Spectral balance as a cue in the perception of linguistic stress
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In this study, the claim that intensity, as an acoustic operationalization of loudness, is a weak cue
in the perception of linguistic stress is reconsidered. This claim is based on perception experiments
in which loudness was varied in a naive way: All parts of the spectrum were amplified uniformly,
i.e., loudness was implemented as intensity or gain. In an earlier study it was found that if a speaker
produces stressed syllables in natural speech, higher frequencies increase more than lower
frequencies. Varying loudness in this way would therefore be more realistic, and should bring its
true cue value to the surface. Results of a perception experiment bear out that realistic intensity level
manipulations(i.e., concentrated in the higher frequency baruievide stronger stress cues than
uniformly distributed intensity differences, and are close in strength to duration differences.
© 1997 Acoustical Society of Amerid&0001-496@07)00412-9

PACS numbers: 43.71.Es, 43.70./RAF]

INTRODUCTION lables are concentrated in the higher parts of the spectrum,
whereas intensity differences in the lower part of the spec-
Dutch and English are languages with word stress: ongrum, i.e., below 500 Hz, were negligible. We assume that
of the syllables of a word, especially when pronounced inthese differences in the higher parts of the spectrum are
citation form, is perceived as the most prominent one, theaused by a difference in the shape of the glottal waveform,
so-called lexical stress position of the word. The phoneticjue to an increase in vocal effort when producing stressed
correlates of lexical stress in these languages are pitch, dgyllables, and are therefore a reflection of effort, and are
ration, Ioudness, and vowel qualiityehiste, 1970; Beckman perceived in terms of greater loudness.
1986, and references mentioned thef@f these, pitch and The assumption that vocal effort is related to the percep-
duration have been found the most important perceptuaion of loudness was explored by Brarettal. (1969. They
cues; intensity, as an acoustical operationalization of loudndependently varied vocal effort and intensity of continuous
ness, is generally claimed to be of lesser importsaceong  speech stimuli. In their experiments speech samples that
others: Fry, 1955, 1958; van Katwik, 1974while vowel  \yere produced with greater effort, were estimated as louder
quality is the least important cugry, 1965; Rietveld and  han the same samples spoken with less effort, even when the
Koopmans-van Beinum, 198When words are spoken out- mean intensity was adjusted so as to be constant. They con-
side focus, i.e., without a pitch accent on the stressed SYkjgered the acoustic spectrum to be a special cue for the
Iable,. the position of the stre§s has tq be |r.1ferred from th‘foerception of vocal effort. Glave and Rietvel#i979 also
remaining cues such as duration and intensity. - examined the role of effort in speech loudness; their results
In the older linguistic and phonetic Ilte_rature itwas gen- ., nfirmed that greater vocal effort is related to greater per-
erally held that languages such as English and Dutch argg; e |oudness. Furthermore, they showed that the spectra
characterlzed_ by so-called dynamigather than melodic .of vowels spoken with greater effort have more intensity in
stress. That is to say, stressed syllables are produced W|fhe higher-frequency region, which they assumed to be

Raused by the changes in the source spectrum due to a more
gulse—like shape of the glottal waveform.
This operationalization of loudness variation, i.e., in-

the primary perceptual correlat&weet, 1906; Bloomfield,
1933. With the advent of speech synthesis techniques in th

fifties this view was quickly discredited, when manipulating creasing intensity in the higher frequency bands only, differs

intensity (i.e., gair), as an operationalization of loudness . : . .
o ; : ) substantially from implementing loudness in terms of chang-
variation, proved virtually inconsequential for stress percep-

tion (Fry, 1955, 1958 for English; Mol and Uhlenbeck, 1956 1'% thien gamn farCtort“”I'fo)r(m'{ir‘:]‘”nOtss Lhev Sp?ﬁ”:”]f‘ as was
for Dutch; Issatchenko and Sallizh, 1966 for German one € perceptual experiments above. Therelore, vary-

In the present study, the claim that loudness is a wealipg the acoustical correlate of loudness in a more realistic

cue in the perception of linguistic stress is reconsidered. ReY&Y. 1€, by varying the spectral balancshould bring out

cently, Sluijter and van Heuved996 showed that intensity the true cue value of loudness for stress perception.

level differences between stressed and unstressed Dutch syl- If, indeed, varying intensity level in the hlgher fre-
quency bands only is a perceptually more effective stress cue

than applying uniform intensity level increments, a second
dNow at KPN Research, P.O. Box 421, 2260 AD Leidschendam, The Neth-question arises: What is the importance of the loudness cue
erlands. Electronic mail: a.m.c.sluijter@research.kpn.com relative to other stress cues? In order to keep this second

YElectronic mail: heuven@rullet.leidenuniv.nl ' o ) ) -
©Electronic mail: pacilly@rullet.leidenuniv.nl guestion within manageable proportions, we will examine
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the importance of intensity level manipulations relative toTABLE I. Overview of the duration manipulations yielding seven duration
that of duration manipulation, i.e., the cue that has been adiePs- Durations are givelin ms for first (o1) and second syllablés2)
. ! ’ separately, as well as total word duratigril+c2).
vanced as the most reliable stress cue so far.
It is not the intention of the present study to question the Duration ol o2 ol+a2
primacy of theFO cue in stress perception, since we regard TNA 750 P o
FO movement as a cue for sentence accent rather than for2 na

L . : : 230 200 430
linguistic word stress. There is ample evidence, e.g., in 3 210 215 425
Dutch, that arF0 movement with the appropriate excursion 4 neutral stimulus 190 230 420
size (=4 semitonesand time alignmenfcf. 't Hart et al, 5 170 245 415
1990; Hermes and Rump, 1998 a sufficient cue for accent, 150 260 410

7 naNA 130 275 405

and a fortiori for stress, since accents are normally associ-
ated with the lexically stressed syllable of a word. In fact,
when the accent is shifted to a nonstressed syllable so as to
signal a metalinguistic contrast as Insaid SUGgest not

