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Nonlinguistic information about the speaker’'s emotional state is conveyed in spoken utterances by
means of several acoustic characteristics and listeners can often reliably identify such information.
In this study we investigated the effect of short- and long-tEgnmeasures on perceived emotional
stress using stimuli synthesized with the LPC coefficients of a steady vowel and vEgytracks.

The originalF tracks were taken from naturally occurring speech in highly stregsfuitingent on

terron) and nonstressful conditions. Stimuli with more jitter were rated as sounding more hoarse but
not more stressed, i.e., a demonstrably perceptible amount of jitter did not seem to play a role in
perceived emotional stress. Reversing the temporal pattefr ofd not affect the stress ratings,
suggesting that the directionality of variationshg does not convey emotional stress information.
Mean and maximunkg within an utterance correlated highly with stress ratings, but the range of
Fo did not correlate significantly with the stress ratings, especially after the effect of maximum
Fo, was removed in stepwise regression. It is concluded that the rangg pker sedoes not
contribute to the perception of emotional stress, whereas maxifgirconstitutes the primary
indicator. The observed effects held across several voices that were found to sound(tiatsal

male voices and one of two female ohe&n effect of the formant frequencies was also observed

in the stimuli with the lowesE ; it is hypothesized that formant frequency structure dominated the
F, effect in the one voice that gave discrepant results. 1997 Acoustical Society of America.
[S0001-496607)02504-9

PACS numbers: 43.71.Bp, 43.70.Gr, 43.66.Lj, 43.72\08)]

INTRODUCTION ant stimuli cause “faucal and pharyngeal constriction and
tensing as well as shortening of the vocal tract,” leading to
It is well established that the speech signal carries, irstronger high-frequency resonances, a rise in the first for-
addition to linguistic content, information about the speak-mant, a fall in the second formant, narrow formant band-
er's intentions and emotional state, and that listeners are cavidths, etc.(Scherer, 1986, p. 152
pable of perceiving this information. The nature of speech  Beginning with the comprehensive study by Darwin
production and the human vocal apparatus allow for the enc1872 that outlined the principles of emotional expression
coding of emotional and other nonlinguistic information in independently of will, several different speaker moods or
several ways. The fundamental frequency of phonatioremotions and their vocal consequences have been investi-
(henceforthF() and its prosodic patterns, glottal source char-gated, including workload(or task-inducel stress (Ruiz
acteristics, as well as articulatory details may all be involvedet al., 1990; Heckeet al, 1968; Streeteet al, 1983, anxi-
in conveying information about the emotional state of theety (Fuller et al, 1992; Smith, 1977 and simulated emo-
speaker. In fact, previous studies have found correlationfions such as anger, fear, sorrow, happiness,(eteberman
with speaker mood or style in all of theg¢see reviews in  and Michaels, 1962; Williams and Stevens, 1972; Cummings
Murray and Arnott, 1993; Scherer, 198@cherer(1986, and Clements, 1995Extreme levels of stress, in particular
reviewing acoustic—phonetic findings on vocal affect, pro-those of pilots duringoften fata) inflight emergencies have
posed a “sequence theory of emotional differentiation,” also been examined, and sevefgtrelated parameters have
rooted in the physiology of speech production and takingoeen identified as good correlates of stress I¢Wlliams
into account the physiological effects of emotional statusand Stevens, 1969; Kurod# al, 1976. Fyrelated param-
According to Scherer’s theory, stimuli are evaluated accordeters, including short-term perturbations, long-term variabil-
ing to functionally defined criteria, such as “novelty,” ity, and mean value, are among the measures often reported
“need,” “coping potential,” etc. The net result of the out- to correlate with elevated levels of speaker emotional stress,
comes of all evaluation checks affects the nervous systemither task-induced or in real-life emergencies. However, in
and, in turn, the physiological consequences of the nervouall of the aforementioned studies it was evident that the
system’s response define the changes in voice characteristiggoustic correlates of emotions in the human voice are sub-
that carry the emotional information. For example, unpleasject to large individual differencefi.e., among speakers
Streeteret al. (1983 concluded that there are no “reliable

dpresent address: Scientific Learning Corp., 417 Montgomery St., Ste. so@nd valid acoustic indicators of psychological stregg!
San Francisco, CA 94104; Electronic mail: protopap@scilearn.com 1359.
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In contrast, there appears to be some regularity in théution in the position of the peaks was increased by quadratic
perceptionof the speakers’ emotions based on acoustic pamterpolation(as recommended by Titz al,, 1987.
rameters, such a,. In particular, studies have been con-
ducted to assess the extent to whighmeasures carry emo- I JITTER
tional information independently of the speaker’s intentions ~ Period-to-period fluctuations iRy, known as jitter, are
and of the semantic content of an utterance. Lieberman an@iways found in natural speec¢hieberman, 196} and are
Michaels (1962 used a fixed-vowel synthesizer driven by known to be more pronounced in cases of pathological con-
natural and smootheB, tracks to investigate identification ditions such as functional voice disordefilingholz and
of emotional content by pitch and amplitude information Martin, 1989 and growths on or inflammations of the vocal
alone. The original amplitude arfe}, information were taken ~folds (Lieberman, 1968 The F, perturbations have been
from utterances spoken in various simulated emotionafound to differ among “emotional modes,” such as anxiety,
modes. They found that intadt, information, including ~féar, anger, etc(Lieberman and Michaels, 1962; Smith,
gross changes and fine temporal structure, was crucial for the?77; Williams and Stevens, 19772and were predicted to
correct identification of the originalsimulated emotion. INcréase in such emotional conditions by Scheret336
The speech envelope amplitude was found to contribute ledBodel of vocal affect. The empirical status of the reliability

to the differentiation between emotional modes. ScherePf jitter as an emotional indicatqr remains", however, unre-
1977 used svnthesized tone sequences with varvin rogplvgd. Fulleret al. (1992 found mcreasedutter to be an
(1979 Y A ying p indicator of stressor-provoked anxiefpf] excellent valid-

sodic characteristics to investigate the predictive strength of S . S
g P v and reliability” that is not dependent on individual sub-
' “coping styles.” They concluded that jitter may be a

single acoustic parameters and their interactions in emotionéltly
more clinically useful indicator of anxieties” than other

state attribution. He reported “strong systematic effects oﬂ‘eCtS
acoustic parameters that may vary with people’s coping
strategies. In stark contrast, Cos{@e86 and Kagaret al.

