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Perception of aperiodicity in pathological voice

Jody Kreiman® and Bruce R. Gerratt®
Division of Head and Neck Surgery, UCLA School of Medicine, 31-24 Rehab Center,
Los Angeles, California 90095-1794

(Received 20 December 2003; revised 20 December 2004; accepted 22 December 2004

Although jitter, shimmer, and noise acoustically characterize all voice signals, their perceptual
importance in naturally produced pathological voices has not been established psychoacoustically.
To determine the role of these attributes in the perception of vocal quality, listeners were asked to
adjust levels of jitter, shimmer, and the noise-to-signal ratio in a speech synthesizer, so that synthetic
voices matched naturally produced tokens. Results showed that, although listeners agreed well in
their judgments of the noise-to-signal ratio, they did not agree with one another in their chosen
settings for jitter and shimmer. Noise-dependent differences in listeners’ ability to detect changes in
amounts of jitter and shimmer implicate both listener insensitivity and inability to isolate jitter and
shimmer as separate dimensions in the overall pattern of aperiodicity in a voice as causes of this
poor agreement. These results suggest that jitter and shimmer are not useful as independent indices
of perceived vocal quality, apart from their acoustic contributions to the overall pattern of spectrally
shaped noise in a voice. @005 Acoustical Society of AmericdDOI: 10.1121/1.1858351

PACS numbers: 43.71.Bp, 43.71.GRFA] Pages: 2201-2211

I. INTRODUCTION (alternate periods reduced in amplitude by 1-6.dBear-
) ) ) ) perfect correlations were observed between the amount of

Jitter, shimmer, and noise-to-signal ratibéSR9 are the jitter or shimmer and judgments of relative roughness for
cornerstones of acoustic measurement of voice signals, affese nonspeech stimuli. More recently, Hillenbrab€sg
are often regarded as indices of the perceived quality of bot{yseq synthetic vowels to examine the univariate relationships
normal' and pathological voices. In general, gppl|cgt|0n§ c,’[)etween jitter, shimmer, and noise and ratings of breathiness
acoustic measures o assess vocal qL_lahty derl\_/e their Va“d'tXnd roughness. He reported that roughness ratings increased
from the relevance of specific acoustic properties of the Si9yith levels of jitter and shimmer up to about 2% jitter and

nal to auditory perceptions of voice. Researchers typically2—dB shimmer, after which increasing jitter and shimmer lev-

use correlation or regression techniques to demonstrate tréc?s did not increase perceived roughness. Similarly, as the
- . S . Y,
extent to which such measures explain or predict I|stenersr\ISR increased, so did breathiness ratings

scalar quality judgments. However, observed associations R . . :
. . Several limitations are inherent in these synthesis stud-
between acoustic and perceptual measures have varied can-

siderably across studies. For example, correlations betwedf: The synthesis techniques employed in the earliest studies

measures of jitter and ratings of both breathiness and rougt{- endahl, 1963, .1966a,) lid not include vocal-tract filter- ,
ness have ranged from O to about Qfr review see ing, and used a highly unnatural sawtooth source along with

Heiberger and Horii, 1982; Kreiman and Gerratt, 2000 levels of jitter and shimmg(up to _iSO%) that greatly ex-
Multidimensional scaling studieévhich examine the per- ceed_ those usually associated with the human v(_m:g..,
ceptual dimensions that underlie perceived vocal similarity Andrianopouloset al, 2001; Munozet al, 2003. Stimuli
have also provided inconsistent results with respect to théicked pitch contours or formant structure, and varied in only
role that jitter, shimmer, and the NSR play in determining®ne acoustic dimension at a time. Further, a relatively small
quality (Kreiman et al, 1990; Kreiman and Gerratt, 1996 number of stimuli differed in relatively large acoustic steps,
Such variability in results has undermined confidence in bottinaking it easy for listeners to perform the paired comparison
the acoustic measures and their perceptual interpretation. task reliably (Heiberger and Horii, 1982 These factors
Although hundreds of studies describing, evaluatingcould account for the high correlations with perceived vocal
and applying measures of noise and acoustic signal perturbgughness, and limit the extent to which early studies explain
tion have been published®uder, 2000, the perceptual sa- how listeners hear naturally produced voice signadllen-
lience of these attributes remains poorly understood. A disbrand, 1988, also commented that his stimuli sounded some-
crepancy exists between the results of early synthesis studi@gat unnatura). Further, previous studies assessing the role
and findings from later investigations examining this associaef noise and perturbation in determining voice quality have
tion in naturally produced voice¢Heiberger and Horii, always assessed quality in terms of specific scales like
1982. Synthesis studie@Vendahl, 1963, 1966a, b; Coleman breathiness, roughness, or hoarseness. However, the reliabil-
and Wendahl, 1967used sawtooth waves with added jitter ity of such scales has been repeatedly questioned, and their
(=1-50 Hz around a med® of 100 or 200 Hxor shimmer  validity as measures of quality is also questionaf@ey.,
Jensen, 1965; Kreiman, Gerratt, and Berke 1994; see
@Electronic mail: jkreiman@ucla.edu Kreimanet al,, 2005, for reVieV)’-
PElectronic mail: bgerratt@ucla.edu Afinal limitation of previous synthesis studies is the fact
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that jitter, shimmer, and noise have been manipulated inddge adjust the levels of jitter, shimmer, and/or noise present in
pendently of one another, and the perceptual interactiona synthetic stimulus until that stimulus matched a naturally
among these three variables have not been investigatedroduced voice sample as closely as possible. We then ex-
Acoustically, these attributes are obviously related. For examined the extent to which listeners agreed about how much
ample, adding aspiration noise to a signal adds jitter andf each variable was necessary for the synthetic and natural
shimmer; adding jitter also adds shimmer as changes in peroice samples to sound the same, consistent with the ANSI
riod length move harmonics toward and away from vocal-definition of sound quality as “that attribute of auditory sen-
tract resonances; and adding jitter and shimmer producesation in terms of which a listener can judge that two sounds
measurable changes in the NSRillenbrand, 198Y. Natu-  similarly presented and having the same loudness and pitch
rally produced voice signals include all these attributes, andre dissimilar” (ANSI Standard S1.1.12.9, p. 45, 1960
separating them analytically has proven diffic@Hillen-  jitter, shimmer, and noise contribute independently to the
brand, 1987; Fukazawet al., 1988; de Krom, 1993; Titze, perceived quality of a voice, then listeners should agree well
1995; Michaeliset al,, 1997; Murphy, 1998 in the values they choose when making their adjustments.