Dlgest ? the original stress cues in the second syllable of

suggestare almost completely obliterated and transferred t ttered by a male speaker with a pitch movemenzeggen

the initial syllable, cf. Sluijter and van Heuvéh993. How- taken from the production study. This speaker was chosen

ever, theFO cues are not invariant stress cues, since they . i« » <at of ten because the quality of his voice was pre-

disappear at the sentence level when the word is dea_(_:centg rved best in LPC resynthesis in comparison with the other
through focus manipulatiofcf. van Heuven, 1987; Sluijter male and female speakers

and van Heuven, 1996Formant changes, finally, have con- We concatenated two syllablea to form the disyllabic

sistently been reported as the least important cue for Worﬂonsense wordiana The duration of the syllables was var-

stref/i\:;/(and_”s?rr]\ tenfc € accent_ th lati ¢ th of th ied in seven steps frormanato nana in accordance with
WO i eIW| te:? ore felxargme N (;eda |vt§ strength o te ur production datgSluijter and van Heuven, 1996We
Wo impiementations of loudness and duration in unaccentedy, 5 representative duration range for reiterant speech av-

€., Ino;:‘ocused,' targ;at;. ibed bel wdied th eraged over the speakers. This led to the following experi-

N he experiment described below We studied the Peri, o) values: the initial syllable was varied in seven steps
ception of stress position in the disyllabic Dutch NONSeNSE.: 54 ms from 250 to 130 ms. the second syllable was varied
word nanaby manipulating vowel duration, spectral balancein seven steps of 15 ms fror,n 185 to 275 ms. Note that an

(intensity level increments in the higher frequency bandﬁncrease of the duration of the first syllable covaries with a

only) and inteqsit;(uniformly djstributed .gain increment decrease of the duration of the second syllable. The stimulus
accordance with our production da@luijter and van Heu- with an initial syllable of 190 ms and a final syllable of 230

ven, 1.996. The hypothesis to be tested is t.hat spectral baI—mS (number 4 was meant to be temporally ambiguous for
ance is a stronger stress cue than overall intensity, and th

: ) 8lress perception. The longer average duration of the second
the importance of spectral balance as a stress cue will &

imat hat of durati h bl %’yllable was copied from actual speech production so as to
proximate (or even surpagsthat of duration. The possible reflect the influence of word-final lengthenin@lVightman

demg thatt more rea;lrl]stlctlr:)u?ne(zjs_ts_ malnlpulat[[(_)ns ||3_r0\t/_|de agt al, 1992; Sluijter and van Heuven, 199@able | gives an
stronger stress cue than the traditional operationalization of ¢ via\ of the resulting stimuli.

loudness as gain/intensity should then, at least in part, reha- In order to reduce the dimensionality of the stimulus

bilitate the claim of the above mentioned older literature by, : - -
. space, we implemented spectral balance in terms of variable
Sweet(1906 and Bloomfield(1933. P P P

intensity levels below and above 0.5 kHz. It appeared from
our production dat#Sluijter and van Heuven, 199€hat the

We used the unstressed syllalig of the sentenc&Vil
e nana zeggenvi| jo nana zeya/ ‘Will you [nanal say,’

I. PERCEPTION EXPERIMENT I intensity levels in the three octave bar@2—-B4) were cor-
related (r? between 0.45 and 0.57whereas there was no
A. Methods correlation between the base band B1, and any of the higher

octaves(r? between 0.04 and 0.23The spectral balance of
the syllables was therefore varied by increasing the levels of
We used the reiterant nonsense word pamaha/-  the frequency components above 500 Hz by 3, 6, or 9 dB, in
/na'na/. This type of speech allows us to vary duration, either the initial or the final syllable. We used the digital
spectral balance and intensity without taking into accounfiltering facilities of the speech and signal processing pack-
segmental differences between both syllables, e.g., differage XAudlab(Lagendijk, 1992 implemented on a Silicon
ences in intrinsic duratiofPeterson and Lehiste, 1968nd  Graphics Indigo/Irix computer. The filtering and filter design
intrinsic intensity (Lehiste and Peterson, 1956f vowels, algorithms implemented in this package use the standard FIR
and possible perceptual compensation for these features. R&tructure and DFT approach. The spectral balance steps were
iterant speech was also used by Morton and Jag486b, a straightforward quantization of the differences between the
van Katwijk (1974, Berinstein(1979 and many others in stressed and unstressed realizations of the syllala@s our
similar experiments and is assumed to be like nonreiterarpiroduction study. We applied uniform intensity level incre-
speech in all aspects which are important in the study ofments to all the frequencies above 500 Hz, although strictly
prosody(Larkey, 1982. speaking the intensity differences in the third filter band

1. Material
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TABLE Il. In the left-hand part of the table the intensity level manipulations the present experiment it is therefore necessary to avoid per-
per step are presented. Levels were increased for components above 500 'é%ptual compensation for preboundary lengthening by main-

These manipulations caused overall intensity level increases of the syllable
which are presented in the right part of the table. These values were used
vary intensity level uniformly in all bands.

Increased levels
above 500 Hz

Increase in overall
intensity level
(incl. baseband

gining this position.

