 “1° 370 0 9 33.33
6 24 0 1 4.17 8 33.33
7 19 1 5.26 0 6 31.58
8 14 0 0 6 42.86 |
9 10 0 0 3 30.00
10 8 1250 | O 3 3750 |
11 8 0 1 12.50 3 37.50
12 7 | 1. 1428 0 3 4286 ,
Table 15. Number , of tokens with  significant
autocorrelations for signed jitter at lags
ranging from 3 to 12 periods, from the 30
tokens for which Jjitter or is an

outlier (p<.01).

shimmer
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Non-Sequential Sequential
Number o
Lag of Positive Negative Positive Negative
Tokens |Correlations Correlaltlﬁus Correlations |Correlations
# % | & 9 # % | # g
3 30 0 0 _ 15 50.00
4 29 1 - 3.45 12 41.38 |
5 27 1 370 1 3.70 9 3333
6 24 1 417 1 417 | 6 2500 |
7 19 0 0 , 3 1579
8 14 0 0 2 14.28
9 10 0 0 2 20.00
10 8 0 0 2 25.00
11 8 0 0. 2 25.00
E \_
12 7 1 1428 | 0 >~ | 2 2857
Table 16. Number of’ tokens .with significant
autocorrelations for signed shimmer "at lags
~ranging from 3 to 12 periods, from the 30
tokens for which jitter shimmer is an

outlier (p<.01).

or
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V. Discussion
As in the Results chapter, the first sections of this

chapter briefly discuss. the method of pitch extradtion

selected and the magnitudes measured in this study. The. .

statistical effects are then reViewed, with .comparisons
made to results previously reported in the literature. The
effect which individual differences may have on the

statistical analyses, and the implications - for the

development of a screening procedure, are noted. Beyond

these différences, possible causative factbrs related to
the sé%,l Qowel, and  intonation effect59 are suggested,
although much of this mate:ial must be regarded as
speculative. With the correlaﬁions, particular attention is
given to the problem of acoustic interactions between
jitter and shimmer. The final section bsummarizes the
findings éf this thesis and offers some suggestions for
furtheriresearch. ‘ ’ | :

L

A. Jitter and Shimmer Magnitudes

Jitter Measﬁrement

Jitter determined frém beaks in the acoustic waveform
is not oniy influenced by timing pérturbations in, the
glottal periéd:..the generation of additive .nbise/ or
changés in the vocal tract confighration, may also

contribute = to the  measured perturbations. The

“characteristic-peak method of period extraction attempts to

121
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minimize the g“&S)fect of the last factor, by providing a
consistent reference for the measurement of all vowel

periods. In this approach, it 'is assumed that the

pefception of periodicity does not depend upon the location

of the greatest amplitude point in the period, and that

cycle-to-cycle waveshape variations in the acoustic wave do
not, directly contribute to the perception of roughnesé.
These aséumptionsﬂshould be tested empirically.

Informal listening suggesﬁed that glottal
perturbations and waveshape variations do not produce
similar perceptual effects. Tokens with peak-;ﬁitching, in
which waveshape changes brought different peaks. into
prominence in suéceSsive periods, could have large jitter
values when period.' durations | were found by ™ the
"maximum—peak" method, but compatativelyA iittle
characteristic-peak jitter. The token AEE2, by F10,. is an
example of this type, with a maximum-peak jitter of 14.31%
and a characteristic-peak jitter of .97%. Unlike the

- characteristic-peak outliers, which were perceived as

notably rough, this token was heard as a normal-item. The

listening conditions were not those which would be used in

a perceptual experiment, however, in that playback occurred

‘over a loudspeaker, in the presence of equipment noise. It

thus cannot be claimed that waveshape changes have no

effect on the quality of the signal, only that the effect

is not obvious. It does not, though, appear useful, for
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pérceptual purposes, to combine glottal perfurbations with
waveshape variations in a single measure.

Signals from ., electroglottographs or contact
microphones, or low-pass filtered acoustic sighals, pfovide
a siﬁple representation of the periodicify atnéhe glottis.
Fof the perception §f roﬁghness or haturalhess, jitter:
;hould initiaf%y be defined in terms of these signals, with
the contributions of other features bf the acoustic wave,

such as shimmer or waveshape <changes, investigated

separately. Differences between the maximum-peak and

\
|

characteristic-peak jitter rohghly indicate the presence of
weveshape variations, and could facilitate the examination

of this phenomenon.

Mggnitudes in Natural Vowels

When the outlier tokens are removed from the analysié,
the average magnitudes of the characteristic-peak jitter,
%?t .79%,.and of the shimmer, at 3.20%, appear similar to
values ’.reported for sﬁstained vqwels. Any detailed
comparison of magnitudes would z-=<.me, however, that the
measures used”in this sfudy, with perturbations normalized
by -a lobal average over three periods, are egquivalent in
effect to measures which normalize by the average pitch or
amplitude across a 'suétained utterance. The  degree of
validity in this assumption couid only be determined by
using the "local-average" measures on sets of natUral and-

‘sustained vowels, produced by the same speakers..In the
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absence of these aata, it is not possible to distinguish
Between -the .effects of the different meas%res, and ﬁge
diffefent phonatory tasks. | Such 'an analysis could:
incidentally, reveal the extent ‘o .which speakers can

consciously control or reduce perturbation magnitudes, 1if

: . ! ', ’ ‘
the speakers were instructed to sustain the proibnged

vowels as steadily as possip}e._The rélakion between ‘the-

capabilities of normal speakers, and their performancé
under more natural conditions, could thus be explored.
\, . N

There 1is, in ‘general, some guestion as to whether it

is meaningful to.comaife magnitude levels across studies,

given that the magnitudes are often reported only as ¢ roup

means. The variation among individuals, 'noted in this

study, and the relatively small number of speakers‘bften
included in a subject group, suggest  that misleading

conclusions may be drawn from pooled data. The next section

*

focusses ubon this pfoblém.

»

Individual Differences ;

The most surprising result from this 'study was the

‘degree to which the sixteen, ™hormal" speakers varied in

their production of jitter and shimmer. This variation was

observed at évery stage of the anaIYSis, from the initial

0 .
examination. of the full 576 tokens, 'with the outliers

included, to the subject by vowel interactions within the

¢

groups of "homogeneous" Speakeré. With a few exceptions,

‘the_presenqe of differences among healthy speakers is only

b
k
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hinted at in the clinical 1literature. However, 1if such
differences are indeed common, they could explain both the
current lack of success inﬂdevising a feasible screening
procedure, and the inconsistent effects reported for such
factors as vowel, sex, and age.

’ As a rule, cliniciansg'are less concerned with
exploring differences within groups of healthy speakers
than with using these speakers to define the norm, This may
be done in several ways. The simplest approach; which gives
what Koike et-al. (1977) call the "naive; norm, determines
a borderline; between the normal and the abnormal, from a
range of values measured from selected healthy speakers. An
example 1is prov1ded by Horii (1980) who calculated, a
cr1t1cal value of .98 dB (11.94%) from the sh1mmer produced
by thirty-one healthy_males: with 95% gonfldence, shlmmer'
‘above this level can be judged abnormal for this type of-
" speaker. Abnormality‘ is not, here, explicitly identified
with pathclogy; A more sophisticated procedure -is to
-"randomly" sample from both the ncrmal and the pathologic
'populations. Since adscreening procedure must decide the
status of individuals, statistical differences are: not
useful' the range of values instead is examlned ‘If the

upper 90 percent confldence limit of the normal speakers is

computed, the dlscrlmznatlon provided by the measures can

g . . . e
be . evaluated’ by us mg thlS limit to assign speakers to

¥

normal or pathologlc groups ‘The accuracy of the jitter and

shimmer measures,jwhen so tested, is far from ideal.

TS . R

R
Lo
b

o
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It 1- possible that the discrimination between normal
and pathologiE speakers may be‘improved if norms are. found
for subgroups of the healthy population. This idea is
similar to that used by_thelconffol'study, which matches
selecped pathologiq and normal speakers o; factors, such as
sex or agé,‘ which the résearcher suspects may influence
results. Thus, Horii woula apply the .98 'dﬁ shimmer
critical value only to young males, while suggesting a
value of .48 dB for young females (Sorensen &'Hoéii, 1983).
Ludlow et al, (19877 similarly found sepa.ate upper limits
for their normal male and female speakers, although ‘they
aid.not choose tofcontfol for 'age differences. Their s-udy
‘also aftemp#gd a second type of control, based on a linear
multiple regfession.model. The obtained jitter and shimmer
values were first correlated with various characteristics
of the. ~signals and speakers. Factors yhich showed
significant correlations were .then used ih regression
equations,  from which the normal‘standards for malés‘and
females were; deriQed. ‘However, ndne of Ehé speakér

characteristics considered, i.e. age, smoking, or drinking,

7

correlated significantly with the perturbéﬁion mégnitudes;
.andlthéir two analyses did not appfeciably differ. As'in
previous tesfs (Zyski et al., ‘1984;} Horigucﬁi‘ et al.,
l§87), appfoximately- half of ﬁhe_ pathologic cases were
undetected, while roughly 15%.of the healthy speakers were

classed as pathologic.
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Th pfesent study initially assumed .that ‘randomly
selected healthy young adﬁlts woold form a homogeneous
subject group. The‘ age range of the speakers was,
restggcted, as the inclusion of older speakers has been
' shown to increase the inter-subject variabiljty (Wilcox &
Hofii, 1980). When the analyses of variance revealed large
SUbjeot differences, an exploratory type of analysis;
hierarchical clustering, was chosen to groub‘speakers on
the basis of their. sﬁWilaritiesi in performance; it was
hoped that the clustering results‘ might correlate with
identifiable speaker ‘characteriéticé., The ;;sults were
negotive; . Sex did not play’ a detefmining role in
clustering, with both sexes represented ‘in every group.
Smoking also did not appear to influence groop membership:
the first and most homogeneous jitte; group contained three
.non—smokefs and three currentébthough light smokers, while
the shimmer group ﬁeld five non-smokers and four smokers.
The factors which might cause speake;s“to be similar or
diffe;ent in ﬁheir production of perturbations Eannot be
deduced from the available informafion7 it .is not, in fact,
folly clear what kinds of speaker characteristics need to
bé oonsidered.

'However, models of the .perturbatioﬁ origins suggest
“potentiélly relevant factors. Baer (1980) speculated that
‘systematic differences  in motor ‘control strategies could

exist between speakers. %Physical—structural vaLiations,

including slight asymmetries in the conformation of the
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vocal folds, may be present. An individual's learned speech
habits may partially condition the perturbation magnitudes
(Lieberman & Michaels, 1962). The role of these and other
factors mﬁst be investigated, before any meani;gful "norms"
can be developed. The problem is further complicated when
pathologic speakers are considered, as different
compensatory mechanisms  can presumably be engaged,
depending on the extent and involvemgnt of the pathology.
SQme speakers with laryngeal pathologies are thus capable
of producing relatively sma’l amounts of jitter and

shimmer, while some healthy speakers may, for whatever

-reasons, produce larger magnitudes. This current lack of

information prevents the synonymous wuse of the terms

"abnormal" and  "pathologic", desired for screening
purposes.

Changes in perturbation magnitudes have been
associated with psychological stress (In. - & Eden, 1976;

Eden & Inbar, 1978) ; attenti 1 must therefore be given, not
only to a speaker's characteristics, but to his reaction to

. r
the experimental task. It is possible that the recording

conditions in this study may have induced stress in certain

speakers. The subjects w re isolated in a small recording

booth, with no visual contact with the experimenter. They

<

were required to watch for the flashing of a signal light,

which instructéd them to read a sentence. This environment

and type of task were familiar to some of.the speakers, but -

not to others. It should be noted, though, that stress and

. : ' . S Y

A
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tension are expecfed to reduce perturbation ' magnitudes
below the levels which a given speaker would ordinarily
produce; they do not exblain the presence of 1large
perfurbations. |
Three subjects 1in this s;udy,' M02, M03, and FO09,

produced unusually vlarge magnit#des for both Jjitter and
shimmer. Each gave multiple oﬁtlier tokens; even following
the elimination of the outliers, the cluster analyses
showed their values to be abnormally high. No explanation
for their behavior can be offered. However, the tendency to
switch phonatory modes, from a quasi-periodic to a
double-periodic type of wvibration, = suggests abnormal
laryngeal adjustments on the part of‘ these subﬁects.
Although the production of a 'déuble .periodic, or
diplophonic voice 1is often regarded. as a sympfom of
laryngeal pathology, reports in the clinical literature
(e.gf Ward, Sanders, Goldman, & Moore, 1969; Moore, 1976),
and in the pitch extraction- literature (ﬁébiner et al.,
1976; Hess, 1983, p. 50),‘indicate that such a voice may.
also- be gehgrated by ihealthy speakersl It appears to  be
'caused by the independent vibrafion of the two vocal folds,
which may, in .a healthy individual, . résult“ from
differential contractions in the vocal fold m;Scles (Ward
et al., 1969); Transient diplophonic effects may be caused
by the differential 1oading of the vocal folds with strands
or chunks of mucous. Phonation in this mode is clearly

habitual for speaker M03: from thirtyysix tokens, he gave

v

-
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- seventeen outliers, each showing some degree of. double
periodicity (Appendix E). Such tokens were less commonly
produced by M02 and >F09{ Particularly irregular doubie
periodic alternations appeared in F09's tokens. These
speakers could switch modes both between and within tokens:

the mechanisms involved 1in such switch@s again are not

known. ./
-
Unusual features of the voices were noted, 1ih a

general way, dﬁring the vowel gating procedure. The voice
gualities of these speakers appear to reflect their
abnormalities. Speaker M02, who had the highest mean
fﬁndamental frequency among the male. subjects,. had a
strained, slightly hoarse voice. Speaker M03 had a voice
which could only be described as peculiar: it was
characterized by a moderate degree of roughness and a very
distinctive timbre. F09's voice was perceived as rough,
There is a tendency, in discussion, to group these three
speakers. It must be remembered that, as well égfdiffering
from the clustered speakers, . they also differ from each
other. |

