US WURK LXVI (2017)
11382]

Acoustic cues to vowel identification: The case of /1ii:/ and
/o u u:/ in Saterland Frisian

Wilbert Heeringa*, Heike Schoormann**, Jorg Peters**

Abstract. Saterland Frisian is spoken in Saterland in northwest Germany.
This language has a complete set of close short tense vowels: /iy u/.
Together with the short lax vowels /1 y v/ and the long tense vowels /i: y: u:/
they constitute series of phonemes that differ by length and/or tenseness. We
investigated which acoustic cues distinguish the sounds within two triplets
containing /11 i/ and /v u u./ respectively, conducting a traditional reading
task in order to obtain 'normal speech' and a listener-directed task in order
to obtain 'clear speech'. In the normal speech condition we found for both
triplets that short lax and tense vowels were distinguished by F1 and F2.
Short and long tense vowels within the /1ii./ triplet were distinguished by
vowel duration and F2. For the /v u u./ triplet we did not find any cue that
distinguishes short and long tense vowels. However, in clear speech, we
found that short and long tense vowels in the /o u u./ triplet are distin-
guished by vowel duration. In normal speech and clear speech short lax and
long tense vowels are furthermore distinguished by f0 fall size. In clear
speech we find for both triplets that short tense and long tense vowels are
distinguished by f0 dynamics which was calculated by dividing the sum of
the fU rise size (pitch of f0 peak minus pitch at the beginning of the interval)
and the f0 fall size (pitch of f0 peak minus pitch at the end of the interval) by
the duration of the interval. In an additional perception experiment we
found a strong agreement between the intended pronunciation of the triplet
words and their perception with F2 serving as the best predictor.

Keywords. f0 dynamics, clear speech, Frisian, Saterland Frisian, tense-
ness, vowel duration
Introduction

Saterland Frisian is spoken in the three villages Scharrel, Ramsloh, and
Striicklingen in the north-western corner of the district of Cloppenburg in
Lower Saxony in Germany (Fig. 1). It is the only remaining living variety of
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Old East Frisian, which was spoken along the coasts of the Netherlands and
Lower Saxony between the rivers Lauwers and Weser. According to the
most recent count, Saterland Frisian is spoken by about 2250 speakers
(Stellmacher, 1998). In Ramsloh, 40% of the population speaks Saterland
Frisian, in Scharrel 29%, and in Striicklingen 26%. In Sedelsberg, which
historically does not belong to the Saterland, less than 10% of the popu-
lation speaks Saterland Frisian.

® Linz

A
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Figure 1. The Saterland is found in the northwest of Germany in the northwestern
corner of the district of Cloppenburg, which is marked in gray on the map on the
left. The four villages of the Saterland are shown in the map on the right.

As reported by the literature, Saterland Frisian has a complete set of close
short vowels: /iy u/ (Kramer 1968, Kramer 1982, Fort 2015). Together with
the half-close short vowels /1 Y v/ and the long close vowels /i: y: u:/ they
constitute series of phonemes that differ by length and/or tenseness. The aim
of this paper is to identify acoustic cues which distinguish the words within
the triplets /111:/ and /v u u:/.

The acoustic cues, which add to the distinction of vowels in Saterland
Frisian triplets have not yet been fully studied. Potential acoustic cues,
which distinguish the vowels in a triplet, may be vowel duration and
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spectral features (F1, F2). Siebs’ (1889) distinction between Stofston and
Schleifton in Saterland Frisian suggests that f0 might play an additional role
even if Troster-Mutz (1997, 2002) did not find evidence for tone accent
differences in present-day Saterland Frisian (for further discussion see Pe-
ters 2008).

Several studies show that vowels with a stronger f0 dynamic are per-
ceived as being longer. Among others, Lehiste (1976) found that listeners
perceived a falling-rising or rising-falling f0, as opposed to a flat fO pattern,
to be longer even when the stimuli have the same acoustic duration. Yu
(2010) found the same effect for dynamic versus flat fO and also showed
that syllables with higher f0 are heard as longer than syllables with lower f0.
This effect is likely to be language-specific (Cumming 2011, Lehnert-Le-
Houillier 2010).

In addition to normal speech, we will also consider clear speech. Rogers
et al. (2010) define clear speech as “a speaking style that is used by talkers
when they know they may have difficulty being understood, such as in noisy
environments and when talking with hearing impaired persons.” Several
studies suggest that contrasts between vowels in duration and spectral prop-
erties may increase in clear speech.

Uchanski (1988, 1992) found that the duration contrast between tense/
long and lax/short vowels was enhanced in English clear speech by
lengthening the tense/long vowels to a greater extent than the lax/short
vowels. This finding suggests that the nonuniform increase in segment
durations for clear speech reflects the temporal structure of the language at
the segmental level.

Bradlow (2002) examined the acoustic-phonetic modifications that
characterize clear speech considering the high vowels /i/ und /u/. She
especially focused on the extent of CV coarticulation and vowel space
expansion as a function of vowel inventory size. Subjects were English
monolinguals and Spanish-English bilinguals. Bradlow found a consistent
increase of duration for both speaker groups and both languages. In clear
speech the effects for CV coarticulation were maintained, and the vowel
space was expanded both for English and Spanish. However, no correlation
with the vowel inventory size was found.

Similarly, Smiljani¢ & Bradlow (2005) elicited conversational and clear
speech from five native speakers of Croatian and five native speakers of
English. The authors found that the acoustic-phonetic features of the conver-
sational-to-clear speech transformation revealed cross-language similarities
in clear speech production strategies. In both languages speakers exhibited a
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decrease in speaking rate and an increase in pitch range, as well as an
expansion of the vowel space.

In summary, the studies show that clear speech may increase duration
and durational contrast, pitch, pitch range, and vowel space size, which is
confirmed by many other studies as well (cf. Picheny et al. 1986, 1989;
Krause and Braida 2004; Bradlow et al. 2003; Liu et al. 2004; Moon and
Lindblom 1994; Ferguson and Kewley-Port 2002; Johnson et al. 1993). A
listener-directed clear speech task maximizes the discrimination between
words and appears to be a promising approach for finding segmental and
prosodic cues distinguishing the sounds within a triplet which may remain
undetected in a normal speech experiment.

The present paper is an extended version of Heeringa et al. (2014). We
investigate, which acoustic cues distinguish the sounds within triplets
containing /11 1:/ and /o u u:/. The triple /11 1:/ is also found in West Frisian
(Fort 1980, p. 62, Tiersma 1999, p. 9, Visser 2003, p. 132). The distinction
between high vowels /i 1./, /y y:/ and /u u:/ has been studied by de Graaf
(1985) for West Frisian. His results were obtained on the basis of five
subjects between 60 and 70 years old and five subjects between 20 and 30
years old and suggest that the distinction between short and long tense
vowels decreases. The average vowel duration ratio for the older group was
2.4, whereas the younger group showed a ratio of 1.9. De Graaf also found
that all speakers pronounced the short vowels in a more central position than
the long vowels. For the younger generation the distances between the short
and long tense vowels in the F1/F2 plane are systematically smaller than the
corresponding distances for the older generation. This may give rise to the
question whether short lax and tense high vowels are still distinguished.

In Saterland Frisian only for the trifold distinctions /111:/ and /o u u:/
minimal triplets are available and still known (cf. Fort (1980), p. 62), even if
only by a restricted number of Saterland Frisian speakers.

In order to find the acoustic cues that distinguish the sounds within Sater-
land Frisian triplets we obtained normal speech by conducting a traditional
reading task, and clear speech by carrying out a listener-directed task for
each of the two triplets. Additionally, we study the effect of clear speech on
the acoustic variables compared to normal speech. In particular, we address
the following research questions:

1. Which acoustic cues distinguish the sounds within triplets containing /11 1./ and
/v u u:/ in normal speech?

2. Which acoustic cues distinguish the same triplets in clear speech? What is the
effect of clear speech on the acoustic variables compared to normal speech?
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3. Do native speakers of Saterland Frisian perceive the phonological distinctions
within a triplet in clear speech?

In Section 2 we describe the normal speech experiment. Section 3 presents
the results of the clear speech experiment. Results of the perception exper-
iment are presented in Section 4. In Section 5 we end with conclusions and
discussion.

2. Experiment 1: Normal speech
2.1. Material

We examined the /1ii:/ and /ouu:/ triples because for these trifold
distinctions minimal triplets are available. For the closed front vowels /11 i:/
we used the triplet Smitte [smito] ‘forge’, smiete [smits] ‘to throw’, and
Smiete [smi:to] ‘throws’ (pl.), which was preferred over the alternative
triplet /innen ‘made out of linen, linen’, Lienen ‘leashes’ (pl.), and Lienen
‘railings, backrests’ due to greater familiarity of the former triplet and better
segmentability. The closed back vowels /o uu:/ were elicited by the only
available and well-known triplet ful [fol] “full’, fuul [ful] ‘rotten’, and fuul
[fu:l] ‘much’.

2.2. Procedure

For each of the triplets we conducted two experiments, one eliciting ‘normal
speech’ and another eliciting ‘clear speech’. The experiments were carried
out in 2012 with four female native speakers, aged 78, 66, 67, and 65 years,
henceforth referred to as subject 1, subject 2, subject 3, and subject 4 re-
spectively. The four speakers are early trilingual speakers of Saterland
Frisian, Low German, and High German. They are born and raised in Rams-
loh and have lived in this village most of their lives. We chose Ramsloh
since it is located in the center of Saterland and its Saterland Frisian variety
is considered to be the most conservative (Fort 1980). Given the small
number of speakers, this study should be considered as explorative.

Saterland Frisian words were presented in written form to each of the
four native speakers on a computer screen one word a time. We used twelve
different words: six triplet words (ful, fuul, fuul, Smitte, smiete, Smiete) and
six filler words (Pot ‘pot’, Paad ‘path’, Kat ‘cat’, leet ‘late’, Téik ‘roof’,
Poot ‘paw’).