In contrast to synthesis studies, correlational investiga-
tions of jitter, shimmer, and noise perception in naturally. Method
produced voices have produced highly variable results. )
Many low or nonsignificant correlations have been reported- V0/C€ samples
(e.g., Martinet al,, 1995; de Krom, 1995; Deal and Emanuel, The voices of 20 speakers with voice disordéi$
1978; Proseket al, 1987. However, correlational ap- males and 10 femalgsvere selected from a large library of
proaches are of limited use in resolving the issues surroungamples recorded under identical conditions as part of a
ing the perceptual importance of vocal aperiodicity, becauselinical voice evaluation. Selection was random except that
they cannot provide evidence about cause and effect. Lack slamples with period doubling or biphonation were excluded
information about how(or whethey an acoustic variable because jitter and shimmer are undefined for such signals
evokes perception of a particular vocal quality leaves re{e.g., Titze, 1995 Speakers ranged in age from 22 to 78
searchers and clinicians to make assumptions without eviyears(mean=49.8 years; sé17.2 years and represented a
dence about the validity and utility of such measures. Fowvariety of primary diagnoses, including mass lesions of the
example, it is impossible to determine if statistically signifi- vocal folds(7), glottal incompetence6), chronic laryngitis
cant changes in some parameter are actually perceptually), adductory spasmodic dysphor{@), and Parkinson dis-
meaningful or not in the absence of a demonstrated causgase(l). Severity of vocal deviation was rated by consensus
and effect relationship between an acoustic variable and wote of the authors. Ratings ranged from 2-5 on a 5-point
perceptual outcome. scale (where Xnormal quality, and averaged 3.5%sd

In this study, we used a method of adjustment task tc=0.97).
examine the perceptual significance of jitter, shimmer, and During the voice evaluation, speakers sustained the
the NSR. Listeners were asked to manipulate jitter, shimmewowel /a/ as steadily as possible. Voice signals were trans-
and NSR levels in high-quality synthetic voice stimuli, until duced with a 1-in. Bruel & Kjaer condenser microphone held
the synthetic voices matched naturally produced targea constant 5 cm off axis. They were then low-pass filtered at
voices. This approach avoids the use of verbal rating scale$, kHz and directly digitized at 20 kHz. A 1-s segment was
because listeners compare the stimuli directly in terms oexcerpted from the middle of these productions, antialias fil-
their overall similarity. Further, in the method of adjustmenttered, and downsampled to 10 kHz for further analysis.
task, subjects manipulate acoustic variables directly, so the
association between signal and percept need not be inferrezl Analysis and synthesis methods
from correlatiop. Finglly, in.this task the_ perceptual impor- Analysis techniques have been described in detail else-
tance of acoustic variables is evaluated in the same comple%here (Gerratt and Kreiman, 2001: Gabelman, 2003

mult|Id|mer:§ |o|nal thntetxtdln Wh'Ch. thz\tlﬁ riables n?tu:‘?.‘"{ OC'Briefly, formant frequencies and bandwidths were estimated
cur. In particuiar, this study examined the perceptual INteracy,in o jinear predictive coding analysis with a window of

tions of jitter an_d shimmer with noise. A previous study 25.6 ms(increased to 51.2 m when stimulé® was near or
(Gerratt and Kreiman, 20pFound good agreement among below 100 H2z. The glottal volume velocity derivative was

Ilsltener_.s for the NS.R' Itis possmlle that,. because noise COMsstimated by interactively inverse filtering a single glottal
prises jitter and shimmer acoustically, listeners agree abo‘ﬁulse from the microphone recordings, using the method de-
overall levels of noise, but not about the levels of jitter andscribed by Javkiret al. (1987). The ou,tput of the inverse
sh@mer present in a voice. On .the.‘ other hand, ,'f MeasUlier was least-squares fit with a modified Liljencrants—Fant
of jitter and shimmer are valid indices of perceived vocaI(LF) source modelFantet al, 1985, and the parameters of
qua}lity, then listeners .should agree well iq the levels of thes?he best-fitting LF model were used to specify the harmonic
variables they select in the method of adjustment task. component of the voice source in the synthesizer. The shape
II. EXPERIMENT 1 of the inharmonic part of the voice sour@e noise spec-
trum) was estimated by applying cepstral comb filtering to
remove periodic source components following the method
To examine the contributions of jitter, shimmer, and described by de Kroni1993. The residual was then inverse
noise to voice quality, listeners in this experiment were askediltered to remove the effects of vocal-tract resonances, leav-