The 1inclusion of anomalous speakers can have large
effects on tbe, statistical analyées. In this study, the
vowel by sentence position interactions from the first
jitter ANOVA (Table 8), which followed th% adjustment of
the outliers but preceded the cluster analysis, can be
largely attributed to the four spéakers not clustered for

jitter, MO02, MO03, F04, and F09. This ANOVA showed /2/ to\
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have significantly more jitter af the end of the sentence
than within it, while ,/o/ had significantly less jitter in
sentence-final positioﬁ. However, when the mean values for
the groupea and ungrouped ‘speakers were = examined
separately, as in Table 17, the positional differences for
the grouped spéakers were seen'to be relatively small. The
second ANOVA (Table 10), which 1included only these
subjects, did not find the differences significant. A few
subjects, each producing large differences, have here
created effects which do not consistently hold for the
majority of speakers. |

A lack of homogeneity in the healthy population could
explain some of the differing results reported in the
literature, as the statistical effects found may then
depend on the particular speakers tested. The false alarm
rate from the clinicél studies, with normal speakers
classed as pathologic, suggests that lafge speaker
differences may occur with 'sustained as well as natural
vowels., A Dbetter understanding of the origins of the
pertﬁrbations in heaIthy speakers» might allow the
researcher to control for some of this variability. This is
pérticularly important when pe;turbations are to be applied
iﬁ a screening procedu;e, or when the effect of specific
factors on jitter and shimmer magnitudes is at issue. If a
study's aih is to obtain data to improve the natural
quality of synthetic speech, it might be  appropriate to

select speakers on the basis of voice qualiﬁy, rather than



S/
Within-Sentence

Four Ungrouped Subjects

Twelve Grouped Subjects .35

All Subjects .53

/o/
Within-Sentence

.90 (2 outliers)

132

S/
Sentence-Final

204 (1 outli_er)

.41 (1 outlier)

.92

/0/

Sentence-Final

Four Ungrouped Subjects 1.60

Twelve Grouped Subjects .66

All Subjects 96

Table 17.

) . M03, FO04, and FO09 ¢to the
interactions for
have been adjusted. All
percentage,

91 (1 outlier)

57

12

Contribution of the ungrohped speakers MO02,
vowel by position
jitter. The

outlier tokens

values are in
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randbmly’ sampling from the populatidn. Perturbations . may
then be measured only frbm voices judged to be pleasant,
or, at least, from voices with no blatant perceptual
abnofmalities. It is further possible to find the
differences themselves of 1interest, as‘ these .suggest a
potential use for jitter and shihmer in the identification
of 1individual speakérs. This avenue of research shodld bé
pursued,

In,view of the variability displayed, the number of
subjécts .examined in this study .may appear small: ﬁhe
generalify of the results tﬁen must be considered. it is
assumed that. the clustered speakers represent a single
population, although the defining featﬁres of this
population remain unspecified. However, a .éubstantial
proportion of young, healthy speakers will bresumably
behave in a manner similar to thése subjects.

With the outlier tokens, the variability within
subjects can be as great as that betweén subjécts. Several
phonatory>samn1es’are ‘therefore réquired- efore a speaker

may be classified.

Sex Effects

The first setkgsf ANQVAS (Tables 8 and  9), which
included all sixtgen épeakers, tested the effect of speaker
sex on jittér and shimmer magnitudes. No main effects were
found. However, a sex by vowel interéction for jitter did

appear, with females giving significantly largér values for
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the vowel /;/. "To determine the influence of the four
ungrouped speakers on this effect, the average maénitudes
for the sixteen speakers were listed. These magnitudes,
‘ presented in Table 18, show a consistent tendency for
females, whether grouped or ungrouped, to produce more
jitter for this vowel; wunlike  the vowel by position
interaction,/the/éffect is' not due to the presence of the
anomalous subjects. Given the observed speaker differences,
énd:the-general lack of agreement on effécts involving sex
and vowels, the questi»sn must then. be whether a bsécond,r
preferably larger, group of speakers woula_ replicate thé
effect. The unique features of /L/.which could cause an
interaction with sex are nof known.

| As might be expected, the results here reported agree
with cértain previous studies, and disagree with others.
Haji et al. (19565, méasuring Jitter in /a/, failed to finé
a sex difference; ﬂudlow et al.v(1987), for shimmer in /a/,
and Sorensen and Horii (1983), for shimmerbin./a/, /u/, aﬁd
/i/, also noted né main effects. However, sex differences
for jitter were obsérved py Hartmanﬁ and von Cramon (1984)
énd SdrenSen and Horii (1983), yith females producing more
jitﬁer thén maleé. Sorensen and Horii additionally reported
sex by vowel interactions, with their female group giving
more Jitter and less shimmer than their méles for the

vowels /i/ and /u/. These studies are discussed in detail

in the- literature review. Jitter and shimmer have rarely
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. g
AN
[ Male Speakers

MO1 .68

MO02 (.76)

» MO3 (1.27)
Mo4 .37

MO06 .36
MO8 44
M09 .0l
-M10 .44

Female Speakers -

- FO1- - : .68
F0O2 .84
FO3 : 1.04

-« FO4 (1.15)
FO8 1.05

F09 (1.75)
F10 : 1.23

F11 . 1.63

Table 18. Jitter wvalues for /¢/, averaged .over four
tokens for each speaker, following adjustment
of the outliers. Values for the ungrouped
gpeakers are given in parentheses. S

¥ .
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been measuged from /L/,‘and possible sex effects have not
bee; explored.

From the literatufe it must be ésked,‘first; why sex
ﬁifferénces are not consistently present, ana second, why
the differences for.jitter” when present), are'alwéys in the
direction of dore jitter for females than maies. An answer
to the first question -may be found in. the wvariability
apparent among individual speakers. This study's cluster
aﬁalyses showed some females to differ frém some males.
With random sampling, the Qdifferences may ﬁresumably .

~coincide, in some cases, to create between-groups effects..
The particular groups ‘cOmpared . may then determine the
results. This was previously fuggested in the ‘literature
review, in connection with the effects reported by Sorensen
and Horii (1983). Their study compared the 7Jjitter and
shimmer bof a group”Aof female speakers with the’ vélues
obtained in Horii (1980)' for a group  cf hales, It was
noted, in partiCular,' fhat' identical -'sex by vowel
Hnteracflons for shlmmer would not have appeared had the
male group from SorenSen and ' Horii (1984) instead been
tested, as the averagé‘ shimmer values produced by these
speakers for /i/ énd /a/ were Smaller,vnot larger, than
those of thé females. The repliéébility of the sex by vowel
interactions. may similafly be qQquestioned. However, the
consistent direction of the.jitter effects‘goes indicate a
tendency for females toA Jive more relétive jitter than

males: while a .female and male will not necessarily differ,
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when they do, the female will be more likely to produce
larger magnitudes. ‘

It may be possible to descfibe this tendency in terms
of voice frequency rather than sex. In this study, the
corfelation between jitter and frequency for the 546 normal
tokens was found to be .18 (p=.000), indicating a
significant, but weak tendency for télative jitter to
increase with frequency. Stronger correl.- ons may be’
expected from studies with 'significant sex effects.
However, vfor jitter, there appears to be no explanatory
advantage to this approach. 1In contfast, the work of
Hillenbrand (1987) suggests that frequeﬂcy may be important
for the interpretation Nof shimmer effects. Hillenbrand
manipulated the source properties of sinthetic vowels to
show that shimmer in the acoustic signal is influenced‘bv
both the source jitter and the fundameﬁtal frequencyf As
freguency rises, absolute jitﬁer magnitudes decrease, but
the energy overlap between adjacenf . vowel  peribdsr
increases{ the jitter present at hiQhér frequencies then
has stronger effects in producing shimmer. Although the
cohplexity«of these relations makes predictions difficult,
the 6b$erved increases in relative jitter could be expected
to cause some increase in'shimpéf, which could in turn’be
reflected as a sex effect. Thés this does 'not .occur
regquires explanation: shimmer must be coﬁsidergd both at

the glottis and in the acoustic waveform. The associations

@
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between frequency, Jjitter, and shimmer will be further

Y
discussed in the Inﬁbnqtion Effects section.

The investigation of sex effects has been motlvated
prlmarily by practical c¢oncerns, centered on the need -o
establish normative levels for screening testél ,Little
attention has been given to the theoretical reasons why the
sexes should, or should not,'fdiffer. From the cluster
analyses of'thi§ study, speaker sex does not appear to play
a major role in determinlng 51milar1t1es or "differences in
performance. Some males may differ from some femalee' from
the literature, some groups of males and females may
differ. However, at present, sex differences for relative

jitter or shimmer must be regarded as secondary to overall

speaker differences: the 1nclu51on of sex ,as a factor ‘does

N

not apprec1ably reduce the inter subject variability.

Vowel Effects »

The main effects for vowel againishew the nay in which
results may vary depending on the 4§peakers tested..‘Tne
first AﬂSVA for jitter (Table 8), which included all
subjects, found no significant . differences - among the
vowels. However, for the twelve gronped subjects of the
second ANOVA (Table 10), an effect emerged, with /i/ having
signifi y more jitter than /a/. The unusually high
values given by female _speakers for /L/ (see Table 18) are
largely responsible for this effect: although "grogp" has

replaced "sex" as a factor in this analysis, the sex by

3
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.
-

¢ T ‘ : ‘
vowel interaction from the first ANOVA implicitly remains.
. . ° . ) N

For shimmer, the detaiis ok,the'effects differ betweén tﬁe
two analyses, with /z/ and /d/‘ haviné significantly.more
shimmér than /i/ with éiiteen ‘spgékers, and /&/ and /A/
having hore shimmér.than;/p/ énd /i/ with the' nine speakers
of the most homogenebus group.‘BefOré atteﬁpt$ are méde to
intefpret \these results, :;hngh, it must - bé'“poted ‘that
subject . b& véwel- interactions among the clusteréa,
homogeneous spéakers appeared foé both jitter aﬁd'shimmer.
These interaqtions weré piottéd'in-fiéufes 12, .13, and‘14
of the precediﬁz\chapter. Inaividpal_sbéakgrs can clearly
deviate_f:oﬁ/i;; sta;isfical trends. |
L Perturbations have mostlfrequently bééﬁ measured from

the cardinal vowels /a/y -/u/, and /i/. In the literature

‘

v ! : s . . .
review, it was noted that, while 'the statistical

signifﬁcance of the results may'_Vary,_ /i/ tends' across
studies to have morevjitter'and less shimmer than;/a/f No'
éonsisfen; relation appéars with /u/ffof jitter; ﬁhere‘may
be a 'weak. tendency for tﬂiS' vowél .to have ‘the least
shimmerh The vowel ordéfsifound in previous stuaies may be
seeﬁ_iq\?ables‘1_ahd>2. In this study, the vowel order for
ikfter, both fo; thé cluétéfed speakers and ali spéakers,
wa /u, i, o/, with nine of'the twelve cluétered speakers
énd eleveﬁ ﬁf the #i{ :en épeakers 'giving higher. jitter
values for /i than /p/. For shimmer,-the'vowéi orders were
- - s
/v, i, u/ fc che nine clﬁsterea ;péakers, and /p, u, i/
for all speakers. Seven of the.nine speékers and.twelve'of‘/
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the sixteen speakers gave more shimmer for /o/ than /i/.
Although the differences between these vowels are not
significént in this study, the consiétency with which these
orderings appear requires explanation. Results are similar

for both sustained and naturally-produced vowels. |
Evidence from the literature suggests that wvowel
differences originate primarily in the vocal tract. Horii
(1982), who used a miniature accelerometer ﬁo transduce the
signal at the glottis, found no statistical differences for
ﬁitter or shimmer among eiéht Enélish vowels. Koike et al.
(1977), who employed a contact microphone to record five
/Egg%ish Vowels, noted that~ the jitter and shimmer
\/ﬂ/ vafiations“ fo; thé vowels -of inciv;dual speakers seemed
"quite random". They did not stétistically test for vowel
effects. However, the most compelling -data come from
Milenkovic's 1987 study of s;nthetig speech. Milenkovic
introduced %ifferéﬁt amounts of jitter and shimmer into the

: v ‘
excitation signal for the vowels /a/, /u/, and /i/. He then
used anlautocorrélation p:ocedure, with inéérpolation, to
measure the perturbations present in the waveforms. In the
N \ : .