the manipulation of acoustic parameters” supporting “a lin-
(1988 reported that vocal perturbations in children’s speech

ear model of the judges’ response systefp” 341). More

recently, Schereet al. (1984 used speech degraded by fil-
decreasedwith increased stress, and that “inhibited, com-
pared to the uninhibited, children showed a significantly

tering, splicing, or time-reversal and found tikgtand voice

quality “can convey affective information independently of

thg vgrbal context.”‘ Thgy _recommended d|st|ngu§h|ng .“I|n- greater decrease.” In all, the issues of interpersonal variabil-

guistic” and “paralinguistic” F,, features by manipulating i, anq emotional distinctions need to be addressed in more

acoustic stimuli in a systematic way. detail before the role of vocal jitter as an affective index can
In the present study, we investigated the effects=gf |, conclusively established.

measures on perceived emotional stresshe absenceof ) )

verbal content. We employed a method similar to that of® Jitter analysis

Lieberman and Michaelg1962 in that we synthesized We analyzed unstressed and highly stressed segments of

fixed-vowel utterances with variations of tHg track, and speech(as defined abovyeusing the Average Perturbation

asked listeners to rate their perceived level of stress. In corcontour(APC) index (proposed by J. Mertus of Brown Uni-

trast to the study of Lieberman and Micha€l962, we used  versity) which, for a speech segment containiNgpitch pe-
original speech taken from a real-life highly stressful situa-riods, is given by the formula

tion (i.e., no simulated emotionswe used a single “stress” N

gradient as opposed to several “emotional modes,” and we APCa=£ 2 1 ,
employed more advanced methods for manipulating the N =1 14 a
Fo-related parameters and for resynthesizing the experimen- (pi—m;)?

tal stimuli, which allowed for better control over the acous-

tics and_more natural-sounding speech..The acoustic parar@brresponding “mean” period that is obtained by smoothing
eters of interest were short-tefffp fluctuations and grosB, o pitch contour, andv is a weighting constant. This for-

measures, such as peak values, melodic shape, and rangg, s is an extension of the Pitch Perturbation Quotient of
We conducted experiments with speech synthesized using @, yis (1976; the APC gives more weight to larger depar-
constant set of LPC coefficients and varyifg tracks. The  yres from the smooth contour, but is not thrown off by iso-
source and articulatory characteristics were thus kept conzted extreme deviations, because the weighting curve gradu-
stant and any perceptual effects could be attributed té-the ally levels off, depending om. For our measurements, we
manipulations. useda values of 0.10, 0.25, and 0.50. Smoothing was done
For our measurements and experiments we used naturfijst with a five-point median, and then using low-pass filter-
speech from a male helicopter pilot. Some utterances werg with a triangular, Hamming, or Savitsky—Golay filter
recorded during routine communication with a control tower(known to preserve higher momentum; Presal., 1992, pp.
(unstressful condition and some were recorded shortly 650ff). Analysis of unstressed and highly stressed speech
thereafter, when the pilot had lost control of the helicoptersegments in the same recordirigbout 13 s of eagrshowed
and was about to cradihighly stressful condition The ut-  that their jitter ranges overlapped completely, the APC rang-
terances were sampled at 20 kHz using 12-bit linear quanting between 0.00032 and 0.0057 for the unstressed segments
zation and the waveform peaks that marked pitch periodand between 0.00042 and 0.0050 for the stressed segments
were located via a semi-automatic procedure. Temporal res¢elepending mostly on the shape and length of the smoothing

where p; is the length of theith pitch period,m; is the
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350 F create five “jitter-tracks,” which were separately added to

a0} Ut it u2 | the smoothed track to create five néw tracks. Thus the

T 250} 17 4 ) smoothedF, track plus the 0.0 jitter-track was identical to

S0 SR Y in, Av the smoothedF, track, the smoothed plus 1.0 was identical
ol 7 . - JL - L R to the originalF, track of the utterance, and the remaining
as0f \ u ' S1 TF ' ' ' 52 i comb|nat|or]s corresp.onded tq Ip\/\(étS) qrhlgher(}.S, 2.0 .

e T AU 1A A A ] degrees of jitter than in the original. Variation of jitter in this

< 222 B A SRV i ook ] manner has the advantage that the spectral distribution of the
150 [ Tl ™M o ] F, perturbations remains constatdand therefore naturgl
100 | . . . gt . . . = across all degrees of jitter. Using the particular perturbation

0.0 0.5 1.0 15 200 0.5 1.0 15 2.0

pattern of each utterance for synthesis also means that, if
different “kinds” of jitter are somehow present under differ-
FIG. 1. TheF tracks of the four speech segments that were used to synem_emonon.aI conditions, the_se d'.s_tht'ons are_preserved n
thesize constant-vowel stimuli. U1, U2: unstressed; S1, S2: stressed. ~ their acoustic context and will facilitate the desired percep-
tion (if jitter has the expected perceptual effect

window and on the value af). Analyses of variance showed A 20-ms segment corresponding to the middle portion of
that the APC did not differ significantly between unstressedhe vowel[a] was excised from the word “top™ spoken by a

and highly stressed speefk(1,76<1] for any weighting male native speaker of American English. The digitized
parameter value of and for any of the above contour- waveform was upsampled to 200 kHz for increased temporal
smoothing windows with lengths between 3 and 15. Identical€Solution(in particular, for precise control of jitter by means

results were obtained when the instantaneous frequenﬁ{ fine resolution placement of the impulses prior to resyn-
(1/p;) was used instead of the period and when each periof'€Si8 and analyzed using 200-pole LPC analysis. The

value (p;) was normalized by the corresponding moving av-2nalysis program used the autocorrelation method with
erage valuerf,). Durbin’s recursive algorithm for solving the LPC equations