A. Rationale
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ing the inharmonic part of the source, which was fitted withlevel of jitter. As the series of pulses was constructed, precise
a 25-segment piecewise linear approximation. Findlly, ending times for each LF pulse were tracked, and this curve
was tracked pulse by pulse on the time-domain waveform byvas interpolated to findO for the next pulse in the series.

an automatic algorithm. Location of cycle boundaries wasThe basic LF pulse was then time wargstretched or com-

verified by the first author. Tremor rates were estimatedressefito obtain the appropriate period length, and sample
by visual inspection of smoothed plots 60 versus time points were calculated accordingly. A similar power versus
(Kreimanet al, 2003. Estimated tremor rates averaged 6.45time curve was constructed for the time series, reflecting
Hz, with a range of 2 to 10 Hz and a median of 6 Hz. amplitude tremor and shimmer, and this curve was interpo-

Variability in fO was modeled as followg=ig. 1). The lated to determine the power for each successive cycle in the
estimated tremor rate served as a dividing line between slowime series. The overall effect is equivalent to digitizing an
frequency and amplitude modulatioftsemors on the one analog pulse train with pulses of the exact desired frequen-
hand and fast variatior(@itter and shimmeron the other. To cies and amplitudes at the fixed 10-kHz sample rate.
model tremor, thefO track was low-pass filtered with the A 100-tap finite impulse response filter was constructed
cutoff value equal to the estimated tremor rate, and periodor noise synthesis, with its shape corresponding to the 25-
lengths were altered to incorporate this slowly varying fre-segment piecewise linear approximation fit to the inharmonic
guency tracFig. 1(a)]. Low-frequency amplitude modula- part of the voice source derived through comb filtering. A
tions were similarly generated for each vojégég. 1(b)], and  spectrally shaped noise time series was then created by pass-
the power of each cycle was modified to incorporate ob-4ng white noise through this filter. The jittered, shimmered,
served low-frequency modulations in amplitdditter was  and tremored LF pulse train was antialias filtered and down-
modeled by altering the duration of each cycle by an amounsampled to 10 kHz, and then added to this noise time series
sampled from a high-pass filtered, normally distributed ranto create a complete source time series. The source was fil-
dom sequence whose variance was determined by the desireated through the vocal-tract model to generate a preliminary
level of jitter. The filter’s cutoff frequency again equaled the version of the synthesized voice. Finally, formant frequen-
estimated tremor value. Shimmer was similarly modeled bycies, bandwidths, and LF parameters were adjusted to pro-
altering the power of each cycle of phonation, with powervide good perceptual matches to the target voices, and then
values sampled at random from a normal distribution of val-held constant across experimental conditions.
ues whose variance corresponded to the desired amount of
shimmer.(See Gabelman, 2003, for more dejail. .

Stimuli were synthesized using a custom formant syn-3' Listening pretest
thesizer implemented imATLAB (MathWorks, Natick, MA; A listening pretest was used to verify the accuracy of the
Gerratt and Kreiman, 200% The synthesizer sampling rate synthesis. Prior to this pretest, estimated values of the NSR,
was fixed at 10 kHz. The following procedure was applied tojitter, and shimmer were adjusted in the synthesizer by the
overcome quantization limits on modeliri§. Source pulses first author as necessary to provide the best possible percep-
were synthesized pulse by pulse. A single LF-modeledual match to the natural voice samples, because measure-
source pulse was upsampled from 10 to 40 kHz and used asent of jitter, shimmer, and the NSR is difficult and often
a basis for each pulse in the time series. A plot of the desirethaccurate when phonation departs from periodicieyg.,
fO values versus time was generated for the 1-s syntheti€itze, 1994; Bielamowiczt al., 1996. Synthetic copies of
sample, taking into account the tremor contour and requesteghch of the 20 natural voice samples were then generated,
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using the methods described above and these perceptuallpice. Voices were presented to each listener in a unique
adjusted levels of jitter, shimmer, and noise. Twenty listenersandom order, in free field through two loudspeakers at a
(UCLA students and staff; 20 to 53 years of age; mean ageonstant comfortable listening levéb approximate normal
=26.4 years; s&9.93 yeary heard pairs of voices. On half listening conditions At the beginning of each trial, listeners
of the trials, a synthetic voice sample was paired with itsheard the natural voice sample paired with a copy of that
natural counterpart, and on the other half stimuli were idenvoice synthesized without jitter, shimmer, or noise. They
tical. Each pair was repeated 3 times, for a total of 120 trialsivere told that one voice was naturally produced, and that the
listener. other was a synthetic copy. They were then asked to adjust