ff?@t\teSt, iitter was vafied, whilé the source amplitude
remaihéﬁ .constant. He found a given amount of jitter to
have the strongest effect in prodﬁcing shimmer in /a/, a
weaker effect in /i/,. and fhe wéakest effect in /u/
(graphs, p. 535). Indthe second.test,fﬁﬁimmer was varied,

while the fundamental freguency was kept constant. Shimmer

was seen to produce the most jit
| | A, :

ar in /u/, less in /i/,
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and the least in /a/ (p. 536). These results correspond to
the vowel orders often reported for natural broduction.
Milenkovic suggested that the energy overlap between
successive pulse responses may generaté acoustic jitter and
-shimmer. He'observed that the shimmer measured ?:Athe first
test, and the»jitter‘in.the second, tended to increase for
shorter fundam;;tal periods, for which the oveflaps were
gréater..However,.the increases with frequency differed for
"different vowélg. It may be that the formant frequencies of
the vowels determiné the amount of energy 1in the tail
- portion of the pulse reSponses, and so the strength of the
effects. Milenkovic did - not .attempt ~to describe the
acOusﬁic interactions involved; he did; though, advocate
the. further study of vowel effects, both at the glottal
source. and in the abousfic wave,

While Heiberger and Horii (1982) stated that they
‘2gould find no. phjsiological reason  to éxpect jitter
lodigferences among:sustained &owels, a péssible influence of

" tongue height 'bg;‘laryngeal tension, and of tension on
jitter, shoulg ée considered. Leﬂiste.(1§70, p. 70) noted
that, in théfbréduqtion of high vowels, the tonguﬁ tends to
be éulleaﬁgupwa;ds, stretching the - laryngeal muscles and
increagiﬁg tension. - fncreased laryng~s . tension has beeﬁ
assgﬁi%ted_with reductions in jitteF (Klingholz & Martin,
l?g5ﬁfyThis does not eXpléin thvmor; jitter should appear

éﬁfbr:/i/, tﬁe vowel with the highest tongue positiQn,fthan

fof /a/, but daes identify a pmtentiallj'relevant‘source
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factor. It is presumed that theivowel effects in this study
derlve, at least partially, from the glottal source: as é%e-
"vowels 1nvolved share nQ unlque features, the generatlon of
effects through acoustlc 1n¢eract1ons seems unllkeky

’ The measurement data for the vowels " /a/ /u/ and /i/
do not well agree with the results reported by Rozsypal and
Mtllar (1979) for a‘fnaturalness rating ‘experiment with
synthetic vowels. ~ These researchers synthesized
thrLe formant tokens of the vowels 1ntroduc1ng dlfferentf
amounts of jitter and shlmmer at the source. F1ve levels of
jltter were programmed, ranging from 0 to 3. 20%. The f1ve
jshimmer-levels<ranged from 0 to 15.19%. The vowei tokens
" were each 1200 ms lonéf‘with a mean fundamental'frequency
of 110 Hz and a statlonary pltch contour, The seventy five
stimuli (5 Jltter,levels x 5 shlmmer levels x 3 vowels)
were presented once -over a loudspeaker system . to
twenty-seven ‘sUbjects; ‘who rated the naturalness of the

: : o _

tokens on a seven point scalet.Rozsypal and Millar fopnd
the optimal amountsfof jitter to be .80% (level 2) for /u/'
and ﬁ.60% KIevel 3) for /a/,vwith the optimal amount’ for-
/i/ ranging between 0 and 1.60% (levels 1 and 3).. The
presencezof shimmer always decreased naturalness. It may be:'
noted, though, that this study did not consider the effect
of acoustic ‘interactions ;h the vocal tract. The 1nean
- perturbation magnitudes in,the acoustic Qave, particularly

for shimmer, almost certainly exceeded their nominal

values. More importantly, jitter and  shimmer were not
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independent in the stimuli, making interpretatidn of the
results difficult. It might be wuseful to repeat this
experiment, ~with measurements made of fhe jitter and
shimmer present in the acoustic signals. From the
magnitudes observed‘in this thesis, smallef increments for
source shimmer might also be appropriate.

Rozsypal and Millar had expected to find a "trading"
.relation between | jitter and shimmer for percefﬁ%d
‘naturalness. They noted that the two types of perturbations
can be spectrally similar, p;oducing components which
differ in phase but not in frequency. Since hearing is
known to be relatively insensitive -to phase differences
within “complex signals, jitter and shimmer could be
predictedn to have egquivalent and additive effects on
naturalness. Heiberger ,€1980) claimed to have found ae_
additive effect for the perceived roughness of tfianéﬁlar
" waves containing more than 1.0% jitter and 1 dB shimmer.
However, at lower perturbation levels (.5% jifter and .5 dB
ehimmer), the roughness of the combined stimuli were seen
to be approximately equal to the roughness of either the
jitter, or the shimmer, included. Tests should be made fof
a similar effect on naturalness, using small amounts of
jitter and shimmer. It must be asked, first, whether the
significant differences indicated by the— production
measures for vowels indeed correspond to differencés in

perceived naturalness,'and second, whether small amounts of

jitter are perceptually distinguishable from small amounts
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of shimmer. The relation between jitter and shimmer in the
vowels /i/ and /a/ could be interesting in this respect.
This stuay was designed to provide informaticn which
s ‘
may be used in a complementary study of voice naturaligﬁs.
lSubjects could be instructed to rate the naturalness of
‘Va:ibgﬁ tokens, to establish "good" ievels of perturbation;
further experiments with synthetic speech could then be
undertaken. The subject by vowel interactions in this study

suggest that a certain variability for perturbations in

vowels may be acceptable to listeners.

Intonation Effects
: .

To test whether relative jitter and shimmer magnitudes
vary with intonation, perturbations were measured from
words in two sentence positions. The jitter ANOVAs (Tables
8 and 10) showed no main effects for posi&ion: the jittef
values of vowel segments from’ words within and at the end

of the‘sentence did not significantly differ. A vowel by

TN e
A

Qf%%itiOd interaction was found in the first ANOVA, 'which
f:gluded all subjects. However, as pfeviously noted, this
could be attributed to the four speakers not grouped for
jitter; the interaction did not appear for the clustered
speakers; For shimmef, a position- effect emergéd in both
ANOVAs (Tables 9 and 11), with significantly more shimmer

produced in sentence-final segments. The factors which vary

with position must then be considered.



It was initially .assuged that differences with

intonation, if such appeared, woufﬁqurimarily reflect a
frequency effect on the relative jitter or shimmer

measures. While <{frequency normalization controls for the
Y-

linear effect of frequency on absolute jitter, the

linearity of the relation has not been fully‘established:
itbis possible that a residual effect may remain following
normalization. From the literature, frequency may also have
a within-subjects influence on relative jitter for subjects
phonating over a wide range of frequencies (Koike et al.,
_1977). For shimmer, Ludlow et al. (1987) reported a
negative correlation with frequency for their male
sebjects reveallng a between-subjects tendency for shimmer

. .‘-,.

to increase as frequency decreases To examine the effect

of frequency in this study, the jitter and shimmer measures

were.correleted with the mean frequency values for the'546
normal tokens. A correlation of .18 (p=.000) was found
.between jitﬁer and frequency; the correlation for shimmer
was: -.15 (p=.000). Although significant, coefficients of
sﬁch small maénitudes have little explanatory value.

The direction of the shimmer correlation was somewhat
surprising. As previously observed in the Sex ﬂfxiects

o

section, the acoustic 1interaction effect of jltger on

shimmer -is stronger at higher frequencies. Since relative . - .

jitter'showed a slight tehdency to increase with freguency,

a decrease in shimmer would not have been predicted. Some

source effect 1nstead seems indicated. It may be suggested

%: L , 145
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that, for shimmer, intensity rather than frequéncy is the
 re1evant 'factor. Aff%ough measurements were not made,
intensity, as freque\cy, may be assumed to fall towards the
end of an imperative sentence. A between—subjects effect of *
intensity on shimmer has been reported by Ludlow et al.;._,,w.i
(1987), who found shimmer to increase as intensity
decreased (r=—.44)f It tﬂus seems possible that an
intensity effect on fhe rglative ;ﬁ%%me} measures ﬁight
‘underlie the significant difzerenpes,for sentence position.

As this study tested %nly,’one sentence type, only

preliminary conclusions may be drawn. It appears that

intonational changes do not necessarily produce sigunificant

£

effects on relativé?@gtter measures; however, such effects
for shimmer may occur. The potential effects of intonation,
or its physical correlates, must therefore be considered in

the design of measurements studies with connected speech.
B. Correlations

Magnitude Correlaticns and Cross-Correlations

Magnitude correlations determine the degree  of
aésociation between the mean jitter and shimmer values of
vowel tokens. When perturbations in the acoustic signal are
correlatéd, though, the intérpretétibn of "asscciation" can
be problematic. Horii (1980) and Heiberger and Horii
(1982), who reported significant correlations, took their

results to indicate that common source factors may underlie
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both types of perturbations. 1In contrast, Hillenbrand

ol

(1987) and Milenkovic (1987) Z:ggested that a dependent
t

elatigﬁg may hold as their ts with synthetic vowels

showed sgpice %} Ee . havﬁggtrohg effects in producing
ﬁ . ’1

agoustlc shimmer; 80t ‘Hmmffraddltlonal had a weak
Ll s

\ L SR
effect on¥ acoustlc }1tter ’I‘h’f‘e"f‘g’5 Jrﬁelatlons themselves'

Ve

reveal the strength but not the cau§e of the association.

From the results of Hillenbrand and M11enkov1c,
significant correﬁaflons may be predlcted ta occur. In this
study, the correlations betwen mean jitter and shimmer were
found to be .846 (p=.000)w when the outlier tokens were
included, and .4?1 (p=.000), when these thifty tokens were
eliminated. The Sutlier tokens, whether displaying double
periodicity, glottal fry, or . simple exaggerated
irneguiarities, tended to be abnormal for both jitter and
shimmer. However, the correlétion for the pormal tokens did
not aécount’ for a great deal of the variability in the
measures, and it appeared possible for jitter and shimmer
to be uncorrelated for the tokens of individual speakers.
These findingé*may be reconciied with.thosé of Hillenbrand
and Milenkovic if it is assumed that  additional. factors
interact with the measures, - and so obscure"existiqg
relationships. Both HillénbrandA and Milenkévic observed
vthat the strength of the effect of jitter on shimmer, and
of shimmer on jitter, .varied with the mean fundamental
frequency (for. constant amounts of absolute jittéf' orv

shimmer introduced at the source); Milenkovic also noted
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what could be described as a jitter by sh@hmer(zg?T

fundamental frecuency by vowel interaction. The present

study measured perturbations from nine vowels; with natural
intonation, the frequency of phonatlon changed both between
and within tokens. Direct correlatlons between jitter anﬁ

thimmer; over ‘all condlthns, thus may not reveal a

relationship. ,

i, .

The studies with synthetic sPeech examined pnly the
dependencies: produced through acoustic etfects. As
Hillenbrand observed, though, it would not be surprising to
find that jitter-énd shimmer are additiotally correlated at
the glottal source. This séudy S Cross- correlatlon analyses
attempted &o explore the source relations b;.correlatlng
the signed jitter and shimmer magnitudes of individual
) vowel periods. It was assumed that acoustic interactions
would nét generate consistent positive .or negative
perturbations. The interactions are thought to derive -
primarily from. the .energy overlaps between adjacent
periods. With source jitter and shimmer, the superimposeé
compbnents vary from cycle to cy;le. The acoustic effgcte
.... then add random noise to .the cross-correlation dn*

significant cross-correlations can be expected to be- rc

significant at the source. The analyses found signi{ anc

correlations for 24.3% of the tokens overall. Nec . e

correlations at a lag of zero, or pusitive cbrrelatio“u -

a lag of one, appeared for 16.3% of the normal tokens and

for 86.6% for the outliers, indicating some tendency for
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high peaks to..be followed by long periods. In contrast,
positive corrélations at lag'one, or negative correlations
at lag zero, were seen fog only 4.6% of the normal tokens
and for none of the outliers; chance alone could have
produced these effects. 1If the ‘goal is to provide
information which would wllow a synthetic scirce to
simulate the behavior of the glottis, these relations would
be better examined directlyvat the glottal source; however,
for pgrceptual purposés, it may be_sufficient to note that,
for sor small peréentage of tokens, the period to period
jitter and shimmer deviations wil; not be independent of
one another in the acoustic signal.

o It may be observed that significant | magnitude
correlations do not imply the presence of signifiéant
cross-correlations, as the tokenxwagnitudes are calculated
from the absolute values of the peggpd deviations.
Autocorreiations ‘ | \. ‘o

The autocorrelation analysis aéyempted to determine
\ .

whether the jitter and shimmer deviatigns of periods within

A

the tokens are random, or whether they\vary in a cyqlﬁcal

£

. . \ .
fashion. Previous time series analyses with ' sustained:

vowels have reported iong—term cycles, bver seven periods
for jitter (Iwata, 1972) and ‘twelve periods for shimmer
(Koike, 1969; von Leden & Koike, 1970). These effects have
been éompared to the singér's vibraFo; it\%s,suggested that

they emerge when speakers attempt to maingain a vowel at a

~

oy

4
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steady pitch and loudness, Between successive cycles,
negatlve correlatlons for jltter and”bosfﬁiv§ correlations
for peak amplitude, ‘Wwere also _observed. The.
autocorrelations in this study tested for effects in
natural, dynamic vowels, produced in a sentential context.
In contrast to the studies cited, the perturbationé were
measured from the acoustic, not the glottal, wave.