2. Subjects and procedure

One stimulus tape was prepared containing the 91
stimuli in two different random orders. The 182 stimuli were
presented in blocks of 13 utterances with 2-s intervals be-

Step ol o2 ot o2 tween utterances, offset to onset, and a larger interval and a
1 +9.dB +3dB 500-ms tone of 1000 Hz separating the blocks. This was
2 +6 dB +2.dB done to prevent subjects from losing their way on the answer
i +§“dB +.1“dB sheet, and to give them time to turn the pages of their an-
5 13dB +1dB swering booklet. The tape started with five practice utter-
6 +6 dB +2dB ances to familiarize the subjects with their task. Forty-six
7 +9 dB +3dB listeners participated in the test. Twenty-four subjdptso-

netically trained staff and students of the Faculty of Arts
were tested in two groups in a language laboratory at Leiden
(1.0-2.0 kHz should be a little larger than those in the sec-University. They listened to the tapes over headphones.
ond (0.5-1.0 kHz and fourth (2.0-4.0 kHz filter bands. ~ Twenty-two (phonetically naive subjects participated in the
Crucially, however, we did not add any intensity to the basdest as part of a phonetics class taught by the second author,
band. and were tested in a classroom at Leiden University. They

Larger differences than the 9-dB increase in the highefistened to the tape over loudspeakers. Subjects were in-
bands occur occasionally in our production data, but thistructed to determine the stress positiomahain each ut-
value was chosen as the maximum increment as stimuli witkerance (with binary forced choiceand to note their re-
larger intensity level differences in the higher bands soundeg@ponses on the response sheets provided. The experiment
less than acceptable. lasted approximately 30 min.

These vocal effort/spectral balance manipulations yield-
ed overall intensity level changes of approximately 1, 2, or 3. Statistical analysis

dB, respectively. Consequently, these steps were used 10 \yq getermined the number of judgments favoring initial

vary overall intensity level. Overall intensity level was var- ¢ ass for each stimulus and expressed this as a percentage,
ied by simply multiplying the sample values of either the henceforthp(init)

initial or the final syllable by 1.12, 1.26, and 1.41, respec-

. ) ; X X There were three goals for the statistical analysis. The
tively. Table Il gives an overview of the manipulations.

i ) ! primary goals were to establish the relative strengths of du-
__As can be seen in Table Il, the overall intensity level a4iqn and intensity level manipulations as stress cues, and to
differences in both stimulus sets are identical. There ar iarmine to what extent the way of varying intensiyer-
seven (_juration levels, seven int_ensity I_evels, and two ?mpleé" versus above 500 Hz onlynteracts with the effects of
mentation methods.. This pommally ¥|eld§ 9,8 stimuli but 4, ation and intensity level. An additional goal was to deter-
there were only 91 in practice since stimuli with the neutraly,ine 1o what extent the way of presentation interacts with
mtensﬁy Ievel(|..e.., step 4 are identical for the two methods. the above effects. A four-way analysis of variance was per-
The first partWil je, nana and the last part of the sentence formed, with p(init) as the dependent variable, and with

zeggerwere concatenated and resynthesized using straighf5osentation(headphones versus loudspeakersethod of
forward LPC synthesis. As a consequence spectral discontiz, v ing intensity(intensity level increments in all bands ver-

nuities were smoothed over a window length of 25 ms. Aq,,&'spectral balance, i.e., increasing intensity above 0.5 kHz

sample frequency of 10-kHz, 4.5-kHz low-pass filter and 12+, ) "4 ration (seven stepsandintensity levelseven steps
bit amplitude resolution were used for both analysis and re

. ) e , ) as fixed effects and with repetition as repeated me&stine.
synthesis (18 reflgcnon cpefﬁments, Hamming window eftets ofduration andintensity levelariations will show up
length 25.6 ms, window shift 10 ms

- , , as main effects in the ANOVA. The importance mmiethod
Stimuli were presented without a pitch movement on th

. . ! h i i €and presentationwill be visible in their interactions with
target in a fixed carrier P rasdfil je [target] zeggen.(W| . durationandintensitylevel. The main effects gfresentation
you [targe] say. The carrier sentence was synthesized Withy,q methodare irrelevant in this research, since they wil
a declining pitch contour, modeled after the pitch contour of

o “'merely reflect a difference in overall bias favoring one stress

the original sentence, such that the target was part of a fa”'ngosition over the other.

declination line. An accent-lending pitch movement was re-

alized on the first syllable ateggen The targets were pre- C. Results

sented in their original context since presenting stimuli out of )

their original context induces strong perceptual bias to perd- Global presentation

ceive the stress on the first syllalflan Heuven and Menert, We computed the consistency of each subject by com-

1996. The prefinal position in the sentence was originally paring their answers on the first and the second presentation
chosen to avoid preboundary lengthening in the targets; inf the stimuli. Subjects who were not consistent in more than
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TABLE Ill. Main effects and interactions of duration, intensity level, pre-

sentation(headphones versus loudspeakeasid methodof varying inten-
sity: overall versus high frequency bands gnbn p(init). F ratio, signifi-
cance ofF and percentage of explained variar(eg) are given.

Effects F sign. 7
Main effects

Duration 761.3 <0.001 68
Intensity level 129.4 <0.001 12
Presentation 2.8 NS 0
Method of variation 3.8 NS 0
Two-way interactions

Duration* intensity level 7.8 <0.001 4
Duration* presentation 53,5 <0.001 5
Duration* method 5.4 <0.001 0
Intensity level* presentation 7.8 <0.001 1
Intensity level* method 46.1 <0.001 4
Presentatiorf method <1 NS 0
Three-way interactions

Duration* int. level * presentation 19 0.003 1
Duration* int. level * method 2.4 <0.001 1
Duration* presentatiorf method 1.6 NS 0
Int. level * presentatiorf method 4.1 0.001 0

60% of the cases were omitted from further analysis. Th

80

60

p(init)

40

20

100

80

60

p(init)

40

20

- Duration ¥ Intensity

loudspeakers

+3 +2 41 0
250 230 210 190
185 200 215 230

-1 -2 -3 (dB)

170 150 130 S1(ms)
245 260 275 S2(ms)

int. level difference / syllable duration

FIG. 1. Percentage of listeners “initial stress” judgmem&nit), for the 91
stimuli nana as a function of syllable duratiofsolid lineg and overall

%tensity(dashed lines The differences imtensity levellL ,,—IL ., in dB),

60% consistency cutoff point was chosen as there was a clegftained by spectrally uniform amplification, are given alongxtaxis, top
discontinuity between the six poorest subjects and the 4(ne. Duration values(in ms) are given on the middle and bottom lines for

individuals who remained in the analysis. Twenty-one su
. . I
jects who listened to the tape over headphones and 19 suBr—

s (lower panel.

jects who listened to the tape over loudspeakers were used

for further analysis.