For each trial, listeners were asked to judge whether théne quality of the second voice by moving a sliding cursor or
two samples were the same or different, and to rate theigursors on a computer monitor with a mouse, until the two
confidence in their response on a 5-point scale ranging frooices matched on the target dimension or dimensions as
“positive” to “wild guess.” Listeners were not allowed to closely as possible. These cursors controlled the jitter, shim-
replay the stimuli before responding. Order of voices in “dif- mer, and NSR levels present in the synthetic voice. Depend-
ferent” pairs was randomized, and the stimulus pairs wereng on condition, listeners adjusted either one, two, or all
rerandomized for each listener. Listeners were tested indihree parameters in a given trial. Listeners heard a given
vidually in a double-walled sound suite. To approximate nor-yoice in a single condition only. Which task a listener per-
mal listening conditions, stimuli were presented in free fieldformed for a given voice was assigned at random, with the
at a comfortable constant listening level. Testing lasted apconstraint that ten listeners performed each of the seven pos-
proximately 15 min. sible tasks jitter only; shimmer only; noise only; jitter

To provide a measure of the average discriminability of + shimmer; jitter-noise; shimmet noise; or jitter-shimmer
the synthetic and natural tokens, responses were poolefnoisg for each voice. Listeners were encouraged to play
across listeners. Overall rates of correct and incorrecihe natural and synthetic stimuli as often as they liked in any
“same” responseshits and false alarmsvere calculated for  order, and could make as many adjustments as necessary to
each voice. Hit rates ranged across voices from 85%—98.3%chieve the best possible match to the target voice.
(mean=91.8%; sa=3.66%; false-alarm rates ranged from Scale displays were 115 mm in length. The NSR scale
51.7%—85%(mear~65.7%; sd=11.18%. The probability  ranged from-50 to 0 dB(noise-free to extremely noigythe
of any correct respons¢’same” or “different” ) ranged jitter scale ranged from 0% to 3%; and the shimmer scale
across voices from 54.2%—70mean=63.1%; s&-5.02%.  ranged from 0 to 2 dB. These values were chosen based on

_ Same/different responses for each voice were combinegheasurements of the test voices, on pilot tests, and on data

with confidence ratings to create a 10-point scale rangingom Hillenbrand(1988, who reported that increasing jitter
from “positive voices are the same” to “positive voices are peyond 2.5% and shimmer beyond 2 dB had little additional
different.” For example, “same” responses with confidence effect on perceived vocal roughness. Ranges of values for
equal to 1(positive) were recoded as “1,” “same” reSpoNses jitter. shimmer, and the NSR vary widely across previous
with confidence equal to &wild guess were recoded as *5,” gy dies, for both pathological and normal voices, due to dif-
“different” responses with confidence equal to 5 were re-forances in measurement techniques, instrumentation, and
coded as "6,” and “different” responses with confidence ¢ompytational algorithms. In the present research, stimuli
equal to 1 were recoded as “10.” Receiver operating charaCyere frequency- and amplitude demodulated prior to pertur-
teristics (ROCs consisting of 9 points eacfi0 recoded re-  paion analysis to remove the contributions of tremor from
sponse categories minug Were constructed from these re- a5 red values. Values of these variables in the synthesizer
coded data following the procedure described by Green anere 4150 calculated independently of the effects of tremor.
Swets(1966; see also MacMillan and Creelman, 1p90he £ these reasons, the ranges used here for these variables
area under the ROC for each voice was calculated, along,.. |swer than those reported by some auth{se Buder,

with 99% confidence intervals around these values. In alb000 for review. Parameters not being manipulated in a
cases, these confidence intervals included the chance Valﬁﬁ/en, trial remained set in their “off” position(0% jitter

of 0.5. These data, combined with consistently high falseq) g shimmer —50-dB NSR
alarm rates, indicate that listeners were unable to consistently i 0 tf’1e experimen.t the synthesizer was demon-

distinguish the synthetic coples fror_n the_natural samples. Wgtrated and two practice items were presented, so that listen-
conglude that the synthesis tec-hmque is ahle 10 model thSrs could become thoroughly familiar with the task and with
quality of the natural _target voice samples adequately fthe sounds of different amounts of jitter, shimmer, and noise,
purposes of the following experiments. individually and in combination. Practice continued until
subjects were satisfied that they understood and could per-
form the task; it lasted about 15 min on average. The total
Seventy listeners participated in experiment 1. Theytest session lasted 1.5-2 h. Listeners were encouraged to
ranged in age from 19-57 yeafmiean age=26.7 years; sd take breaks during this period as necessary to maintain atten-
=7.83 years All reported normal hearing. Listeners were tion and motivation.
unselected with respect to experience with voice disorder
and most were phonetically- and otolaryngologically naive.
Listeners were tested individually in a sound-treated  Figure 2 shows the distributions of jitter, shimmer, and
room. Each listener participated in 20 trials, one for eachiNSR responses, summed over voices and experimental con-