Since Jjitter and shimmer were detérmined; from . a -
thrge—point trend liné, the correlated measures were not
independent at lags of one or two periods. Correlations
bet#een alternate periods were therefore inferred from
"sequentiAIV lags, where the cdefficients‘ for each lag,
from one up to (at least) three, were 51gn1f1cant ‘For

jitter, thirty-one (5.8%) of- the normal tokens showed such

correlations; for shimmer, the number was elghteen (3.4%).
2.

1. Such values Could.have been produced by chance.

Slgnlflcant non- sequentlal correlations were similarly
U

;rﬁfe'~no ev1dence was found for any consistent long-term
TEEER

H cycles. These results suggest that a random modulatlng

function may belépproprlate for the generatlon of Jltter or

shlmme;a;n non—statlonary synthetic vowel stimuli.

N
e
.’ . .
X g . P

C. Summary and Suggestions
| This thesis attempted to answer the gollowing very
specific questions related to the natural pr&duction_:of
jiftér and shimmer by normal speakers:

1. Are there sex differences for jitter or shimmer?
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2. Are there vowel differences? \

3. Are there differenceé with intonation?-
4. Are mean jitter and shimmer magnitudes correlated?-
5. Arg jitter . and shimmer correlated on a
period—to—geriod basis? .
6. ﬁre jitter'and shimmer random‘perturbations?
It was designed to provide data which might, following
complementary perceptual studies, bqjapplied to enhance the
natdfalness of synthetic speech. |
‘The results for the factors of sex anﬁhvowel appear
sécbndary'to the large individual difference§ found. While
some males may differ frqm some females, the ciuéter

N

analyses did not show sex to play a determining role in

'thfée differences.- For vowels, both . main effects and

.Subject by vowel interactions emerged. The significance of
these effects should be évaluated in perceptual terms,

though: the preferehces of listeners musﬁ be established.

e

é? .+ ‘The 1individual differences themselves may be interesting,
' as . they suggest a potential use for perturbations in
S .. ‘ . -

¥ speaker™ identification . or recognition. However, the

; consiétenéy of speakers over time has yet to be examined. A
better undefstahding of the origins of these differences is
also féQUTred if a sc;eening procedufe for laryngeal
pathologies is 4o be based on perturbation magnitudes.

Intohétioﬁwf,was ' considered] to ‘détermine whether
measuféhgnt studieé.gith conneéted speech need to control

for this factor. The variations with intonation should be
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described in physicaf terms, as changes 1in frequency or
intensity. No effect appeared‘with relative jitter for the
one sentence type tested; however, shimmer m;gnitnﬂee did
differ between two sentence positions.

The last three questions are concerned, with signal
features which might be emulated when introducing
perturbations into synthetic,ﬂz stimuli. From the
eutocorrelation analyses, Tregular modulations in . the
perturbatione do not extend over more than two vowel
periods. Such relations tended to occur in tokens judged to

be 6nt1iers. The magnitude correlations between the mean

jitter and shimmer wvalues fdc the tokens, although
sigm%ficant, accounted for little of the variance in the
measnres: no predictive relation could be claimed. However,
the ctoss—cofrelations did indicate a‘relationship to exist
between the jitter and shlmmer of’1nd1v1dual vowel periods
for approx1mately one out oﬁ five of the tokens, These
relations should be examined in the glottal signal. It must
be asked whether correlations atvthe source, if obscured by
acoustic interactions in the vocal tract, have any
perceptcal significance. On the basis of the production
data, the modulating functions which introduce jitter and

shimmer into’ synthetic stimuli may be random, but not

mutually independent.

NN . V ‘ Q
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Appendix A: RANDOM Program

{
Name: RANDOM
Authors: J.L. Adlington and A.J. Rozsypal
Date: September 1986

Purpose: This program randomizes a list of "NumbStim" stimuli
into "NumbSeqc" sequences of "NumbStim" stimuli.
Replication of the same stimulus in a single sequence
is not permitted.

The program is not sophisticated enough to randomize
stimuli for "NumbSegc" approaching "NumbStim".
The random number seed is generated from Turbo Pascal.

Input: Random number seed

Output: Printed list of randomized stimuli

Compiler: Turbo Pascal 3.0

program RANDOM;

label 1;
;
const
NumbStim =9;
~ NumbSeqc = 2;
NumbRepl = 2; . _ e
StimKwd : array[l..NumbStim] of String[5]
= ( 'heed','hid','head',’had','heard','Hud‘,'who"d',‘hood','hod');
StimCode ' : array[{l..NumbStim] of String[2]
= ( 1Y, '"IH', ‘'EH', 'AE', 'ER', 'AH', ‘UW’, '"UH', 'AW');
var .
TempStim- : integer;
IndxStim, IndxSeqc ! integer;
g;ndeepl : integer;
IndxCheck =~ ¢ integer; :
CheckRepet . "¢ integer; '
KwdA,KwdB : integer;
- SentNumb ' " - :'integer;
. SubjName : string[63];
" SubjNumb : string[63];
" SubjAge o _ < string[63];
SubjSex - : : string[63];
SubjLang - - : string{63];
SubjLing\' o® i string[63];
'SubjRes{") - | t string[63];
© . SubjMusic S ;- string[63];
SubjSmok ~ = : .string[63];
SubjHear . : string[637;
OperName ' : : 'string[63];
RecorDate - o : string[63];

RecorNote  * o : string[631];

160
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StimList : array[l..NumbStim,1l..NumbSeqc,
‘ : 1..NumbRepl] of integer;
CheckStim ¢ array[l..NumbStim] of integer;
.. KybdResp ' ¢ char;
{ Procedure to randomize one stimulus sequence R
Procedure RandSeqc, ' - .
begin ' _
for IndxStim := 1 to NumbStim do CheckStim[IndxStim] := 1;

if IndxSeqc=1
then for IndxStim := 1 to NumbStim do
begin’
repeat TempStlm Random(NumbStlm)+l
until CheckStlm[TempStlm] 1; :
StimList[IndxStim, Indeeqc Indeepl] = TempStim;
CheckStlm[TempStlm] :=
end
)
;else for IndxStim := 1 to NumbStim do -
begin
repeat TempStim := Random(NumbStlm)+l
until CheckStim[TempStim]=1;
for IndxCheck:=1 to IndxSeqc-1 do
begin
if TempStlm-Stllest[Indetlm IndxCheck, IndxRepl ]
then
begin .
CheckRepet:=1; -exit end;
Stllest[Indetlm Indeeqc Indeepl] := TempStim;
CheckStlm[TempStlm] '

t

end;
end;
end; { of procedure RandSeqc }

begin { program Random }} 3

Randomize; { set random number seed from Turbo Pascal }
ClrScr; ’

a

{ Enter Subject Information }

Writeln;
Writeln;
Writeln;
Writeln;
erteLn('Experlment Jitter and Shimmer in English Vowels');
Writeln;

Writeln; :
Writeln('Enter the followxng information about the subject');
Writeln;
Write('Name:'

~

'); . . : | .



TdLn(Suijumb),
WrEté('age: BF

erte(”Other Languages: ');
ReadLn(Subleng),
‘Write('Places Lived: "y
ReadLn(SubjRes); !
Write('Music Training: ")
ReadLn(SubjMusic);
Write('Smoking: D
ReadLn(SubjSmok);
Write('Hearing: "y
Readln(SubjHear):;

Writeln;

Writeln;

Write('Operator''s Name: ');
ReadLn(OperName) ;
Write('Recording Date: ');
ReadLn(RecorDate); :
Write('Recording Note: ');
ReadLn(RecorNoté) ;

{ Randomize all stimulus sequences }

1: , { label 1 }
Writeln('Randomization procedure begins');
Writeln;
IndxRepl := 1;
for IndxRepl := 1 to NumbRepl.do
begin
IndxSeqc := 1;
repeat begin :
(****)WriteLn('Sequence ',IndxSeqc+l);
CheckRepet:=0;
RandSeqc;.
end;
if CheckRepet=0 then IndxSeqc:=IndxSeqc+l;
until IndxSegc=NumbSegc+1;

v

{ Display randomized stimulus list and the list of stimuli }

Writeln; }

for IndxStim := 1 to NumbStim do begin

for IndxSeqgc := 1 to NumbSegc do begin
Write(StimList[IndxStim, IndxSeqgc,IndxRepl]:5);

end; { write stimulus lists }

Write(IndxStim:10, StlmKwd[Indetlm] 10,StimCode[ IndxStim]:10;;

Writeln;:



' end; .
end; { of replication loop }

{ Check last word of first replication not ame as first
word of second }

if (StimList{9,1,1] = StimList[1,1,2])
or (StimList[Q,Z,l] StimList[1,2,2])
then;goto 1;

n

{ Print list, Randomize again, or Abort }

Writeln;
Writeln;
repeat
Write('Select: Print, Randomize, Abort: ');.
Read(Kbd,KybdResp); . .
until (KybdResp in ['P','p',"R','r','A','a']);
WriteLn;
case KybdResp of
'P','p’ : ;
'R','r’ : goto 1; { to randomization procedure }
'A','a' : exit; '
end;
Writeln;
Writeln;

{ Print subject's list . }

Writeln; -

Writeln; '

WriteLn(Lst, 'SUBJECT''S LIST');

WriteLn(Lst);

WritelLn(Lst);

WritelLn(Lst,SubjName:10,SubjNumb:45);

WriteLn(Lst);

WriteLn(Lst);

Writeln(Lst,'l. Please say hoad not hide');

WritelLn(Lst); ' ) _

WriteLn(Lst,'2. Please say hayved not hoad.');

WriteLn(Lst); CT

SentNumb := 2;.

for IndxRepl := 1 to NumbRepl do begin

for IndxStim := 1 to NumbStim do begin
KwdA:=StimList[IndxStim,1l,IndxRepl];
KwdB:=StimList[IndxStim, 2, IndxRepl];
SentNumb:=SentNumb+1; .
WriteLn(Lst,SentNumb,'. Please say ',StimKwd[KwdAa],' not ',

' StimKwd[KwdB],'.');

WriteLn(Lst); { Stimulus items in sentence frame }

end; :

end;

Writeln(Lst,'21l. Please say hide not hoad.');

7
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- WriteLn(Lst);

{ pPrint

{ Print

end.

operator's list }

Writeln(Lst,chr(12));
Writeln(Lst’ -
Writeln(Lst, 'OPERATOR''S LIST');
WriteLn(Lst);

WriteLn(Lst);

WriteLn(Lst, 'Subject''s Name: ' ,SubjName:10);
Writeln(Lst);

WriteLn(Lst, 'Number: ' ,SubjNumb:7);
WriteLn(Lst, 'Ade: ',SubjAge:10);

WriteLn(Lst, 'Sex: ',SubjSex:10);

WriteLn(Lst);

WriteLn(Lst, 'Native Language: ',SubjlLang:10);
WriteLn(Lst,'Other Languages: ',SubjLing:10);
WriteLn(Lszb; .
Writeln(Lst, 'Places Lived: ~',SubjRes:10);
WriteLn(Lst, 'Musical Training: ', SubjMusic:10);
WritelLn(Lst, 'Smoking: ', SubjSmok:10);
WriteLn(Lst, 'Hearing: ' ,SubjHear:10);
WriteLn(Lst);

WriteLn(Lst, 'Operator''s Name: ',OperName:10);
WriteLn(Lst, 'Recording Date: ' ,RecorDate:10);
WriteLn(Lst, 'Recording Notes: ' ,RecorNote:10);
WriteLn(Lst); - ] &

WriteLn(Lst);

stimulus list as number, keywords, and code }

WriteLn(Lst);

for IndxRepl := 1 to NumbRepl do begin

for IndxStim := 1 to NumbStim do begin

for IndxSegc 1 to NumbSeqc do begin
KwdA:=StimList[IndxStim,1, IndxRepl];
KwdB:=StimList[IndxStim,2,IndxRepl]; )
Write(Lst,StimList{IndxStim,IndxSeqc, IndxRepl]:5);

end; ‘ :
Write(Lst,StimKwd[KwdA]:15,StimKwd[KwdB]:10);
Write(Lst,StimCode[KwdA]:12,StimCode[KwdB]:6);

WriteLn(Lst);

WriteLn(Lst);

end;”

end;

]

{ of program Random }
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Appendix B: Sentence -List From RANDOM

SUBJECT'S LIST
Jane Doe

1. Please say hoad not hide.
2. Please say hayed not hoad.
3. APlease say had not hood.
4. Please say Hud not had.
5,.IPlease say hod.not who'd.
6. Please say hood not Hud.
7. Please say hid not heed.
8. Pleaée say who'd not hod.
9. Please say heed not head.
10. Please say heard not hid.
11. Please say\&ead not heard.
12. Please say hood not hid..
13. Please say'hod nbt heed.
14. Please say heed not head.
15. Please say who'd not Hud.
16. Please say hid not hood.