From the analysis it appears that, for this speaker, jittetR@biner and Schafer, 1978, pp. 411-3Te resulting co-
was not an indicator of extreme stréss terrop. Still, itmay ~ €fficients were combined with the jitteref, tracks using
be that jitter is an indicator of stress in most cagmsother ~LPC synthesis to create fivéconstant-vowsl synthetic
speakers If this is true, listeners may generally expect jitter stimuli from eac_h of t_he four orlg!nal utterances. S_yntheS|s
to change between various states of stress and, consequenﬁ%ﬁs done by direct implementation of the recursive LPC
interpret such changes in their evaluation of the speaker’lter, driven by constant-amplitude impulses. Finally, the
emotional state. Because of the large individual difference§timuli were low-pass filtered with a 1001-tap FIR filter at
found in vocal indicators of emotion, and because such indi®-5 kHz and downsampled to 20 kHz. Calculation of the
cators may result from common underlying sources, it is aIscf‘PC index qf the synthesaed stimuli indicated that jitter was
possible that jitter may have a perceptual effect only in thdndeed varying as intended. . .
context of other acoustic indicators of stress. To test these 1 this and in all following experiments, subjects were
hypotheses, we presented subjects Wigitracks originating ~ "ecruited from the Brown University communititen for
from speech produced under the two distinct emotional con€aCh experiment, ranging in age between 18 and 40 years,

ditions, in which the jitter was systematically varied but ev-Mostly undergraduate studentthirough announcements at
erything else was kept constant. local bulletin boards and were paid for their participation. In

_ _ this experiment, subjects were asked to listen to the synthetic
B. Experiment 1: Perceived stress stimuli and were told that “an ‘ah’ sound had replaced all

The F,, tracks of two unstressed1 and U2 and two the words so[they] could concentrate on the voice and
stressedS1 and SRsegmentsranging in length from 1.6 to  Would not be influenced by what had been said.” Their task
2.0 9 were used to synthesize stimuli with varying degreegvas to rate each utterance according to the “emotional
of jitter. Figure 1 plots the fouE, tracks that were used. Ten Stress” of the speaker, from (talm) to 7 (very stressedby
listeners were then asked to rate the stimuli according to theressing the appropriate button on a seven-button response
“emotional stress of the speaker.” We expected that, ifbox. The direction of the rating scale, indicated by labels on
speech with more jitter sounds more “stressed,” stimuli with the response box, was counterbalanced between subjects, and
higher degrees of jitter would get higher ratings. If jitter hasthe order of the trials was randomized separately for each
an effect only in the context of additional acoustic indicatorsParticipant. Each subject rated each stimulus twice.
of stress, we should observe a perceptual effect of jitter in the
ratings of S1 and S2 variants but not in those of U1 and U22. Results

Listeners did not find it difficult to imagine that real
1. Method utterances, spoken in different situations of stress, had been
The fourF, tracks were smoothed, first with five-point “masked” with [a] for the purpose of the experiment. Figure
median smoothing and then linearly with a five-point trian-2 (top) shows the ratings for each utterance as a function of
gular window. The differences, for each pitch period, be-relative jitter. Each utterance received different ratings, in
tween each smoothed track and the corresponding originaccord with its recording situation, but jitter differences did
track were then multiplied by 0.0, 0.5, 1.0, 1.5, and 2.0, tonot seem to affect the stress judgments.

Time (s) Time (s)
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O -U1 O-U2 e -S81 0O-82 instructions, as described above. Ten subjects from the same
. i . . i , population who had not participated in experiment 1 rated
the synthesized stimuli for perceived voice hoarseness.

5l 1 2. Results

Figure 2 (bottom) shows the mean hoarseness ratings,
averaged across subjects, for the five levels of jitter. This

Mean stress rating
FS

3r E}] _____________ B ¢ . time the ratings for the four utterances overlapped com-
g T oo ] pletely, indicating that the jitter levels were comparable

2 Groneeneees YRR Fooeee G o among utterances, as intended, in that the hoarseness ratings

1 — - ” - were mainly affected by jitter level, equally so for all utter-

ances. However, there is now a strong linear effect of jitter
on hoarseness ratings, as expected, that is nearly identical in
the four utterances.

6l : Note that the range of hoarseness ratings is relatively
small, most of the ratings being around the midpoint of the
available scale. Presumably, it would take much more ex-
treme levels of jitter to obtain a mean hoarseness rating
: closer to 6 or 7 The “zero jitter” condition did not give

3r T rise, on average, to very low hoarseness ratiffgor 2
because the “smooth” contour is a smoothed version of the
original F track and not a perfectly smooth artificial con-
tour. In other words, there is no “zero jitter” condition, but

Mean hoarseness rating
N

0.0 0.5 1.0 ’ 1.5 20

Jitter, relative to original op!y a “minimal jitter” condition, relative to the other con-
ditions.
FIG. 2. Mean ratings of speaker’s stressp) and speaker’s voice hoarse- In a 4X5 ANOVA (4 utterances5 jitter levels there

ness(bottom, averaged across subjects, for the four utterances, as a funé¥as no main effect of utteran¢€ (3,27)<1] but there was a
tion of relative amount of jitter. The rating scale was 1 to 7; error bars showsjgnificant main effect of jittefF (4,36 =11.88,p<0.000054
standard error. which did not interact with utterandé (12,108<1]. Trend
analysis of the data indicated that there was a significant
In a 4x5 two-way ANOVA (4 utterancesx 5 jitter  Jinear trend[F(1,9=41.85,p=0.0001 that did not interact
levels there was a significant main effect of utterancewith utterance(F<1), and that there was no quadratic trend
[F(3,27)=275.53,p<0.00004, but neither a main effect of (F<1). Therefore the jitter differences between the stimuli
jitter [F(4,36<1] nor an interaction between the two were perceptible, equally so in all four utterances. In particu-
[F(12,108=1.15,p>0.25]. Thus the four originaF, tracks  |ar, the synthesis method was appropriate in that increasing