4. Listening task

S
C. Results
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they were over 20 times more variable. These differences
50H were significant across voicg¢& (2,297)=162.12,p<0.01;
Bonferronipost hoccomparisong<0.01].
Jitter and shimmer responses varied significantly with
0 T the particular listening task. Listeners used significantly less
0.0 0.5 1.0 15 20 jitter and shimmer when asked to adjust all three parameters
Shimmer (dB) at once than they did when matching jitter or shimmer alone
150 r r r r [jitter: F(3,796)=4.32,p<0.01; shimmerf(3,796)=4.14,
p<0.01; Bonferronpost hoccomparison$<<0.01]. In con-
C trast, listeners always adjusted the NSR to similar levels,
n even when they were also adding jitter and/or shimmer to the
voice, so no significant effect of response condition on NSR
values was observddr(3,796)=1.01, n.s]. However, coef-
ficients of variation did not vary significantly by experimen-
50 tal task[jitter: F(4,95)=0.288,p>0.01; shimmerf(4,95)
=1.05,p>0.01; NSR:F(4,95)=0.525,p>0.01].
Variability in NSR responsedecreasedvith increasing
0 rated severity of vocal deviation. In other words, the worse
50 40 -30 -20 -10 O the voice sounded, the better the listeners agreed in their
Noise-lo-Signal Ratio (dB) NSR responsesr & —0.64, p<0.01). No significant rela-
FIG. 2. Distribution of responses for jittéA), shimmer(B), and the NSR tionship between severity of deviation and response variabil-
(C), pooled across the 20 stimuli in the method-of-adjustment task in exity was observed for jitter or shimméjitter: r=—0.23, n.s;
periment 1. shimmer:r=—0.16, n.s.. However, variability in jitter and
shimmer responses did increase significantly with the NSR

ditions. Across conditions and voices, listeners used the fulfiitter: r=0.68,p<<0.01; shimmerr=0.74,p<0.01). When
range for each of these scales. Responses for jitter and shirfle NSR was low, listeners’ responses rarely exceeded 1%
mer clustered toward the lower third of each scale, with lisditter or 1-dB shimmer. However, as the NSR increased, so
teners adding only small amounts of jitter and/or shimmer orflid response variability, with some listeners adding little or
most trials. In contrast, NSR responses were approximatel0 jitter or shimmer to the synthetic stimuli, and others add-
normally distributed. ing large amounts. This contrasts sharply with NSR re-
To measure response variability, we calculated the coefsponses: The higher the NSR, the better listeners agreed in
ficient of variation (the standard deviation divided by the their responsesr& —0.66, p<0.01).
mean for the jitter, shimmer, and NSR responses for each  To examine the relationship between response variabil-
voice. Figure 3 shows the distribution of variation coeffi- ity and the spectral shape of the harmonic part of the source
cients for each measure across the 20 stimulus voices. Fé@erratt and Kreiman, 2001we calculated the difference in
each of the individual voices, variability of the jitter and the amplitudes of the first two harmonic#l{-H2) from
shimmer responses exceeded that of the NSR responses. BRT spectra of the LF source pulses. This measure provides
average, jitter and shimmer responses were more than @ne index of the source spectral slope, independent of the
times more variable than NSR responses, and in one casefluence of the vocal-tract transfer function: The larger
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H1-H2, the more sinusoidal the source. Variability in NSR sponses increased with increasing aperiodicity. No effect of
responses increased &$l-H2 decreased r—0.57,p  task on variability was observed, suggesting that listener dif-
<0.02). Listeners agreed best in their NSR responses wheitulties were not related to the presence or absence of noise
the harmonic part of the voicing source was near-sinusoidaland corresponding differences in the naturalness of the
as predicted by theory and previous reseai@erratt and  stimuli).
Kreiman, 2001 That is, listeners were less sensitive to The dependence of jitter and shimmer responses on ex-
changes in the NSR when enough energy from the harmonigerimental condition suggests that listeners judge aperiodic-
part of the voice source was also present to provide percefty with respect to the overall amount of noise in the signal,
tually salient excitation in the high-frequency part of therather than by decomposing aperiodicity into independent,
voice spectrum. No such relationship was observed betweeseparable aspects. This in turn suggests that listeners’ relative
harmonic source characteristics and agreement levels for jiinsensitivity to the amounts of jitter and shimmer present in
ter or shimmed(jitter: r =0.29, n.s.; shimmer.=0.28, n.s.  a voice signal may be due to their inability to isolate jitter
and shimmer within a noisy voice signal. The increasing
variability in jitter and shimmer responses as the NSR in-
creased is consistent with this explanation. When the NSR
These data suggest that listeners are relatively sensitivgas low, listeners chosgelatively) low values for all as-
to the overall extent of aperiodicity in the signal, as mea-pects of aperiodicity. As the NSR increased, however, vari-
sured by the NSR. Response variability was relatively lowability in jitter and shimmer responses increased, suggesting
for NSR responses; responses were consistent across expéhat listeners as a group could not decide how much of the
mental conditions, and agreement increased with the amouaperiodicity they heard was jitter or shimmer.
of noise present. In contrast, the correspondence between The following experiment tested this hypothesis. We
jitter, shimmer, and perceived vocal quality appears far lessynthesized stimuli with and without noise, and added jitter
precise. Responses varied widely when listeners were askethd shimmer in steps to those stimuli to create several series
to match the amounts of jitter and shimmer present in naturadf voices. If listeners are able to separate the effects of jitter
voice signals. Jitter and shimmer responses varied signifand shimmer from the overall noise pattern, then they should
cantly with experimental condition, and variability in re- be equally able to detect differences between these stimuli

