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ATSTRACT

The question of whether or not the vowel onset is the parameter responsible
for the rhythmical alignment in timing speech utterances still remains unclear.
The experiment described here supports the hypothesis of a congruence between
the mental representation of the syllable-nucleus-onset and the moment of occur-
rence or so-called p-center. Utterances consisting of phonologically identical but
physically distinct syllable rhyme and different syllable initial consoniulce were
presented in a synchronous tapping experiment. The results show that the vowel
onset estimates the location of the tapping position and the differences between
the stimuli as good as other models, suggesting a clear correspondence between
p-center and vowel onset, thereby strongly supporting the hypothesis.

INTnoDUCTIoN

The prosodic aspects of speech have gained more and more interest within recent
years. Although the main interest was concerned with intonation patterns and
tonal aspects the question of which parameters influence the rhythmic structure
of utterances was not totally neglected. Since Terhardt/Schütte [1], Morton et
al. [2] and Marcus [3] it is known that an acoustic (speech-) signal,like a syllable,
is not perceived by its physical onsetbut somewhat later in time depending on its
properties and/or physical make-up. Since then various investigations [4-13]
have been undertaken and models proposed 13, 4,10,12,'1.41to estimate this so-
called 'Ereigniszeitpunkt', 'moment of occurrence or p-center' and to define the
parameters influencing it. A single parameter could not be found, but it seems
that the duration and/or physical make-up of the initial consonance of a syllable
or the transition between consonance and vowel is of more importance than the
syllable rhyme or coda.
But the question of which parameters influence the rhythmic structure of utter-
ances was not only discussed in the light of the p-center/'Ereigniszeitpunkt' ap-
proach but also addressed by others, such as Allen [1.5], Rapp [16], Hollister [17]
and Meyer [18]. Looking for physically measurable equivalents of the r§thm
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beat, syllable beat, 'silbenschlag' etc. these researchers asked subjects to tapl syn-
chronously while listening to or speaking lyric / poetic utterances. They all
agreed on that the 'beat'is somewhat near the end of the syllable initial conso-
nance and the beginning of the following vowel as Meyer already stated in his
1898 paper "IJber den Täkt".
In some of my later work 19,19-21) I argued for the hypothesis of a congruence of
the p-center and the mental representation of the syllable-nucleus-onset and
pointed out that the mismatch between tapping location and vowel onset found
in these investigations might be due to not taking into account the phenomenon
of anticipation occurring in tapping experiments (see'Why anticipation occurs'
below).

ExT,TRIMENTAT DTSIGN

The experiment described here is undertaken to test the hypothesis that a con-
gruence exists between the mental representation of the syllable-nucleus-onset
and the p-center. In discussing results of former experiments I also suggested,
that - besides neglecting the anticipation phenomenon - somewhat misleading
results might occur due to the laboratory situation and the fact that some of the
stimuli used in tapping and adjustmentexperiments mightbe somehow artificial
lacking any compensational variations common in normal utterances, as they are,
for the purpose of the experiment, varied in only one parameter and kept con-
stant in the others. This experiment uses only segments of naturally spoken utter-
ances as stimulus material.

Stimuli
The set of stimuli used here consists of eleven words with #CVC structure and

two interjections [pst', sf]. As the initial part of a syllable, the syllable head, has
the main influence on the perception of the p-center position and the rest of the
syllable has a lesser influence, the stimuli produced have different initial conso-
nants l?, p, f , k, h, k, l, rl, p-', r, f] and a constant syllable rhyme [asf], phonotac-
tically the same but physically due to the natural generation different with all the
compensational information of a natural utterance.
The words were well pronounced (explicitly demonstrated) in focus position
within the frame sentence <Ich habe das Wort gesagt.> (I said the word

-)2 

and recorded in a soundproof studior'rsir.g un-U1ecIro Voice 6318 micro-
phone and a DAT recorder. The interjections were produced as if the speaker
wants to get someones attention [s:f] or causes someone to be quiet [psf]. The re-

1) For clarification: Alignment is the caused. relationbetween two events (here sequences).
Adjustment is an alignment achieved by changing the relation of two presented event
strings, tapping an alignment achievedby performing an action (the tap) to a presented
event string. The adjustnmt or tapping position (alignment position) is this alignment
expressed in relation to an arbitrarily chosen origin. The location of the adjusünent or
tapping position is this measurement expressed in relation to other properties. Adjust-
ment or tapping position are NOT the p-center position, rather they are induced by the
perception of the p-center thus reflecting any change in the location of the p-center po-
sition.