indeed reflected very different levels of speaker emotionabmounts of jitter led to monotonically increasing hoarseness
stress, but the amount of jitter had no effect on the perceiveghatings.
stress level. The average ratings by utterance werea
scaleof 1t0 71.5, 2.5, 6.0, and 4.5 for U1, U2, S1, and S2, . .
. 3. Discussion
respectively.
Our findings indicate that jitter does not affect perceived
emotional stress. Experiment 2 clearly showed that the in-
tended jitter gradation was indeed present in our stimuli, so
In order to rule out the possibility that the null result of the interpretation of the results of experiment 1 is rather
experiment 1 was due to a failure of the synthesis method astraightforward. However, it must be noted that the type of
to other methodological reasons, it was necessary to verifgtress we examined and individual differences in the acoustic
that the jitter differences in the stimuli were perceptible ascorrelates of emotional stress may have played an important
intended. Since voice hoarseness is known to be a perceptualle. In particular, since jitter was not a factor, in this speak-
correlate of jitter(Lieberman, 1963; Mutat al, 1988; par-  er's voice, that conveyed the emotional distinction under in-
ticularly in synthesized voice@illenbrand, 1988 we con-  vestigation, it is possible that the distribution or some other
ducted an experiment identical to Experiment 1, in which thecharacteristic of the natural perturbations of his voice was
only difference was in the instructions to the participants:not of the kind that can lead to perception of an utterance as
instead of the “emotional stress of the speaker,” listenersstressed. Alternatively, jitter may be an indicator of other
were now asked to judge the “hoarseness of the speakersmotional distinctions, as previous studies have suggested,
voice.” but perhaps not a consistent correlate of extreme stress or
terror and thus our subjects ignored it in their interpretation
1. Method of the stimuli. In particular, jitter may serve to distinguish
The stimuli and procedure for this experiment werebetween states of low level anxiety or task-induced stress, as
identical to those of experiment 1, with the exception ofprevious findings have indicategf. Fuller et al, 1992;

C. Experiment 2: Perceived hoarseness
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Coster, 198h Both of these explanations are compatible aso [ ; ; ; =l ' g
| ORIGINAL 11 TIME-INVERTED

with Scherer's(1986 model of vocal affect, since perturba- < 20
tion variations are optional for this emotional condition 5222: 1t
(“fear/terror,” pp. 158, 16}. On the other hand, our subjects 'f’150_ o~ T L v e
were not instructed as to the kind of stress to pay attentionto 100} ~ , ~ At \
and had no reason to consider only terror as a stress condi- 222 i s Y ' ' ' '

L et 4 F “r - » ‘\,

tion. Nonetheless, it may still be the case that jitter conveys « ol 2
subtle distinctions that were washed out in the context of the \I; 200 | A
extremeF, excursions that were present in the recordings 150

) - | SCALED x1.81 11 SHIFTED +123 Hz
from the highly stressed condition. Furthermore, due to the ‘°°0'0 e
individual differences often found in vocal affe@tiecker ‘ T Time(s) ' T Time (s)

et al, 1968 and in vocal jitter measurements in particular

(Coster, 1986; Nittroueet al., 1990, jitter may be too unre- FIG. 3. TheF, tracks of the four stimuli from experiment 3 that were based
liable an indicator to be used by listeners in emotional ason utterance UL.

sessments when the “normal” voice of a particular speaker

is not known. pitch period. Figure 3 illustrates the four manipulation con-
ditions using the U1l utterance. In order to preserve the me-
Il. MELODIC CHARACTERISTICS lodic shape and the duration of the utterance in the scaled

and shifted versions, the actual pitch periods that were used

In addition to short-termF, variability, long-termFo iy | pC synthesis were calculated by interpolation from the
measures have also been found to correlate with emotion@l.ied or shifted values respectively.

stress. Schere1986 reported in his review that the mean Each unstressed utterance was paired with a stressed one
Fo and the variability ofF, have been found to increase in (U1 with S1 and U2 with SR The shift and scale constants
situations of fear/terror; his model of vocal affect predictedsy; each utterance were chosen so that the altBrgtiacks
such changes through the stimulus evaluation checks angt one member of each pair resulted in a m&napproxi-
their physiological consequences. However, Herelated mately equal to that of the origina, track of the other
parameters that have been investigated are highly interrelateflamper of the pair. For example, the pitch periods of U1
in natural utterances, and it is not clear whether some Ofyere scaled by 1.81 in the scaled condition and shifted by
them convey the actual emotional information or whether the; 53 47 in the shifted condition. the resultifi, tracks hav-
whole acoustic constellation is necessary for correct Percelng a meanF, approximately equal to that of S277 H2.
tual interpretati.on. For example, utte.rances wit.h higher meagonversely, the pitch periods of S1 were scaled by 0.55 and
Fo also have higheF, range. Does either the hidh, or the  gpifted by —123 Hz, the resulting meafi, being approxi-
wide range of its values signify a high degree of emotionalmate|y equal to that of U1. Table | shows tifg mean
stress, or is the wholg, pattern perceived as a holistic stress jaximum range, and geometric range of each stimulus. The
indicator? same LPC coefficients for a maJe] were used as in the
A. Experiment 3: Perceived stress previous experiments, and all stimuli were synthesized with
. . o o jitter equal to that of the corresponding original utterances.
In order to investigate thg individual contnbunc_msl?:{{ Because it is impossible to completely separate the pa-
measures to perceived emotional stres_s,. we examined Severg}neters under investigation, multiple comparisons between
parameters. From the, tracks OT the original utterances we the stimuli are necessary. For example, increasing the mean
calculated the mean and max;:num, aS"WE" ::\s theFO, F, value to a given value by multiplication and by addition
range, MaxFo)—Min(F), and Wdat we ca ;_eh georlnetrlg leads to stimuli with matched medh, and different ranges
range,” MaxFo)/Min(Fo). S1 and S2 gave higher values in 54 geometric ranges, respectively. The original and the

all these measures than Ul and U2, as expected, but th&, ey stimuli are matched in geometric range but differ in

small sample and the relations between these measures pge-oan and range, whereas the original and the shifted ones

cludes conclusions about their relative importance in genera‘Lﬂe matched in range but differ i, mean and geometric
The perceptual effects of each of thg-related measures .10 Examination of the pattern of results should thus in-

that were found to differ between stressed and unstressefioate yyhich parameters are most closely related to differ-

utterances were examined in an experiment using St'mu“ences in perceptual judgements of stress.