D. Discussion

2206 J. Acoust. Soc. Am., Vol. 117, No. 4, Pt. 1, April 2005 J. Kreiman and B. R. Gerratt: Perception of vocal aperiodicity



TABLE |. Stimulus characteristics, experiment 2. NSR set at the mean of the values listeners selected in ex-
periment 1. In both series, the amounts of shimmer present

NSR ! > N -
Voice Speaker sex Source (dB) increased across the series in steps, as for the jittered stimuli.
. The fifth series of stimuli was synthesized with the amount

; ,\'; ;2::2 _,22'5 of noise increasing in steps, without any additional jitter or

3 F +sine _149 shlmmgr. Because noise responses were mde.p.endent.ofjltter

4 M _sine 404 and shimmer responses in experiment 1, additional stimulus

5 M +sine -24.9 series were not created varying noise levels in the contexts of

6 F —sine —29.2 average amounts of jitter and shimmer.

; ’\'; f::i :gg'g Series endpoints and step sizes were individually deter-

mined for each voicé€Table Il). Endpoints for the jitter series
represented the maximum and minimum jitter responses ob-

whether noise is absent or present. If listeners are simply€rveéd for that voice in the condition in experiment 1 in
grossly insensitive to jitter and shimmer, then they shouldVhich listeners adjusted jitter only, with noise and shimmer
have difficulty detecting differences whether noise is presen?eF atf50 and 0 .dB, respectively. The three In.termgdlate
or absent. Finally, if listeners can easily distinguish amongﬁo'ntS in each series were evenly spadiedacoustic units

the variable jitter and shimmer responses from experiment 1°€tween these extremes. Endpoints for the shimmer and
this would implicate difficulties with the multivariate match- NCis€ series were similarly selected based on “shimmer

ing task as the cause of the observed variability in response@n!Y” and “noise only” response ranges from experiment 1.
All other synthesis parameters were held constant for each

Il EXPERIMENT 2 voice at the values used in experiment 1.

Stimuli were 1 s in duration, and were synthesized with
A. Method a sampling rate of 10 kHz, using the methods described for
1. Stimuli experiment 1. They were multiplied by 25-ms onset and off-

set ramps and scaled for equal peak amplitude prior to pre-

Eight voices(four males and four femalgs/ere selected : .
Sentation to listeners.

from the set of 20 studied in experiment 1. Because sensiti
ity to the level of noise in a voice may depend on the spectral ) )
shape of the harmonic part of the soufGerratt and Kre- 2 Listeners and listening task
iman, 200}, voices were chosen based on the shape of the Eighteen listeners participated in this experiment. All re-
LF-fitted source pulse&elatively sinusoidal/relatively non- ported normal hearing. For each series of stimuli for each
sinusoidal and on the NSR of the natural voi¢eelatively  voice, listeners heard all possible pairs of the five synthetic
high/relatively low (Fig. 4). Stimuli were chosen so that tokens in the series, plus an equal number of pairs where
these parameters varied as orthogonally as possible, givestimuli were the same, for a total of 800 trials/lister(8r
the characteristics of the original voice samples. One malgoicesx5 series/voic10 comparisons/series, plus 400
and one female voice were assigned to each source-by-NSRoices same” trialg. They were asked to determine whether
cell (Table ). the stimuli were the same or different within a pair, and to
Five series of stimuli, each comprising five tokens, wererate their confidence in their response on a 5-point scale
synthesized for each of these eight voices. In two series, theanging from “positive” to “wild guess.”
amount of jitter increased across the five tokens in steps. One Testing took place in a double-walled sound suite in two
jitter series was synthesized with the NSR set at a constasessions, each lasting about 45 min. Stimuli were presented
value equal to the mean of the levels listeners selected fan free field at a comfortable constant listening level, and
that voice in experiment 1. The second jitter series was synwere rerandomized for each listener. Voices within a pair
thesized with the NSR set at50 dB (no perceptible noise were separated by 350 ms. Listeners controlled the rate at
presenk Two series of shimmered stimuli were also createdwhich pairs were presented, but were not allowed to play a
one in which the NSR was set at50 dB and one with the pair more than once before responding.

TABLE II. Characteristics of stimulus series for jitter, shimmer, and noise in experiment 2.

Step
sizes for Jitter Step sizes Shimmer Step sizes NSR
jitter continuum for shimmer continuum for NSR continuum
\oice (%) endpoints (dB) endpoints (dB) endpoints

1 0.26 0.018, 1.05 0.18 0, 0.73 1.60 —27.15,-20.80
2 0.65 0.15, 2.75 0.39 0.18, 1.75 1.46 —10.10,-4.25
3 0.41 0, 1.63 0.45 0,1.82 0.87 —16.90,-13.40
4 0.25 0, 0.98 0.10 0, 0.41 4.68 —49.20,-30.45
5 0.47 0.08, 1.94 0.30 0, 1.18 1.97 —29.20,—21.30
6 0.19 0, 0.74 0.15 0.04, 0.64 4,57 —41.95,-23.65
7 0.23 0, 0.90 0.24 0.09, 1.07 4.17 —40.20,—23.50
8 0.70 0, 2.80 0.29 0,1.16 2.84 —36.60,—25.25
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100

Each panel of this figure combines data from the eight indi-
vidual stimulus voices, pooled across listeners.