The listening test yielded a total of 7280 respongs
stimuli * two repetitions® 40 subjects Overall, 57% of the
responses favored initial stress, which indicates that there isthe latter varied by spectrally uniform amplification, on
slight bias for initial stress. This bias is above chance, ap(init) is examined. Figure 1 shows the decrease of the
percentage perceived initial stress as a function of duration

determined by a binomial tep<0.001).

In Table Il the main effects and interactions dfira-
tion, intensity level, presentatipand methodare given.
There is a large effect of botHuration and intensity

ally conclude from the highly significant interactioniofen-

least a considerable influence on the effecindénsity level

tion andintensity levebn p(init). Given the significant two-
and three-way interactions we decided to study the main efrange of intensity change produces only a slight decrease of
fects of duration and intensity level separately for each prep(init): from 65% to 50%. The range of duration change

sentation condition(headphones versus loudspeakeasd

for each method of varying intensitfoverall level versus
manipulating spectral balancelherefore, we ran two sepa- 97% of the variance. Although the contributioninfensityis
rate two-way analyses of variance witluration and inten-
sity (uniformly distributed gain increments, hencefoirtken-

and two more analyses witturationandspectral balancas

subsections for each way of varying intensity level.
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b the first and second syllable, respectively. The results are presented for each
esentation condition separately: headphdoegper pangland loudspeak-

2. Intensity (uniformly distributed gain increments)

In this subsection, the effect afuration and intensity

and intensity level difference. The duration of the first syl-
lable decreases from left to right, while at the same time the
duration of the second syllable increases. The intensity scale
levelon p(init). In answer to our question if varying inten- gives the difference in overall intensity levélL) between

sity level in a more realistic way, i.e., by varying the spectralthe initial syllable and the final syllabldL ,—IL,). The
balance, has an effect on stress perception, we can provisionpper panel displays the results for the stimuli presented over
headphones, the lower panel those for the stimuli presented
sity levelwith method that the method of variation has at over loudspeakers. This way of presenting the data does in
no way mean that we assume the duration and the intensity
on p(init). Furthermore, the significance of the two- andrange to be absolutely identical. However, the similarity of
three-way interactions witpresentatiormeans that the way both ranges is that they are both a representative reflection of
of presentation has an influence on both the effeawb-

ranges found in our production datsee Sec. | A L
When stimuli are presented over headphones, the whole

produces a much larger decreasg@hit): from 98% to 8%.
Duration, intensity and their interaction together explain

statistically significan{F(6,91)=4.9, p<0.001], it is only
small compared to that ofduration [F(6,91)=315.5,
sity) as fixed effects and with repetition as repeated measune<0.001]. Intensity alone explains a mere 2% of the vari-
ance.Duration on the other hand, explains as much as 93%
fixed effects. The results are described below in separatef the variance. There is a significant interaction between

Sluijter et al: Spectral balance and stress perception

duration and intensity [F(36,49=1.8, p=0.26], which ex-
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plains 2% of the variance. This interaction is due to the fact 100
that overall intensity level variations have little or no influ-
ence at the extremes of the duration scale, where judgments 80
are mainly guided by duration differences, whereas they
have a larger influence op(init) in the temporally more
ambiguous stimuli.

As can be seen in the lower panel of Fig. 1, presenting

-# Duration & Balance

p(init)

40F

the stimuli over loudspeakers mainly affects the effective- 20

ness of duration as a stress cue and hardly influences the headphones

perceptual contribution of intensity level differences. In this 108 — '
case duration produces a less steeply sloping decrease, from

88% to 22%, whereas intensity again produces a decrease of sol

15%. Again, the effects of botduration and intensity are
significant [F(6,91)=90.5, p<0.001 andF(6,9)=5.1, p
=0.001, respectively Duration explains 80% of the vari-
ance andntensity5%. Together with their interaction, they
explain 93% of the variance, although the interaction was not

p(init)

significant in this conditioriF(36,49=1.4, NS. loudspeakers
Our intermediate conclusion is that intensity level varia- o
tion, as used in this experiment, implemented by spectrally so) hao 510 190 170 150 130 Sime)
uniform amplification, is only a minor stress cue, whether 185 200 215 230 245 260 275 S2(ms)
stimuli are presented over headphones or over loudspeakers. int. level difference / syllable duration
3. Spectral balance (intensity level variation by FIG. 2. Percentage of listeners “initial stress” judgmeménit), for the 91

stimuli nana as a function of syllable duratiofsolid lineg and overall
intensity (dashed lines The differences irspectral balancgB,;—B,, in
Figure 2 shows the decrease pﬁnit) as a function of dB). obtained by amplification of frequency components above 500 Hz only,

. . . . are given along thz axis, top line Duration values(in ms) are given on the
duration ratio and difference in spectral balance. The duramiddle and bottom lines for the first and second syllable, respectively. The