Ten subjects from the same population who had not par-
ticipated in the previous experiments rated each stimulus five
1. Method times, in a procedure identical to that of Experimen(irt
cluding instructions

synthesized as before, whoBg tracks were manipulated to
contrast mean, maximum, range, and geometric randrg of

For each of the four utterances, foky tracks were
used:(a) theoriginal F track, as measured from the natural
speech;(b) the time-invertedtrack, in which the order of < Results
pitch periods was the inverse of that in the original, but their ~ Figure 4 shows the ratings of the original and time-
length was unchangedc) the scaledtrack, in which each inverted stimuli for each utterance. The stress ratings of ut-
pitch period was multiplied by a constant; afdll theshifted terances with time-inverteB, tracks were not significantly
one, in which a constant was added to the inverse of eactlifferent from the ratings of the original utterandd¢s1,9)
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TABLE I. The Fy, measurements of the stimuli used in experiment 3. Data for time-inverted stimuli are not
shown, as they are identical to those of the original ones. Mean, maximum, and rdfhgarefin Hz, geometric
range is a ratidno units.

Fo, measurements

Fq track Mean Maximum Range Geometric range
U1l

Original 151.2 188.4 80.0 1.739

Scaled 275.2 340.9 145.4 1.744

Shifted 273.1 311.4 80.4 1.348
u2:

Original 169.4 248.5 117.6 1.899

Scaled 225.4 3313 156.8 1.898

Shifted 224.2 303.8 117.4 1.630
S1:

Original 276.8 355.1 167.6 1.894

Scaled 151.7 198.0 94.3 1.910

Shifted 160.6 232.7 166.8 3.530
S2:

Original 222.6 302.0 156.7 2.078

Scaled 166.6 226.5 117.8 2.084

Shifted 170.8 247.0 156.9 2.742

<1], and there was no interaction between track-directiormultiple+ correlation coefficient using both mean and range

and utterancdF (3,27 <1]. Therefore, for the stimuli we was 0.89, equal to the correlation between ratings and maxi-

used, the direction of the melodic patte(nising versus fall-  mum F, alone.

ing, breath-group slope, etdid not affect the perception of Variants of the stressed utterances received higher rat-

stress. In the following analyses the ratings of the time-ings than the correspondirighatched variants of unstressed

inverted stimuli were not used, because they were identicaltterances. Although such differences were generally not

to those of the originaF tracks(as were also thelf; mea-  quite significanfusing Tukey’s procedure fqrost hocpair-

sure$ and, if used, they would effectively duplicate the cor- wise comparisons, as described in Maxwell and Delaney,

responding points, thus artificially inflating correlation coef- 1990, pp. 181-184 some aspect of the melodic patterns of

ficients. stress utterances seemed to have perceptual effects beyond
Figure 5 shows the mean ratings of the stim{ekclud-  gross statistical measures. For example, the oridigatack

ing time-inverted stimu)i plotted against theifa) maximum  from S2 was rated more stressed than the “matché&g”

Fo. (b) meanF, (c) range offF,, and(d) geometric range of track of scaled U2 although the latter had the same mean and

Fo. Mean and maximunf, correlated well with stress rat- range of Fy, higher maximumF,, and lower geometric

ings (meanF,: r=0.82, p=0.001; maximumF,: r=0.89, range.

p=.000J), but range and geometric range Bf did not

(range:r =0.51, p=0.09; geom. range:=-0.29,p=0.37.

In stepwise regression analysisy range did not correlate

significantly with stress ratings after the linear effect of ~ The strong correlation between maximuand mean

maximumF, had been removegartialr =0.22,p>0.5) but ~ Fo and the stress ratings comes as no surprise, given previ-

approached significance after the linear effect of megn OUS reports on speech production under various emotional

had been removed(partial r=0.56, p=0.056. The conditions. The lack of a perceptual effect of range and di-
rectionality, however, stands in contrast to popular belief that

increasedr range also conveys such information. Melodic
directionality, as defined for our purposes by such param-

3. Discussion

ol Original . ] eters as rising versus falling melody and breath-group slope,
M Time-inverted —L did not affect perceived emotional stress for any of the four
5t 1 utterances. However, other aspects of the melodic pattern

seem to have some influence as mentioned above. Since the
exact nature of the salient patterns is not known it is not

- ; possible at this stage to systematically vary them in order to
i v investigate them in more detail.
m - ] Close inspection of Fig. 5, in conjunction with the re-
U1 u2

sults of the regression analysis, leads to the conclusion that
mean and maximurfk, arethe salientF, measures that con-
vey emotional information, at least for the extreme kind of
FIG. 4. Stress ratings of the original and time-inverted stimuli for eachemOt!Ona}l stress that was mvestlggted in this study. Note
utterance. Error bars show standard error. that, in Fig. %a) and(b), ratings of variants of each utterance

Mean stress rating
w IS

N

S1 $2
Utterance
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FIG. 5. Stress ratings to the resynthesized stimuli in experiment 3 as a functighméximumF,, (b) meanF, (c) range ofF,, and(d) geometric range
of F, (excluding ratings to time-inverted stimuliRefer to Table | for identification of individual stimuli on the basis of tHejrmeasures. Error bars show
standard error.

