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ABSTRACT

This study aims at examining the results of the previous study,
Tokuma[1], which suggest the potential sensitivity to the formant
trajectory range of /CVC/ stimuli in the quality evaluation process
of vowels showing formant undershoot. The matching paradigm
used in Tokuma[1] is introduced, where listeners match constant
/CVC/ stimuli of /dVd/ to variable /#V#/ stimuli, using a
schematic on a PC screen, and the listeners change the F1/F2
frequency of /#V#/ by moving a mouse. However, in this study, the
/dVd/ stimuli have an identical F2 trajectory peak/edge value but
their F1 trajectories have six different peak values, producing six
different constant /dVd/ types. The results of the experiment show
that the effect of trajectory range on the vowel quality evaluation
process cannot be explained in terms of the bias of the cursor
position of the schematic grid, thus confirming the previous
results. More interestingly, the results also suggest that low F1
values of /dVd/ could affect the F2 matching process by lowering
it from the F2 /dVd/ trajectory peak, if the F1 is in a low frequency
region.

1. INTRODUCTION
In natural speech, vowels in consonantal contexts are modified
from isolated form by their neighbouring consonants. In particular,
their formant frequencies may not achieve their target or citation
form values, a phenomenon called acoustic vowel formant
undershoot. Despite this acoustic variability, listeners are able to
identify vowels in consonantal contexts accurately, and this
phonological identification of vowels showing acoustic formant
undershoot has been frequently investigated. There is, however, an
interesting aspect to this phenomenon. Do the vowels that are
acoustically realised with formant undershoot give a different
phonetic impression to the listener than those produced in
isolation?

Our previous study Tokuma[1] thus examined the
perceived quality of vowels with formant undershoot, and used a
perceptual task, whereby listeners matched constant /CVC/ stimuli
of /bVb/ or /dVd/ (called reference tokens) to variable /#V#/
stimuli(called test tokens), using a schematic grid on a PC screen.
The grid represented an acoustic vowel diagram, and the subjects
changed the F1/F2 frequencies of /#V#/ by moving a mouse. This
grid-matching test uncovered a sensitivity of subjects to formant
trajectory range when they judged vowels in context: when the
formant trajectory range of /CVC/ was small, subjects selected a
value somewhere between the /CVC/ trajectory end frequency and
peak frequency to represent its vowel quality, and when the
formant trajectory range was large, they selected a value beyond

the trajectory range: a value higher than the peak if the trajectory
was convex, and a value lower than the peak if it was concave.

 However there is a criticism that this result was
weakened by a possible influence on  subjects’ responses by the
grid location: for example, the choice of blocks by the subjects
may have been drawn towards the centre to the grid or its corners,
suggesting that the perceptual effect of the formant trajectory
range may be attributed to a non-auditory factor. Moreover, the
results of the experiment did not confirm the possible perceptual
F1-F2 interaction in vowel quality perception process found in an
experiment of Tokuma [2]: low F1 values of /CVC/ could affect
the F2 matching process by lowering it from the F2 /CVC/
trajectory peak if the trajectory shape of F2 is concave and the two
formants are relatively close.

Therefore, this experiment examines the validity of the
perceptual formant trajectory range effect proposed in Tokuma[1],
by investigating whether the vowel quality matching process can
be affected by the cursor position in the grid arrangement. It also
investigates whether the possible perceptual F1-F2 interaction is
involved in the vowel quality perception process.

2. EXPERIMENT
2.1  Materials
This experiment used the same testing scheme as in Tokuma[1],
with a reference /CVC/ token and test /#V#/ tokens. Vowels in
these reference and test tokens had only two formants, F1 and F2.