tion range is the same as in Fig. 1, but now the intensity leVelesuits are presented for each presentation condition separately: headphones
differences are obtained by increasing the levels in the highgnpper pangland loudspeaker@ower panel.
frequency bands only. The intensity level scale gives the
difference in spectral balance between the initial syllable and
the final syllable B,;—B,,). Again, the upper panel pre- balance F(6,91)=115.5,p<0.001. Together with their in-
sents the data of the stimuli presented over headphones, theraction they explain 96% of the variand@uration alone
lower panel of the stimuli presented over loudspeakers.  explains “only” 35%, whereaspectral balancexplains as
The whole range of spectral balance produces a decreaseuch as 53%. The significant interaction dfiration and
of 41%: from 77% to 36% when stimuli are presented overspectral balanc¢F(36,49=3.1,p<0.00]] is due to the fact
headphones. The duration range produces a decrease of 86#tat the more extreme values of one parameter add dispro-
from 95% to 9% Duration, spectral balancand their inter-  portionally more weight as the other parameter is more am-
action together explain 99% of the variance. Bdtliration  biguous.
andspectral balancénave a significant effect op(init) [du- We conclude from these results that realistic intensity
ration: F(6,91)=420.5,p<0.001;spectral balanceF(6,91) level manipulationsi.e., mimicking speech production effort
=73.7,p<0.001]. Duration alone explains 76% of the vari- by incrementing intensity level in the higher frequency bands
ance, whereaspectral balancexplains 13% of the variance. only) provide a relatively strong stress cue, and in fact ap-
The significant interaction betweeturation and spectral  proximate the cue value of duration differences, whereas
balance[F(36,49=9.0, p<0.00]] is again due to the fact overall intensity level differences do not provide a substan-
that variations in spectral balance have less influence otial stress cue.
stress judgments at the extremes of the duration range. Since the reliability of duration as a cue is degraded
When stimuli are presented over loudspeakers, the effeathen the stimuli are presented over loudspeakers, the rela-
of duration on p(init) decreases. However, while intensity tive cue value of spectral balance in this situation becomes
(Sec. | C 2 proves equally ineffective through headphonesmore important. One explanation could be that subject dif-
as over loudspeakergresentationstrongly influences the ferences (phonetically trained versus phonetically naive
relative strength of effort and duration as stress chDesa-  were responsible for the difference in effectiveness of the
tion and spectral balanceproduce an almost equal decreaseduration cue. Of course, an alternative explanation of this
of p(init): 80% to 24% forduration versus 86% to 20% for interaction is that accurate perception of duration differences
spectral balanceThis, in fact, means that subjects rely more suffers from reverberation of the acoustic signal in the room
heavily on differences in spectral balance than on duratioin which the subjects were tested. Locating syllable bound-
differences when stimuli are presented over loudspeakersaries in reverberant speech is more difficult since their exact
Both durationandspectral balancénave a highly significant locations are obscured by energy reflections of preceding
effect onp(init) [duration F(6,91)=77.2,p<<0.001;spectral segments. As a result, the variation in vocal effort became

increments in the higher frequency bands only)
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relatively more important as a stress cue since its acoustical

correlate(spectral balangeis not easily affected by rever-
beration. The experiment reported on in the next section was &
specifically set up to allow us to choose between the two z
alternative explanations suggested above. §
o
(9]
Il. PERCEPTION EXPERIMENT II -
A. Effect of “reverberation” on the perception of
differences in duration and spectral balance
In a room, the acoustic signal produced by either a talker
or a loudspeaker may reach a listener by many individual £
soundpaths. The original speech at the talkéds loud- 3
.. . . c
speaker’s position and the resulting sound at the listener’s g
position are not identical. Comparing the specific distribution g
of sound intensity over frequency and time of the original

speech with that of the transmitted speech, a certain degree
of smearing of the finer details is found: the temporal inten- time (s)

sity distribution will be blurred by the combined effects

of the many individual soundpaths with various time de-FIG. 3. Example of a test iterfWil je 'nana zeggerwithout (upper panel

lays (Houtgast and Steeneken, 1973, 1985: Duquesnoy arfy® With(lower panel artificial reverberation.

Plomp, 1980.

We assume that reverberation, which is a result of€corded in the reverberant room in which the stimuli were
myriad reflected sound waves, and is mainly a distortion irPrésented in the previous experiment. Figure 3 presents an
the temporal domain, is responsible for the fact that the relaX@mple of a test iterfWil je 'nana zeggenwith and with-
tive importance of duration as a cue in stress perception de2ut artificial reverberation.
creased when the stimuli were presented over loudspeakers. sypjects and procedures
It has been amply demonstrated that reverberation has a con- . - T
siderable effect on speech intelligibility. These effects appea(9 1 Qitsr?g'nuéu; 1Svevtit\rlmv:ust fgﬁg?gg?aggmaf&?g ditf?; sr?tzr;[:[nu“
to be due to the reflections that arrive at the subjectg'spar

later than about 30 ms after the direct signal, while earlieldom orders. The third and fourth orders were identical to the

reflections are integrated with the direct souklfand and first and gecond, the only difference being .that.they were
Silman, 1979 and references mentioned there recorded in reverse sequence. The 182 stimuli were pre-

In order to rule out alternative explanations for the re.Sented on-line in blocks of 13 utterances with 2-s intervals

verberation effect based on subject differentz=e above between utterances and a larger interval between blocks. The

we ran a control experiment. We presented both nonreve'@rocedure was similar to that in the first experiment. Forty-
berant and reverberant stimuli over headphones with th pur subjects(staff and students of the Faculty of Arisar-

same duration and intensity level manipulations as in thé['C'Patgd n dtrg(:.‘?experlmﬁnt. ?eVﬁn supject_?r\]/velretf honett)!caltly
previous experiment and asked subjdnta within-subjects rained an were phonetically naive. The fatter Subjects

designto determine the stress position of each stimulus. were paid for their service. They were tested in four groups
in a language laboratory at Leiden University. Each group

listened to one of the four different orders. They listened to

B. Method R .
ethods the stimuli over good quality stereo headphones.

1. Stimulus material

The reverberant stimuli were produced by processing the. Results
master test recordings through a Yamaha SPX 90Il digital )
multi-effect processor. The SPX 90l creates a highly naturaf- Global presentation
sounding reverberation. Reverberation time for this particu-  The reliability of the subjects was determined by relat-
lar processor is defined as the length of the time it takes foing their individual scores to the composite group score. In
the level of reverberation at 1 kHz to decrease by 60 dBorder to know how each of them affected the reliability of
Usually natural reverberation varies according to the frethe group, Cronbach’sx was calculated when each of the
guency of the sound: the higher the frequency the more theubjects was removed from the group in turn. We wanted to
sound tends to be absorbed by walls, furnishings and evemse the same number of subjects as in the first experiment.
air. We decided not to alter the reverberation time of the highiVe therefore eliminated the four subjects whose exclusions
frequencies in proportion to the mid-frequency reverberatioryielded the largest increase af Consequently, 40 subjects
time. were used for further analysis.