2) N.b. that the position in the German phrase is not sentence final.
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cording was transmitted to a Macintosh using Digidesign Audiomedia II (SP/
DIF input), downsampled to 20 kHz and segmented using Signalyze on the Mac-
intosh. The signal segments of interest were cut out of the sound stream and
saved in a separate file for presentation. Figures 1 to 3 show as examples the

Eigure 7: <gast> Amplitude, sonagram, amplitude enoelope (RMS,30 ms) and
zero crossing 0.0 ms) for stimulus <gast> utith an ooerall duration of 405 ms.

shortest stimulus [kasf] with a duration of 405 ms, the longest stimulus [rast']
with an overall duration of. 567 ms and the interjection [s:t'] with a duration of
416 ms. The figures show the amplitude as well as a wide band sonagram
(10 kHz, pre-emphasis, 300 Hz window), the amplitude envelope (30 ms win-
dow) and the zero crossing (10 ms window) for the respective stimuli. An artifi-
cial5 ms, 1 kHz tone burst perceived as a click signal was used as control stimu-
Ius.

Subjects
29 subjects (L9 female, 10 male) took part in a series of experiments including

this experiment. None of them had participated in experiments on r§thm per-
ception before. To become familiar with the computer, the stimulus presentation
program and the data acquisition procedure every subject had a 10 minute intro-
duction using a click signal, the sound [pst] and the word <schwimmst> [Jßrmst]
as stimulus material.

ll 1 300 §00 400 ms

i$'

§,.
:.:ä

::t

.§
a--_:i

r'S.

#"
l

He

TüüÜ

StrttCl

§ütrü

1 rlrltl

0 I trtl 2trtr §trt' 4ttEt ms

0 I ttü 2fiß §trß 4fin ms

96



tr I trt' E'lü 3üü 5'lü ms

t
.:.: t

i:: ::i
il
i:l

.:

I
:.
J
It
'..1

,i:

Hr
?rlürl

5üBü

gß00

1 t:rßtr

t .::i: ::f:::::i{: : . :.:

i .: :. - t:.. ,.i!-.

?

0 100 200 §00 400 500 rng

ü 10ü 30ü 3ü0 4Cf ü 5Clü rng

Figure 2: <rast> Amplitude, sonagram, amplitude enaelope (RMS, 30 ms) and
zero crossing (L0 ms) for stimulus <rast> utith an ooerall duration of 567 ms.

Method
The stimuli were presented using Sennheiser HD 480 tr headphones under

computer control (Compac Deskpro 486 /33, Data Tianslation DT2821SE DA-con-
verter, Behringer PEQ 305 filter, Sony F535R) with 20 kHz sample rate and low-
pass filtered at 6WIz (24 dB/oct). The subjects had to perform a synchronisation
task by tapping to sequences of binaurally presented stimuli. A sequence consist-
ed of 15 repetitions of the same stimulus with an inter stimulus interval of 700 ms.
The interval between sequences was 1400 ms. The stimulus sequences were ran-
domized and grouped in blocks of 1.0. The subjects started the presentation of the
next block by pressing the return key. A sequence was repeatedly presented as

long as the subject did not start to tap. Each stimulus sequence was given four
times with at least two different intermediate sequences. To register the taps a 5 x
L0 cm capacitive sensory field was used. For analysis the taps to the first three and
the last two presentations within a sequence were omitted (leaving 1.6,240 taps).
Figure 4 gives a schematic description of the measurement procedure; a more de-
tailed description of the experimental design and measurement procedure can be
found in [6].
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Eigure 3: <ssf> Amplitude, sonagram, amplitude enoelope (RMS,30 ms) and
zero crossing (7,0 ms) for stimulus <ssf> utith an ooerall duration of 416 ms.

