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ABSTRACT

Fixed word stress on the first syllable may be used as a cue to
word boundaries in spoken Finnish. Recently, Vroomen et al.
(1998) showed that correct position of word stress facilitates
word recognition in a word spotting task. We studied the acoustic
correlates of stress by analyzing acoustically the stimuli
employed by Vroomen et al. Regression analyses revealed that
fundamental frequency (F0) was the only acoustic variable that
predicted significantly reaction times to word targets. We suggest
that F0 is an important acoustic correlate of word stress, and
listeners employ prominence cue to detect word boundaries in
spoken Finnish.

1. INTRODUCTION
Lexical stress in a language with fixed stress location displays a
dilemma. Since stress in fixed, as in Finnish on the first syllable,
it might provide a reliable cue to word boundaries. However,
because it is fixed, its overt marking may be totally redundant
and, as a consequence, it might not be acoustically realized.

Recently, both issues have received some attention.
Vroomen et al. (1998) investigated the possible role of word
stress in lexical segmentation of Finnish. The results indicated
that when word stress was located on the correct syllable (that is,
on the first syllable of the target word), subjects were much faster
and more accurate in detecting target words in a word spotting
task. Furthermore, no other cues to word boundaries (such as
vowel harmony mismatch) were employed. When stress cue
provided conflicting information about the possible word
boundary, subjects’ response speed and error rates increased
dramatically, and responses were facilitated by vowel harmony
mismatch. They concluded that word stress was the primary cue
to word boundaries in spoken Finnish.

One acoustic correlate of lexical stress, fundamental
frequency (F0), was studies by Iivonen et al. (1998) who
measured F0 peaks in Finnish, German English radio and TV
broadcasts. They set an arbitrary 1 semitone criterion for a
perceptually relevant F0 peak that was considered above the just
noticeable difference of pitch perception. The results showed that
there were fewer F0 peaks in Finnish than in German or English.
However, 73% of all F0 peaks in Finnish occurred on the
lexically stressed syllables (that is, on the first syllable of the
word). The corresponding figures in German and English were
42% and 59%, respectively. Finally, 52% of all lexically stressed
syllables as opposed to 27% in German, and 40% in English
contained an F0 peak. In other words, about half of the first
syllables of the words in Finnish contained an F0 peak. To put it
the other way, about half of the first syllables were not marked.

In addition, about one fourth of F0 peaks occurred outside first
syllables.

As already briefly indicated, word stress in Finnish is
problematic in terms of what processing consequences there
might be for detection of word boundaries. Lexical stress lands
invariably on the first syllable but other syllables than the first
may receive (sentence) accent (and as a consequence, be
perceived as more prominent than the lexically stressed first
syllable). Separating stress and accent (conceptually) is relevant
as they are different realizations of prominence, and they may
have different acoustic realizations. One way of conceptualizing
stress and accent is to considered them distinct but related
dimensions (e.g., Sluijter & van Heuven, 1996). Stress is
determined by language system, which specifies the strongest
syllable in a word. Accent is determined by language behavior
and is used for communicative purposes. A stressed syllable is a
potential landing site for accent placement but this may not
always be so (for example, focus may change prominence from a
stressed syllable to unstressed syllable, “I said SUGgest, not
DIgest“). In some systems, a typical F0 movement is explicitly
linked with sentence accent (Hermes & Rump, 1994). We remain
neutral as to how this distinction applies to Finnish (as relevant
research is lacking). In this paper we have adopted the more
neutral term prominence (that is used here interchangeably with
word stress); prominence of a syllable refers to the property of a
syllable to be perceptually more salient than the neighboring
syllables.

Four main acoustic parameters have been correlated with
prominence (and usually also with word stress). Typically,
fundamental frequency has been considered the main acoustic
correlate, and a smaller role has been attributed to duration,
(overall) intensity, and vowel quality (Fry, 1958). Vowel quality
refers to reduction of vowel quality in unstressed syllables. Since
in Finnish, there is no significant reduction, we will not consider
vowel quality in this paper. In addition, one interesting
suggestion in terms of the role of intensity in the perception of
prominence has been offered by Sluijter and her coworkers
(1996, 1997) who argued that correlating overall intensity to
prominence is misleading. Increased phonatory effort during a
stressed syllable may not present itself as increase in overall gain
but instead as a change in the spectral tilt (or emphasis) of the
amplitudes of the harmonic overtones in different frequency
bands. In Dutch, this emphasis in the realization of pitch accent
seems to be related most notably to the (middle) frequency band
between 1000 and 2000 Hz (Sluijter & van Heuven, 1996).

In this paper we present results from fairly extensive
acoustic analyses of the test stimuli used by Vroomen et al.
(1998). In addition, we regressed the reaction times to the
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measured acoustic variables. Since the main independent variable
in Vroomen et al. that had an enormous effect on the reaction
time latencies was the position of the stressed syllable, we
assumed that the results of the regression analyses might provide
information about what acoustic variable(s) underlie perception
of prominence in Finnish during recognition of words in
connected speech.