A session consisted of four blocks in which each of the 12 words was
presented four times. Within each block the words were presented in con-
trolled randomized order, so that a word was never followed by the same
word or by a word belonging to the same triplet. Three of the six filler
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words (Pot, Paad, and Kat) were also used as a short practice, preceding the
first block. In sum, 195 words were presented in one session.

We obtained 16 samples per subject per triplet word. Subject 1 performed
the test twice, therefore we obtained 32 samples per subject per triplet word
for this informant. The second test was done in order to obtain a larger set of
samples with a f0 peak, i.e. of samples not produced with a downstepped
high tone. The number of word samples is given per triplet and per subject
in Table 1. When looking for cues concerning the f0 dynamics only samples
with a clear f0 peak were used for the analysis. The number of word
samples which satisfy this condition is given separately in Table 1. Note that
for subjects 3 and 4 we did not obtain samples of Smitte, smiete, and Smiete,
and no samples with fO peak. Therefore, when results for the /111:/ triplet
are shown or when results concerning the f0 peak are shown, no results are
given for subjects 3 and 4.

Table 1. Number of word samples per triplet word and per subject obtained by the
normal speech experiment.

all samples samples with fO peak

subject 1 subject2 subject3 subject4  subject 1 subject2 subject3 subject 4

Smitte 32 16 25 12
smiete 32 16 26 16
Smiete 31 16 23 16
ful 32 16 16 16 6 11
fuul 32 16 16 16 10 13
faul 32 16 16 16 11 14

2.3. Acoustic variables

Segmental and prosodic variables were measured with PRAAT (Boersma &
Weenink, 1992-2015). For each word belonging to the /1i1i:/ triplet we
measured the duration of each of the segments /s/, /m/, V, /t/, and final
schwa. The duration of /t/ was split into two parts: the time from the
beginning of the segment to the burst (t1), and from the burst to the end of
the segment (t2). We also measured spectral variables F1 and F2 at the
vowel center. When looking for acoustic cues that distinguish triplet words,
we took the perception of the speakers as the starting point. To this end,
Hertz values were converted to the auditory Bark scale using Traunmiiller’s
(1990) formula in all of the analyses in this paper.

To analyze formant dynamics, the amount of vowel inherent spectral
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change was assessed as the trajectory length (TL), which is obtained on the
basis of spectral changes in the vowel interval between the 20% point and
the 50% point and between the 50% point and the 80% point of the vowel’s
duration. These spectral changes are calculated as Euclidean distances in
Hertz between the measurement points in the F1-F2 plane following Fox &
Jacewicz 2009 (cf. Jin & Liu 2013):

VSLsg-n0 = +/ (Fl50 — Fl50)2 + (F250 — F259)2
VSLgo_so = +/ (Flgy — Flsg)? + (F2gp — F25)2 0!

Subsequently TL is measured as the sum of the two vowel sections lengths
(VSL50-20, VSL80-50).

TL=VSLsp_20+VSLgo_s9 (2)

To account for dynamic changes in unnormalized time, the spectral rate of
change (TL roc) between the 20% and 80% point, i.e. within the central
60%, was calculated as proposed in Fox & Jacewicz 2009 (cf. Mayr &
Davies 2011):

TL
TL roc = 060—deu; 3)

We measured f0 variation in the interval from the beginning of /m/ to the
end of the vowel. Where a clear f0 peak was present within this interval, we
measured the rise size and the fall size in semitones (see Figure 2). Relative
fO excursion in semitones per millisecond was used as a measure of 0
dynamics. We calculated f0 excursion by dividing the sum of the f0 rise size
(pitch of fO peak minus pitch at the beginning of the interval) and the {0 fall
size (pitch of fO peak minus pitch at the end of the interval) by the duration
of the interval.

Figure 2. Pitch contour of the triplet word smiete (left) and fuul (right). Vertical
lines with R show the f0 rise size and vertical lines with F show the f0 fall size.
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For each word belonging to the /o uu:/ triplet we likewise measured the
duration of each of the segments, /f/, V, and /1/, mid vowel F1 and F2, TL,
and TL roc. When measuring relative fO excursion, we focused on the
interval starting at the beginning of the vowel and ending at the end of /1/.

2.4. Statistical processing

In order to measure average differences between triplet words, we used the
robust R function pbtrmp, which does not require particular sample distri-
butions and can deal with small sample sizes (cf. Table 1). The function
pbtrmp was developed by Rand Wilcox (tmcppb uses a strongly related
methodology and is discussed in Wilcox 2012). This function performs
multiple comparisons for independent groups based on trimmed means and
using a percentile bootstrap method. The amount of trimming is 20%. The
estimate of a 20% trimmed mean is based on the 20% Winsorized sample
variance. In a Winsorized sample outliers are replaced with observed values,
rather than discarded. Each of the first k smallest values are replaced by the
(k+1)-th smallest value, and the k largest values are replaced by the (k+1)-th
largest value. The Winsorized variance of a sample is the variance of the
winsorized set of values (Hastings, Mosteller, Tukey & Winsor 1947).

The acoustic variables were initially analyzed per subject and per triplet.
However, in this paper the results of the subjects are combined by showing
the consensus. For example, when we found p < 0.01 for the one subject,
and p < 0.001 for the other subject, then the consensus is considered to be p
< 0.01. When we do not find a significant effect for one of the subjects for a
particular variable or a significant difference in opposite direction, no
significance is reported.

In the tables below, statistical significant differences are measured at the
0.05 level. The direction of the differences is indicated by '<' (measurements
for the first triplet word are smaller than for the second triplet word) and ">
(measurements for the first triplet word are larger than for the second triplet
word).

In several analyses we determined how well (combinations of) acoustic
variables predict the distinctive triplet words. For this purpose, we use linear
discriminant analysis as implemented by the R function lda in the package
MASS (Venables & Ripley 2002).
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2.5 Cues distinguishing triplet words

Duration values for the /11 1:/ triplet are shown in Figure 3 for subject 1 and
subject 2. Vowel plots are found in Figure 4 and f0 contour plots in Figure 5.

/111:/ triplet /o uu/ triplet
subject 1 subject 2 subject 1 subject 2
normal speech (SF) normal speech (SF) normal speech (SF) normal speech (SF)
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Figure 3. Duration values for normal speech of the /1ii:/ triplet (top) and the
/o u u./ triplet (bottom).

/111:/ triplet /o u u/ triplet

subject 1 normal speech subject 2 normal speech subject 1 normal speech subject 2 normal speech

F2 F2 F2 F2
16 15 14 13 12 1 16 15 14 13 12 1 12 10 876543 12 10 87 6543

[ I S —| [ I S —| Y Y Y I N N S -

LY = o ® ®

Figure 4. Vowel plots show the mean formant values of the triplet sounds of the
/ii/ triplet and the /vuu:/ triplet for normal speech. Ellipses represent
confidence intervals of 68.27% (equivalent to plus-or-minus 1 sample standard
deviation). As expected from the depiction of the Saterland Frisian vowel system in
(cf- Fort 1980, p.60) the short vowels /1 v/ are produced more centralized than /i: i/
and /u: u/.
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/111:/ triplet /o u u/ triplet

subject 1 normal speech subject 2 normal speech subject 1 normal speech subject 2 normal speech
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Figure 5. f0 contours for the /1 i i/ triplet and the /o u u:/ triplet in normal speech.
Light grey lines represent short lax vowels, dark gray lines represent short tense
vowels, and black lines represent long tense vowels.

Consensus results of the two subjects are presented in Table 2a. We find that
short lax and tense vowels are distinguished by vowel duration, F1, F2, and
{0 fall size. Short and long tense vowels are distinguished by vowel duration
and F2.

Table 2. Consensus results of subjects 1 and 2 for the /1ii/ triplet (a) and the
/o u u/ triplet (b), and of subjects 1, 2, 3, and 4 for the /v u u./ triplet (c).

(a) 12 1-3 2-3 (b) 12 13 23 (c) 12 13 2-3
/s/ duration /f/ duration /f/ duration

/m/ duration

V duration < < < V duration < < V duration

t1 duration /I/ duration /I/ duration

t2 duration

/a/ duration

F1 > > F1 > > F1 > >
F2 < < < F2 > > F2 > >
TL TL TL

TL roc > TL roc > TL roc

{0 rise size f0 rise size

{0 fall size < < f0 fall size

f0 dynamics fO dynamics

In (a) 1=Smitte, 2=smiete, 3=Smiete, and in (b) and (¢) 1=ful, 2=fuul, 3=faul.
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Duration values for the /v uu:/ triplet are shown in Figure 3 for subject 1
and subject 2. Vowel plots are found in Figure 4 and fO contour plots in
Figure 5.

Consensus results of the two subjects are presented in Table 2b. Short lax
and tense vowels are distinguished by vowel duration, F1 and F2. Short lax
and tense vowels are also distinguished by TL roc. The triplet words fuul
and faul are not distinguished by any variable, i.e. short tense and long tense
vowels are not distinguished in normal speech.

The /o uu/ triplet was also studied for all four subjects. Since the
number of samples with a clear f0 peak was not sufficient for subject 3 and
subject 4, we studied the triplet without considering variables regarding 0.
Duration values for the /o uu:/ triplet are shown in Figure 6 for all four
subjects. Vowel plots are found in Figure 7.

subject 1 subject 2 subject 3 subject 4
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Figure 6. Duration values for normal speech for the /v u u./ triplet.

subject 1 normal speech subject 2 normal speech subject 3 normal speech subject 4 normal speech
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Figure 7. Vowel plots show the mean formant values of the triplet sounds for
normal speech using Saterland Frisian stimuli. Ellipses represent confidence
intervals of 68.27% (equivalent to plus-or-minus 1 sample standard deviation). As
expected from the depiction of the Saterland Frisian vowel system in (cf. Fort 1980,
p-60) the short vowels /1 v/ are produced more centralized than /i: i/ and /u: /.