We decided to use a reverberation time of 0.6 s for our ~ We determined the number of judgments favoring initial
stimuli. This value was chosen so that an impulse recorded istress for each stimulus and calculated the percentage,
a sound insulated booth but processed through the SPX 90i(init). The listening test yielded a total of 7280 responses
sounded and looked more or less identical to an impuls€182 stimuli* 40 subjects Overall 56% of the responses
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TABLE IV. Main effects and interactions of duration, intensity level, pre-
sentation(nonreverberant versus reverberant stijpand methodof vary-
ing intensity: overall versus high-frequency bands pwly p(init). F ratio, 8or
significance ofF and percentage of explained variar(@g) are given.
— 60r
Effects F sign. 7 £ TEeoe
2 4ot
Main effects
Duration 338.0 <0.001 60 20)
Intensity level 78.8 <0.001 14 no reverberation
Presentation 28.8 <0.001 1 ol . . . . . .
Method of variation 24.5 <0.001 1 100
Two-way interactions a0l
Duration* intensity level 25 0.004 3
Duration* presentation 53,5 <0.001 9 eol-
Duration* method 3.4 0.009 1 =
Intensity level* presentation 5.4  <0.001 1 s ol
Intensity level* method 27.0 <0.001 5
Presentatiorf method <1 NS 0 ”
Three-way interactions with reverberation
Duration* int. level * presentation 2.9 0.001 3 ol— . . . . L .
Duration* intensity level* method 1.4 NS 1 +3 42 41 0 -1 -2 -3  (dB)
Duration* presentatiorf method 4.3 0.002 1 fgg ggg Zg ;gg ;Zg ;Zg ;32 2;223
Int. level * presentatiorf method 1.7 NS 0

int. level difference / syllable duration

FIG. 4. Percentage of listeners “initial stress” judgmem&nit), for the 91
L . L . _ stimuli nana as a function of syllable duratiofsolid lineg and overall
favored initial stress, which indicates that there is a slightntensity(dashed lines The differences iintensity levelIL ,,—IL , in dB),

bias for initial stress. This bias is above chance, as detepbtained by spectrally uniform amplification, are given alongxfais, top
mined by a binomial tes(tp<0.00]). line. Duration values(in ms) are given on the middle and bottom lines for

As in th . . t f | the first and second syllable, respectively. The results are presented for each
. Sin . e prewlous-egperlmen s Werana Our'way analy-reyerperation condition separately: no reverberatiggper paneland with
sis of variance, withp(init) as the dependent variable, and artificial reverberatiorlower panel.

with presentation(reverberant versus nonreverbejamet-

hod (adding intensity in all bands versus adding intensity in : . .
higher bands only duration (seven stepsandintensity level balancebetween the two presentation conditions. As in Secs.
I C 2 and 3, we will now study the main effects dfiration

(seven stepsas fixed effects. There were no repeated mea- ~ ) . .
. ) . . - aHdlntensny levein more detail separately fgresentation
sures. Since there is no residual variance, the variance caus

) . reverberant versus nonreverbepaarid method(uniform in-
by the fourth-order interaction was used as the error term. | ;
Table IV the main and interaction effects are given. As cantenS'ty level Versus spectral balanc&esults are presented
. . ) . -~ In the next subsection.
be seen in Table IV, the crucial main effects and interactions
are quite similar to those in the previous experiment. There
are large effects of bothlluration and intensity levelon
p(init), although the effect ofluration on p(init) is smaller
than in the first experiment. The significant main effect of We ran two separate two-way analyses of variance with
presentationindicates that there was a difference in stressdurationandintensityas fixed effects and two more analyses
bias between reverberant stimuli and nonreverberant stimulivith duration and spectral balanceas fixed effects. There
59% versus 54%, respectively, which we attribute to the factvere no repeated measures: only percentages of explained
that the end of the second syllablerdnais more strongly  variance but nd ratios could be computetFigure 4 shows
demarcated by the unvoiced fricatifzg, than the initial syl- the decrease of the percentage perceived initial stp¢isst),
lable, which is succeeded by an identical syllable. Thereforeas a function of duration ratio and intensity presented as in
the perceived length of the initial syllable is possibly moreFig. 1 with uniform intensity level differences. The upper
strongly influenced by reverberation than the second sylpanel shows the data for the nonreverberant stimuli, the
lable. lower panel shows the data for the reverberant stimuli. Fig-
The significance of the two- and three-way interactionsure 5 shows similar data, but now with differences in spectral
with presentationrmeans that reverberation has an influencebalance as in Fig. 2.
on both the effect ofluration andintensity levelon p(init). Figures 4 and 5 show that the effectiveness of duration
Crucially, significant two- and three-way interactions with deteriorates considerably for the reverberant stimhA can
presentationare found similar to the interactions in the first be seen in Fig. 4ntensitydoes not serve as a stress cue at all
experiment. This indicates that the effect of reverberation igor the nonreverberant stimuli. The effectiveness of this cue
highly comparable to the effect of the way of presentation inslightly increases for the reverberant stimuli. This tendency
the first experiment. This is an indication that reverberatiorwas also observed in the previous experiment.
was indeedat least for the greater pantesponsible for the The results foispectral balancdFig. 5 are comparable
difference in relative importance afuration and spectral  to those in the previous experiment: again a considerable