17. Please say Hud not hod.
: . [%)
}

18.  Please say had not heard.i;
19. Pledse say head not who'd.
20. Please say heard not had.

21. Please say hide not head.
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Appendix C: JSPEAKS Program o
{
Name: *  JSPEAKS
Author: J.L. -Adlington
Date: May 1987
Purpose:. This program takes as input integer arrays representing
sampled waveforms." For each peak marked by the user,
it outputs the peak's sequential number, its estimated
amplitude, and the estimated distance between the peak
and the preceding peak in milliseconds.
Signals are dlsplayed in a 640 x 300 plane.
. This is the "maximum-peak" ver51on of the, program.
Input: Sampled waveform files
Output: PeakFiles, containing estimated period durations,
and peak amplitudes.
‘ +~ One output file is produced for each speaker
Compiler: Zurhp Pascal 3.0
Hardwarg khics Adaptor

program JSHEhE,
const

ArraySTy = 6000; { length of Signal Array }
NumbFile = 36; { number of input files .}
DisMaxPts = 639; { screen display }
BarLength = 6; {~81
SamplInt = = 1; T .
. SamplRate = 20; { sampling rate in KHz }
type -
ArrayType = array[O0. .ArraySize] of integer;
SegType = array[l -NumbFile] of Strlng[12],
RegisterPack = record
AX,BX,CX,DX,BP,SI,DI,BS,ES, Flags : lnteger
end;
KeyListType . = string[10]; . .
SubjIdType = string[3];
var S °
SigArray ~: ArrayType; { signal array }
SigIndx - : Integer; { index of SigArray }
Count : Integer; { number of items in SigArray }
ErrCode : Integer; { error codes }
. J : Integer; K
IndxSeg : Integer; { index of current input file }
SegName : SegType; { name of current input file }
~Rec ¢ RegisterPack;
KeylList ¢ KeyListType; '
Subject : SubjIdType; { 3 characters }
PeakFile ¢ Text; { output file }
Xaddr : array[0..639] of integer;
Yaddr i~array[0..349] of integer;
Point - : array[0..639] of integer;
DisSig ~ :tarray[0..639] of integer;
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for IndxStim i=

"l to NumbStim do begin

for IndxPos := 1 to NumbPos do begin

4for IndxRepl

=1 to NumbRepl do begin -

I integer; { index counter }
. XBarBegin : integer; { position of bar on display }
MemOf fst integer; .1 memory offset
Yl, Y2 : -integer; { Y position of bars }
SigMax ipteger; { max amplitude in signal }
. SigMin integer; { min amplitude in signal }
N _integer; { period number }
IndxPeakl ‘néeger; { index of first peak }
IndxPeak?2 integer; { index of second peak }
PrecPeak real; { index of peak before current peak }
Which integer; { index of current peak } :
varsotol integer; { decrements from 80 to 1 }
ShiftBar integer; { number of points to shift bar }
ScaleBy integer; ~ { scale SigArray for display }
Temp : integer; { temporary variable }
Done : boolean; { finished one vowel }
v Confirm {“boolean; { found peak }
@&nvert : char; { inverts signal array }
Inverted .. : boolean; { true if array inverted } .
Quit - : boolean;. { quit peak-picking }
Reply char; { read from keyboard }
Reply2 char; * { read from keyboard }
‘ z
procedire GenSegName(var SegName : SegType;
var Subject : SubjIdType); ”
aGonst o '
_ NumbStim 9; { number of stimuli types }
o NumbPos = 2; { number of positions in sentence }
NumbRepl = 2; { number of replications }
' StimCode : array[l..NumbStim] of String[2]
= ('ly', 'IH', 'EH', -'AE', 'ER', 'RH', 'UW',-'UH', 'AW');
..Poscode s array[l NumbPos] of Char C
n, = ('B', 'E"); o
94?Code : array[l..NumbRepl] of Char
= ("1, '2); ‘ - ’
© var - ‘ '
IndxStim : 'Initeger; { index of stimulus loop }
- IndxPos Inzeger; { index of position loop }
( IndxRepl Integer; { index of replication loop } .
IndxSegq Integer; ,{ selgment (vowel) index } A
begln { procedure GetSegName } i ~
ClrScr;
Writeln; o ’
writeLn; ) ;
. Write('Enter Subject"s Sex.and ID#: ');
"ReadLn(Subject
Writeln; ‘ k F
IndxSeg := 1; ‘

SegName[Indeeg] 'A:' + Subject + StlmCode[Indetlm]
+ PosCode[Indeos] + ReplCode[IndXRepl] + ',VN';
erteLn(SegName{Indeeg]), -
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IndxSeg := IndxSeg + 1;
end; e
end;
< end; i
end; ‘ {Procedure GenSegName}
. ‘ ,
procedure Loading(var SigArray : ArrayType;
var Count, ErrCode, IndxSeg : integer;
: var SegName : SegType);
var ' :
SegFile : file of integer; { input file }
TooMany : boolean; arrays too small }
Proceed : char; { load segment }
begin { procedure: Loading }
FillChar(SigArray, SizeOf(SigArray), 0); { Initialization }
WriteLn; ~ '
Write('Type Y to load ' + Segﬁame[xndeeg] + '),
. Read(Kbd, Proceed); ! ‘ :
Writeln; . : -
WriteLn;
if (Proceed = 'Y') or (Proceed = 'y') then
begin ’
Write(SegNamel[ IndxSeg]); ,
Assign(Sei: ‘e, SegName [ IndxSeg]) ; ' ' s
{s1-} . . ’
Reset(SegFile);
"end
~else
begin® o
~Write{'Enter New Segment Number; or 0 (zero) to Quit: 'y;
ReadLn(IndxSeg); . )
if IndxSeg = 0'then e
begin '
CLose(PeakFlle), ' ’ '
. . exit;

nd; ) ’ - .
SriteLn,‘ ) % ,(/
if (IndxSeg <= NumbFile) and (Indeeg >= 1) then
begin
Write(SegName[IndxSeg]);
~ Assign(SegFile, SegName[Indeeg]),
Reset(SegFlle),_
. end - o o
else . '
g begin ~ .
: ‘ Write('Range is 1 to 36. Please re-enter:.');
ReadLn(Ihdx eg), ‘ ’ S
 Writeln; o
'erte(SegName[Indeeg]), >
h Assign(SegFile, SegName[Indeeg]),
4 : . ?‘:4Reset(5egFlle),
« - -end; - -, ‘ -
 end; ~ v ‘ : o
TocMany := False; ' .

> : ' B 'Y

¢
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-

while.not eof(SegFile) do
begin : ]
Count := Count + -1; , ’ -
if (Count > ArraySize) and (not TooMany) then
begin
TooMany := true;
WriteLn('File’, SegName[Indeeg], ' too big.');
WritelLn('Only 1lst', ArraySize, ' loaded.');
ErrCode :=4-2; .
Count := Count - 1
end;
if~not TooMany then
begin
read(SegFile, SigArray([Count]);
Yrrcode := ioresult;
if ErrCode <> 0 then
begin
WriteLn('Error during disk read.');
Writeln('ErrCcde = ', ErrCode, '(decimal)');
close(SegFile); .

engxit : ' &.

end

{.$I¥} o . | e

eénd;

else
begin
« . close(SegFile);
exit
) end
end; . 0 v
close(SegFile); : ’ - . {
WriteLn(' ', Count, ' elements rmow in array.') .
{ procedure Loading }

~
B

procedure Flnd51gMax(var SlgArray ArrayType, Count integer; .

var

var SigMax, SigMin: integer);

Indx " : integer; { index counter } .
IndxMax ":  integer; { index of max amp in signal }
IndxMin : integer;  { index of min amp in signal }
begin - {procedure FlndSLgMax } ’ £ : ' :
IndxMax :="1; ' ‘. . A
IndxMin := 1; = : ‘ , B @ e
SigMax := SigArray[1]; . o o !
. SigMin :=.SigArray{1]; : S y
for Indx := 2 to Count do o o v?.n X S
. " begin - o ia '
) if (SigArray[Indx] > SlgMax) and (SlgArray[Indx] < 3000) then
. " begin { needed if signal inverted }

SigMax := SlgArray[Indx],
IndxMax := Indx, .
end; -
if (SlgArray[Indx] < SigMin) and (SlgArray[Indx] > 3000) then
begin N

-

ki



_ : 170

SigMin := SigArray[Indx]; _ o

IndgMin := Indx;
' end; ‘
N end;
WriteLn('Maximum point is: ', SigMax);
WriteLn('Index of Max point is: ', IndxMax);
WriteLn('Minimum point is: ', SigMin);
WriteLn('Index of Min point ist ', IndxMin);

end; { Procedure FindSigMax }

procedure FlatPeak(vqr Which, XBarPlace, PeakMax, SameY :’integer;
var A0, Al, A2, Pointl, Point2, Point3,
XPeakEst, YPeakEst : real);
{ This procedure is entered only if there are three or more
points with the same amplitude at the peak.
NOTE: all possible combinations of points are NOT handled,

only those points which appeared in the data. }
, var . )
, MaxIndxArr : array[1..10] of integer; { indices of max points }
- YPeakArr : array[l..10] of real; { v points of same amp }
XPosArr ' : array[l..10] of real; { x positions of points }
' Nym : integer;- { number of items in MaxType }
Consec ‘ : integer; { numpef“oi\fonsecutlve points }
MaxConsec : integer; | { max number .consec points }
Peak -1’ integer; { gives choice, of peak }
! Indx : integer; { index counter }
Templ : integer; { index of possible peak }
Temp2 ¢ integer; { index of possible peak }
Maxy : real; { highest interpolated amplitude }
bqgin
Num := 1;

for Indx := XBarPlace+l to XBarPlace+{BarLength*8) do
begin . R '

> if SlgArray[Indx] = PeakMax th

- begin

MaxIndxArr[Num] :=-Indx;

¥
_ WriteLn(MaxIndxArr[Num)); o
" Num := Num + 1; : .
: end; - : : ’ v
end; i . : " . ﬁ&
MaxConsec := 1; : -, N . .
N Consec.:= 1; - . ) . 4 S
for Indxl :='1 to Numrz do e 3
‘begin ’ ’ o S .
R § . MaxIndxArr[Indx]+l = MaxIndxArr(Indx+1] then - o R,
g ‘ X begin o R - A
v . Consec := Consec + 1; C -
’ ‘ if MaxConsec <= Consec then MaxConsec := Consec;.
WriteLn('Consec points ="', MaxConsec);
" end - ' , S
- else’ o ‘
begin : ' .
Consec := 1;
s . '

S



end;
end; oL
if (MaxConsec = 1) then
. begin o ) o
for Indx := 1 to Num - 1 do
begin

Which := MaxIndxArr[IndxJ;

Pointl SigArray[Which-1];

Point2 := SigArray[Which];

Point3 := SigArray[Which+1];

WriteLn(SigArray[Which-1]:6, SigArray[Which]:6,
SigArray[Which+1]:6);

AQ := Point2;

Al (Point3 - Pointl)/(2.-*-SamplInt);

A2 (Pointl - (2. * Point2) + Point3)

/(2. * (SamplInt*SamplInt));
XPosArr[Indx] := -Al/(2. * A2);
YPeakArr[Indx] := AQ + (Al * XPosArr[Indx])
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+ (B2 * (XPosArr[Indx] * XPosArr[Indx])),4

3 WrLEFLn(YPeakArr[Indx] :20:12);
" end;
MaxY := YPeakArr[1l];
XPeakEst := XPosArr(1l];
Which := MaxIndxArr{l];
for Indx := 2 -to Num - 1 do
begin
if YPeakArr[Indx] > MaxY then -
begin :
MaxyY :ﬁ"YPeakArr[Indx];
XPeakEst := XPosArr[Indx];
. Which := MaxIndxArr[Indx];
end; ) :
end;
YPeakEst (:= MaxY; _ _
WriteLn(" Index of peak is ', Which); -
end
else if (MaxConsec = 2) ‘then
begin ' . ' ~ .
if:SameY > 3 then
begin -

- Templ := MaxIndxArr[1];
) ‘WriteLn(SigArray[Templ-1]:5, SigArray[Templ]:5,
‘ ' SigArray[Templ+1]:5);

Temp2 := MaxIndxArr[3];

WriteLn(SigArray(Temp2-1]:5, SlgArray[Tempz} 5, -

; SlgArray[Temp2+l] 5),
’ endl RN -
WriteLn('Enter POSITION of peak (1, %{ D
'ReadLn(Peak); \ S
if SameY > 3 then . 3
begin - N Y
- if Peak = 3 then Peak := 5;
‘if Peak = 2 then Peak := 3;
end; -

~



~end; . { procqﬁmre FlatPeak }
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Which := MaxIndxArr[Peak];

Pointl := SigArray[Which-1];

Point?2 : SlgArray[Whlch],

Point3 := SigArray[Which+l];

WritelLn(SigArray[Which-1]:6, SigArray[Which]:6,
SigArray[Which+l]:6);

WriteLn('Index of peak is: ', Which);

A0 := Point2; ’

ﬁ Al := (Point3 - Pointl)/(2. * Samplint);
A2 := (Pointl -~ (2. * Point2) + Point3)
/(2. * (SamplInt*SampliInt));
XPeakEst := -Al/(2. * A2); v
YPbakEst := AD + (Al * XPeakEst) + (A2 * (XPeakEst*XPeakEst));
end i
else
~ + begin . . y
»  if SameY <> MaxConsew then
- begin -

@ Writeln('Enter NUMBER of peak point (1,2,3,...)');
ReadLn(Peak);
Peak ;= Peak —.
Whidﬁi .MaxI
’ end; ,:
“Which := Which «+.
XPeakEst := 0.0;
YPeakEst := SigArray[Which];
if (odd(MaxConsec) = false) then XPeakEst := XPeakEst - 0.5;
Writeln('Index of peak is: ' ', Whiéh);

end; %“ ‘ '