Consensus results of the four subjects are presented in Table 2¢c. We find that
short lax vowels are distinguished from short and long tense vowels by F1
and F2. The triplet words fuul and flul are not distinguished by any
variable.
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For all three data sets we find that short lax and tense vowels are
distinguished by F1 and F2. In the /11 1/ triplet short and long tense vowels
are distinguished by vowel duration and F2, but in the /o uu:/ triplet this
distinction is not found for any variable.

2.6 Cues predicting triplets
2.6.1 Prediction of lax/tense and short/long distinction

Using linear discriminant analysis, we tried to find the variables that best
predict the distinction between short lax and tense vowels, and between
short and long tense vowels. Table 3a shows the acoustic variables pre-
dicting the lax/tense distinction of short vowels and the short/long distinc-
tion of tense vowels within the /11 1./ triplet. When we consider the lax/tense
distinction we find highest percentages for F2, and second best for F1. The
short/long distinction is best predicted by vowel duration.

Table 3. Acoustic variables predicting the lax/tense distinction of short vowels and
the short/long distinction of tense vowels within the /1 i i/ triplet (a) and the /o u u:/
triplet (b) with linear discriminant analysis. The numbers represent the percentage
of triplet words that were correctly estimated. The highest percentage(s) per subject
and per speech type are represented in bold.

lax versus short versus lax versus short versus
(a) (b)

tense long tense long

subjl subj2 subjl subj2 subj 1 subj2 subjl subj2
/s/ duration 57 61 47 50 /f/ duration 63 54 67 63
/m/ duration 51 61 61 72
V duration 73 82 88 84 V duration 81 96 76 52
t1 duration 73 68 55 53 /1/ duration 56 54 52 63

t2 duration 67 64 47 50
/a/ duration 45 57 65 56

F1 94 100 63 56 F1 100 100 48 52
F2 100 100 76 75 F2 94 96 86 56
TL 53 61 65 56 TL 69 54 67 67
TL roc 55 64 76 50 TL roc 63 88 57 63
{0 rise size 57 68 59 66 f0 rise size 63 54 62 59
{0 fall size 78 82 65 63 10 fall size 63 54 62 48
f0 dynamics 55 61 53 69 fO0 dynamics 63 79 52 63
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For the /v u u:/ triplet results are shown in Table 3b. When we consider the
lax/tense distinction, we find the highest percentages for F1, and second
highest percentages for F2. Regarding the short/long distinction we find that
there is no consensus for the two subjects. For subject 1 F2 has the highest
percentage, and for subject 2 TL has the highest percentage. In Table 2b in
section 2.5, we found that there is likewise no consensus about which
variable distinguishes short and long tense vowels.

The results on the basis of four speakers in Table 4 are similar. The lax/
tense distinction is best predicted by F1 and second best by F2, but there is
no consensus among the four speakers about which variable predicts the
short/long distinction best. In Table 2¢ we find that there is also no consen-
sus about which variable distinguishes short and long tense vowels.

Table 4. Acoustic variables predicting the lax/tense distinction of short vowels and
the short/long distinction of tense vowels within the /v u u./ triplet. The numbers
represent the percentage of triplet words that were correctly estimated. Variables
regarding f0 are not considered. The highest percentage(s) per subject and per
speech type are represented in bold.

lax versus tense short versus long

subj1 subj2 subj3 subj4 subjl subj2 subj3 subj4

/f/ duration 61 56 53 63 61 66 59 66
V duration 77 97 59 88 64 53 56 53
/1/ duration 63 50 69 66 58 53 66 72

F1 98 100 88 91 45 50 69 59
F2 95 97 72 88 70 59 59 56
TL 52 53 44 63 55 59 53 41
TL roc 72 75 56 66 59 66 47 56

The results suggest that the distinction between short lax and tense vowels is
predicted by spectral variables, F1 and/or F2 for all subjects and both
triplets. Within the /rii:/ triplet tense short and long tense vowels are
predicted by vowel duration. For the /o u u:/ triplet for each subject another
variable is found that predicts the distinction between short and long tense
vowels best. Note that for none of the subjects vowel duration was found to
be the best predictor.
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2.6.2 Prediction of triplet words by one variable

In the previous section we looked for variables that predict the lax/tense
distinction, and for variables that predict the short/long distinction. In this
section we study how well individual variables predict all three vowels
within a triplet. Results for the /111:/ triplet are shown in Table 5a. The
numbers represent the percentage of triplet words that were correctly
estimated. The highest percentages are found for F2.

Table 5. Acoustic variables predicting the words within the /1 i i:/ triplet (a) and the
/o uu/ triplet (b). The numbers represent the percentage of triplet words that were
correctly estimated. The highest percentage(s) per subject and per speech type are
represented in bold.

(a) subject 1 subject 2 (b) subject 1 subject 2
V duration 73 73 V duration 67 61
F1 73 68 F1 59 66
F2 84 82 F2 85 66
TL 42 41 TL 56 47
{0 rise size 39 50 f0 rise size 48 45
{0 fall size 62 64 f0 fall size 48 37

For the /v uu/ triplet results are shown in Table 5b. For subject 1 F2 is the
best predictor, for subject 2 both F1 and F2 have the highest percentage.

Table 6 shows the results for the /v uu:/ triplet on the basis of four
speakers and all available samples per speaker. As in Table 5b, for subjects 1
and 2 we find that F2 is the best predictor but for subjects 3 and 4 the best
predictor is F1.

Table 6. Acoustic variables predicting the words within the /o u u./ triplet. The
numbers represent the percentage of triplet words that were correctly estimated.
Variables regarding f0 are not considered. The highest percentage(s) per subject
and per speech type are represented in bold.

subject 1  subject2 subject3 subject 4

V duration 60 67 44 60
F1 63 67 71 67
F2 77 71 60 63
TL 38 40 40 33
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For both triplets we find that spectral features best predict triplet words. We
find that the vowels within the /11 1./ triplet are predicted relatively well by
just one predictor, namely F2. For the /v uu:/ triplet percentages are lower
on average and there is no consensus among the subjects whether F1 or F2
is the best predictor.

2.6.3 Prediction of triplet words by combinations of variables

In Section 2.6.2 we found that vowels within the /11 1:/ triplet are predicted
relatively well by just one predictor. However, using just one predictor for
the /o uu:/ triplet was less successful. In Section 2.6.1 we found that the
distinction between short lax and tense vowels is predicted by spectral
variables, and within the /rii:/ triplet short and long tense vowels are
predicted by vowel duration. This might indicate that at least two different
variables are required for an optimal prediction of the vowels within a
triplet.

Table 7a shows combinations of two acoustic variables predicting the
words within the /11 i/ triplet with linear discriminant analysis. The highest
percentages are found for vowel duration + F2, followed by vowel duration
+ F1. This agrees with the results we found in Section 2.6.1, where spectral
properties were found to best predict the lax/tense distinction and vowel
duration was the best predictor of the short/long distinction.

Table 7. Combinations of two acoustic variables predicting the words within the
/1ii/ triplet (a) and the /v u u./ triplet (b). The numbers represent the percentage of
triplet words that were correctly estimated. The highest percentage(s) per subject
and per speech type are represented in bold.

(a) subj 1 subj2 (b) subj 1 subj2
V duration F1 88 91 V duration F1 78 68
V duration F2 92 91 V duration F2 85 66
V duration TL 69 75 V duration TL 74 71
V duration {0 rise size 72 68 V duration fOrisesize 70 68
V duration {0 fall size 76 80 V duration f0 fall size 74 68
F1 F2 82 82 F1 F2 89 68
F1 TL 72 70 F1 TL 78 76
F1 0 rise size 70 73 F1 {0 rise size 78 66
F1 f0 fall size 76 80 F1 0 fall size 74 68 —
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F2 TL 86 84 F2 TL 85 74
F2 f0 rise size 85 84 F2 {0 rise size 85 68
F2 f0 fall size 86 80 F2 f0 fall size 85 68
TL fO rise size 46 45 TL fOrise size 63 58
TL f0 fall size 64 64 TL {0 fall size 67 42
fO rise size {0 fall size 61 68 f0 rise size f0 fall size 56 37

Results for the /v uu:/ triplet are given in Table 7b. We could not find a
consensus among the subjects. The best combination for subject 1 is F1 +
F2, and for subject 2 F1 + TL. This agrees with the results in Section 2.6.1,
where the lax/tense distinction was predicted best by F1, and regarding the
short/long distinction F2 had the highest percentage for subject 1, and TL
had the highest percentage for subject 2. Since no consensus could be found
for the variable predicting the short/long distinction best (see Table 3b), no
consensus combination can be found that predicts all three triplet words
best.

Results obtained on the basis of four speakers are shown in Table 8. We
could not find consensus for the best combination of variables across the
four speakers. This can be explained from the fact that no consensus could
be found for the short/long distinction (see Table 4).

Table 8. Combinations of two acoustic variables predicting the words within the
/o uu/ triplet. The numbers represent the percentage of triplet words that were
correctly estimated. Variables regarding f0 are not considered. The highest
percentage(s) per subject and per speech type are represented in bold.

subject 1 subject2 subject 3 subject 4

V duration 60 67 44 60
V duration F1 77 67 75 63
V duration F2 72 71 65 63
V duration TL 59 73 46 69
F1 63 67 71 67
Fl1 F2 78 65 77 69
Fl1 . 70 73 69 60
F2 77 71 60 63
F2 L 72 75 58 60
TL 38 40 40 33
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To summarize we find consensus for the /11 1:/ triplet, where triplet words
are predicted best by a combination of F2 and vowel duration, but for the
/uvuu:/ triplet a consensus combination cannot be found, likely because
short tense and long tense vowels are not distinguished in normal speech
(see Tables 2b and 2c). The length distinction may be neutralized in some
contexts.