2. Reverberant versus nonreverberant speech
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table presents the data for experiment 1, in which stimuli

were presented to half of the subjects over headphones and to

half of the subjects over loudspeakésgparate conditions

The right-hand part of the table presents the data of the

present experimer®), in which both reverberant and non-

reverberant stimuli were presented inanéhin-subjects de-
sign over headphonegnixed conditioi

no reverberation _As can be seen in_ Table V the percentages explained

I — variance in both experiments are almost identical. We con-

100 clude on the basis of these results that duration indeed suf-

fered from reverberation and that reverberation was therefore

responsible for the relative increase in effectiveness of spec-
tral balance when stimuli were presented over loudspeakers.
In the present experiment, variations in duration did not
lead to an equally large change finit) as in the previous
experiment. In the nonreverberant speech conditpgimit)
, . decreased with roughly 60% from about 80% to 20%,

with reverberation . . . . . .

ol v whereas in the previous experiment in this condition a range
+3 +2 +1 0 -1 -2 -3  (dB) was covered between 98% and 8%. This could possibly be
250 230 210 190 170 150 130 Si(ms) " .
185 200 215 230 245 260 275 S2(ms) due to the fact that reverberant and nonreverberant stimuli

were presented in random succession, which might have pre-

vented our listeners from tuning in to one specific speech

FIG. 5. Percentage of listeners “initial stress” judgmemi§nit), for the 91 type.G

stimuli nana as a function of Sy”able duratiofsolid Iines and overall In Summary the |mp0rtance Of duratlon as a cue to

intensity (dashed lines The differences irspectral balancgB, ,—B,, in stress perce tiOI,’l decreased under reverberafisr0.6 9

dB), obtained by amplification of frequency components above 500 Hz only, P p . X . ) v

are given along the axis, top line Duration values(in mg) are given onthe ~ Whereas the relative contribution of spectral balance manipu-

middle and bottom lines for the first and second syllable, respectively. Thdations increased strongly. The magnitude of the effects in

results are presented for each reverberation condition separately: no revginth experiments were in the same range. The effectiveness

beration(upper pangland with artificial reverberatioflower panel. . .

of overall intensity, however, was hardly affected by rever-

. ) ) ) beration and was equally poor in both experiments. On the

increase in effectiveness epectral balances found for the  pasis of these results we conclude that the use of duration as

reverberant stimuli. . a cue for stress suffers from reverberation. As a result, loud-
In the next section we will compare the results of bothpess(as a reflection of vocal efforbecomes relatively more
experiments in more detail. important as a stress cue showing that its acoustical correlate

(spectral balangeis not easily affected by reverberation.

80r

60

p(init)

20r

801

e0r

p(init)

20F

int. level difference / syllable duration

IIl. COMPARISON OF EXPERIMENTS 1 AND 2

) IV. GENERAL DISCUSSION AND CONCLUSIONS
In Table V, we present an overview of the percentages

explained variance for duration, intensity and spectral bal- N this study we reconsidered the general claim that
ance in both experiments to compare the relative strength dpudness is a weak cue in the perception of stress. This tra-
the stress cues in both experiments. The left-hand part of tHéltional claim was based on perception experiments in which
loudness was varied in a naive way: All parts of the spectrum
TABLE V. Relative strength of stress cués % explained variancep?) in were amplified unl'fo.rmly. We hypo'the3|zed that varying
reverberant and nonreverberant stimuli, presented in separate and mixé@udness more realistically will make it a stronger stress cue,
conditions(experiment 1 and experiment 2, respectiyely and that we could possibly rehabilitate the traditional claim
that languages such as Dutch and English have dynamic
(rather than melodic or tempojadtress.
From the results of both experiments, we conclude that
Overall int. Spectral balanceOverall int. Spectral balance loudness implemented as a difference in overall intensity

Experiment 1 Experiment 2
separate conditions mixed condition

(Fig. 1 (Fig. 2 (Fig. 4 (Fig. 9 level (i.e., manipulating gain without changing spectral bal-
No reverb ance provides only a marginal stress cue. Of course, we
Duration 93 76 94 73 need not be surprised that intensity level variations turn out
Intensity level 2 13 0 18 to provide only a marginal stress cue. In fact, it seems to us

* g . . . . . . .
Dur. * int 2 10 ? 9 that intensity level variation will never have communicative

Residue s ! significance, for the simple reason that intensity level is too
Reverb susceptible to noise. If the speaker accidentally turns his
:?1‘:;2?” vl 82 2;53 82 23 head, or passes a hand across his mouth, intensity level drops
Dur.*gt. 8 s 10 8 of greater magnitude than those caused by the difference
Residue 7 4 between stressed and unstressed syllables will easily occur.

For this reason, manipulating intensity in stress perception
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experiments seemed ill-advised. The reason why it was used determining the exact value of this threshold. However,
in the classical studies by Fi§d955 and Mol and Uhlen- despite the great variability of results regarding the threshold
beck (1956 must have been that there were simply no alter-value among the various studies, they largely agree on the
natives available for investigating the role of loudness infact that temporal integration of energy occurs at very short
stress perception. durations(Beckman, 1986 and references mentioned there

In contrast, loudness realistically implemented as theTherefore, although this measure may have some relevance
acoustical reflection of greater vocal effort, is a reliable stres§or plosives(i.e., the longer a noise burst, the louder it is
cue, close in strength to duration. Moreover, the differencegerceived, it has no relevance for vowels and sonorants,
in spectral balance provide an even stronger stress cue thaince these sounds are no short acoustic events. Therefore, in
duration when accurate perception of syllable and segmertur view, this operationalization of loudness has no rel-
boundaries is hampered, for instance in a reverberant envévance in vocalic nucléi.
ronment. Examples of such reverberant listening conditions  In our view, the ultimate test to investigate whether En-
in daily life abound. In fact, studying speech communicationglish listeners are more sensitive to loudness than Japanese
in rooms, halls etc. is probably more realistic than in soundlisteners, would be to synthesize similar stimuli as used in
insulated booths and free-field situations. Therefore, it seemBeckman(1986 while separating focused and nonfocused
that listeners have different cooperating cues at their disposanaterial and varying loudness in the way described in the
to determine linguistic stress position. The effectiveness opresent article. If it is indeed true that languages such as

the different cues depends on environmental circumstancdgutch and English have dynamic accent as opposed to pitch
in which speech is perceived. accent in languages such as Japanese, Japanese listeners will

Results of a perception experiment carried out by Beckbe insensitive to these more realistic loudness manipulations
man (1986 for English and Japanese showed that these tw@s well, whereas English listeners would make considerable
languages differed greatly as to the relative importance o#se of these differences.