Eigure 4: Schematic description of tapping position measurement utith tapping
position TPn in relation to the signal onset of the respectioe stimulus presenta-
tion (T = inter stimulus interoal, TP, = tapping position for the nth stimulus
presentation, 'L50 ms offset for technical reasons)

signal sequence 150 ms
T -.-> <-

T

ta sequence
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RESULTS AND DTSCUSSION

As the initial consonants of the stimuli presented had been different in dura-
tion and the distribution of spectral energy the repeated measurement design
analysis gives a significant effect (F =99.79, p <.001) for the factor stimulus as

well as for the factor subject (F = 18.05, p <.001) with a significant interaction
(F = 1.49, p <.001), as four subjects do not show a significant stimulus effect (post
hoc Scheff6 (.01)).
In tapping experiments the subjects have to perform three different tasks simul-
taneously. First to adopt a uniform rhythm given by an event string of identical
stimulus repetitions, second to act to these events by tapping synchronously to
the events and third to judge whether or not they succeeded in doing so. There-
fore, a large difference in subject responses is typical for tapping experiments. To
give an impression of the variability found in experiments like this, figure 5
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Eigure 5: Mean tapping positions TP for the control stimulus (click signal) for
all subjects with indicated ooerall mean (solid line)

shows the tapping positions for the control stimulus, a click signal of 5 ms dura-
tiory split by subject. Pooled over all subjects the taps precede the click signal by
about 58 ms (SD 46.5 ms) which is in good agreement with findings i^ *y former
experiments and values found elsewhere. This effect of anticipation, known since
Dunlop 122), was recently investigated in more detail by Radil et al. [23],
Aschersleben / Prtnz 1241, and Gehrke [25] .

Why anticipation occurs
One should not neglect the amount of estimations necessary to slmchronise an

action, the tapping of a hand, to a perceivable forthcoming acoustic event (in
more detail Mates I30]).Figure 6 schematizes the timing relations of the involved
contributors and gives an impression of what kind of estimates are necessary for
a slmchronized tapping task and why anticipation occurs.
The external world is only discoverable through our senses and the mental rep-
resentations of sensible events. In figure 6 the extemal world is represented by the
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time event axes of ear and hand, the intemal world by the time event axes of the
brain (so1id continuous lines). The ear-line is depictediloser to the brain, since the
afferent information of the ear about a speech iignal (S) reaches the brain earlier
than the information of the hand about a tapping action (TP), as the ear is closer
to the brain than the hand.
As we know subjects do not try to produce a similar time interval in between two
events, butJ{r to produce equally tiTgq p-center alignments. Hence, they have
to- identify the inter-stimulus interval (ISI) of the signal sequence from the interval
of the mental representations of successive perceived signals (IrsI). Furthermore
to have a coincidence of a signal S and a tap TP (as in figure 6 case B) in the exter-
nal world the subjects have to estimate the intervals ASri (between the speech sig-
nal.S and its lepresentation rs), ATPrp (between the tap TP and its repräsentatioin
rtp), Arstp (the difference between these intervals) anä am @etween the mental
representation of a movement instruction m and the actual movement M of the
finger), to decide onthe interval Artpm (between the last tap representation and
the representation of the next movement inskuction m) foriheiigt t moment in
time to give the next movement instruction. A coincidence of signäl S and tap Tp
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in the external world then occurs, if the subject is able to keep the interval Arstp
between the mental representation rs of the signal S and the feedback rtp of the
tap TP, derived from the estimated intervals, constant at the magnifude of the
subject specific difference ASrs minus ATPrtp. But the real world coincidence task
does not only involve a lot of estimations, it also has to be done without any reli-
able feedback, as in the artificial situation of a tapping experiment an external v4l-
idation of the coordination (like in tennis: hit or miss) of whether or not the task
was performed successfully, is due to the experimental implications not present,
and intemal information for validation other than the estimates themselves is not
available.
Real world events involving human action seem to coincide only if extemal infor-
mation about the success of the performance is available and the performer able
to compensate for the different time delays of the afferent and efferent informa-
tion.
On the other hand, if we suppose that the task is accomplished by a coincidence
of the mental representations rs and rtp of the signal and the tap (as in figure 6
case C) the subjects have only to make sure that there is no difference in time be-
tween the two representations. This can be done by adopting the IrsI interval as

timing interval (ImID) for the movement instruction adjusted in a way that Arstp
gets minimized. This minimization process still involves a lot of estimation
(Mates [30]) but no external information is necessary for validation; the task is
successfully performed if the two event representations can no longer be differ-
entiated in time. As a result the tap naturally has to precede the signal and a real
world mismatch ASTP, the anticipation of the signal by the tapping subject, can
be observed.