2. METHODS
2.1. Stimulus material
The stimuli were 120 tri-syllabic CVCVCV items with a CVCV
Finnish noun embedded in the end of the string used in two word
spotting task (for further details, see Vroomen et al., 1998). The
stimuli were recorded by one of the authors (JT) in a sound
treated booth on a DAT tape. The same item was spoken either
with the stress landing on the first (e.g. /’ku,palo/, “palo“
meaning ’fire’) or on the second syllable (/,ku’palo/). All stimuli
were digitized with 16 bit precision (sampling rate 22050 Hz)
and saved on a hard disk for further analyses.

2.2. Acoustic analyses
F0, intensity, duration, and spectral tilt of the vowels of the first
and second syllable were measured automatically by the Speech
Filing System software (Vs3.3), (available on the Internet at
http://www.phon.ucl.ac.uk/resource/sfs.html) using the following
procedure. First, the onsets of all individual phonemes in each
stimulus were marked and labeled, and the marks and
corresponding labels were saved on an ASCII file. (Ten per cent
of the total stimulus material was reanalyzed by another
phonetically trained researcher to investigate the reliability of the
marking procedure. Kendall's coefficient of concordance
indicated extremely good agreement between the two researchers
[W(119)=.999, p < .0001]).

Second, the duration of each segment was computed based
on the segment marks, and the intensity and the F0 of the vowel
of the first and the second syllable was measured from two
points, 30 ms and 60 ms from the onset of the vowel. The mean
value of these two measures was then computed and later used in
the statistical analyses. Finally, as changes in the relative
amplitudes of the harmonics of the vowel spectrum have been
indicated to play a role in the perception of prominence (Sluijter
et al. 1997), the spectral tilt was measured from four adjacent
frequency bandwidths (0-.5,.5-1, 1-2, and 2-4 kHz). To account
for differences in overall intensity between vowels, the dB values
were transformed into ratio variables by dividing the base band
(0-.5 kHz) intensity with the dB value of adjacent individual
frequency bands. This resulted in three spectral tilt variables for
each vowel in the first and the second syllable.

3. RESULTS
Comparisons of the mean values of the acoustic variables
between stressed and unstressed syllables revealed extremely
significant differences (all p’s < .001) in all variables (see Table
1 for mean values of F0, intensity and duration of the test
stimuli). This was as expected since usually even small acoustic
differences lead to statistically significant differences because of
highly correlated patterns. Most notable changes occurred in the
F0 and duration. When the F0 was compared between syllables
in the same position (e.g., between stressed and unstressed first

syllables, KUpalo vs. kuPAlo) the difference was 8 Hz (1.4
semitones, st) in the first, and 32 Hz  (5.3 st) in the second
syllable. When comparison was performed within a word, the
difference between the first and the second syllable was 22 Hz
(3.8 st) for “KUpalo“ and 18 Hz (2.8 st) for “kuPAlo“ type stress
patterns. Duration also yielded relatively large differences (30 ms
and 23 ms for first and second syllable, respectively). Intensity
values differed less (about 1 and 4 dB in the first and second
syllable, respectively) but nonetheless significantly.

Stress on the
1st syllable
(e.g., KUpalo

Stress on the
2nd syllable
(e.g., kuPAlo)

 F0 112.7 104
1st syllable  intensity 79.7 78.1

 duration 118 88

 F0 90.2 122.9
2nd syllable  intensity 78.0 82.3

 duration 199 222
Table 1. Mean values of F0 (in Hz), intensity (in dB), and

duration (in msec) of the first and second syllable of the test
stimuli in Vroomen et al. (1998).

Finally, spectral tilt also varied significantly as a function of
prominence (see Table 2 for mean values). However, a 3-way
ANOVA revealed, first, that this was only true when the second
syllable of the pseudoword (ie., the first syllable of the target
word) was stressed (Position by Stress interaction,
F(1,58)=21.577, p < .001), and the most notable changes in
spectral tilt occurred in the highest frequency band (2-4 kHz) in
the second syllable (Position by Stress by Frequency Band
interaction, F(2,116)=15.564, p < .001). In the first syllable,
there was no significant difference in spectral tilt between
stressed and unstressed vowels.

Stress on the
1st syllable
(e.g., KUpalo

Stress on the
2nd syllable
(e.g., kuPAlo)

 0-.5 kHz 79.8 78.7
1st syllable  .5-1 kHz 76.5 75.3

 1-2 kHz 67.3 68.3

 2-4 kHz 69.7 69.5

 0-.5 kHz 75.4 81.9
2nd syllable  .5-1 kHz 72.7 81.9

 1-2 kHz 66.1 76.0
 2-4 kHz 62.4 76.7

Table 2. Intensity (in dB) of the base (0-.5 kHz), low (.5-1 kHz),
middle (1-2 kHz) and high (2-4 kHz) spectral frequency bands of
the vowels on the first and second syllable of the test stimuli of

Vroomen et al. (1998).