~>yf(MaxConsec / 2);

P

procedure FlndPeakMax(var SigArray : ArrayType; B
var XBarBegin, SigIndx, IndxPeakl, IndxPeak2,
. ShiftBar, Whié¢h : lnteger, :

! . var PrecPeak : real); '

PeakMax - : integer; { peak point } -
Indx : integer; { index counter }
XBarPlace - r'integer; { yplace of bar on signal }
SameY 't integer; { # of points with same amp }
Which?2 - : integer; { index of second max point }
Position - : integer; { allows selection of peak }

s - Pointl : real’ { point'before peak }
Point2 o : real; . { peak poEnt } . -
Point3 - i real; - - { point After -peak } = -
AO, Al, A2 - : realy. v | int?téglatlon coeff1c1ents }
XPeakEst® ' .  :: real; { -.5'%to +.5 -- x positiomof peak }
YPeakEst ¢ real; { amplitude estimation }
XPeakEst?2 : real; 4 x position of second max }
YPeakEst2 : real; { y.estimation of second max }
CurrentPeak : real; { index of current peak }
PerLengthSam : real;- { period length in samples -}
PerLengthMs .~ : real; - {+ period length in ms }

begin { procedure FindPeakMax }

o~
A

o
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XBarPlace := XBarBegin + SigIndx - 640; )
PeakMax := SigArray[XBarPlacel;
Which := XBarPlace;
SameY := 1;
Which2 := 0;
for.Indx :='XBarPlace+l to XBarPlace+(BarLéngth*8) do
begin
if SigArray[Indx] > PeakMax then
begin I
PeakMax := SigArray[Indx];
Which := Indx; /
SameY := 1; .
end R '
else if SlgArray[Indx] = PeakMax then
begin < ' //"’
SameY := SameY + 1; - “ﬁ ' . \\\\
if SameY = 2 then Which2 := Indx;
end; ' .
end;
WriteLn('SameY is: ', SameY);

WriteLn('Peak Index is: 4', Which);
WriteLn('Which2 is: ', wWhich2);
if SameY < 3 then

begin -
Pointl := SigArray[Which-11;
Point2 := SigArray[Which];

il

B Point3 := SigArray{Which+1]; ‘

erteLn(SlgArray[Whlch 1}:6, PeakMax: 6, SigArray[Which+1]:6);
AQ := Point2; ‘
Al := (Point3 - Pointl)/(2. * SamplInt);
A2 := (Pointl -"(2. * Point2) + 'Point3)
/(2. * (SamplInt*SampliInt));
XPeakEst := -Al/(2. * A2); .
YPeakEst := A0 + (Al * .XPeakEst) + (A2 * (XPeakEst*XPeakEst)),

"if (SameY = 2) ang: (Whlch+l <> Whigh2) then
" begin - i
Position :=-0; :
Pointl := SigArray[Which2-1]; , g
Point2 := SigArray[Which2]; . .
Point3 := SigArray[Which2+1]; ’

WritelLn(SigArray[Which2-1]:6, SlgArray[Whlchz] 6,
7 SlgArray[Whlch2+l] 6),

A0 := Point2; - ' d
Al :=.(Point3 = Po;ntl)/(zi * SamplInt);. .
A2 := (Pointl - (2. * Poi ,‘) + Point3)
/(2. > (SamplInt*Sampiint)),
.XPeakEst2 := -Al/(2. * A2); -

.-.YPeakEst2 := AQ + (Al * xpéakEsXQ%e o
’ + (A2 * (XPeakEst2*XPeakEst2));

"WriteLn('YPeakEst is: ', YPeakEst:16:12); .

: Wri;eLp('YPeakEstZ is: 'y} YPeakEst2: 16 12);

,if YPeakEst2 = YPeakEst then ¢
begln
~ Writeln(' Enter POSITION of peak (1,2,...)");
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ReadLn(P051tlon),

end; )
if (YPeakEst2 > YPeakEst) or (P051tlon = 2) then
. begin - * -
- Which := Which2;
YPeakEst := YPeakEst2;
XPeakEst :=" XPeakEst2;
end; « .
WriteLn('Peak Index is: ', Which);
end;
- end

else FlatPeak(Which, XBarPlace, PeakMax, SameY, A0, Al, A2,
Pointl, P01nt2 Point3, XPeakEst, YPeakEst);

writebn(YPeakEst:16:12); :
WriteLn(XPeakEst:16:12);

if N.= 0 then

‘begin
s PrecPeak := Which + XPeakEst;
' PerlLengthMs := 0;
PerLengthSam := 0;

]

end
. else
begin _ ‘ ‘ ' ,
CurrentPeak := Which + XPeakEst;
PerLengthSam := CurrentPeak - PrecPeak; \
PerlengthMs := PerLengthSam / Samleate,
PrecPeak := CurrentPeak;
end; .- ..
WritelLn; “ﬂ'" &
erteLn(PerLeﬁgthSam 16: 12),
WriteLn(PerLengthMs:16:12); o A

WriteLn(PeakFile, N:5, PerLengthMs:20: 12, YPeakEst:20:12, ' ',
SegNane[Indeeg]),
WriteLn(Lst N:4, SigArray[Which-1]:8, SlgArray[Whlch] 5,
51gArray[Wh1ch+l] 5, Which:8, PerlengthMs:16: 8,
‘ YPeakEst:16:8, ' ', SegName[Indeeg]),
if N = 0 then IndxPeakl := Which;
'if N = 1 then ‘ ' ‘
begin
IndxPeakz := Which;
ShiftBar := IndxPeak2 ~ Indeeakl - round(BarLength*a / 2),

A

end; . . A
WriteLn; .. ' : - AR
WriteLn(' Shlf tBar is: ', ShlftBar 3), o ’ RO
end; \ { Procedure. FindPeakMax }.
procedure InltGra:hlcs, o
var '
Indx . : : integer;
CardSwitch : byte;
Info _ : byte; \
Mono . : boolean;

" begin. { procedur— InitGraphics }

CardSwitch:=MEM,$40:$88] -AND $OF;



Info:=MEM[$40:587]; 4
Mono:=0DD((Info AND $02) SHR 1); ’
if Mono then _ -
Rec.AX:=$000F _ '
else with Rec do
case CardSwitch of .
6 : BX:=$0D;
7 : AX:=S0E;
8 : AX:=$10;
9 : AX:=810;
else Rec.AX:=$0E;
end; { case CardSw1tch }
INTR($10,Rec); A
for Indx:=0 to 349 do YaddﬁI;ndx]:=80*Indx;'
for Indx:=0 to 639 do Xaddrfindx]:=Indx DIV 8;
~ for Indx:=0 to 639 do Point[Indx]:=$80 SHR (Indx MOD 8);
end; { procedure InitGraphics'g}: :

procedure DrawHorAxis(Yl:integer);
~ var .
XdrwO,MemOffst : integer;
begin -
Xdrw0:=0;
while Xdrw0<639 do
begin i
MemOffst:=Xaddr [Xdrw0]+Yaddr[Yi: 3
MEM[ $AOOO:MemOf£st ] :=$FF OR MEM[S%@@O :MemOf£st];
XdrwO:=Xdrw0+8;
end;
end; { procedure DrawHorAxis }

procedure‘DrawVertLlne(XPlace YTop, YBottom: lnteger),
var ‘v - .

Total ’ ! integer;
begin
while YTop<YBottom+l .do
begin

Total: -Xaddr[XPlace]+Yaddf[YTop],
MEM[$A000:Total]: —P01nt[XP1ace] OR MEM[$A000:Totall;
YTop:=YTop+4;
end; ] .
end; { procedure DrawVertLine }

-

procedure GetKey(Keyblst KeyLlstType, var Reply Reply2: char);
" begin ,

KeyList := #27,

Reply2 :='chr(0);

rebd(kbd,Reply) ;

if (Reply = #27) and keypressed then

read(kbd,Reply2);

end; { procedure GetKey }

procedure DrawHorBar(Yl:integer);
“var . v . v
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MemOffst . integer; v
XBar ; : integer;
Indx : integer;

begin ~_
XBar := XBarBegin; ‘ o
for Indx := 0 to BarLengthdo @
" begin "

MemOffst: -Xaddr[XBar]+Yaddr[Yl], ,
MEM[ $A000:MemOffst]:=$FF; " .. , :
XBar :=XBar+8; ' :
end;
end; { procedure DrawHorBar}

procedure CléarHorBar(Yl:ihteger);

var
XdrwO,MemOffst .t integer; g
Indx ° : integer; o
begin o

Xdrw0:=XBarBegin; .
for Indx := 0 to BarLength do °
begin ’
MemOffst:=Xaddr[XdrwO]+Yaddr(Y1l];
MEM[ $A000:MemOf£fst]:=$00;
Xdrw0:=Xdrw0+8;
end;
end; { procedure ClearHorBar }

procedure PlotFrame(Xinit:integer);

var
MemOffst : : integer;

begin
for I:=0 to 639 do o
begin

MemOffst: Xaddr[I]+Yaddr[D1551g[I]],
MEM[$A000:MemOffst]:=Point[I] OR MEM[$AOOO MemOffst],
- end;
end; { procedure PlotFrame } -

begin { program JSPeaks } : - ~
Writeln; _ ‘ ‘ .
GenSegName(SegName,Subject), ST B ] o
Assign(PeakFile,Subject); : ‘
. Rewrlte(PeakFlle), '
IndxSeg := 1; : 7 -
while (IndxSeg>0) and (Indeeg<Nume11e+l) do
begin , - ) ,
- Gount := 0; : . -
Loading(SigArray, Count, ErrCode, IndxSeg, SegName);
if IndxSeg = O then exit;
if ErrCode < 0 then

Wpiteln('Unsuccessful file load. Code = ', ErrCode)
” else ‘
for J =1 to 10 do WriteLn(J:4, SigArray[ Jil4:: < , AL

'inndSLgMax(SLgArray, Count, “SigMax, Slngn)



Inverted := false;

Writeln;

Write('Invert Signal (Y/N)? ');
Read(Kbd, Invert);

Writeln;
if (Invert = 'Y') or (Invert = 'y') then
begin
Inverted := true; )
for I := 0 to ArraySize do
begin
SigArray[I] := SigArray[1] * -1;
end;
end; .
if Inverted = true then
begin

Temp := SigMax;
SigMax := abs(SigMin);
SigMin := Temp * -1;
end;
WritelLn(Lst,' Max is:', SigMax:5, '
S Inverted is ', Inverted);
ScaleBy := trunc((SigMax/150) * -1) - 1;
Writeln;
WriteLn('ScaleBy is: ', ScaleBy);
Delay(3000);
Yl := round((SigMax/ScaleBy) + 160);
Y2 :="round((140-Y1)/2 + Y1);
SigIndx := 0;

f

Which := 0;

N = -1;
IndxPeakl := 0;
IndxPeak2 := 0;

XBarBegin := 80;
ShiftBar := 0;
Done := false;
while not Done do
~ begin
ClrScr; ]
WritelLn('Signal Generation in Progress');
if N = -1 then '
begin
for I := 0 to 79 do

begin .
DisSig{1] := 150; %&
} end; ' e
end
else
begin _
var80tol := 80;
.for I :=0 to 79 do
begin’

) +150);
Var80tol := Var80tol—l;
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Min is:', SigMin:5,

DisSig[1] = round((SigArray[Which-VarSOtol]/ScaleBy)
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end; ///
end; :

SigIndx := Which; °
for I:=80 to DisMaxPts do
begin
DisSig[I] := round((SigArray(SigIndx]/ScaleBy)+150);
SigIndx := SiglIndx + 1; ] -
end; '
InitGraphics;
DrawHorAxis(0);
DrawHorAxis(150);
DrawHorAxis(300);
DrawVertLine(79,0,300); -
DrawHorBar(Y2);
PlotFrame(0); ’
Confirm := false;
Quit := false;
while (not Confirm) and (not Quit) do .
begin s
DrawHorBar(Yl); 4
GetKey(KeyList, Reply, Reply2);
case Reply2 of .|
#75 : begin { Left-Arrow }
Ny ) ClearHorBar(Yl);
S .XBarBegin := XBarBegin - 8;
' DrawHorBar(Yl);
. end;
#77- ~: begin { Right-Arrow
ClearHorBar(Yl); ~
XBarBegin := XBarBegin + 8;
DrawHorBar(Y1l);
end;
#72 : begin : { up-Arrow }
N =N+ 1; -
- FindPeakMax(SigArray,XBarBegin,SigIndx,
IndxPeakl, IndxPeak2,ShiftBar,Which,
PrecPeak); "
XBarBegin := ShiftBar + 80;
Confirm := true; .
end; i
#60 : begijn { strike F2, End, any key }
Which := Which + 320;
WriteLn(XBarBegin:6,SigIndx-560:6,

- Which-320:6);
end;
#59 I begq ~{ strike F1, End, any key }
) Whi :# _Which - 320; »
’ Writefn(XBarBegin:6,SigIndx-560:6,
) Which+320:6,;
end; “ : y
#79 : Quit := true; { end key }
end; { case }

end; o
GetKey(KeyList,Reply,Reply2); .



end.