Normalization
Therefore, the anticipation measured above was also used to compensate for

the effect of anticipation. That is, the tapping alignments of the subjects have been
normalized by adding their individual anticipationr, as measured in relation to
the click signal, to the raw TP-values. This normalization reduces subject differ-
ences with respect to anticipation only, it does not alter any other individual dif-
ferences like i.e. the amount of intra-subject variabiliry it especially does not
change a possible stimulus effect. It also shifts the location of the overall mean
tapping position by the amount of the mean anticipation into the positive direc-
tion with respect to the stimulus onset, that is further into the stimulus. Figure 7
gives the distribution of tapping responses for all subjects before and after nor-
malization.
Out of the 29 subjects three seem to be unable to perform the task as intended.
They show a much larger variation than the other subjects (figure 7 is somewhat
misleading in that respect showing the responses pooled over all stimuli but the
click). Figure 8 gives the75% and9}o/" percentiles of the variances per stimulus
for all subjects. There is a noticeable difference in the amount of variability for the
three marked subjects in relation to all others. Their 75o/o percentiles aie larger
than the 80% percentile of the 90% percentiles of the other subjects. Furthermoie

1) This does not assume that the 'individual' anticipation is an unalterable constant
throughout the individuals entire life-span, but merely that it remains constant for the
time of the experiment. If someone would participate in several experiments there
would be an 'individual' anticipation value for every experiment.
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Eigure 7: Box plot of the tapping positions TPR and normalized tapping posi-
tions NTPR with median (middle line), inter quartile range (box), indicated
L0"/, and 90%o percentiles and outliers.

they show significant differences (Scheff6 (.01)) to other subjects in their inter
quartile range, being not significantly different from one another, with the re-
maining 26 also not showing any significant difference in their inter quartile rang-
es. Figure 9 shows the 75% and 90'/" percentiles of the inter quartile range per
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stimulus for all subjects, figure L0 the box plot of the inter quartile range. For fur-
ther analysis the three marked subjects were omitted. Visual inspection seems to
suggest the exclusion of one or two other subjects as well, but they did not come
up in the analysis as being significantly different and remained therefore in the
data set.

103

CTo^r \
r I\J

mmd'

C^,
frso

oo



200

180

160

144

120

ü 1oo

80

60

40

20

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Subjects

r\

r)

\J
\r,,

H
r)a o

cC;

r
I

Hl

Eigure 70: Box plot of the inter quartile ranges IQR per stimulus for all sub-
jects with median (middle line), inter quartile range (box), indicated 10oÄ and
90o/o percentiles and outliers.

Stimulus effects
For the remaining 26 subjects the repeated measurement analysis still gives, as

expected due to the differences in the syllable initial consonants, a significant ef-
fect (F = LL4.58, p <.00L / for words only F = 115.41, p <.00L) for the factor stimu-
lus as well as for the factor subject (F = 23.03, p <.001 / for words only F = 18.89,
p <.001) with a significant interaction (F = '1..46,p <.001 / for words only not sig-
nificant), due to the four already mentioned subjects which do not show a signif-
icant stimulus effect for the post hoc Scheffd (.01) test. Although the syllable
rhyme has been kept phonotactically constant and the initial consonance has the
main impact on the p-center, the significant differences for the factor stimulus are
caused by the respective stimulus as a whole since the actual realization of the
syllable rhyme differs physically. The locations of the normalized tapping posi-
tions NTP (with indicated standard deviation in the positive direction) can be
seen in figure L1 in relation to the duration of the initial consonants, the vowel as

syllable nucleus and the coda (see table I below). As can be seen the mean tap-
pings are located around the consonant to vowel transition somewhatbefore and
after the segmented syllable-nucleus-onset with no obvious standard deviation
irregularities (mean sd =37.02 ms). Taken into account that the depicted locations
are normalized for anticipation, this is in good agreement with the findings of my
former experiments and the data reported in most of the above mentioned inves-
tigations.
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ration (CD).