FO, duration and loudness as perceptual cues to stress. Both [n addition to the above mentioned, more linguistically
Japanese and English listeners were presented with disyllabfiented implications, the findings of the present study have
words in which all these parameters were varied according t§0me more practical, application-based implications as well.
production data. Japanese is an archetypal nonstress-accdfe results can probably be used to improve the quality of
language, a so-called pitch-accent language, Withas the speech synthesis. In future research, experiments should be
most consistent acoustical correlate of stress/accent. Engligiecuted investigating if stress and focus domains could be
is an archetypal stress-accent language with the same acolj8ore optimally synthesized if we take the present results into
tical correlates of stress and accent as Dutch. The comparfccount. There are elaborate rule-sets in Dutch text-to-speech
son between English and Japanese listeners showed tHistems to predict whether or not a word should be accented
Japanese listeners seemed to rely heavily on differences (Queneand Kager, 1993; Dirksen and Queri993. If a

FO and they hardly used any of the other cues. English lisWord is accented, all its syllables, stressed as well as un-
teners also relied heavily oRO, although to a much lesser stressed, should be lengthened, at least in Dutch, relative to

extent. Loudness, however, was also found to be a very efYllables of a word that remains unaccentgefting, 1991;
fective cue for English listeners in stress perception. Loud¥an Heuven, 1993 The stressed syllables of both accented
ness in this experiment was operationalized as “total ampli&nd unaccented words should be marked by a combination of

tude,” a measure of power integrated over the entire duratiof€xtra longer duratiof and greater loudness. The present
of the vocalic nucleusi.e., energy, rather than as peak in- €xperiments showed that the relative importance of these
tensity. Beckman assumes this measure to be closely relaté€S depends on the listening circumstances; it is therefore

to loudness and she attributes the success of this cue to tHi§cessary to represent both cues optimally in synthetic
relation: speech to guarantee adequate stress perception independent

of listening circumstances especially because for unaccented
words these cues are the only remaining cues to stress. Fur-
thermore, in our experiment stress was varied so as to reflect
= production data. However, intensity level, spectral balance

ply because it is a better measure of loudness,... 5,4 guration could be combined in a more extreme way, for

(Beckman, 1986, p. 197 instance by both adding and shifting intensity levels. Listen-

In our view this measure of loudness is equally unreal-ers could probably prefer more strongly marked stress posi-
istic as overall intensity level manipulations are. Beckman intions when listening to synthetic speech, because of the fact
fact measured the combined effect of peak intensity and duhat there is not always a one-to-one mapping of what speak-
ration. It is therefore no surprise that this measure yieldgrs do and what listeners want. The intelligibility of synthe-
considerably better results than either duration or peak intersized speech in text-to-speech systems could possibly im-
sity alone. It has only been established for pure tones of @rove by a more accurate marking of stress and accent since
relatively short duration that differences in duration are re-the former facilitates the recognition of words in continuous
sponsible for differences in the perception of loudness. Alspeech(cf. van Heuven, 1988 while the latter prompts the
though the literature agrees about the fact that there is Bstener to give priority to bottom-up processing exactly there
certain threshold value above which duration changes nwhere it mattergcf. Terken and Nooteboom, 1987; van Don-
longer influence loudness, the literature largely disagrees aselaar, 199b

Thus the total amplitude may be a better correlate
of stress than is either duration or intensity alone
and it may be a more consistent perceptual cue sim-
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We assumed the differences in spectral balance to bePotisuket al, 1996 assume a lower position in the rank order of cues as

caused by a more pulse-like shape of the glottal waveformthese parameters are simultaneously exploited in other linguistic contrasts

while producing stressed syllables. Future manipulationsV0"e! uantity and lexical tone, respectively

could be made even more realistically by manipulating the
glottal pulse separately instead of using digital filtering of the ,
Beckman, M. E(1986. Stress and Non-Stress AccéRbris, Dordrecht

oral output. . . . Berinstein, A. E.(1979. “A Cross-linguistic study on the perception and
_ To COUC“Jde t_h|5 paper, the most |mporFant flthng Qf production of stress,'Working Papers in Phonetic&Jniversity of Cali-
this study is that listeners are more susceptible to intensity fornia, Los Angeles No. 47.

level variations when detecting stress position than hithert@loomfield, L. (1933. Language&(Holt, Rinehart and Winston, New York
has been assumed. This is due to the fact that intensit Ieverandt’ J. F., Ruder, K. P., and Shipp, Jr(1969. Vocal Loudness and
: Yy Effort in Continuous Speech,” J. Acoust. Soc. A6, 1543-1548.

differences in our experiments were implemented in a MOrijrksen, A., and QueneH. (1993. “Prosodic analysis: The next genera-
realistic way, i.e., by amplification in the higher frequency tion,” in Analysis and Synthesis of Speech: Strategic Research Towards
bands only, as the acoustical reflection of an increase in vo-High-Quality Text-To-Speech Generati@ited by V. J. van Heuven and

L. C. W. Pols(Mouton de Gruyter, Berlip pp. 131-144.
cal effort used to produce stressed syllables. The results C@nselaar, W. var1995. “Effects of accentuation and given/new infor-

be viewed as a first step to rehabilitation of the claim that mation on word processing,” doctoral dissertation, Utrecht University,

languages such as Dutch and English have dynamic stressitrecht.

with perceived loudness as its most reliable cue. Dugquesnoy, A. J., and Plomp, R980. “Effect of reverberation and noise
on the intelligibility of sentences in cases of presbyacusis,” J. Acoust.

Soc. Am.68, 537-544.
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