(represented by identical markgréie approximately on this possibility as it allows for control of each of the two
straight lines parallel to each other, indicating the gradualusing the other one. It should be clear that no range param-
almost linear, effect of maximum and mebg on perceived eter affects perceived emotional stress, and this finding could
emotional stress. In contrast, in Figcband(d), ratings of  be of use to speech synthesis systems, when a high level of
variants of each utterance form right angles with one verticastress needs to be conveyed. Apparently, the perceptual sys-
and one horizontal side, one stimulus pair having almostem evaluates theffort of the speaker, which is higher in
identical range(or geometric rangebut very different rat- order for higherF, to be producedderiving from higher
ings, and the other pair having very different raigegeo-  subglottal pressure and laryngeal muscle tensitmassess
metric rang¢ and almost identical ratings. The apparentthe degree of emotional stress the speaker is under. The rela-
weak correlation betweeR, range and the stress ratings is tive importance of maximurf  is also evidenced by the fact
entirely due to the correlation betwedty range andF, that high¥, variants of unstressed utterances received higher
maximum (and meah After removing the linear effect of ratings than lowr variants of stressed utterances, i,
maximumF, there is no other significant correlation. After information was enough to override all other prosodic cues
removing the linear effect of medry,, the apparent correla- that might have been present in the highly stressful record-
tion of the (normalized stress ratings with, range is an ings.

artifact that results from the unequal range of shift and scale

of the two utterance pairs. As shown in Fig. 6, the points of

each utterance still lie approximately on right angles with a o, 15F
vertical and a horizontal sidéexcept S2, but the higher é ol ] o Ul ]
minimum range of S2 and U&ompared to that of S1 and 9 o u2
U1) combines with their higher ratings to produce a spurious % o5 | ® St - M
correlation that approaches statistical significance when all 3 ol = S2 O o
points are considered together. = o

A consideration for the manipulation &f, range has E 05} ° .
been to implement both the arithmetic range, which is calcu- E ol @ °
lated by subtraction of the lowest from the highest value, and §
the geometric range, which is the result of the division of the = st

highest by the lowest value. Although the arithmetic range is 80 90 100 "°F z‘;g;s&z;“o 150160 170
the parameter usually examined, the logarithmic nature of 0
human frequenc_y representation mlght lead One. to expelc—ﬁG. 6. Normalized stress ratings in experiment 3 as a functidfyoéinge,
that the geometric mean would correlate better with percepster subtracting the linear effect of me#. (Ratings to time-inverted

tual effects. Our use of both parameters effectively counterstimuli are not included.
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- ,_ 2. Results
M2 With one exception, participants said that they did not
find the voices particularly unnatural and that they could
imagine utterances spoken with these intonations and voices
in various stressful conditions. One listener reported that she
found some of the stimuli very unnatural, sounding like a
musical instrument. Most listeners correctly identified four
distinct voices in the experiment, but three of them thought
1 ] there were maybe ten or fifteen different voices. These con-
T 6 8 100 2 4 6 8 10 cerns regarding stimulus naturalness will be further ad-
Frequency (kHz) Frequency (kHz) dressed below, in experiment 5.
Although the samé- tracks were used with all voices,
FIG. 7. All-pole power spectra calculated from the LPC coefficients of thethere was a significant effect of voicEF(3,27)=20.09,
fl\jl’;r r‘;‘;"IV:'\fotiQZ;WFelr’eFuzszef‘;r;"a;ycgi‘cejszle the stimuli in experiment 4. M1y, 4 0009, with M1 receiving the lowest ratinggmean
3.78, F2 the highestmean 4.24 and M2 and F1 interme-
diate ratings(means 3.88 and 3.89, respectiveljote that
B. Experiment 4: Different voices this ordering pattern parallels that of the voices’ first two
formant frequenciegsee Fig. 7, which are lowest for M1,

investigate whether the information conveyed byfenea- hlghest for F2, anq intermediate for M2 and F1. The mean
Fa‘ung for each voice was subtracted from the ratings to all

sures we examined varies with voice quality or is Speakeutterances of the same voice, in order to make the correla
independent. Previous studies have identified “voice qual- X

ity” (or timbre as a primary acoustic carrier of emotional tions meaningful, independently of the voice effect.

information(Schereret al, 1984: Scherer, 1986In the con- Multiple regression analysis of the ratings onto the four

text of the present study, the question is not so much that cRredictorFo measures gave results similar to those of experi-
. ment 3: after subtracting the voice mean from each stimulus,

distinguishing between different emotions as it is of assess; . : ) .
ing the degree of a particular emotional state given particula‘he ratings correlated best with maX|mu_rIﬁo (partial
F, information. Therefore, it is not of primary importance to r=0.69, p<0.00003 ar_1d mean Fo (partl_al r=0.65,
systematically examine the effects of acoustic energy distriP <0.00003, weakly with Fo range (partial r=0.37,

: . : : p=0.01), and not at all with geometric rangg@artial r
bution but, rather, to establish tifg effects in a wide range — _0.26,p=0.08. Again, the correlation of the ratings with

of voice qualities. To this end, we repeated experiment . i .
using four different voices by recording tha] vowel from ?i:(’ range was owed to the mtgrrglgﬂon between maxmlﬁyn
four new speakers. and range of, and was not S|gn|f|cant. after the linear effect
of maximumF, had been removegartialr =0.06,p=0.7).
It was, however, weak but still significant after the removal
of the linear effect of mearF, only (partial r=0.29,
p=0.049, as in experiment 3. The multiplecorrelation
Four speakers were recruited from the same populationoefficient after inclusion of medn, andF, range was 0.69,
as the listeners, including one relatively large and one relaequal to the partial correlation of the normalized stress rat-
tively small person of each sgfo cover a larger range of ings with maximumFg alone. In all, the pattern of results is
formant frequencies Each was asked to say the word “top” identical to that of experiment 3 and the same considerations
and 20 ms of the vowela] were excised from its center lead us to conclude thd, range did not contribute to the
portion (after digitizing at 20 kHz and upsampling to 200 perception of emotional stress whereas maxinfis once
kHz, as for experiment)3The four vowels were subjected to again the critical parameter.
200-pole LPC analysis and each set of parameters that was Additional correlational analyses were performed using
generated was used in conjunction with theHAgtracks to  the stimuli generated from each voice separately. Table ||
synthesize a set of stimuli as in experimen(e3cluding the  shows the partial correlation coefficients between the stress
time-inverted tracks, which showed no effecFigure 7 ratings of each utterance and thg measures separately for
shows the LPC spectra of the four vowéler the frequen- each voice. Note that maximufy correlated most strongly
cies 0—10 kHz only, since all stimuli were downsampled towith stress ratings for M1 and M2, followed by meé&nq,
20 kHz after synthesjs For each of the 1F tracks there whereas maximunf, correlated only slightly less strongly
were now four versions, labeled M1, M2, F1, and F2, correthan mearf, with the stress ratings for F1. The correlation
sponding to the four speakers, bringing the total number obf the stress ratings with range Bf approached significance
stimuli for this experiment to 48. only for M1, and from the pattern of results from M1 we
The testing procedure and instructions were identical tanay safely attribute this to the correlation betwégymaxi-
those for experiment 3. Ten new subjects were recruitednum andF, range, as before. The geometric rangeFgf
from the same population and each one rated each stimuldailed to correlate significantly with the stress ratings of any
three timegas opposed to five times in experiment 3, whichvoice. Surprisingly, none of thE, measures correlated sig-
had quite fewer stimuliin different random orders. The nificantly with the stress ratings of the stimuli with the F2
mean of the three ratings was used for the analysis. voice (which received the highest overall ratings