 The reference token was /dVd/, 120 ms in duration, and
had the F0 declination pattern from 130 Hz to 100 Hz. The F1 and
F2 values of the nucleus of the reference token were determined as
follows. The F1 peak had six positions: 400 Hz, 444 Hz, 490 Hz,
537 Hz, 586 Hz, 637 Hz, chosen to be 0.4 Bark apart within the
range of F1 between /d/d/ (437 Hz) and /dYd/ (658 Hz). The F2
peak of this experiment was fixed at 1350 Hz, which was
intermediate between the F2 frequencies of /dYd/ (1341 Hz) and
/d/d/ (1359 Hz) in a pilot experiment in Tokuma[2]. These values
were chosen to verify the effect of formant trajectory range on the
matched formant frequency, taking into consideration the fact that
the lower matching of F1 occurred in /d/d/ (F1=437 Hz, F2=1359
Hz) while it was not prominent in /dYd/ (F1=658 Hz, F2=1341
Hz). This process created six reference /dVd/ token types and they
are shown in Table 1. In Table 1, s400 token stands for the token
whose (peak F1 frequency, peak F2 frequency) is (400,1350).
Accordingly, s444 token has (peak F1 frequency, peak F2
frequency) of (444,1350), s490 that of (490,1350), s537 that of
(537,1350), s586 that of (586,1350) and s637 that of (637,1350).
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s400 s444 s490 s537 s586 s637
F1 peak  400  444  490  537  586  637
F2 peak 1350 1350 1350 1350 1350 1350
Table 1: F1 and F2 values of the six reference /dVd/ types

F1/F2 trajectories were calculated according to the function
devised by Nearey [3], as in Tokuma[1], with the locus value of /d/
(F1,F2) = (150,2000) Hz1. Vowels in these /dVd/ were synthesised
using the parallel formant JSRU synthesiser by Holmes[4]
implemented in the Speech Filing System running on a Sun
SPARC workstation as in Tokuma[1]. In the synthesis, F0 declined
linearly from 130 Hz to 100 Hz.

The test /#V#/ token was also created in the same way as
in Tokuma[1]: 220 ms /#V#/ whose F1/F2 frequencies subjects
could change by moving a cursor position in a grid. Also the test
/#V#/ materials were created using the JSRU synthesiser, with the
linear F0 declination from 130Hz to 100Hz.

2.2  Subjects
Five native speakers of South East British English undertook this
experiment. They were either research students or a member of the
staff of the Department of Phonetics, University College London.
They were sufficiently motivated without financial reward. None
of them had a history of any hearing defect.

2.3  Procedure
The procedure of the experiment was the same as in Tokuma[1]:
individual subjects were asked to sit in front of a PC terminal. Its
screen displayed a schematic grid (6 x 6 blocks) with a cursor on
one of these blocks, showing the "relative" position of the test
token. In fact the grid was an acoustic vowel diagram, with F1/F2
= 0.5 Bark step, but the subjects were not informed of this.

Sitting in front of a PC terminal showing a 6 x 6 grid,
the subjects were required to match the vowel quality of the
reference /dVd/ and the test /#V#/, as the latter changed its F1/F2
according to the cursor position on the grid, which was moved by
clicking with a mouse. Each time the cursor was moved, or when a
space key was pressed, a pair of a test token and a reference token
having an interval of 300 ms between them was replayed through a
speaker. These two tokens were played in the order of 'reference'-
'test'. The allocation of the direction of F1/F2 on the two axes was
randomised. The grid cell with values closest to the F1/F2 peak
values of the reference /dVd/ was randomly assigned to one of the
cells of the grid.

As in Tokuma[1], the whole experimental process
carried out on a terminal screen was controlled by an SFS (DOS
version) program. The experiment was held in the teaching
laboratory of Wolfson House, Department of Phonetics, University
College London. The laboratory was kept quiet by removing
sources of background noise as much as possible, and subjects
listened to the stimuli through covered-ear headphones. None of
them reported that their attention had been compromised by
background noise. The F1/F2 values used in the grids are shown in
Table 2, and an example of grid arrangement is shown in Table 3.
In Table 3, the number above in each block represents the F1
value of the test /#V#/ token and the number below its F2 value.
Each reference /dVd/ token type had eight repetitions, producing 6
(/dVd/ token type) x 8 (repetitions) = 48 matching sessions for
each subject.

s400 F1 250 300 352 406 461 520
s400 F2 1000 1087 1181 1280 1386 1499
s444 F1 389 444 501 561 624 649
s444 F2 1000 1087 1181 1280 1386 1499
s490 F1 326 378 433 490 549 612
s490 F2 1000 1087 1181 1280 1386 1499
s537 F1 421 477 536 597 662 730
s537 F2 1000 1087 1181 1280 1386 1499
s586 F1 465 524 585 649 716 787
s586 F2 1000 1087 1181 1280 1386 1499
s637 F1 455 512 573 636 703 773
s637 F2 1000 1087 1181 1280 1386 1499
Table 2: Formant values used in /#V#/ tokens to produce a 6 x 6
grid. All values in Hz
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Table 3: An example of grid arrangement. (For s490 token). All
values in Hz