When comparing the results on the basis of two variables with the results
on the basis of one variable (Section 2.6.2), we find the biggest
improvement for the /111:/ triplet: 82-84% versus 91-92%. Less improve-
ment is found for the /v u u:/ triplet when considering two speakers: 66-85%
versus 76-89%. Hardly any improvement is found for the /v uu:/ triplet
when considering four speakers: 67-77% versus 69-78%.

3. Experiment 2: Clear speech
3.1 Procedure

Saterland Frisian words were presented in written form on a computer
screen to the same four speakers who participated in experiment 1. In this
condition only the six triplet words were used. For maximum discrim-
ination, a triplet word was always presented together with the two other
triplet words. The word to be pronounced was encircled and highlighted by
blue colour (the other words were black). The three words of a triplet were
located on the screen so that they are imaginary vertices of a triangle. Each
triangle was rotated over an arbitrary angle. Screenshots of the clear speech
condition used to obtain samples of the triplet words ful, fuul, and fuul are
exemplified in Figure 8.

’Fli.l ful I@

ful fuul
faul

faul o ful

Figure 8. Sequence of three screenshots in a clear speech experiment.

One session consisted of four blocks. Each of the triplet words was
presented eight times per block. Within a block, 24 words of the /v uu:/
triplet were presented first, followed by 24 words of the /11 1./ triplet. Thus,
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in each block 48 words were pronounced. In each part the words were
presented in a randomized order so that a word was not followed by the
same word.

In this experiment, the subjects were either speaker or listener and
changed roles after each block. When one subject read the words aloud, the
other subject marked the triplet word she thought she heard. A screen
separated the reader and the listener during this experiment.

Just as for normal speech we obtained 16 samples per subject per triplet
word. The number of word samples is given per triplet and per subject in
Table 9. When we look for cues concerning the fO dynamics, only samples
with a clear fO peak in the vowel can be used for the analysis. The number
of word samples, which satisfy this condition, is given separately in Table 9.
Note that for subjects 3 and 4 we did not obtain samples of Smitte, smiete,
and Smiete, and no samples with an fO peak. Therefore, when results for the
/111:/ triplet are shown or when results concerning the f0 peak are shown,
no results are given for subjects 3 and 4.

Table 9. Number of word samples per triplet word and per subject obtained by the
clear speech experiment with Saterland Frisian stimuli. The right half of the table
shows the number of samples which have a clear f0 peak.

all samples samples with f0 peak

subj1 subj2 subj3 subj4 subj1 subj2 subj3 subj4

Smitte 16 16 14 5
smiete 16 16 16 14
Smiete 16 16 16 14
ful 16 16 14 11 5 4
fuul 16 16 13 13 4 10
faul 16 16 14 12 13 10

We conducted a second clear speech experiment, in which we tried to avoid
a possible influence of the generally unfamiliar Saterland Frisian spelling on
the subject. When a subject reads fuul and fiiul in succession, it is likely that
s/he will pronounce fuul with longer vowel duration than fuul, even if the
subject is not used to pronounce the two words distinctly. In this second
experiment High German (HG) equivalents were presented instead of the
Saterland Frisian (SF) words. The subjects pronounced the Saterland Frisian
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translations of the words, i.e. they translated and pronounced the words at
the same time.

We obtained 16 samples per subject per triplet word. The number of
word samples is given per triplet and per subject in Table 2b. When we look
for cues concerning the f0 dynamics, only samples with a clear f0 peak can
be used for the analysis. The number of word samples, which satisfy this
condition, is given separately in Table 10. Samples with f0 were obtained
only for subjects 1 and 2 for Smitte, smiete, and Smiete.

Table 10. Number of word samples per triplet word and per subject obtained by the
clear speech experiment with High German stimuli.

all samples samples with f0 peak
subj1 subj2 subj3 subj4 subj1 subj2 subj3 subj4
Smitte 16 16 16 8
smiete 16 16 15 11
Smiete 16 15 16 9
ful 16 15 18 18

fuul 16 16 18 18
faul 16 16 18 18

3.2 Cues distinguishing triplet words

Duration values for the /1ii:/ triplet as obtained by the clear speech
experiment using Saterland Frisian stimuli are shown in Figure 9 for subject
1 and subject 2. Vowel plots are found in Figure 10 and fO contour plots in
Figure 11.

subject 1 subject 2
- normal speech (SF)  clear speech (SF) | clear speech (HG) 00 normal speech (SF)  clear speech (SF)  clear speech (HG)

o
L=
o
L=

LN

LR N

mean duration (ms)
a n
[=]

mean duration (ms)
— [
o
[=]
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subject 1 subject 2
normal speech (SF) clear speech (SF) normal speech (SF) clear speech (SF)

£ AL HHIE
= 200 = 200
2 2
© ©
'g 100- .g 100-
c c
] ]
£ . g .

D. : ’ L T J . ’ L T . D. : ’ L T J . ’ L T

4] u u: 4] u u: 4] u u: 4] u u:

Figure 9. Duration values for normal speech and clear speech. On top the /1ii:/
triplet and at the bottom the /v u u./ triplet.

/111:/ triplet

subject 1 normal speech subject 1 clear speech (SF) subject 1 clear speech (HG)
F2 F2 F2
16 15 14 13 12 11 16 15 14 13 12 11 16 15 14 13 12 11
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w w w
® ] -5 -5
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/o uu/ triplet

subject 1 normal speech subject 1 clear speech (SF)
F2 F2
12 10 87 6543 12 10 87 6543

©@

T 1T T
(SIS NG IS AR X
F1

T 1T T
® N e oo AW N
F1

subject 2 normal speech subject 2 clear speech (SF)
F2 F2
12 10 87 6543 12 10 876543
Y Y T T N Y Y T
2 2
w -3 -3
-4 -4
L5 s L
@ -6 - 6
7 7
— 8 — 8

Figure 10. Vowel plots show the mean formant values of the triplet sounds of the
/i i/ triplet (top) and the /v u u./ triplet (bottom) for normal speech (left), clear
speech using Saterland Frisian stimuli (middle), and clear speech using High
German stimuli (right). Ellipses represent confidence intervals of 68.27%
(equivalent to plus-or-minus 1 sample standard deviation).

/111:/ triplet
subject 1 normal speech subject 1 clear speech (SF) subject 1 clear speech (HG)
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subject 2 normal speech subject 2 clear speech (SF) subject 2 clear speech (HG)
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Time Time Time
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/o uu/ triplet

subject 1 normal speech subject 1 clear speech (SF)
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subject 2 normal speech subject 2 clear speech (SF)
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Figure 11. f0 contours for the /1 i i/ triplet (top) and the /v u u:/ triplet (bottom) in
normal speech (left), clear speech using Saterland Frisian stimuli (middle), and
clear speech using High German stimuli (vight). Lighter lines represent short lax
vowels, darker gray lines represent short tense vowels, and black lines represent
long tense vowels.

Consensus results of the two subjects on the basis of normal speech and
clear speech are presented in Table 11a. For both normal speech and clear
speech all three triplet words are distinguished from each other by vowel
duration. The distinctions in normal speech found for F1 and TLroc are also
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found in the two types of clear speech. When comparing clear speech to
normal speech, we find that a larger number of variables distinguish short
vowels and long vowels. In addition to vowel duration, F1 and F2, short and
long tense vowels are distinguished by durations of /m/, t2, and /o/, and by
TLroc. Differences between clear speech elicited by Saterland Frisian
stimuli and clear speech elicited by High German stimuli are small. When
Saterland Frisian stimuli were used, short lax and long tense vowels are
distinguished by f0 rise size. However, short lax and short and long tense
vowels are distinguished by fO fall size when High German stimuli were
used. Using Saterland Frisian stimuli F2 distinguished short and long tense
vowels and fO dynamics distinguished short lax and tense vowels. When
using High German stimuli this is no longer the case.

The results for f0 are different for each type of speech. But in both
normal speech and clear speech (HG) short lax and long tense vowels are
distinguished by f0 fall size, and in the two types of clear speech short tense
and long tense vowels are distinguished by f0 dynamics.

Table 11. Consensus results of subject 1 and subject 2 for the /1ii./ triplet (a) and
the /v u u./ triplet (b).

() normal clear speech  clear speech (b) normal clear
speech (SF) (HG) speech speech
12 13 23 12 13 23 12 13 23 12 13 23 12 13 23

/s/ duration /f/ duration

/m/ duration < < < <

V duration < < < < < < < < < Vduration < < < <

t1 duration /I/ duration

t2 duration < < < <

/o/ duration < < < <

F1 > > > > > > > > Fl1 > > > >

F2 < < < < < < < < F2 > > >

TL TL

TL roc > > > > > TL roc > >

{0 rise size < {0 rise size

{0 fall size < < < fO fall size

o 0

dynamics = ” g dynamics g

In (a) 1=Smitte, 2=smiete, 3=Smiete, and in (b) 1=ful, 2=fuul, 3=faul.
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Duration values for the /ouu:/ triplet as obtained by the clear speech
experiment using Saterland Frisian stimuli are shown in Figure 3 for subject
1 and subject 2. Vowel plots are found in Figure 12 and f0 contour plots in
Figure 13.

subject 1 subject 2

normal speech (SF) _ clear speech (SF)  _ clear speech (HG) normal speech (SF)  clear speech (SF) clear speech (HG)
0 0 —
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- 100- - 100- —_
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: I I l|: : IJ I|:
] ]
£ £ o e

U u u U u ou U U u
subject 3 subject 4

normal speech (SF)  clear speech (SF) clear speech (HG) normal speech (SF)  clear speech (SF) | clear speech (HG)
w o
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< 200- < 200-
° — 8
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5 5
© 100- © 100-
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[u] [u]
£, I] £ D l
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Figure 12. Duration values for normal speech and clear speech for the /v u u./
triplet.