Magnitude (dB) Magnitude (dB)

0 2

Given the findings of experiment 3, it was of interest to

1. Method
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TABLE Il. Correlation coefficients between ttig measures and the stress for differences between naturalness ratings that would corre-

ratings of the utterances listed separately for each vdigemaximum, late with differences irF, effects on the stress ratings
mean, and range were measured in AHg,geometric range is a ratimo 0 ’

units).
F, measurements 1. Method
Voice Maximum Mean Range Geometric range All the stimuli from experiment 4 were used, along with
WL 0.845 0782 0561 0177 an equal number o_f lower quality stimuli that were addeq in-
M2 0.76% 074  0.469 0.159 order to create a wider range of naturalness. The new stimuli
F1 0.632 0.659 0.109 0.449 were created in the exact same way as those for experiment
F2 0.454 0.353 0.224 0.339 4, but using 50-pole LPC analysis and synthéasopposed
=0.005 to 200-pole LPC for the original ongsThis had the effect of
bp<0:01.. maintaining the intonation, intensity, and some of the vowel
p<0.05. quality, but giving a clearly synthetic quality to the sound.

Thus, subjects could get a better idea of what “natural” and
“synthetic” meant for the purposes of this experiment.
Given that even real voices would not be judged to be “per-
The stress ratings of the utterances that were SyntheSiZQéctly natural” if they only saida] with some intonation, we
with LPC parameters derived from male voices corroboratgonsidered it necessary to make the distinction more salient.
the findings of experiment 8vhose stimuli were also based |t should be noted that what was of interest is not whether
on a male voicg In addition, there seems to be a correlationour stimuli sounded perfectly natur@vhich they certainly
between formant frequencies and perceived stress, becauggl not, mainly because people don't generally say “ah”
stimuli with identical F, tracks but higher formants were with sentential intonationbut, rather, whether there were
judged to sound more stressed. The ratings of the femalgny correlations between the degree of naturalness and the
voice stimuli, however, correlate less strongil) or not at  observedF, effects that might render the interpretation of
all (F2) with F; mean and maximum. Possible explanationsthe findings of experiment 4 less meaningful.
other than women’s vocal affect being unrelated~tg in- Ten new subjects were recruitéifom the same popu-
clude precedence of voice-specific characteristics and stimuation) for this experiment. They were seated in front of a
lus quality considerations. In particular, it is possible thatseven-button response box, as before, with the endpoints la-
somehow the voice quality of F&nd perhaps, to some ex- beled “natural” and “synthetic.” Half the participants had
tent, F1 is such that any utterance sounds equally stressed. fhatural” at the rightmost end and the other half at the left-
voice quality is a more salient cue for vocal affect, then itmost end. The participants were instructed to rate each
may overrideFO measures under certain unknown circum-stimulus for naturalness on a scale from(ratura) to 7
stances that were present in the case of F2. Alternatively, thgynthetig, based on whether “a real person would sound
speech synthesis method may have been inconsistent in thade that if (sshe were to say ‘ah’ with the same intonation
some LPC parameter sets may have led to higher qualitgnd intensity.” The order of the stimuli was randomized
(more natural soundingspeech stimuli than others, and this separately for each participant. Each stimulus was rated
difference may have affected the stress ratings. Since thgvice by each participant in a single session that lasted about

latter option is much easier to investigate than the former, wa5 min; the mean of the two ratings was used for the analy-
examined it in a subsequent experiment. Further discussiogjs,

of the stress ratings across voices is deferred until the results
of the study on the quality of the stimuli for each voice are
presented. 2. Results

3. Discussion

Stimuli synthesized using 50-pole LPC received a mean
naturalness rating of 5.7, which was significantly different
from the 3.2 mean rating of the stimuli that were synthesized

One issue that needed to be investigated before firm conising 200-pole LPC and were used in experimefEdL,9)
clusions could be drawn from the results of experiment 4=142.65, p<0.0005, as expected. The ratings to low-
was whether the stimuli that were given different stress ratguality stimuli were not considered further in the analysis, as
ings sounded equally natural. It may be the case that morhe sole purpose of those stimuli was to expand the natural-
natural stimuli sounded moréor less stressed than more ness range.
synthetic-sounding ones, or that the gradegleffects were Mean naturalness by voice was 2.88, 2.80, 3.34, and
an artifact of the synthetic character of the stimuli. In par-3.93 for M1, M2, F1, and F2, respectively. Mean naturalness
ticular, we also needed to examine whether the lack dF@n by utterance ranged between 2.91 and 3.78. In a two-way
effect for the F2 stimuli was a result of that group of stimuli analysis of variancé4 voices<12 utterancesthere was a
sounding less natural than those of the other voices. The orsgnificant effect of voice on the naturalness ratifig&3,27)
subject’s difficulty imagining real voices with some stimuli =14.21, p<<0.0003 but no significant effect of utterance
suggested that naturalness varied among the stimuli. Wig=(11,99=1.15,p=0.33]. There was an interaction between
therefore conducted an experiment in which subjects wergoice and utterancg=(33,29%=1.79, p=0.007, indicating
asked to rate the naturalness of the stimuli, and we lookethat the voice effect was different across utterances.