Model estimates and correlations
To assess, how good the measured syllable-nucleus-onset as a predictor of the
p-center alignment fits with the location of the normalized tapping positions and
to compare it to other estimates of the p-center position for some of the above
mentioned models their estimates and the corresponding correlations were com-
puted. Table I gives the measured values as well as the model specific estimates
for the models of Schütte (SHT), Marcus (MPC), Köhlmann (KLM), Howell
(HWL) and Pompino-Marschall (BPM), table II the corresponding correlation
matrix. The correlations between the normalized tapping positions and the mod-
el estimates as well as between the normalized tapping positions and the syllable-
nucleus-onset are quite high (Fisher's r to z cor > .827,p < .0009). As expected the
syllable nucleus, coda or rhyme do not correlate with either the tappings or any
of the models, but the rhyme (nucleus + coda) correlates more highly with the
coda (p < .0001) than with the nucleus (p = .0084) showing that the nucleus has to
be more stable while the coda is more variable that is more open for compensa-
tional effects. Figures 12 and 13 show the correlations between the normalized
tapping positions and the model estimates for the word stimuli as well as the syl-
lable-nucleus-onset. The correlations are only calculated for the word stimuli as

some of the models rely on entities not available with the interjections.
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Table I: Measurements and model estimates
Noruralized tapping positions NTP with standard deviation SD,

measured duration of initial consonernce ICD, nucleus VD, coda CD, syliable rhyme RM
and estimated alignment values for the models of Marcus MPC, Pompino-Marschall BPM,

Howell HWL, Schütte SHT, and Köhlmann KLM.

1) Can be distinctty improved in relation to alignment location depending on a post hoc
optimüation of the so-called 'arbitrary' constant (see text)

Table II: Correlation matrix for measurements and estimates
Normalized tapping positions NTP for words, duration of initial consonance ICD, nucleus VD,

coda CD, syllab1e rhyme RM, estimates of the models of Marcus MPC, Pompino-Marschall BPM,
Howell HWL, fthütte SHT, Köhlmann KLM, p-values for the framed correlations:

SHT/NTP P = .0008, SHT/ICD P = .0005, all others p < .0001

The simple threshold model - compared to some of the other models - of Schütte,
taking overall duration and amplitude envelope into account, shows at .828
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Figure 72: Correlation and regression line of the normalized tapping positions
NTP and the measured syllable-nucleus-onset ICD as weII as the model-derioed
estimations of the alignment position of the anrd stimuli for the models of
Pompino-Marschall (BPM), Köhlmann (KLM3) and Schütte (SHT).

(p = .0008) the least but sti[ a good correlation to the tappings. The correlation be-
tween the normalized tapping positions and the syllable-nucleus-onset is at .932
quite high, but not as good as the correlation of the original p-center model by
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Eigure 73: Correlation and regression line of the normalized tapping positions
NTP and the model-derioed estimations of the alignment position of the word
stimuli for the models of Howel (HWL) and Marcus (MPC) (note the difference
in the y-axes values).

Marcus, which weights the duration of the initial consonance and the rhyme. This
is somewhat surprising since a correlation of the rhyme with the tapping posi-
tions (Fisher's r to z cor = .446,n.s.) could not be found.
The psycho-acoustic model of Köhlmann uses the pitch and the loudness con-
tours of the acoustic signal to detect onset events, which are integrated to form an
'Ereigniszeitpunkt' (EZP, moment of occurrence) if closer in time to one another
than 120 ms. This sometimes leads to more than one event (EZP) per stimulus.
For the correlation analysis here - as this is done to assess the predictive ability of
the p-center syllable-nucleus-onset hypothesis, not to discuss the problems of the
Köhlmann model - if in doubt the events which give the better correlation are
used. At .907 the correlation is not as good as the correlation of the nucleus onset.
The psycho-acoustic modei of Pompino-Marschall gives at .969 the best correla-
tion. This model calculates partial onset and offset events for rising and falling
flanks of the loudness contour of the single critical bands and integrates them to
a single'syllable onset'.
At .963 the p-center estimates of Howells model - which can be interpreted for
monosyllabic signals as the area bisect of the rectified signal amplitude envelope

- also correlate extremely wel[.
Unfortunately, a high correlation as such is not sufficient to assess the predictive
strength of a model and the reliability of the model estimates.
As canbe seen in figure 14, which depicts the model estimates of the four best cor-
relating models (table II) in relation to the categorical segments of the stimuli,
most of the estimates do monitor the tendency of the differences of the normal-
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Eigure 14: The estimated alignment positions of all stimuli for the models of
Pompino-Marschall (BPM), Houtell (HWL), Marcus (MPC) and
Köhlmann (KLM3) in relation to the segments of the stimuli (duration of
ICD = initial consonance (syllable-nucleus-onset), VD = nucleus, CD = coda).