50



US WURK LXVI (2017)

subject 1 normal speech subject 1 clear speech (SF) subject 1 clear speech (HG)
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Figure 13. Vowel plots show the mean s[ormant values of the triplet sounds for
normal speech (le]tﬁ clear speech using Saterland Frisian stimuli (gﬁddle), and —
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clear speech using High German stimuli (right). Ellipses represent confidence
intervals of 68.27% (equivalent to plus-or-minus 1 sample standgrd deviation).
Consensus results for normal speech and clear speech of the two subjects
are presented in Table 11b. Normal speech and clear speech agree concern-
ing F1, which distinguishes short lax vowels from short tense vowels. When
comparing clear speech to normal speech, we find that the number of
variables that distinguish short lax and tense vowels has decreased, in clear
speech they are distinguished only by F1. In normal speech short and long
tense vowels were not distinguished. In clear speech they are distinguished
by two variables: vowel duration and fO dynamics.

Duration values for the /o uu:/ triplet are shown in Figure 11 for all four
subjects. Vowel plots are found in Figure 12. Consensus results of the four
subjects for the normal speech and the two clear speech experiments are
presented in Table 12. In all three types of speech, short lax and tense
vowels are distinguished by F1 and F2. When comparing clear speech to
normal speech, we find that short and long tense vowels are also
distinguished. When using Saterland Frisian stimuli, this distinction is
represented by just one variable — V duration — but when using High Ger-
man stimuli, three extra variables represent this distinction: /lI/ duration, F2,
and TL roc.

Table 12. Consensus results of subject 1, subject 2, subject 3, and subject 4 for the
/o uu/ triplet.

normal speech clear speech (SF) clear speech (HG)
1-2 1-3 23 -2 13 23 -2 13 23

/f/ duration

V duration < < < <
/1/ duration <
F1 > > > > > >

F2 > > > > > > >
TL

TL roc >

1=ful, 2=fuul, 3=faul
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When considering the results of both triplets, we conclude that the effect of
clear speech compared to normal speech is that the distinction between short
and long tense vowels is revealed (/o uu:/ triplet) or is revealed in a larger
number of variables (/111:/).

The effect of presenting High German stimuli instead of Saterland
Frisian stimuli in the clear speech experiment seems to have a different
effect on the two triplets. For the /1i1i:/ triplet some variables lost their
significance for some distinctions but for the /o u u:/ triplet the number of
variables that distinguish short and long tense vowels increased from one to
four. In order to try to explain the difference in effect on the triplets, we
consider that translating the High German words into Saterland Frisian is
harder than just reading the Saterland Frisian words. This is especially the
case for the /111:/ triplet, where the subjects had to translate the German
words werfen, Wiirfe, and Schmiede into Saterland Frisian Smitte, smiete,
and Smiete respectively. When translating the German words voll, faul, and
viel into Saterland Frisian ful, fuul and fuul the subjects may have felt more
confident, since all of the German words are cognates of the Saterland
Frisian words, while the different pronunciation of the nucleus for each of
the three triplet words might have stimulated them to pronounce the
Saterland Frisian words even more clearly. Finally, we have to take into
account that the results for the /o u u:/ triplet are obtained on the basis of a
larger number of speakers and samples than the results for the /111:/, thus
smaller effects reach statistical significance more easily.

3.3 Cues predicting triplets

In Section 2.6 we used linear discriminant analysis in order to find the
variables that predict best the distinction between short lax and tense
vowels, and between short and long tense vowels for normal speech. In this
section we also consider clear speech, obtained on the basis of both
Saterland Frisian stimuli and High German stimuli. In Section 3.3.1 we find
the variables that best predict the distinction between short lax and tense
vowels, and between short and long tense vowels. In Section 3.3.2 we find
the variables, which best predict all distinctions within a triplet. In Section
3.3.3 we consider combinations of two variables and try to find the
combination, which optimally predicts all three vowels within a triplet.

3.3.1 Prediction of the lax/tense and short/long distinction

Table 13 shows the acoustic variables predicting the lax/tense distinction of
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short vowels and the short/long distinction of tense vowels within the /11 1:/
triplet. The numbers represent the percentage of triplet words that were cor-
rectly estimated by the procedure. Both for normal speech and clear speech
we find the highest percentages for the spectral features F1 and F2 when we
consider the lax/tense distinction, and the highest percentages for duration
when considering the short/long distinction. For subject 1 we also find high
percentages for /o/ duration and TL roc in the two types of clear speech.

For f0 we do not find any clear pattern. None of the three variables
systematically performs better than the others, there is not a clear difference
for the lax/tense and short/long distinction among the three types of speech,
and the percentages are relatively low, varying between 48% and 82%.

Table 13. Acoustic variables predicting the lax/tense distinction of short vowels
and the short/long distinction of tense vowels within the /1i i/ triplet. The numbers
represent the percentage of triplet words that were correctly estimated. The highest
percentage(s) per subject and per speech type are represented in bold.

lax versus tense short versus long

clear clear clear clear
normal normal

speech speech speech speech

speech speech

(SF) (HG) (SF) (HG)

subj 1 subj2 subjl subj2 subjl subj2 subjl subj2 subjl subj2 subjl subj2
/s/ duration 57 61 60 84 61 58 47 50 59 75 61 65
/m/ duration 51 61 57 74 48 58 61 72 81 79 84 85
Vduration 73 82 77 84 61 79 88 84 100 100 100 100
tl duraton 73 68 87 74 55 58 55 53 56 82 61 75
t2 duration 67 64 77 74 61 58 47 50 69 75 77 90
/o duration 45 57 60 74 58 58 65 56 94 86 90 80

F1 94 100 97 100 97 100 63 56 75 82 &7 90
F2 100 100 100 95 100 100 76 75 100 96 87 65
TL 53 61 57 74 61 58 65 56 72 64 87 55
TL roc 55 64 53 74 52 47 76 50 91 82 94 70

{0 rise size 57 68 57 79 68 74 59 66 59 50 77 60
{0 fall size 78 82 70 68 77 58 65 63 59 61 48 70
fO dynamics 55 61 80 68 48 68 53 69 66 71 74 90
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For the /v uu:/ triplet results are shown in Table 14. Considering the
lax/tense distinction, we find the highest percentages for F1. For subject 1,
the highest percentage (78%) is shared with f0 fall size. Regarding the
short/long distinction, we find that there is no consensus for the two subjects
in normal speech. However, for clear speech there is a clear consensus: short
and long tense vowels are distinguished by vowel duration. For subject 1,
the largest percentage (94%) is shared with F2 and fO dynamics. The results
give the impression that fO distinguishes the triplet words better for subject
1 than for subject 2.

Table 14. Acoustic variables predicting the lax/tense distinction of short vowels
and the short/long distinction of tense vowels within the /vuu./ triplet. The
numbers represent the percentage of triplet words that were correctly estimated.
The highest percentage(s) per subject and per speech type are represented in bold.

lax versus tense short versus long
normal clear speech normal clear speech
speech (SF) speech (SF)

subjl1 subj2 subjl subj2 subjl subj2 subjl subj2
/f/ duration 63 54 56 71 67 63 76 70
V duration 81 96 56 64 76 52 94 100
/l/ duration 56 54 67 71 52 63 76 55

F1 100 100 78 93 48 52 76 90
F2 94 96 67 93 86 56 94 65
TL 69 54 67 79 67 67 76 70
TL roc 63 88 44 79 57 63 88 60

{0 rise size 63 54 67 71 62 59 82 65
{0 fall size 63 54 78 86 62 48 82 55
f0 dynamics 63 79 67 79 52 63 94 80

The results on the basis of four speakers are given in Tables 15 and 16. In
nearly all cases we find that the lax/tense distinction is best predicted by F1
and second best by F2. There is no consensus among the four speakers on
which variable predicts the short/long distinction best. However, in clear
speech there is a clear consensus: vowel duration predicts this distinction
best.
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Table 15. Acoustic variables predicting the lax/tense distinction of short vowels
within the /v u u./ triplet. The numbers represent the percentage of triplet words
that were correctly estimated. Variables regarding f0 are not considered. The
highest percentage(s) per subject and per speech type are represented in bold.

normal speech clear speech (SF) clear speech (HG)

subj 1 subj2 subj3 subj4 subjl subj2 subj3 subj4 subjl subj2 subj3 subj4

/f/ duration 61 56 53 63 69 59 56 75 59 61 42 53
V/duration 77 97 59 88 84 56 59 63 88 65 53 75
/I/ duration 63 50 69 66 66 47 67 96 44 68 61 86

F1 98 100 88 91 94 97 93 96 69 100 92 100
F2 95 97 72 88 94 91 8 96 94 90 83 86
TL 52 53 4 63 66 78 81 50 84 39 61 72
TL roc 72 75 56 66 53 78 81 54 72 48 53 64

Table 16. Acoustic variables predicting the short/long distinction of tense vowels
within the /o u u./ triplet. The numbers represent the percentage of triplet words
that were correctly estimated. Variables regarding f0 are not considered. The
highest percentage(s) per subject and per speech type are represented in bold.

normal speech clear speech (SF) clear speech (HG)

subj 1 subj2 subj3 subj4 subjl subj2 subj3 subj4 subjl subj2 subj3 subj4

/f/ duration 61 66 59 66 56 63 70 60 66 84 64 47
Vduration 64 53 56 53 94 100 89 100 100 100 81 89
// duration 58 53 66 72 75 56 59 60 84 91 72 U5

F1 45 50 69 59 78 91 70 68 81 59 69 78
F2 70 59 59 56 94 75 44 88 8 94 89 78
TL 55 59 53 41 53 75 52 60 63 59 56 U8
TL roc 59 66 47 56 78 59 48 60 72 69 64 86

We conclude that for both triplets the lax/tense distinction is best predicted
by spectral features F1 and F2, and the short/long distinction is best
predicted by vowel duration. The effect of clear speech compared to normal
speech is found for the short/long distinction in the /o uu:/ triplet. While
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there is no consensus about speakers for normal speech, in clear speech we
do find a consensus: vowel duration has the highest percentage of correctly
predicted short tense and long tense vowels. Considering the two types of
clear speech, no consistent difference between the use of Saterland Frisian
stimuli and High German stimuli is evident.