Close(PeakFile);

if Reply2 = #79 then
begin
WriteLn(PeakFile, -9999, 0:20, 0:20,
WriteLn(Lst);
WriteLn(Lst);
Done := true;
end;
end;
ClrScr;
IndxSeg := IndxSeg + 1;
ernd; '

{ program JSPEAKS }

200
n

]
14

'End':12);

el
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. 0 212 255
N "1 230 282

2 279 294
3 280, 299
¢ 2437 266
5 240 252
6 236 260
% 7 .250 255
8 262 263
9 272 289
10 221 286
11 259 304
12 237 296
13 264 277
14 246 247
15 231 258
16 173 235
17 202 .232
18 220 223
19 206 223
20 200 222
23 211 212
22 206 218
23 220 231
24 221 237
25 221 237
26 226 242
-9999

Output Sample: MOlIYB1

255
274
273
260
253
231
228
210
225
248
285
272
274
221
205
222°
234
211
199 °
212
215
184
197
204
213
230
230

162
308
454
601
749
897

1046
1195

1344
1493
1642
1793
1945
2100
2256
2413
2571
2746
2902
3066
3232
3401
3569 -
3739
3911
4084
2256

0.00000000

7.29333333
7.27750000
7434554597
7.41556513
7.38623737
7.45324675
7.43357142
7.44628205
7.46337312
7.48458725
7.52997835
7.60719897
7 #72300054
. 79174250
.87026578
.92777778
.73020542
.77614379
.22480159
.30757389
.41379310
.41645768
.49629187
.60552632
.66478261
.59378882

0

RO @OMOoOMMm-~d o~ ~L~J

~
*
=

260.37500000
286.03333333
294.12500000
299 .86206896
266.34722222
252.30681818
260.14285714
259.00000000
267.38782051

290.24137931

293.75757575
304 .27435064
298.11265432
280.34963768
251.88662791
258.16071429
247.38293651
237.19852941

225.04166667

22,.16071429
222.96982759
215.14224138
218.30681818
231.84210526
237.20000000
237.44021739
242.07142857

0
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Sample output from JSPEAKS. For each period, the program lists the

period number, -the three peak sample points,

maximum- point,

hoE2 ]

the

interpolated . duration. of
interpolated -peak amplitude.

the array

index

of

the

the ' period, and the

#r



Appendix D: JSEXTR Program 5
' * -
{
. 4
{ -
Name: . JSEXTR -
-Author: J.L. Adlington
- Date: May 1987 ‘
Purpose: To compute méan jitter and shimmer in a vowel segment.
To plot the signed jitter and shimmer values for each
period in the vowel.
To cross-correlate SLgned jitter w1th signed shimmer
for each period, and to autocorrelate s;gned jitter
and signed shimmer.
Include Files: JSPLOT.PAS (graphics)
JSTRBGFX.PAS (graphics) »
Input: Shimmer and Maximum- Peak Jitter File
Characterlstlc -Peak Jitter File
Output: “Mean Jitter and Shimner File
. Cross-Correlations File
: Autocorrelathgg File -
Compiler: Turbo Pascal 3. o ”,
‘Hardware: EGA Graphics Adapter .
3 - oo : &

program JSEXTR
const
Array51ze
NumbSeg
StringSizeGlb
CharFile
MaxProcsGlb
MaxErrsGlb
type
RegisterPack

IntArrType
RealArrType .
AutoArrType
SegType
WrkString
CharArray.
var
Rec
3 Xaddr,Point
%\\A Yaddr
ErrorProc
ErrorCode
XTextGlb,
YTextGlb
MessageGlb,
BrkGlb
DrawFlag,
FillFlag

‘= 80;

= 36;
80;

27;
:7,

record

-l

end;
= array[O0.
= array[0

AX,BX,CX,DX,BP,SI, DI DS,ES,Flags

)

> A

- g

{ length of input’atrays +

{ number of vowerasegments;

-str1ng[Str1nngzeGlb] = '4x6.fon';

.ArraySize] of integer;
ArraySize] of real;

= array[-ArraySize..ArraySize] of real;

.= array[0..ArraySize] of str1ng[9],

= string[StringSizeGlb]l;

’]%yarray[32 .126] Of char;

: ReglsterPack*

¢ array[0..639] of integer;

: array[0..349] of integer;.

: array[0..MaxProcsGlb] of tWrkString;
: array[0..MaxErrsGlb} of *WrkString;

in* 2ger;

: bodlean;

: boclean;

%Lial.

12 }
}

: integer

w-r
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. : . .
-y l
GranodeGlb : boolean; R
ColorGlb ¢! byte; .
ErrCodeGlb * : byte; : , o
PcGlb : string[40]; L . ' .
GrafBase i integer; . o '
AN CharSet - Y CharArray; .
PerNumb : IntArrType;" { sequential period number }
XLength : RealArrType; { length of period in ms }
YPeak | ': RealArrType; { amplitude of peripd peak }
DeltaJitter : AutoArrType; { jitter value for périod }
DeltaShimmer : AutoArrType; { shimmer value for period },
SegNamel : Seg ; {.segment name }
SegName2 : Seg§§§2; { segment name }
PeakFile : Text; - { .input file } . ‘
JSInFile : string[6];- - { name of input file } , "
FPFile > : Text; . .{ one peak input file } - '
FPInFile . String[6]; { name of peak input file } .
JSFile . : Text; . = - { jitter/shimmer output file }
JSOutFile . . : Strlng[s], A { name of j/s oufput file }
ACorfFile . : Text; "**‘ﬂT"autocorrelatlons output file.}

ACorrOutFile : String[6]; { name of autocorr. output file }
CCorrFile =~ : Text; { crosscorrelation output file } -
CCorrOytFile, : String[6]; { name of cr-corr output file }
Blankg ‘ : String[2]; ' :

OnePeak : char; { Y if segment in FPFile }

Indx }. : integer; { index counter } s

Count : integer; { number of periods in arrays }
ErrCode : integer; { error coéde number.}

J . : integer; * { index counter } : "
. JSMax -~ ' : real; { max“of jitter or shimmer }

procedure Load(var XLength, YPeak : RealArrType;
var ‘PerNumb : IntArrType;
var SegNamel, SegName2 : SegType;-
var .Coynt, ErcrCode : integer; var OnePeak : char);

var . ‘
. TocMany : Boolean;

PeriodNumb : integer; >,

PerLength : real; '

begin { procedure Load }
FlllChar(PerNumb, SizeOf (PerNumb), 0);
FlllChar(XLength SizeOf (XLength), 0);

- FillChar(YPeak, .SizeOf (YPeak), 0);
“Writeln('Segment is in FPFile? (Y/N)');,
Read(OnePeak); R
TooMany := false; i
while not eof(PeakFile) or not eof(FPFile) do

begin
Count := Count + 1;
if (Count > A;ray51ze) and (not ToeoMany) then
begin ) , .
TooMany := true; . ' - «
WriteLn('File', JSInFlle, '“too big.'); R
WriteLn('Only first', ArraySize, ' records loaded.'); "

o T
o >

X
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<

ErrCode := -2;
.. -Count := Count - 1;
end; ’
1f not TooMany then
v begin K?' : -
lf (OnePeak’ = 'Y') or (OnePeak = 'y') .then’ .
" begin . , o
,ReadLn(FPFile, PeriodNumb, XLength[CountJ
Blanks, SegNameZ[Count]), 4
ReadLn(Peakﬁlle, PerNumb[Count], PerLength, <~ = - ,®
: YPeak[Count], Blanks, SegNamel[Count]);
end T : .
else

o

. ReadLn(PeakFlle, PerNumb[Eountﬂ, XLength[Count], v
"YPeak[Count], Blanks, SegNamel[Count]),
ErrCode := ioresult;
if ErrCode < 0 then
begln :
Writeln('Error durlng disk read.');
- : ) WriteLn(' Er:Code = ', ErrCode, '(decimal)');
. Close(PeakFile); :
Close(FPFile); -
. exit; ) ‘ e -
end . ' '
. else if PerNumb[Count] *_9999 then exit
.7 +énd ' '
{s1+} . Con
else *
begin
Close(PeakFile);
Close(FPFile);
exit;
» end; . Y ' .
 end; ) - o8
‘end; . { procedure Lodd }. e
. A v ’

-~

13

{s1 JspLoT.PAS } { include files with graphlcs procedures }
{sI JSTRBGFX PAS} :

procedure JSPlots(var DeltaJltter, DeltaShlmmer : QutoArrType;

o ~ wvar JSMax : real); e _ i Y
const o / s
MaxNumbPeriods = 100; - . { for dlsplay }
YOfXAxis" . = 191; e )
XofYAxis' -~ .. = 54; - e %#N , )
ScaleStep . .= 96; T R ’
var Sl B e 2
I,Xpos . : integeri:‘ ! ‘ ST
YposJitter, ‘ . :'”-1fw»; i
YposShimmer ¢ integer; '
DisplStepX :_integer; i
Response -~ .. : char; N
Temp = . " : integer; | o

ScaleBy ' : integer; y

T



. : v

YLabel - : real; .
- begin {procedure JSPlots}
DrawFlag:=true; -
FillFlag:=true; ) . ’
ScaleBy:=1; °
if ((ScaleBy+l) * ScaleStep * JSMax < 100) then

begin .
repeat ° - o .
ScaleBy := ScaleBy + 1; ' P
‘until 5ca1eBy*ScaleStep*JSMax > 100;
end;

YLabel := 1 / ScaleBy;q , : ' !
ScaléBy := ScaleBy * ScaleStep; - .
WriteLn('ScaleBy is: ', ScaleBy:6); - u
Delay(1000); . ' T
InitGraphic; ' ) '
GraphicsMode;
if Count>MaxNumbPerlods then
begin
Count: -MaxNumbPerlods,
GotoXY(Z 43); Write('ONLY FIRST',MaxNumbPeriods: 4
' PERIODS DISPLAYED');
end; ‘ :
GotoXY(2,1); Write('SIGNAL:');
- GotoXY(10,1); Write(SegNamell[l]);
GotoXY(32,1); Write('JITTER & SHIMMER EXTRACTION');
-GotoXY(62,43); Write('JITTER');
GOtoXY(72,43); Write( 'SHIMMER');
PlotSqreMark(474,342);
PlotCrclMark(554,342);
GotoXY(68,1); Write('DELTA VALUESQ),
DrawFrame,
DrawHorizDotLine(8,631, YofXAxms),
DisplStepx-—SSS div Count; .
if DisplStepX>28 then DisplStepX: —28,
“for I:=1"to l/do ~'¥
begin
Xpos: —XOfYAXlS+10+((I 2)*Dlsplster),
. GOtoXY(2,24); Write(' .0:0-");
o, GotoX¥(2,12); Write(YLabel:5:3,'~');
: DramVertDotLlne(XonAxls 50,300);
end;
for I:=3 to Co#nt-1 do
begin :
Xpos:*XonAxxs+10+((I 2)*DlsplSte X)) '
YposJitter:=round(YofXAxis+ScaleBy* (- l)*DeltaJltter[I]),
PlotSgreMark(Xpos,YposJitter); -
\prosShimmer'-round(YofXAx15+Sc ,
PlotCrclMark(Xpos, YposShimmer) ;-
i YposShlmmer>YposJ1tter then .
begln e , ‘ : ' ¢
Temp —Ypoletter, ) :
YposJLtter‘=YposSh1mmer,
Ypdssnlmmer =Tem AR

R .,-".‘A LN

y (fl)*DeltaShlmmer[I]);
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¢

end;
DrawVertDotL1ne(Xpos+2 YposShlmmer Ypoletter),
~ end; N \ . ‘. . ,

- GotoXY(2, 43), o _ '
Write('SIGNAL CONTAINS',Count:4,' PERIODS RS FE
Delay(2000); ~ / D ’

~GotoXY(2,43); Write('DO YOU REQUEST A PRIyTED COPY? fy/N1"); o \

- Read (Kbd ,Response) ; , . e
if ((Response='Y') or (Response*‘y;)) then : o '

.begin’ \ A
GotoXY(2, 43), Write('SIGNAL CONTAINS' CQpnt &,
' PERIODS "y ‘
‘HardCopy (1) ; '

~ end; : L .
LeaveGraphic; o -
end; { procedure JSPlots }

procedure AutoCalc(var DeltaJitter, DeltaShimmer : AutoArrType);'
{ This procedure autocorrglates the DeltaJitter and DeltaShimmer -
arrays, and cross-correlates DeltaJitter w1th DeltaShlmmer for

a specified number of lags. . : }
var
Lag~- : 't integer; { lag time for correlation }
MaxLag : integer; { greatest lag value }
i .+ integer; { ‘index counter }
SumJJLag 1 real; { sum of jitter * lagged jitter }
SumSSLag : ‘real; { sum of shimmer f lagged shimmer }
: SumJS - . : real; { sum of jitter * lagged shimmer }
. sumJ - : real; { sum of DeltaJitter values }
SumS : real; { sum of DeltaShimmer values 1}
SumJLagged : real; { sum of lagged jitter }
SumSLagged : real; { sum of lagged shimmer }
SumJSqr : realj { sum of squared jitter }

: Sar : real; { sum of squared shimmer }

B SumJLagSqr : real; { sum of squared lagged jitter }
.SumSLagSqr : real; { .sum of squared lagged shimmer }
Numerator. : real; ) o
pﬁmominator . @ real; . :