ized tapping position quite well but only the BPM estimates are for all stimuli in
the magnitude of the normalized tapping positions and hence close to their actual
location. For some of the stimuli also the SHT and the KLM models give estimates
in the magnitude of the tappings. The magnitude of the MPC estimates can be
distinctly improved with respect to the place of the alignment, if one chooses an
appropriate constant factor. The problem here simply is, that one needs to know
the alignment position beforehand to choose the 'optimal' one (for this data
cons. =76.55). Marcus does not provide any, as the model is not intended to give
absolute' p-center estimates, and the one I have found for other stimuli elsewhere
(cons. = 17.02) wouldn't have helped with the data reported here.
Furthermore, as one might have already noticed and can be seen in figure 15, the
correlation matrix (table II) also reveals that all of the models correlate at least as
good as or even more highly with the syllable-nucleus-onset than with the nor-'
malized tapping positions. Lr this respect it seems, that the different models used
to estimate the alignment position are just some very sophisticated methods to es-
timate the variation and trend of the syllable-nucleus-onset.

1) Mar"rrs [11] states that the constant "is an arbitrary constant representing the fact that
we are only determiningrelatioe (emphasis by Marcus) P-center locations of stimuli to
one another." (p.252fl.
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Figure 15: Correlation of the measured syllable-nucleus-onset ICD and the
model-derioed estimations of the alignment position of the word stimuli for the
models of Pompino-Marschall (BPM), Howell (HWL) Marcus (MPO and
Köhlmann (KLM?).
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On the magnitude of estimates
This result suggests that there is good evidence for the hypothesis of a p-center

syllable-nucleus-onset correspondence but a complete match could not be found.
The question therefore is, what might be the cause for this mismatch here and the
mismatches found elsewhere.
. Firstly the anticipation phenomenon as described above.
The fact, that in most of the other investigations the location of the alignment was
somewhat before the consonance-vowel transition was already mentioned above,
and might be at least partly due to this phenomenon for which the data here has
been corrected. As the method used here is quite straight forward but imprecise,
there might be still some inaccuracy due to anticipation, but in my opinion not a
substantial one.
. Secondly, and more important the measurements for the segment boundaries
have a large influence on the match.
Some variability and uncertainty is introduced by the fact that, depending on the
rules for segmentation in use, and the clarity of the signal, a difference of one or
two glottal pulses in the location of the segment boarder in both directions can
easily occur. Depending on the fundamental frequency the speaker is speaking
with, that is, the period duration (70}{2 = t4ms/100 Hz = 10 ms) of the signal,
this can account for up to 50 ms difference for the measured onset in the data. Fur-
thermore, whether this measured postulated signal syllable-nucleus-onset really
represents the mental representation of the syllable-nucleus-onset with sufficient
accuracy is also not completely clear. Unfortunately this kind of variability and
uncertainty cannot be averted.
. Thirdly, the ability to perform the intended task successfully.
As already mentioned above in experiments with simultaneous tapping to a pre-
sented signal, subjects have to perform several tasks at once: recognizing the
rhythm pattem, tapping this pattem by estimating the occurrence of the next
events in time, judging whether or not they matched the presented event with the
tapping action. Hence, quite large difference in subject responses can be expected.
The consideration of misleading measurements caused by the first two aspects
can partly be avoided as the inability of recognizing the rhythm pattem, estimat-
ing the next event or coordinating the tapping action manifests itself for the sub-
jects concemed in a noticeable larger variability of the responses not between
stimuli but within the respective stimulus.
The third aspect, jrdg*g the co-occurrence/ is limited by the fusion and the order
threshold, the ability to recognize differences between two successive events
(such as Arstp in figure 6 case A) and the order in which they occur. For auditory
signals as such this order threshold (Pöppel [27], Steinbüchel/Pöppel [28]) is
supposed to be at about 20 ms to 35 ms (fusion threshold 2 ms), depending on the
measurement procedure (recently discussed in detail by Steffen L29D.
Allen [15] found in his data, where a click signal was superimposed on a speech
signal, that a range of about 200 ms seems to be an interval within which his sub-
jects still judged events as being simultaneous. Compared to the estimates of the
models and hypotheses discussed here - all of them would suggest alignment re-
lations within this distance from the location of the tapping positions and. the con-
sonance-vowel transitions - these findings are rather vague and can not be a basis
to decide whether any of the models and hypotheses is more successful than the
other in estimating the alignment relation.
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Therefore, the order threshold of about 20 ms was used as a basis to define an un-
certainty or indifference interval (tr) of 40 ms within which the order of, two
events, i.e. tapping and presented syllable, cannot doubtlessly be told. The
number of taps within this interval around the estimates of the various models
was counted and fed into a contingency analysis (see table III). The observed fre-