3.3.2 Prediction of triplet words by one variable

Table 17a shows the acoustic variables, which predict the complete set of
vowels within the /11 1:/ triplet. Regarding normal speech and clear speech
(SF) there is a clear consensus: F2 is the best predictor. For clear speech
(HG) the consensus is that triplet words are best predicted by spectral
features but there is no consensus about which spectral features are the best
predictors. For subject 1 this would either be F2 or TL, for subject 2 this
would be F2.

Table 17. Acoustic variables predicting the words within the /1i i/ triplet (a) and
the /v u u./ triplet (b). The numbers represent the percentage of triplet words that
were correctly estimated. The highest percentage(s) per subject and per speech
type are represented in bold.

normal clear clear normal clear
@ speech Eg;?h ?gg;h ®) speech Eg;?h
subj1 subj2  subjl subj2  subjl subj2 subj1  subj2 subjl subj2
V duration 73 73 83 85 77 75 V duration 67 61 77 83
F1 73 68 80 85 89 93 F1 59 66 73 88
F2 84 82 100 94 91 75 F2 8 66 82 067
TL 42 41 48 55 91 75 TL 56 47 59 58

fOrisesize 39 50 46 42 51 54 10 rise size 48 45 64 54
fO fall size 62 64 52 52 51 50 10 fall size 48 37 68 46
V duration 73 73 83 85 77 75 V duration 67 61 77 83

In Table 17b shows that regarding the /o u u:/ triplet F2 is the best predictor
for subject 1 both in normal speech and clear speech. For subject 2 F1 or F2
are the best predictors for normal speech, whereas in clear speech only F1
serves as the best predictor.
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Considering all four speakers using all available samples we find that for
the /v uu/ triplet either F1 or F2 has the highest percentage of correctly
predicted triplet vowels, as shown in Table 18.

Table 18. Acoustic variables predicting the words within the /v u u./ triplet. The
numbers represent the percentage of triplet words that were correctly guessed.
Variables regarding f0 are not considered. The highest percentage(s) per subject
and per speech type are represented in bold.

normal speech clear speech (SF) clear speech (HG)

subj 1 subj2 subj3 subj4 subjl subj2 subj3 subj4 subjl subj2 subj3 subj4
Vduration 60 67 44 60 85 71 68 75 92 74 56 76

F1 63 67 71 67 8 92 71 75 67 72 74 85
F2 77 71 60 63 92 77 54 8 8 8 81 76
TL 38 40 40 33 46 54 51 39 65 38 39 54

For both triplets we find that spectral features best predict the vowels within
a triplet. For the /11 1:/ triplet this is mainly F2, for the /o u u:/ triplet this is
either F1 or F2. For f0 we found relative small percentages.

3.3.3 Prediction of triplet words by combinations of variables

In the previous section we found that the lax/tense distinction is best
predicted by spectral features, and the short/long distinction by vowel
duration. We now look for variables and combinations of two variables that
predict all three words within a triplet in normal speech and in clear speech.
Again, linear discriminant analysis was used.

Table 19 shows combinations of two acoustic variables predicting the
words within the /111:/ triplet. We find that V duration + F1 and/or V
duration + F2 has the highest percentages across all speakers. This result
agrees with the finding in the previous section, where we found that spectral
features and vowel duration are the most important predictors.

For subject 1 F2 is sufficient to predict the triplet words with 100%
accuracy for clear speech using Saterland Frisian stimuli (see Table 17a).
Adding any other variable does not improve or worsen this percentage.
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Table 19. Combinations of two acoustic variables predicting the words within the
/1ii/ triplet. The numbers represent the percentage of triplet words that were
correctly estimated. The highest percentage(s) per subject and per speech type are
represented in bold.

normal speech clear speech (SF)  clear speech (HG)

subject 1 subject2 subject 1 subject2 subject 1 subject 2

V duration  F1 88 91 98 100 98 100
V duration F2 92 91 100 97 100 100
V duration TL 69 75 85 85 83 75
V duration fOrisesize 72 68 87 88 83 89
V duration {0 fall size 76 80 89 85 85 75
F1 F2 82 82 100 100 91 89
Fl TL 72 70 85 79 94 93
F1 {0 rise size 70 73 87 88 87 89
F1 {0 fall size 76 80 80 85 91 86
F2 TL 86 84 100 97 91 68
F2 {0 rise size 85 84 100 97 91 71
F2 {0 fall size 86 80 100 97 96 82
TL {0 rise size 46 45 52 58 62 54
TL {0 fall size 64 64 61 63 57 57
fO rise size  f0 fall size 61 68 57 58 68 71

Results for the /v u u:/ triplet are given in Table 20. No consensus is found
for the best combination of predicting variables, neither for normal speech
nor for clear speech. For normal speech for subject 1 F2+F1 gives the best
results, for subject 2 F1+TL yields the highest percentage. Looking at the
results for clear speech, for subject 1 F2+10 fall size and for subject 2 Flor
F2 + V duration gives the highest percentage. The lack of consensus for nor-
mal speech may be explained by the fact that there is no consensus about the
distinction of short and long tense vowels (see Section 2.6.1). For clear
speech the result for subject 2 is in line with the previous results. The result
for subject 1 is more unexpected. Looking at Table 14, we find that the lax/
tense distinction is best predicted by F1 or f0 fall size, and the short/long
distinction by V duration, F2 or fO0 dynamics. In view of these results, in the
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combination F2+{0 fall size, fO fall size is likely the cue for distinguishing
short lax and tense vowels, and F2 for distinguishing short and long tense
vowels.

Table 20. Combinations of two acoustic variables predicting the words within the
/o uuw/ triplet. The numbers represent the percentage of triplet words that were
correctly estimated. The highest percentage(s) per subject and per speech type are
represented in bold.

normal speech clear speech (SF)

subject 1  subject2  subject1  subject 2

V duration  F1 78 68 86 95
V duration  F2 85 66 86 95
V duration  TL 74 71 86 88
V duration {0 rise size 70 68 82 83
V duration {0 fall size 74 68 86 92
Fl F2 89 68 82 67
Fl1 TL 78 76 77 79
F1 {0 rise size 78 66 77 79
F1 f0 fall size 74 68 77 88
F2 TL 85 74 82 71
F2 f0 rise size 85 68 82 67
F2 f0 fall size 85 68 91 67
TL f0 rise size 63 58 64 67
TL 10 fall size 67 42 68 67
{0 rise size {0 fall size 56 37 68 50

Results obtained on the basis of four speakers are shown in Table 21. We do
not find any consensus across speakers for normal speech, since no
consensus could be found for the short/long distinction (see Section 2.6.1).
Considering the results for clear speech, however, the combination of V
duration + F1 and/or F2 gives the highest percentage of correctly predicted
triplet words, except for clear speech pronounced by subject 3 when using
High German stimuli, in which case the combination F1+F2 predicts triplet
words the best.
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Table 21. Combinations of two acoustic variables predicting the words within the
/o uu/ triplet. The numbers represent the percentage of triplet words that were
correctly estimated. Variables regarding f0 are not considered. The highest percen-
tage(s) per subject and per speech type are represented in bold.

normal speech clear speech (SF) clear speech (HG)

subj1 subj2 subj3 subj4 subjl subj2 subj3 subj4 subjl subj2 subj3 subj4
Vduration F1 77 67 75 63 92 98 88 97 94 100 81 96
V duration F2 72 71 65 63 92 94 88 97 96 96 78 89
Vduration TL 59 73 46 69 79 85 78 75 92 74 69 76

F1 F2 78 65 77 69 92 81 70 83 94 96 89 89
F1 T 70 73 69 60 81 8 76 8 69 77 70 &1
F2 L. 72 75 58 60 92 81 59 8 90 89 &1 8l

Note that the results for the /o u u:/ triplet on the basis of the four speakers
show a much clearer pattern than the results on the basis of the two
speakers. The results on the basis of the four speakers may be considered
more reliable since they are obtained on the basis of a larger number of
samples per speaker (see Table 9) apart from the fact that the number of
speakers is larger. Taking this into account we conclude again that the
distinction of the triplet words of the /1i1:/ triplet and the /o uu:/ is best
predicted by a combination of a spectral features (F1 or F2) and vowel
duration.

When comparing the results of this section with the results for individual
variables in Section 3.3.2, we find that the percentages on the basis of two
variables are slightly higher than the percentages obtained on the basis of
one variable. The differences between clear speech and normal speech are
much bigger, whereas differences between clear speech (SF) and clear
speech (HG) are negligible.

3.4 Normal speech versus clear speech

In this section we study in more detail the effect clear speech has on
duration, spectral properties, and f0 compared to normal speech. Figure 9
shows durations of speech segments within the /1ii:/ triplet words for
subject 1 and subject 2, shown as percentages of the total word length. For
both speakers we find that the long tense vowel in Smiete has become
proportionally longer. For all triplet words and for both speakers we find
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that the final /o/ has proportionally been shortened in clear speech. All of
these differences are significant at the 0.05 level.

Considering the total word duration, the triplet words Smitte and smiete
are longer in normal speech than in clear speech. The word Smiete is longer
only for subject 2.

We do not find any consensus for the two subjects regarding spectral
differences, neither do we find consensus regarding f0 differences, except
that f0 fall size in the short lax vowel in Smitte is larger in clear speech than
in normal speech.

clear clear

Smiete Smiete

clear

HE | By B
Il = HT N
el 2N & ety ‘B &
om [N I om [N I
B . BT
EE = ' B

Triplet word Triplet word

Figure 14. Proportional durations of speech segments within the /1ii./ triplet
words for subject 1 (left) and subject 2 (right)l shown as percentages of the total
word duration.