C. Experiment 5: Naturalness of stimuli
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In particular, there was a significant effect of voiedter  not concerned with the distinctions between various emo-
Bonferonni adjustment, described in Maxwell and Delaneytions but with the gradual perception of an undifferentiated
1990, pp. 177-180for the shifted and scaled S1 and S2.“emotional stress” which, given the source of dag tracks,
Voice pairwise comparisonéwvith Bonferonni adjustment was closer to terror than to task-induced anxiety. It is pos-
using the naturalness ratings of these four utterances onbjible that vocal perturbations are a cue to low levels of stress.
indicated that F2 was rated significantly less natural tharwe believe that the great individual differences found be-
either of the other three voices, F1 was judged significantlytween speakers in jitter studies make jitter an unlikely indi-
less natural than either male voi¢éand more natural than cator of emotional statgor stress levg) except in cases
F2), and the two male voices did not differ significantly from where a particular speaker’s “normal” voice is well known,

each other in naturalness. so that departures from it can be reliably evaluated. It ap-
pears more promising to concentrate on the diagnostic poten-
3. Discussion tial of perturbation measurements, given recent advances in

The pattern of the naturalness ratings of the stimuli par_our understanding of voice disorders and in automated voice-

allels the strength of the correlation between maximand analzzlf;rf;?;&rg;g ?/E)i:leé)igam experiment 3 and two
mearn Fq and the stress ratings: the two male voices sounded . . P )

. . : In experiment 4we found maximund, to be the single best
more natural and showed a strong linear relationship be- " : . : .
tween maximumF, and perceived emotional stress, the Flpredmf[or of emotional stress rﬁt'ngs’ mdependently of voice,
stimuli sounded somewhat less natural and their maximummeIOdIC sh_apeFO range, and j|tter_. Thé o range failed to
F, correlated less well with their stress ratings, and the Fforrelate with emotional stress ratings, and it was shown that

stimuli sounded the most synthetic and their maximum an éjv:;tfg;tr:Eg:tri?agg;rs\l;;:Or:a\;(vi';?u%)e?ﬁ%r;;]?g%r;a;;teress
meanF, did not predict their stress ratings at all. 0

The synthetic quality of the F2 stimuli makes the evalu-f[0 compare the effgcts o, in different voices we lflsed.
ation of the results of experiment 4 regarding F2 more diffi-'denticalFo tra_cks with mal_e and_ fe”?a'e voices, resulting, in
cult. It is not possible to conclude that the observed correla>®™® ¢as€s, In female-voice stimuli that sounded unnatural,

tion between maximuni, and perceived emotional stress possibly due to their veryllow mlnlmurﬁo. Because ‘?f the
doesnot hold for all voices, because it may well hold for all strong and robust correlations found with all male voices, we

natural voices. The conclusion that this correlation holds forconclude that maximurf,, is the most importank ;-related

anyvoice is also unwarranted, because we cannot prove thg@;grgetﬁr in vocal affect for f]lllfvmcles, apd ngwould expect
it is the synthetic quality of the F2 stimuli that was respon—to_ ind the same pattern with female voices I -more appro-
sible for the lack of correlation. However, since the strengthP"até Fo ranges were used. Although our stimuli were not
of the correlation follows the same pattern as the degree df€Signed to assess the effects of formant frequencies on per-
naturalness of the stimuli, we suspect that stimulus quality i£€1Ved emotional stress, our findings indicate that voices

probably the reason that differences in the correlations wer/th higher formants sound more stressed. The contribution

found between voices. Because the F2 stimuli that were rate®f Nigher formants in the stress ratings may in fact be quite

as sounding most unnatural were those with the lowest- S|gnificant, if the glternativg interpretaFion of the finding;
mum R, we suggest that the lof stimuli were too low in with the female voices, parucularly F2, is correct. That is, if
F, for women’s voices and were thus not perceived as inthe forman't structure dominated tRg effect and caused it
tended. In particular, the loW, may have led subjects to © all but disappear. _ _

interpret the problematic stimuli as male, but the high for- ~ The fact that high correlations are obtained between
mants then imposed an interpretation of an abnormally smaffome acoustic parametefsere, maximumFo) and stress

male or, most likely, a male with a vocal tract shortened byralings is in agreement with the claim of Streetsiral.
an expression of terrdtightened larynx, mouth wide open (1983 that “listeners view certain vocal behaviors as indica-

and retracted lips This may have served as an overriding tive of particular emotional states(p. 1359. Consequently,
cue to perceived emotional stress that countere@ graffect  findings on the perceptual role of acoustic parameters in
so that lowF, F2 stimuli were perceived as highly stressed,emotional vocalizations can be of practical use in speech

i.e., in the opposite direction from the expected correlation.Synthesis programs, to increase the perceived naturainess, or
to convey additional nonlinguistieemotional information.

The present study clearly shows that the rangé& gf con-
trary to what is often taken for granted, does not contribute
In agreement with previous findings by Scheegral.  to perceived stress when decorrelated from mean and maxi-
(1984, we conclude that vocdf carries emotional infor- mum F,. This finding is less surprising when one considers
mation independently of the verbal content of an utterancethe multitude of attention-driving uses of vocalizations with
in fact, even in the absence of verbal content. Lieberman andreat F, excursions, notably including infant-directed
Michaels(1962 showed in a similar manner that amplitude speech.
andF, information alone can be utilized by listeners to dis- Perhaps more surprising than the lack of grange
tinguish between different emotional modes of the speakegffect, reversing the temporal structure of the erfigdrack
although they found thdt, perturbations were important for resulted in virtually identical ratings of perceived stress. This
the emotional distinctions and we found no evidence for sucldoes not mean that the temporal structureFgfvariations
a role of jitter. Again, it should be emphasized that we werewithin an utterance plays no role in conveying emotional

IIl. CONCLUSION
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