Results for jitter and shimmer are shown in pan@s$
and (B). In these panels, stimuli from series that included
noise are plotted with stars, and stimuli from series synthe-
sized without noise are plotted with filled circles. Regression
lines through the two series of data in each panel are plotted
with solid lines[Jitter: with noiseF(1,30)=9.12,p<0.01;
no noise,F(1,30)=46.39, p<0.01. Shimmer: with noise,

F(1,30)=32.33, p<0.01; no noise,F(1,30)=83.56, p

?).o 05 1.Io 1f5 2.0 <0.01]. Data in panel$A) and (B) show similar patterns.
Difference Between S¥muli in Shimmer (dB) Discrimination accuracy was significantly better in both
cases when noise was abséilled circles than when it was
present(starg. For jitter, correct discrimination rates aver-

60

40

20

Percent Correct Discrimination

100 . .

5 aged 14.95% greater when noise was absent than when it
g % was presentmatched pair$(31)=4.37,p<0.01]. For shim-
§ mer, discrimination accuracy averaged 9.03% more when
g % noise was abseifitnatched pair$(31)=3.74,p<0.01].
g Difference limens were estimated by the point of inter-
S 40 section between the regression lines fit to the data and the
< point at which discrimination accuracy reached 75#dli-
5 2 cated by a dashed line in the figures; e.g., Marks and Algom,
1998. For jitter, averaged across the eight voices, listeners
0 only reliably heard a difference between stimuli that differed
by 2.27% or more in jitter when spectral noise was absent.
100 ' : When noise was present, listeners never reliably heard a dif-
ference between the stimuli used in this experiment, indicat-
,g 80 i ing that stimuli must differ by more than 3% jittéthe maxi-
€ [/ mum range availab)efor the difference to be reliably
E 60 | perceptible. For shimmer, in the absence of spectral noise
g listeners could discriminate only among stimuli that differed
2 4 | by at least 1.42 dB in mean shimmer; in the context of spec-
§ tral noise, a difference of 1.99 dB in mean shimrgiven a
8 20 i maximum range of 2.0 dBwvas required for listeners to hear
s a difference between stimuli 75% of the tirhe.
: ! ) The pattern is somewhat different for spectral noise

0 il
g.ﬁe 10 5 tfo sﬁ3° i :‘OSR dgo [panel (C)]. One voice(number 4 with an extremely high
iflerence Between Stimuli in NSR (dB) NSR and a harmonic source that provided significant high-
FIG. 5. The rate of correct “different” responses versus as a function of thefrequency excitation was an obvious outligrlotted with
acoustic distance between stimuli. For jitter and shimmer data, stimuli frorrbpen circles in the figuDeWhen this voice is omitted from
series that included noise are plotted with stars, and stimuli from serieg, o 5n)ysis, the function relating discrimination accuracy to
synthesized without noise are plotted with filled circles. For noise data, open . ’ . . .
circles indicate a voice with a nonsinusoidal source and a high NSR. Red|ffer_enceS In noise levels appears .curV|I|near. This curve
gression lines through the two series of data in each panel are plotted witvas interpolated using a power function rather than a linear
solid lines. The dashed line corresponds to 75% correct discrimination, agnction[ F(1,26)= 43.58, p<0.01], as shown in the figure,
described in the text. Top panel: shimmer. Middle panel: jitter. BottomOmittin the outlving case. For stimuli to be correctly dis-
panel: the noise-to-signal ratio. L g ying o ; . . y
criminated 75% of the time required a difference in the NSR
of 10.65 dB, a relatively low value given the 50-dB range of
3. Results and discussion the scale(Recall that listeners used the entire scale for all
three measures, so observed differences in the magnitude of
Same/different response data were pooled across listethe estimated difference limens with respect to the length of
ers to estimate overall discrimination performaﬁcFe)r each the scales are not due to the length of the scales themselves.
voice and stimulus series, we calculated the percentage of Experiment 2 examined three hypotheses regarding the
correct “same” responses and the percentage of correct “difcauses of poor listener agreement in experiment 1. The
ferent” responses. The rate of correct “same” responses wapresent results are consistent with two of these hypotheses:
consistent across experimental conditiongF(4,35)  Listeners are unable to isolate jitter and shimmer as separate
=0.14, p>0.05, ranging from 78.9%-92.8%(mean components in the overall pattern of aperiodicity in a voice,
=86.5%, s&3.70%9. Discrimination accuracythe rate of and they are also insensitive overall to jitter and shimmer.
correct “different” responsesis shown as a function of the Listeners were significantly better at discriminating levels of
acoustic distance between stimuli within a pair in Fig. 5.both jitter and shimmer when noise was absent than when it
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was present, indicating that listeners do have difficulty deBecause a given measurement value can reflect so many dif-
composing the overall aperiodic component of a voice intdferent causes, acoustic measures of aperiodicity are not diag-
independent constituent parts. However, estimated differenagostically useful as indices of any particular physical state or
limens for jitter and shimmer are large overall, both in thephysiological process. This leaves associations with voice
presence and in the absence of spectral noise. These limegsality as a possible motivation for measuring aperiodicity.
are also large relative to jitter and shimmer levels usuallyThis motivation also appears to fail in the cases of jitter and
considered experimentally or clinically significant. For ex- shimmer. Comparisons with published values are difficult
ample, Karnellet al. (1995 reported that differences in the because recording techniques, measurement procedures, and
jitter measured by different analysis systems averagedomputational algorithms vary widelgee Buder, 2000, for
0.01%, while differences in shimmer averaged 0.085 dBreview), and authors are not always specific about the meth-
Bielamowiczet al. (1996 reported differences between sys- ods applied. However, it appears that listeners are insensitive
tems in measured jitter of about 0.4%-0.5%; differences beto the amounts of jitter and shimmer present in a voice
tween systems in measured shimmer values were less thgample within a range often treated as meaningful, as dis-
0.1 dB. Linville (2000 reported that the voices of old and cussed above. We conclude that the associations between jit-
young men differed in jitter by about 0.6%. Shimmer valuester, shimmer, and perceived voice quality are not sufficiently
for old and young men differed by about 0.4 dB. Hansonexplanatory to justify continued reliance on jitter and shim-
et al. (1997 found decreases in jitter of about 0.03% after mer as indices of voice quality.