R " : real; { correlation value }

begin {procedure AutoCalc } : X
{ Find number of Lags: Maxlag will be the number of
DeltaJitter values divided by 3, to a maximum of 12 }
MaxLag := round((Count-3)/3); ‘ e

if Maxlag > 12 then MaxLag := 12; Co E N
if Makbag < 1 then MaxlLag := 1; oo .
WriteLn('Maxlag is: ', MaxLag); ~ 3 2 :
" for Lag := 1 to MaxLag do { Autocorrelate the DeltaJLtter. N
- begin co . { values, for %ags up to Maxlag }
SumJdlag :=.0¢ = )
“SumJ := 0; .
SumJLagged := 0; . R y
SumJSgr := 0; S U b ;
"SumJLagSqr := 0; o

“for I":= 1 to Count - 3 do
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7

begln -
SumJJLag := SumJJLag + Deltathter[I] * peltaJitter[I- Lag],
SumJ := SumJ + DeltaJltter[I+Lag], n

. SumJLagged := SumJLagged + DeltaJitter[I-Lag];
SumJSQr := SumJSqr + sqr(DeltaJitter[I+Lag]);
SumJLagSqr := SumJLagSqr‘¥.sqr(DeltaJitter[I—Lag ;

end; ) (ll

Numerator := SumJJLag - (SumJ * SumJLagged

/ (Count - 3 - Lag));
Denominator := sqrt((SumJSqr - (sqr(SumJ)
/ (Count -3 - Lag)))
* (SumJLagSqr - (sqr(SumJLagged)

/ (Count - 3 5 Lag)))); i )
R := Numerator / Denominator; (
erteLn(ACorrFlle, Lag:8, R:20:8, SegNamel[l] 20); :

end;
WriteLn(ACorrFile); .’ : '
for Lag := 1 to MaxLag do { Autocorrelate the DeltaShimmer }
begin’ : { values, for lags up to MaxLag }
SumSSLag := 0; ' -
sumS := 0;
SumSLagged := 0;
sumSsgr := 0;
sumSLagSqr := 0;
for I :=1 to Count - 3 do

|

k4

begln
sumSSLag := SumSSLag + DeitaShlmmer[I]
: : * Deltaﬁﬁlmmer[I Lag]; .
" sumS := SumS + DeltaShimmer[I+Lag];

‘SumSLagged := SumSLagged + DeltaShimmer[I-Lag];
SumSSgr := SumSSqr + sqr(DeltaShimmer[I+Lagl);
SumSLagSgr :=-SumSLagSqr + sqr(DeltaShlmmer[I Lag]),
end;
Numerator := SumSSLag - (SumsS * SumSLagged
, / (Count = 3 - Lag))j :
‘Denominator := sqrt{(SumSSqr - (sqgr(Sums)
el / ¢ Count - 3 - Lag)))
b el o % (SumSLagSqre - (sqr(SumSLagged)
' S (Count ~3 = Lag))));
R*:“ Numerator / Denbmlnator, '
erteLn(ACorrFile, Léw 8, R:20:8);

end; - . . . .
erteLn(ACorrPlle), ‘ \\ .
for Lag := -1 to 1 do { Cross-correlate the DeltaJltter }
gggln { and DeltaShimmer values, for Lags }
sumJS := 0; "~ { of -1, 0, and 1 .
SumJ := 0; s

SumSLagged := O;
SumJSgr :=:0;

SumSSqr =07 = :
for. I := 1l to Count - 3 do
begin '

SumJS :=°SumJS + DeltaJltter[ ] * DeltaShlmmer[I Lag],
SumJ := SpmJ + DeltaJ1tter{I+Lag],»

.‘. ~
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‘ SumSLagged := SumSlLagged + DeltaShimmer{I-Lag];
- ) SumJSqr := SumJSqr + sgr(DeltaJitter[I+Lag]);
SumSSgr := SumSSqr + sqr(DeltaShimmer{I-Lag]);
end;
if Lag = O then
\begin b :
Numerator := SumJS - (SumJ * SumSLagged / (Count - 3));
. Denominator := sqrt({(SumJSgr - (sgr(SumJ) / (Count - 3)))
* (SumSS®r - (sqrSumSLagged)
- _ : ’ / (Count =310
end ' B
else
begin
Numerator := SumJS - (SumJ * SumSLagged / (Count - 4));
. Denomlnator 1= sgrt((SumJsqgr ~ (sgr(SumJ)
' : / (Count - 4))) :
w * (SumSsqr - (sqr(SumSLagged) -
) o / (Count = 4))));

end; T D < R

.R := Nupmerator / Denominator;

erteLn(CCorrFlle, Lag:8, R:20:8, SegNamel[l] 20);
end; .

WriteLn(CCorrFile); . N
‘end; { procedure AutoCalc } S .

procedure JSCalculation(var DeltaJitter, DeltaShimmer : AutoArrType;
var JSMax : real); ;
.{ This procedure calculates average jitter and shimmer, and
- average fundamental frequency; it also finds the DeltaJitter
~and DeltaShimmer values ({positive and, negative deviations
from a’ three~p01nt linear trend line) whlch are correlated

( in: the AgﬁoCalc procedure. . C 1
var : L
"~ Period .- 4 integer; . { index: counter for periods b
1 . :_integer; . { index .counter } - .
SumDeltaJltter .t real;. - 4 total of absolute DeltaJltter } -
:SumDeltaShimmer. teal, . { 'total of absolute DeltaShimmer }
SumPeriod . : real;’ { total of period lengths'} :
" AvgJitter : real; { average jitter for segment } '
AvgShimmer : real; { average shimmer for segment }
AvgFo . . - : real; {-averagevfundamental £} v
JitterMax T % real; { maximum jitter value }
ShimmerMax. "t real; { maximum shimmer value }

begin { procedure JSCalculation }
SumDeltaJitter := 0;
SumPeriod := 0;
. JitterMax := 0; , . . .
jfor Period := 3 to Count - 1 do . o " - <
Degln EE e
DeltaJ:Ltter[Perlod] (XLength[Period]-"-_— (XLengt_h[Period-—l]
- + XLength[Period+l]) / 2 )
/ ((XLength[ferxod 1] + XLength[Penod]
+ XLength[P&riod+1]) / 3 pH
if abS(DeltaJltter{Perlod]) > JltterMax then



“

‘JitterMax ' := abs(DeltaJitter[Period]);
SumPeriod :=-SumPeriod + XLength[Period];
SumbeltaJitter := SumDeltaJitter + abs(DeltaJitter[Period]);
end; :

SumPeriod := SumPeriod +°XLength[2] + XLength{Count];
BvgJitter := SumDeltaJitter / (Count - 3) * 100;
AvgFPo := 1 / (SumPeriod / (Count-1)) * 1000;
WriteLn; ‘
WriteLn(' Jitter is: 'y Avngtter 16: 12), o ., -
Write(JSFlle, AvgJitter:20:8);
erteLn( Average Fo is: ', AvgFo:16:12);

‘WriteLn('JitterMax is: ', JitterMax:16:12);

Writeln;
SumDeltaShimmer := O;
ShimmerMax := 03
for Period := 3 to Count - 1 do .
begin ' -
DeltaShimmer[Period] :=a(YPeak[Period] =~ (YPeak[Period-1] -
: + YPeak[Period+l]) / 2 )

/ ((YPeak[Period-1] + YPeak[Perlod]

+ YPeak[Period+1]) '/ 3 );
if absxDeltaShlmmer[Perlod]) > ShimmerMax then
ShimmerMax := abs(DeltaShimmer[Period]);
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SumDeltaShlmmer e= SumDeltaShlmmer + abs(DeltaShlmmer[Perlod]),

end;

“AvgShimmer := SumDeltaShlmmer / (Count - 3) * 100;

Writeln; . v
WriteLn('Shimmer is: ', AvgShimmer:16:12);
WriteLn('ShimmerMax is: ', ShimmerMax:16:12);

WriteLn(Lst, AvgShimmer:20:8, ShimmerMax:16+8, SegNamel[1]:20);
WriteLn(Lst);
if ShimmerMax. > JitterMax then JSMax := ShlmmerMax
else JSMax := JitterMax;
JSPlots(DeltaJitter, DeltaShimmer, JSMax);

.:for I =1 to Count - 3 do

:= 0
‘DeltaJitter[Count-Z¥:= 0

end;

- *begin, v .
DeltaJitter[I] := DeltaJitter[I+2]; "
DeltaShlmmer[I] := DeltaShimmer[I+2]; .

DeltaJlﬁter[Count -1] H
O .
DeltaShimmer[Count-2] := 0;

AutoCalc(Deltalitter, DeltaShlmmer),
{ procedure JSCalculatlon }

DeltaShimmer[Count-1] :=

begin { program JSExtr }

" Writeln;

WriteLn('Enter name of shlmmer anut file: ');
ReadLn(JSInFlle),. Sl
erteLn, :

Assign(PeakFlle, JSInFlle),

‘WriteLn(JSFile, AvgShimmer:16:8, AvgFo:17:8, S€gNamel[1]:14); '
WriteLn(Lst, AvgJitter:20:8, JitterMax:16:8,fAvgFo0:20:8, Count:4);



{s1-} - ' ‘wg )
Reset(PeakFile); : ‘
WriteLn('Enter name of jitter input file: ');

ReadLn(FPInFile);

Writeln;

Assign(FPFile, FPInFile);

Reset(FPFile);

Writeln('Enter name of jitter output file: ');
ReadLn(JSOutFlle), . .
-WritelLn;

Assign(JSFile, JSOutFlle),
Rewrlte(JSFlle),
Writeln('Enter name of autocorrelatlon output file: ');
ReadLn(ACorrOutFlle),
Writeln;
Assign(ACorrFile, ACorrOutFlle), c
Rewrite(ACorrFile);
WriteLn('Enter name of cross-correlation cutput file: ');
ReadLn(CCorrOutFile);
Writeln;
Assign(CCorrFile, CCorrQutFile);
Rewrite(CCorrFile);
“for Indx := 1 to NumbSeg do
begin
Count := 0; : .
Load(XLength, YPeak, PerNumb, SegNamel, SegName2,
Count, ErrCode, OnePeak);
{s1+}
' Count := Count - 1;
if ErrCode <> 0O then <
erteLn( Unsuccessful file load. Code = ', ErrCode),,
if (SegNamel[1l] <> SegName2[1]) and ((OnePeak = 'y')
or (OnePeak = 'Y')) then
begin
Writeln;
WritelLn(' STOP"' ALARM! !} -ERROR! !'!');
end; o
Writeln;
WriteLn(SegNamel[1]);
erteLn(SegNameZ[l]),_ ‘
Writeln; . ‘ '
erteLn(Count, "elements now in arrays.');.
 _ Writeln; A S
> ypeak[Ll] := 0; . :
FlllChar(DeltaJltter, SlzeOf(DeltaJltter), O),,
FlllChar(DeltaShlmmer, SizeOf(DeltaShimmer), 0);
JSCalculation(DeltaJitter, DeltaShlmmer, JSMax) ;
end, v
Close(PeakFlle),
Close(FPFlleﬁ?—
Close(JSFile);
Close(ACorrFile); .
: Close(CCorrFile);
end. { program JSEXTR }



Appendix E: Outlier. Token Values

i

. - Jitter 7_ Shimmer | Alternate | Alternate -
| + [l o [P Period~ | 'Period
A . Jitter [%] IShimmer [%)]
. B o (0
M02: IYE2 | 16.68 16.09 1.34 4.06
" IHE2 | . 827 (9.22) .69 7.38
EHE2. | '-9.77 S 12.24) 1.27 " 8.92
| M03: IHB1 | '5.76 16.89 . . 1.83 - 11.93.

. IHB2 “10.86 35.69 2.42 ©9.03"

" EHB2 S 5.12 ( 12.36 ) 2.59 8.95
EHE1 .| 12.11 34.77 2.01 8.66
EHE2 |- 14.61- . |  53.45 1.49 6.19

- AEB2 5.75 ( 11.59)) 3.35 13.36
AEEl | "17.25 52.87 2.67 16.50"
AEE2 | 4,00 | - 18.68 1.87 6.11%
ERB2 | . 5.51 (4.02) .91 597
ERE1 ' | 4.59. (9.54), .90 6.40

* ERE2 (3.75) 15.11 1.64 7.92

. AHB2 13.14 29.42 4.90 .3.81-
AHE2 11.81 36.42 467 13.51
UWB2 . | 4.45 ( 1427 ) ©1.42 T 5.02°
UHE2 | 15.16 39.47 1830 | 120,75
AWEL * 8.40 . 22.99 5.17 16.75
AWE2 4.84 ( 10.67 ) 125 . 11.68 ¢

M06: ERE2 | 16.49 | (.1333) | -.496° 9.34

FO8: AEEl 17.20 | 84.43 1.20 9.74

F09: IHB2 4.97 (1 6.437) 2.42 4.76
EHB1 4.99 15.44 2.25 - 7.50
AEBI 1 23.32 3.72 8.49
AEE1 5.16 (1082 ) - 3.00 7.67
ERBI] 432 1 (1370 ) 192 | 6.21
AHBI 4.36 ( 1099 ) 441 | 11.11
UWE1. 5.31 (289) o221 2.48 .
AWE2 ~ | 10.35 15.78 1.64 9.60

Jitter, shimmer, and .-the corresponding measures taken from alternate petiods, for

tokens

wvhich

.are .
considereg outliers.

outliers

The

for
underlined

measured from alternate periods.

B

jitter :.or

values
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shimmer.
remain above

the

Brackéted

values _ are

“"normal™ range

“not
when