3  RESULTS AND DISCUSSION
As in Tokuma [1], in order to validate the reliability of subject
performance, the following criterion for subject-selection was used
in this experiment: If one of the F1/F2 response ranges across all
eight repetitions exceeds three steps in more than three /dVd/
token types out of six in a given subject, it is decided that the
results lack consistency and they are eliminated, under the
assumption that all consistent responses should target one
particular block, in a grid, with one step up/down as an error
range.

It was found that the responses of one subject produced a
larger F1 x F2 range than 3 x 3 in all six token types, which
suggests a quasi-random response by the subject. Therefore the
subject was excluded from the analysis.

Consequently, across the four remaining subjects, the
mean shift index (mean across all [matched formant]-[peak of
/dVd]) of F1 and F2 was calculated according to each token type
(i.e. s400, s444...). They were calculated in Bark scale. The
calculated shift indices are displayed in Table 4 together with the
trajectory range of the reference /dVd/ in Bark scale. Due to the
nature of the stimuli, all the tokens from s400 to s637 had a
different F1 trajectory peak value but an identical F2 trajectory
peak value. Also across the four subjects, frequency distributions
of their responses were combined for each reference /dVd/ token
type according to the grid step on the F1 axis and converted to
histograms, to inspect the bias of the cursor position in a grid.
These histograms are shown in Figures 1 to 6. In Figures 1 to 6,
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“(PK)” represents the closest frequency of /#V#/ to the F1 /dVd/ trajectory peak.

Figure 1: Frequency distribution of F1 results of s400 token                     Figure 2: Frequency distribution of F1 results of s444 token

Figure 3:  Frequency distribution of F1 results of s490 token                   Figure 4: Frequency distribution of F1 results of s537 token

Figure 5: Frequency distribution of F1 results of s586 token                    Figure 6: Frequency distribution of F1 results of s637 token

reference
token

F1
trajectory

range

Mean
Shift
index

F2
trajectory

range

Mean
Shift
index

s400 2.472 -.73 2.554 -.83
s444 2.872 -.09 2.554 -.38
s490 3.272 -.55 2.554 -.36
s537 3.672 .02 2.554 -.03
s586 4.072 .09 2.554 -.19
s637 4.472 -.28 2.554 -.06
Table 4: Mean shift index and trajectory ranges of the reference
token. All numbers in Bark.

Table 4 indicates that the F1 trajectory range influenced the
matching strategy of subjects in the same way as was observed in

Tokuma[1]: subjects matched an F1 of /dVd/ having a small
trajectory range with an F1 frequency of /#V#/ between peak and
onset/offset, while a large F1 /dVd/ trajectory range induced a
matching of /#V#/ around /dVd/ trajectory peak.

As for the bias of the cursor position, the results
generally show that the effect of trajectory range on the vowel
quality evaluation process cannot be explained simply in terms of
the bias of the grid location, since Figures 1 to 6 show that the
modes of the matched distributions did not concentrate upon any
particular group of grid locations. It might be argued that a
possible visual influence is observed in the matched F1 frequency
of the s444 token, which was close to the F1 trajectory peak,
although the grid matching for /d/d/, which had an F1 peak of 437
Hz, showed an F1 matched considerably lower than the F1 /CVC/
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peak in the previous study [1]. However, this may be ascribed to
the truncated distribution of the F1 choices in the grid matching
for the s444 token since there the edge value of 389 Hz was the
only F1 choice lower than the F1 peak of s444, and this seems to
have truncated the lower edge of the matched sample distribution,
shifting the mean matched frequency to a higher value. Thus it is
argued that visual bias is not a major criticism of the validity of
the matching scheme, and therefore the results of Tokuma [1] were
confirmed.

Table 4 also shows the results of F2 matching. It
demonstrates that the matched F2 in this experiment was lower
than the F2 trajectory peak in s400, s444 and s490, while in s537,
s586, s637, the matched F2 was close to the trajectory peak. The
trajectory range effect predicts that the matched F2 would be lower
than the F2 trajectory peak of /dVd/, and this was found in the
majority of cases.