To analyze the contribution of the acoustic variables on reaction
time speed, multiple linear regression analyses (Stepwise-
method) were performed. Two separate models were created. The
first model consisted of absolute values of the F0, intensity,

page 922 ICPhS99          San Francisco



duration, and the ratio of the spectral tilt (of the highest, and
most significant, frequency band) of the first and the second
syllable. The second model consisted of transformed difference
scores of the F0 and intensity as a function of time (F01-F02 in
semitones/sec, (dB1-dB2)/sec). In addition, the ratio variable of
the duration (dur1/(dur1+dur2) and the overall spectral tilt
measure of the vowel of the second syllable was included in the
model. In both models, the reaction time latency was the
dependent variable.

In the first phase, we were interested in finding out what
acoustic variables could explain the word spotting results when
the reaction times were treated as a single set, that is, the model
comprised all RTs from the two experiments as the dependent
variable. These analyses showed that the only variable that
predicted significantly the RTs was the F0. When absolute values
were used as independent variables, the model explained about
66% of the total variance (r2=.664, F(2,117)=115.502, p < .001).
This model consisted of the F0s of the first and second syllable
(F01: Beta=.230, t=3.904, p <. 001; F02: Beta=-.692, t=-11.736,
p < .001). When the F0 of the second syllable was entered alone
in the model, power reduced only slightly, and the model
explained 62% of the total variance (r2=.620, F(1,118)=192.520,
p < .001; Beta=-.787, t=-13.875, p < .001). When transformed
variables were entered in the model, the F0 difference between
the first and the second syllable (in semitones per second) turned
out to be the only significant variable. The power of the model
was about the same as with absolute values (r2=.671,
F(1,118)=240.314, p < .001; Beta= .819, t= 15.502, p < .001).

In the second phase, regression analyses were performed
separately for the two sets of RTs in order to find out if the same
acoustic cues were employed when responses were fast or slow.
The results revealed no significant correlation between any
measured acoustic variables and RT within separate experiments.
Correlation of the F0 measures with RT approached significance
when reaction time latencies were fast but nonetheless were not
included in the model.

4. DISCUSSION
The main finding of this study was that fundamental frequency
was the only acoustic variable that significantly predicted
reaction time speed in the two word spotting tasks in the study by
Vroomen et al. (1998). This may be taken as indirect evidence
that F0 is an important acoustic correlate of prominence in
Finnish, and furthermore, that prominence is used as a cue to
word boundaries.

It may be worthwhile to note that the excursion size of the
F0 movement in our study was about 3 semitones. It is somewhat
smaller than the ≥4 semitone difference required for effective
pitch accent in Dutch (‘t Hart et al., 1990). A second difference
to Dutch pitch accent in the acoustic realization of the F0
movement was that spectral tilt seemed to be only a very weak
correlate of prominence in Finnish. The most pronounced
changes in spectral tilt were dependent on which syllable was
stressed, that is, spectral emphasis occurred only when the first
syllable of the target word was stressed. A third difference in
terms of how prominence was acoustically realized in pitch
accented syllables in Dutch was that in our material the high
frequency band (2-4 kHz) showed emphasis and not the middle
band (Sluijter & van Heuven, 1996). Finally, duration plays a

significant role in Dutch in the perception of prominence. In our
study, durational differences were found between stressed and
unstressed syllables, but they did not seem to contribute to the
perception of prominence in any reliable way.

These differences may reflect language specificity in the
acoustic realization of word level stress. In Dutch, the acoustic
correlates of pitch accent are F0, duration and spectral tilt which
all contribute to the perception of prominence. This prominence
also signals linguistic distinctions. In Finnish, lexical stress may
not have any linguistic significance, because it is highly
predictable and in that sense redundant. However, lexically
stressed syllables may still be more prominent for other than
linguistic reasons. Prominence may be used as a cue to word
boundaries, which in turn facilitates word recognition in
continuous speech. Current results seem to suggest that
acoustically prominence in our material was not realized as
accent. In a separate study (Tuomainen et al., 1998), we have
also shown that sentence accent is not needed for fast reaction
times in a word spotting task. Only a 2 semitones difference
between the first and the second syllable was sufficient to
indicate prominence.

Finally, it should be noted the regression analyses yielded no
significant results when the reaction times were analyzed within
experiments (that is, fast and slow RTs separately). This might
indicate that perceptually there are no intermediate prominence
levels but listeners of Finnish make a binary distinction in terms
stressed vs. unstressed  syllable.

To conclude, the results suggest that fundamental frequency
is the most important acoustic correlate of prominence in this
type of material. Other acoustic variables, such as duration or
spectral tilt, which are reported to play a role in the perception of
prominence in English and Dutch, did not predict reaction time
speed. This finding may reflect language specific differences in
the functional role of prominence. One possibility is that in
Finnish prominence occurring on the lexically stressed syllables
may not serve any linguistic function, but instead organizes the
sensory input by creating a rhythm which in turn facilitates
detection of word boundaries.
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