Iable III: Model specific indifference interval contributions
. Contingency Analysis with observed frequencies,
expected values and percents of column totals for the indifference intervals of

the sy[able-nucleus onsät ICDII and the estimates of the models of Marcusl MPCII,
Pompino-Marschall BPMII, Howell HWLII, Schütte SHTII, KöhL:narrn KLMII

(Chi Square =7315.L7'1., p < .0001)

1) Car, b" distinctly improved by post hoc optimization of the so-called 'arbitrary' con-
stant (see text above).

2) The maximum value for this row is the number of tappings inside the indifference in-
terval NTPII of the normalized tapping positions NTP which is 5666.

3) The maximum value for this row is the %-inside value for the indifference interval NI-
PII of the actual data which is 44.4%.

quency distribution confirms the mentioned differences in magnitude of the esti-
mations, as the two models (HWL, MPC) with estimations further away from the
tapping locations show low to very low values for tappings inside the indiffer-
ence intervals around their estimates with only about L5.4 % of the tappings in-
side the indifference interval HWLII for the HWL model and hardly any, that is
about 4.7 % inside MPCII for the original p-center model of Marcus. For KLMtr
about 30 % are reported/ which is slightly more than the expected value of 28.5 %
under the assumption that there is no difference between the models and the
overall distribution between values inside and outside the indifference interval is
as given by the entire models. Assuming the indifference interval at the mean of
a normal distribution with the standard deviation of the actual tapping data, the
expected percentage of values within the indifference interval would be 40 %.

This is about the value the analysis offers for the models of Schütte and Pompino-
Marschall. Remembering the findings for the correlation analysis, of the compu-
tational models the psycho-acoustic model of Pompino-Marschall clearly is the
model of choice to determine an alignment position, giving an estimate in mag-
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nitude close to the actual tapping locations for words as well as for interjections
and showirg u very good correlation with the variation of the alignment position
introduced by the stimuli.
The only estimate that gives a noticeable higher amount of tappings inside the in-
difference interval is the syllable-nucleus-onset at about 41,.8 %. That is just about
2'/obelow the experiment specific maximal value of M.4"/o and nearly 2"/o more
than could have been expected from a normal distribution with this standard de-
viation, which indicates that the data is slightly squeezed into the middle of the
distribution (positive kurtosis) and that the syllable-nucleus-onset is the aiign-
ment marker which accounts best for that fact.
Thus for the words presented here, the estimations derived from the measured
syllable-nucleus-onset give the overall best prediction of the alignment position.

CONCLUSIoN

The results clearly show that the measured syllable-nucleus-onset is at least an
equally good estimate for the location of the alignment position (here tapping) for
equally timed rhythm perception as any of the other mentioned models of esti-
mation, and therefore supports strongly the notion of a p-center syllable-nucleus-
onset correspondence hypothesis or better, a congruence of the p-center and the
mental representation of the syllable-nucleus-onset.
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SUruLEMENT

The 10 stimuli of the experiment not presented in the stimulus section.

Figure 76: <ast> Amplitude, sonagram, amplitude erutelope (RMS, 3a ms) and
zero crossing (1,0 ms) for stimulus <ast> with an oaerall duration of 439 ms.
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Eigure 77: <bast> Amplitude, sonagram, amplitude enoelope (RMS,30 ms)
and zero crossing (L0 ms) for stimulus <bast> with an ooerall duration of
445 ms.
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Figute 78: <fast> Amplitude, sonagram, amplitude enaelope (RMS,30 ms)
and zer.o crossing (10 ms) for stimulus <fast> with an oaerall duration of
527 ms.
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Figure 79: <hast> Amplitude, sonagram, amplitude envelope (RMS,30 ms)
and zero crossing (L0 ms) for stimulus <hast> with an overall duration of
437 ms.
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Eigure 20: <kast> Amplitude, sonagram, amplitude enaelope (RMS, 30 ms)
and zero crossing (10 ms) for stimulus <kast> with an oaerall duration of
477 ms.
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Figure 27: <last> Amplitude, sonagram, amplitude envelope (RMS,30 ms)
and zero crossing (L0 ms) for stimulus <last> with an oaerall duration of
497 ms.
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