Figure 10 shows durations of speech segments within the /v uu:/ triplet
words for subject 1 and subject 2, shown as percentages of the total word
length. We find that clear speech does not affect the proportional durations
of speech segments and the total word durations of subject 1. For subject 2
clear speech causes an increased proportional duration of initial /f/ and a
decreased proportional vowel duration for all triplet words. The final /1/ in
ful is proportionally shortened as well as the total duration of the triplet
word fuul.

There are no consensus differences in proportional duration and in
spectral properties when comparing clear speech with normal speech.
However, when regarding {0, for both subjects we found that f0 fall size and
f0 dynamics in the short tense vowel in fuul increases in clear speech.
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Figure 15. Proportional durations of speech segments within the /v u u./ triplet
words for subject 1 (left) and subject 2 (right), shown as percentages of the total
word length.

When considering durations of speech segments within the /v uu:/ triplet
words for all four subjects on the basis of samples which do not necessarily
have a clear f0 peak, for subject 2 we again find that clear speech causes an
increased proportional duration of initial /f/ and a decreased proportional
vowel duration for all triplet words. For subject 4 we find similar results:
proportional duration of /f/ in fuul and fuul is increased in clear speech and
the proportional vowel duration in fuul is decreased. For subject 3 we find
that the proportional vowel duration of the long tense vowel in fuul is
increased in clear speech. Subject 4 pronounces the final /1/ in fiiul relatively
longer, subject 2 does the same both in fu/ and fiiul.

There are no consensus differences in proportional duration and in
spectral properties when comparing clear speech with normal speech. We
find a tendency of the total word duration to be shortened in clear speech for
all triplet words. For the triplet word fu/ this is the case for subjects 1, 2, and
3, for the triplet word fuul/ this is the case for subjects 1, 2, and 4, for the
triplet word fuul this is the case for subject 4 only. Regarding the spectral
properties, for subject 1, subject 2, and subject 4 we found that the short
tense vowel /u/ in fuul has higher F1 and F2 frequencies in clear speech.

When comparing the effect of clear speech on the triplets /111:/ and
/v uu:/, we do not find any consistent effects for both triplets. High German
translations of the words of the /v uu:/ triplet differ from the Saterland
Frisian words only in their nuclei, which may have led the subjects to
pronounce the words even more clearly. The German translations of two
words of the /111:/ triplet are not cognates of the Saterland Frisian words,
which might have made the subjects less confident.
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Within the /rii:/ triplet there is consensus among the speakers for
proportionally lengthening the long tense vowel in Smiete and shortening
the final schwa in clear speech. Within the /o u u:/ triplet we do not find any
consensus effect regarding proportional duration and spectral properties for
the speakers. However, we found that both subject 1 and 2 increase {0 fall
size and f0 dynamics in the short tense vowel in fuul in clear speech.

Regarding f0 differences, for both triplets and for both subject 1 and
subject 2 we find a higher fO peak for short tense vowels in clear speech.
Subject 1 also has a higher fO peak for the long tense vowel in the /111:/
triplet.

4. Experiment 3: Perception
4.1 Procedure

In this experiment we tested to what extent the words were perceived as
intended by the speaker. All four subjects listened to the triplet words. As
stimuli we used the realizations recorded from subject 1 in the clear speech
experiment (SF), as subject 1 was the most confident speaker and only in
clear speech all vowels were distinguished within both triplets (see Table
11).

For each word the participants indicated which word within the triplet
was pronounced. There were two tests, one testing the Smitte/smiete/Smiete
triplet and one testing the ful/fuul/fuul triplet. The first test was carried out
by subject 1 and subject 2 only, since the other subjects were not familiar
with all of the words of the Smitte/smiete/Smiete triplet. The second test was
carried out by all four subjects. The stimuli were presented via headphones.

Each test started by a short practice session, in which six triplet words
were presented in a randomized order. After this session, three blocks
followed. Since each of three triplet words was represented by 15 instances,
in each block 45 triplet words were presented.

When a word was played, the triplet words were presented on the screen.
Since the orthography of Saterland Frisian would suggest an order in
duration due to the use of diacritics and/or double vowels, High German
translations were shown on the screen instead (see Figure 16, left picture). A
choice was made by clicking on the line close to the word the subject
thought she heard. A little triangle showed the choice and appeared when the
mouse pointer was moved on top of the line (see Figure 16, right picture).
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Schmiede werfen Wiirfe Schmiede werfen Wiirfe

Klicken Sie auf der Linie Klicken Sie auf der Linje

Figure 16. Screenshots of the perception experiment.

4.2 Agreement between production and perception

Results for the /111:/ triplet are shown in Table 22. The tables show a strong
agreement between the stimulus which was intended to be pronounced and
the triplet word perceived by the speakers. For subject 2 there is a perfect
agreement, for subject 1 only 2% of the words intended to be pronounced
with the short tense /i/ (smiete) were misperceived as words with the long
tense /i:/.

Table 22. For the intended production of each word within the /1ii:/ triplet the
percentages of word forms perceived by subject 1 (left) and subject 2 (right) are
given.

perceived by subject 1 perceived by subject 2
Smitte smiete Smiete Smitte smiete Smiete
2 Smitte 100 0 0 % Smitte 100 0 0
2 smiete 0 98 2 g_ smiete 0 100 0
Z Smiete 0 0 100 “ Smiete 0 0 100

Table 23 shows the agreement between production and perception for the
/o uu:/ triplet for all four speakers. Again, there is a strong agreement, albeit
slightly less strongly than for the /11 1./ triplet. Regarding the confusions, fu!/
1s mostly misperceived as fuul, which is unexpected. We would rather have
expected that ful would be confused with fuul, both forms having a short
vowel. This unexpected pattern is consistent across all speakers and hence
suggests that the confusion does not lie in perception but might be rather
due to the fact, that the stimulus was mistaken as fiu/ and pronounced
respectively when originally recorded. On average, fuul is most frequently
confused with fuul, and fiul with fuul, both words having a tense vowel.
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Table 23. For the intended production of each word within the /o u u:/ triplet the
percentages of word forms perceived by subject 1 (top left), subject 2 (top right),
subject 3 (bottom left) and subject 4 (bottom right) are given.

perceived by subject 1 perceived by subject 2
ful fuul  faul ful fuul faul
. ful 93 0 7 ful 93 0 7
S ful 0 98 2 Sfwl0 93 7
Z faul 0 9 91 g faul 0 7 93
perceived by subject 3 perceived by subject 4
ful fuul  faul ful  fuul faul
. ful 93 0 7 " ful 91 2 7
S fual 0 84 16 5 fuul 7 89 4
o0 4 96 % faul 0 18 82

We conclude that for both triplets there is a strong agreement between the
intended pronunciation of the triplet words and the way in which they were
perceived by the speakers.

4.3 Cues predicting triplets

In Sections 2.6 and 3.3 we found that duration and spectral features predict
the words within a triplet best. In these analyses we used linear discriminant
analysis in order to predict the triplet words which were intended to be
pronounced. In this section we will consider duration, F1 and F2 and find
how well they predict the word forms as they were perceived by the
speakers. Results will be compared to the percentages of correctly predicted
intended word forms.

In Table 24a the percentages of correctly predicted intended triplet words
and the triplet words perceived by the two speakers are shown for the /111:/
triplet. Percentages are high and all of them significant with p<0.0001. F2
only yields the highest percentages, adding another second variable will not
improve the prediction. Results for production and perception are
comparable: somewhat lower percentages for vowel duration and F1 only
(84%-85%), and higher percentages for the other variables or combinations
of variables (97%-100%).
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Table 24. Prediction of the intended production and the perceived word (subject 1
and subject 2) by (combinations of) duration, F1, and F2 for the /i1ii./ triplet (a)
and the /o u u./ triplet (b).

(a) prod. perc.  perc. (b) prod. perc.  perc. perc.  perc.

subj 1 subjl subj2 subj 1 subjl subj2 subj3 subj4
dur 84% 84% 84% dur 84% 87% 87% 86% T9%
F1 84% 85% 84% F1 82% 84% 83% 81% 82%
F2 100% 99%  100% F2 91% 94% 95% 90% 86%
dur Fl1 98% 97%  98% dur Fl1 91% 96% 96% 94% 90%
dur F2 100% 99% 100% dur F2 91% 96% 96% 94% 92%
F1 F2 100% 99%  100% F1 F2 91% 94% 95% 90% 84%
dur F1 F2 100% 99% 100% dur F1 F2 91% 96% 96% 94% 90%
dur 84% 84% 84% dur 84% 87% 87% 86% T9%

Results for the /o uu:/ triplet are shown in Table 24b. All percentages are
high and significant with p<0.0001. The combination of duration and F2
gives the highest percentages for all subjects. Again, we find a high
agreement between production and perception, with lower percentages for
vowel duration and F1 individually (79%-87%) and higher percentages for
other variables or combinations of variables (84%-96%).

When considering individual predictors, we find for both triplets that F2
predicts both the intended pronunciation of the triplet words and the way
they were perceived by the speakers best. For the /11 1:/ triplet adding other
variables — F1 and duration — does not improve the percentage of correctly
predicted triplet words. For the /v uu:/ triplet, however, adding duration
improves the percentages. Both for production and perception high
percentages are obtained, varying between 86% and 100% when using F2
only.

5. Conclusions and discussion

In this paper we presented two production experiments and one perception
experiment, by means of which we systematically searched for the cues,
which distinguish the vowels being the nuclei in the triplet Smitte / smiete /
Smiete and ful / fuul / faul. The two production experiments are a normal
speech experiment and a clear speech experiment.