However there is a substantial variation in the chosen F2
value. In Table 4, the F2 frequency of the test /#V#/ token
matched to the reference /dVd/ was lower than the peak when the
F1 was in a low frequency region, while it was closer to the F2
peak when the F1 peak of the /dVd/ was high in frequency. This
means that the lower F2 matching occurred only when F1 was in a
low frequency region. This supports the hypothesis suggested in
Tokuma [2] that F1 values of /CVC/ could affect the F2 matching
process by lowering it from the F2 /CVC/ trajectory peak if the
following conditions are met: 1) the trajectory shape of F2 is
concave; 2) the two formants are relatively close; and most
importantly, 3) F1 is in a low frequency region. Note that in this
experiment, the conditions 1) and 2) were always met. Hence the
results of this experiment show positive evidence for the influence
of low F1 values on F2 matching, although this influence requires
more extensive data to confirm it.

If this effect of low F1 values on F2 frequency matching
holds, the results of F2 matching also contradict the possibility of
a bias from a visual effect as suggested in Introduction, since the
F2 matching results differed among the six token types, while the
grid location patterns of F2 were identical.

To verify the statistical validity of the observations on F1
and F2 above, Wilcoxon tests were carried out between the shift
indices and their hypothetical median, 0.0, for each reference
/dVd/ type and formant number, across all four subjects and trials.
The null hypothesis was that the median shift index was 0.0 The
total threshold level of significance was set to p = .01, and since
this procedure is a multiple-paired comparison, the individual
significance level was determined by the Bonferroni procedure in
order to decrease the probability of Type I error. Bonferroni
procedure specified the individual significance level as; .01 / 2
(formants) x 6 (/dVd/ types) = .0008. Table 5 shows its results.

The results of Wilcoxon tests show that in F1, s400 and
s490, tokens with the lower F1 trajectory peak, had the null
hypothesis refuted, suggesting a significant difference between the
median shift index and the F1 trajectory peak, and they seem to
support the effect of F1 trajectory range. They also show that in
F2, the shift indices of s400 and s444 tokens were significant,
endorsing the effect of low F1 values on F2 matching.

s400 s444 s490 s537 s586 s637
z - F1 -4.53 -1.24 -3.85 -.92 -.24 -2.82
z - F2 -4.88 -3.50 -2.80 -.69 -2.28 -1.38
Table 5: Results of Wilcoxon tests on the shift index. Values
shown are z-values calculated on the shift index The shaded cell
shows a significant difference (p < .0008).

To conclude, the results of this experiment revealed that
the bias of the cursor position of the schematic does not critically
influence the subjects’ matching process, and therefore confirmed
the perceptual trajectory range effect found in Tokuma [1]. They
also showed that low F1 values of /dVd/ could affect the F2
matching process by lowering it from the F2 /dVd/ trajectory peak,
if F1 is in a low frequency region.

It must be emphasised that the explanation for the mean
matched F1 results of all tokens still requires the hypothesis of the
trajectory range effect, and the effect of low F1 values on F2
matching does not obviate its significance, although both effects
can contribute to an F2 matched lower than the trajectory peaks of
the /CVC/ stimuli in this experiment.

4 . CONCLUSION
The results of the experiment show that the effect of trajectory
range on the vowel quality evaluation process cannot be explained
in terms of the bias of the cursor position of the schematic grid,
thus confirming the trajectory range effect found in the previous
study Tokuma[1]. Furthermore, the results also suggest that low
F1 values of /dVd/ could affect the F2 matching process by
lowering it from the F2 /dVd/ trajectory peak.
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NOTES
1. The actual formula is as follows: If one defines t as relative time within
/CVC/, (i.e. t = 0 at the release of initial consonant), then formant frequency
Fm(t), when t is between 0 and the midpoint of /CVC/, is :

Fm(t)=Fv+(Fi-Fv)[(t-Tv)6/Tv6]  [Hz]
Fi; consonantal loci [Hz]  (i.e. (F1, F2)= (150,2000))
Tv: durational midpoint of a stimulus [ms]
Fv: frequencies in the steady part of nuclei [Hz]
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