6-9 weeks of treatment for laryngeal inflammation from  The case is stronger for the perceptual relevance of NSR
gastroesophageal reflux, and claimed that these changgseasures, because listeners agreed far better in their NSR
“document the changes in vocal quality with treatment forresponses than they did for jitter and shimmer, and the mini-
chronic laryngitis”(p. 284. Shimmer levels for patients with  mum reliably perceptible difference for the NSR was much
unilateral vocal-fold paralyses differed from those of controlsmaller relative to the range of observations than it was for
patients by about 1 dBHartl etal, 2003; and reliable jitter and shimmer. NSR responses were independent of ex-
changes in jitter level during a histamine challenge test avperimental task, and observed variability could be explained
eraged about 1.5%, leading to the conclusion that “jitter is ann part by the pattern of high-frequency excitation in a voice.
objective and repeatable measurement of hoarsertdsses  These results indicate that listeners respond perceptually to
et al, 2001, p. 29. Although probable variations in measure- changes in the NSR in consistent and principled ways, sug-
ment techniques may limit comparisons among studies, estyesting that the NSR is a significant and reliable determinant
mated difference limens for jitter and shimmer in the presenpf yocal quality.

study far surpass these values, and also exceed the measure- However, the fact that a measure is perceptually or psy-
ment precision usually required for such measufBi&ze,  chologically important does not mean that researchers can
1995; Titzeet al, 1987. . ignore the limits of perceptual resolution on that scale when

~ Finally, the results do not support the hypothesis thalpplying it. Although comparisons to values in the literature
listener problems in agreement observed in experiment 1 regre again difficult(differences among computational meth-
sulted from difficulties in performing the multivariate o4s for NSR measures being particularly inscrutable and
method-of-adjustment task. In our previous study using thigexing: see Buder, 2000many authors’ claims about group
method(Gerratt and Kreiman, 2001listener agreement was gjfferences or treatment effects rest on NSR differences that
substar_mally higher f_or NSR settings than _|t was for PercePmay be imperceptible. For example, tial. (2002 found

tual ratings of the noisiness of the same stimuli. However, ingatistically significant differences in pre- and postsurgical
that study listeners were asked to adjust only a single synysr values of 0.12 dB; Joit al. (2002 reported that each
thesizer parameter. Similar levels of listener agreement werg - a5se of 0.01 dB in the NSR doubled the risk of dyspho-
observed for NSR settings in the present study, when listeryi jn 5 sample of boys with and without vocal-fold lesions:
ers were asked to adjust as many as three parameters Simylyy Njedzielska 2001 found differences in NSRs between
taneously. Further, NSR ratings remained consistent, whetheg, o) subjects and various diagnostic groups ranging from
listeners were adjusting one, two, or three parameters simus 7 1, 14 5 gB. Further research examining the perceptual
taneously. The fact that listener agreement about NSR ratingge ctions between the harmonic and inharmonic parts of
remained consistently high across tasks suggests that Iiste{h-e voicing source should contribute to standardizing NSR

err? |nconIS|st(Tncy with egch othc;r wheln mgtchlng ljlttgr a,ndmeasures so that they reflect vocal quality as accurately as
shimmer levels was not due to the multivariate task, but Iny,,qgihie This will enhance our ability to apply NSR mea-

stead was related to their auditory insensitivity to these twcgures appropriately.

parameters. Finally, the present data extend our previous findings
regarding the reliability of the method of adjustment task
IV. GENERAL DISCUSSION from expert listenergGerratt and Kreiman, 20010 naive
Acoustic measures of voice derive their importance fromlisteners. Reanalysis of data from our previous experiment,
the relevance of the acoustic signal to auditory perception aivhich used a different set of stimulus voices and expert lis-
voice, association with some aspect of laryngeal physiologyteners, produced a difference limen for the N@#e point at
or both (Catford, 1977. Jitter, shimmer, and noise have which listeners achieved 75% correct discrimination, on av-
many physical sources and may arise at many stages in tlegage of 13.4 dB, compared to the value of 10.65 dB for
speech production procesee, e.g., Titze, 1994, for reviegw naive listeners in the present study. Expert and naive listeners
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