Normal speech

In the normal speech experiment we found for both triplets that short lax
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and tense vowels were distinguished by F1 and F2. In the /11 1/ triplet short
and long tense vowels were distinguished by vowel duration and F2, but in
the /vuu:/ triplet this distinction was not found for any variable. The
distinction between short lax and short tense vowels was predicted by
spectral variables, F1 and/or F2 for all subjects and both triplets. Within the
/111:/ triplet short and long tense vowels were predicted by vowel duration.
For the /vuu:/ triplet we could not find a variable that predicts the
distinction between short and long tense vowels best for all speakers. All
three vowels in the /11 1./ triplet were predicted best by a combination of F2
and vowel duration, but for the /o uu:/ triplet a consensus combination
could not be found.

As to the role of vowel duration, we found that all three triplet words of
the /111:/ triplet are distinguished from each other by vowel duration. For
the /v uu:/ triplet short lax and tense vowels are distinguished by duration
when considering the consensus of subjects 1 and 2, but this consensus
cannot be found when considering all four subjects.

Clear speech

The main finding from the clear speech condition is that short and long
tense vowels in the /v uu:/ triplet were distinguished. The distinguishing
cues may differ depending on the data set we used but we found consensus
about vowel duration distinguishing short and long tense vowels. Even-
tually, for both triplets, short and long tense vowels are distinguished by
vowel duration. Additionally, we found that vowel duration has the highest
percentage of correctly predicted short tense and long tense vowels. The
distinction of the triplet words of the /11 1:/ triplet and the /o u u:/ triplet is
best predicted by a combination of spectral features (F1 or F2) and vowel
duration. Our results are similar to Kohler (2001) for triplets of closed
vowels in High German and in Low German dialects spoken in Schleswig-
Holstein and Lower Saxony. In some dialects he found that short lax and
tense vowels within a triplet differ qualitatively, and short and long tense
vowels differ quantitatively.

Considering the role of vowel duration for the /1i1i:/ triplet, all three
triplet words are distinguished from each other by vowel duration. For the
/ouu/ triplet only short and long tense vowels are distinguished by
duration.

Siebs’ (1889) mentioned the use of Stoffton and Schleifton in Saterland
Frisian. This suggests that f0 might play an additional role. Among others,
Yu (2010) found that listeners perceived stimuli with fO0 dynamics to be
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longer even when the stimuli have the same acoustic duration. We also
studied the role of f0, and for the /111:/ triplet we found that in normal
speech as well as clear speech (HG) long tense vowels have a larger {0 fall
size than short lax vowels. In clear speech we find for both triplets that short
tense and long tense vowels are in addition to vowel duration (and to other
variables in case of the /111:/) distinguished by f0 dynamics. Short tense
vowels have significantly more f0 dynamics than long tense vowels. These
results indicate that fO plays a role in the distinction of short and long tense
vowels.

The latter result is unexpected. For example, Gordon (2001) mentions the
hierarchy of tone bearing ability, in which syllables with a greater overall
sonorous energy are better equipped to support
contour tones than syllables with lesser sonorous energy. Yu (2010)
mentions that “it is repeatedly observed that dynamic tones tend to be
restricted to phonetically long sonorous segments” and refers to Gordon
(2001) and others. In the light of this we would have expected that the long
tense vowels would have more f0 dynamics than the short tense vowels, but
our results are the other way around. The short tense vowels with most f0
dynamics make them perceptually longer and therefore closer to the long
tense vowels, and more distant to the short lax vowels. With reference to
Figures 3 and 6 it may be noted that the durations of short tense vowels are
on average closer to the durations of short lax vowels than to the durations
of the long tense vowels. For the /o u u:/ triplet short lax and tense vowels
are not significantly distinguished by duration in clear speech (see Tables 11
and 12). It is thus likely that fO0 dynamics serves as an enhancing factor to
make short tense vowels perceptually more distinct from short lax vowels.

Several studies such as Smiljani¢ & Bradlow (2005) compared clear
speech to normal speech. According to those studies, clear speech may
decrease the speaking rate, which involves longer segments, an expansion of
the vowel space, and an increase in the pitch range. We compared the effect
of clear speech on the triplets /111:/ and /o uu:/. For both triplets and for
both subject 1 and subject 2 we found a higher fO0 peak for short tense
vowels in clear speech. Subject 1 also had a higher fO peak for the long
tense vowel in the /111:/ triplet. For the other variables we did not find
consistent effects for both triplets and all subjects.

Within the /1i1:/ triplet we found consensus among the speakers for
proportional lengthening of the long tense vowel in Smiete and shortening
of the final schwa in clear speech. Within the /v u u:/ triplet we did not find
any consensus effect regarding proportional duration and spectral properties
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for all speakers. However, we found that both subject 1 and 2 increase {0
fall size and f0 dynamics in the short tense vowel in fuul in clear speech.

Perception

The production experiments suggest that the lax/tense distinction is
explained by spectral differences (F1 and/or F2), while the short/long
distinction is explained by duration (and F2). In addition to the production
experiments where we tried to explain the intended pronunciation of
samples on the basis of acoustic variables that were measured on the basis
of those samples, we carried out a perception experiment where subjects
listened to word samples which enabled us to explain the perceived
pronunciation by acoustic measurements that were obtained on the basis of
the samples the subjects heard.

In section 1 we asked whether native speakers of Saterland Frisian still
perceive the phonological distinctions within a triplet. For both triplets we
find a strong agreement between the intended pronunciation of the triplet
words and the way in which they were perceived by the speakers.

When considering individual predictors, we find for both triplets that F2
predicts both the intended pronunciation of the triplet words and the way
they were perceived by the speakers best. For the /11 1./ triplet adding other
variables — F1 and duration — does not improve the percentage of correctly
predicted triplet words. For the /v uu:/ triplet, however, adding duration
improves the percentages. The latter case is in agreement with the results of
the production experiments that suggest that a combination of spectral
features and duration explains the distinctions within a triplet. For the /11 1./
triplet, however, it is remarkable that combination of duration and F2 does
not improve the prediction that is made on the basis of only F2. However,
we have to keep in mind that the perception test is based on the clear speech
samples of subject 1 only. Considering the vowel plot of subject 1 obtained
on the basis of the clear speech samples of the /11 1/ triplet (SF version) in
Figure 4, we find that all three ellipses are clearly distinguished in the F2
dimension.

Discussion

Our finding that short lax and tense vowels are spectrally distinguished and
short and long tense vowels primarily are distinguished by duration is
consistent with the representation of Saterland Frisian vowel categories by
Kramer (1968) and Fort (1980, p. 62). The high vowels /i i:/ and /u u:/ are
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only distinguished by a length mark, suggesting a durational difference,
whereas /1/ and /u/ are classified among the close-mid vowels as short
counterparts of /e:/ and /o:/, which suggests a spectral difference compared
to /i/ and /u/ respectively.

Our results agree with the study of de Graaf (1985), who studied the
distinction between high vowels /i 1./, /y y:/ and /u u:/ for West Frisian. The
durational difference between long and short high tense vowels was
significant — which agrees with our findings. Similar results were found by
Gilbers, Visser & Weening (2012, p. 69-90).

Regarding the spectral properties, de Graaf found that all speakers
pronounced the short vowels in a more central position than the long
vowels. The more central position of the short vowels agrees partly with our
results. We found that /i/ has a larger F1 (in clear speech) and a smaller F2
than /i:/ (in normal speech and in clear speech using Saterland Frisian
stimuli). The centralization of /u/ compared to /u:/ is only found in the
results of the clear speech experiment carried out by four subjects using
High German stimuli.

The work presented in this paper should be considered as an exploratory
study. We notice that explanatory factors for the distinctions between vowels
were not always (consistently) identified. For normal speech, the triplet
words fuul and faul were not distinguished by any acoustic features. Other
or stronger acoustic features than the ones considered in this paper might
add to the distinction of these vowels. F3 and F4 were not considered and
this may be a problem when finding the cues that identify the difference
between the tense and lax vowels of the triplets, whether they are front or
back.

It has been shown in various publications (cf. Schwartz et al. 1997) that
both dispersion and focalisation factors should be considered when
investigating the distinction of vowels. The Dispersion-Focalization Theory
(DFT) attempts to predict vowel systems based on the minimization of an
energy function summing two perceptual components: global dispersion,
which is based on inter-vowel distances; and local focalization, which is
based on intra-vowel spectral salience related to the proximity of formants
(Schwartz et al. 1997). Particularly important is the focalization aspect.
Focalization is the convergence between two consecutive formants in a
vowel spectrum.

One important feature which we would like to include is effective F2,
which describes in a non-linear way the combining effect of F2 and higher
formants (Carlson , Granstrom & Fant 1970). For example, Fant (1973:52)
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found that Swedish back vowels can be approximated well using only F1
and F2, whereas for some other vowels, especially front-rounded vowels, F3
and higher formants should also be considered. Fant formulated a value
located between F2 and F3 as follows:

F2=F2 + 1/2(F3 - F2) * (F2 - F1)/ (F3 - F2)

Mapping the vowels in the F1 and effective F2 space more successfully
separated the vowels, that overlap heavily in the natural F1/F2 plane.
Kmoshita (2000) found a better separation between Japanese back vowels
/o/ and /u/, and /o/ and /a/ when using effective F2 instead of F2. It seems,
therefore, important to identify effective F2 and not only to rely on F2
values to be opposed to F1. Leaving aside the duration of tense and lax
vowels, this could characterize in a better way the pairs /1-i/ and /u-u/ in our
study. Schwartz et al. (1997) computed effective F2 from F2, F3, and F4
using a model based on the concepts of the center of gravity and the 3.5-
Bark critical distance dc introduced by Chistovich & Lublinskaya (1979).

Therefore, including effective F2 in the analysis and considering both
dispersion and focalisation factors would be useful future work that will
extend and deepen our understanding of Saterland Frisian vowel variation
even more.
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