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Abstract

In many languages [au] shifts to [o]. Such a change is expected articulatorily
since the transition from the [a]-target to the [u]-target involves a lingual posture
that is [o]-like. From an acoustic perspective, the change is also expected in the
sense that the F1 value of [o] is intermediate to that of [a] and [u]. Thus, the
falling F1 transition across the diphthong [au] will have a period when the F1
value is consistent with that of a mid vowel. While it is reasonable to believe
that the mid-vowel-like transitions play a role in conditioning the shift from [au]
to [o], we find that this is not strictly true. The study indicates that speakers
are also able to form intermediate categories by cognitively averaging the acoustic
information that is unique to [a] with the acoustic information characteristic of [u].
That finding is significant for phonological theory because it suggests that fringe
models of representation – which can predict mid vowel formation as a fusion of
non-mid-vowel properties – are more plausible than the mainstream alternatives.

1 Introduction
This article examines the relationship between the diphthong [au] and the monophthong
[o]. Monophthongizations of the diphthong [au] to [o] are fairly common. This historical
development is attested in a diverse array of languages, for example, Tripoli Arabic (Iványi
2006), Hausa (Newman and Salim 1981), Japanese (Kubozono 2001) and Old Saxon
(Holthausen 1921).

The change is both surprising and expected. It is surprising in the sense that the out-
put of the change ([o]) is different from either of its two inputs ([a] and [u]). On the other
hand, the change is phonetically expected. Articulatorily, the diphthong [au] consists of a
low-vowel target ([a]) and a high-vowel target ([u]). In producing the diphthong [au], the
tongue body makes a transitional gesture from the one target to the next. Towards the
middle of that lingual gesture, the tongue will briefly arrive at an [o]-like posture. The
[o]-like phase of the diphthong [au] is also manifest acoustically as a falling first formant
across the diphthong. The drop in the first formant occurs because F1 correlates inversely
with vowel height: low vowels have higher F1 values than mid vowels, which, in turn, have
higher F1 values than high vowels. As the tongue moves up from [a] towards [u], the F1
value correspondingly descends. At the mid point between the low and high-vowel targets,
the F1 value approximates that of a mid vowel.
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There are two competing ideas about how the phonological features of mid vowels are
encoded. The mainstream school of thought sees the encoding of features as a consequence
of articulation (e.g. Chomsky and Halle (1968), Lahiri and Reetz (2010), etc.). Mid vowels
in this approach are crucially non-high, non-low segments. The shift from [au] to [o] can
therefore be described as the merging of a non-high segment ([a]) with a non-low segment
([u]). That description is not intuitive in the sense that the new output is a product of
the inactive features of the input sounds, rather than their active features ([+high] and
[+low]).

The second school of thought sees the encoding of features as the consequence of
perception. A mid vowel’s profile of amplitude is intermediate to the amplitude profiles
of high vowels and low vowels. Accordingly, it has been argued that that intermediate
profile is negotiated by combining the amplitude profiles of high and low vowels. For
example, Element Theory (Backley 2011) sees [o] as the combination of an |a|-element
and an |u|-element. In this way, the shift from [au] to [o] falls out from active features.

A fundamental contradiction between the phonetic explanations that make the shift
from [au] to [o] seem expected, and the phonological approaches is in the interpretation of
the inter-target transition. In essence, phonetic approaches largely expect that a shift from
[au] to [o] involves some kind of shift in focus from the peripheral targets [a] and [u] to the
mid-vowel-like transition between those targets. Phonological features, by contrast, are
not gradient in nature. Accordingly, they predict that some real aspect of the peripheral
targets is at work in the formation of a new mid vowel.

This study uses an experimental approach to evaluate the significance of the peripheral
targets and the transitional phase in a monophthongization from [au] to [o].

2 Methods
We conducted a perception experiment that tests the significance of peripheral targets and
transitions by eliciting diphthongs from a native speaker of German. We then manipulate
those diphthongs using three different methods. The first method is midpoint range
reduction (MRR). The second is authentic diphthong compression (ADC), and the third
is synthetic diphthong compression (SDC). We then conducted a perceptual experiment
in which native speakers of German evaluated the manipulated diphthongs.

The methods for elicitation of diphthongs is described in section 2.1. In section 2.2 we
discuss the three methods used to manipulate the elicited diphthongs, and the methods
used for the perceptual experiment is taken up in section 2.3.

All models can provide some explanation why the mid-point of the diphthong [au]
should be [o]-like. We confirm this production in Experiment two. By starting with
just the mid point of a diphthong and creating sound clips by incrementally expanding
outward away from that mid point, most speaks, as expected, perceive a mid vowel. But
this experiment does not shed light on why that should be the case since it is explicable
in all models of phonological theory.

The third experiment aims to get at the question of why mid vowels are perceived
from diphthongs. It does this by compressing the diphthong into incrementally smaller
durations. We find that there is a threshold when the compressed diphthongs start to
be perceived as mid vowels. That result is surprising. In an articulatory account, there
is no basis for explaining why unmarked features become more marked when diphthongs
are compressed. At the same time, it is not clear in Element Theory models why the
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condensing |a| and |u| would make |o| and more likely, since each portion of the original
diphthong is proportionally compressed.

The final experiment first removes the [o]-like potion of the diphthong, leaving diph-
thongal doughnut with a true [a] on the left-hand side, a true [u] on the right hand side
and nothing mid vowel like in the middle. If this experiments also produces the same re-
sults, it tells us that mid vowel in diphthongs are not only likely because of the mid-vowel
like transitions, but because the right and left hand targets can combine in a real sense
to be perceived as a mid vowel.

2.1 Vowel Elicitation
2.1.1 Speaker

Vowels were elicited from a native German speaker. The speaker was a 52 year old female
from Northwestern Germany.

2.1.2 Materials

In an psycholinguistic laboratory with an anechoic chamber, the speaker produced tokens
of the back vowels [u:], [U], [o:], [O], [a:], [a] and the diphthong [au] in an inter-sibilant
context by reading seven nonce words: schuhsche [Su:S@], schusche [SUS@], schohsche [So:S@],
schosche [SOS@], schahsche [Sa:S@], schasche [SaS@], and schausche [SauS@]. German orthogra-
phy makes the pronunciation of these words unambiguous. <sch> is always pronounced
[S], <au> is always realized as the diphthong [au], and final <e> is always articulated as
[@]. A vowel is consistently long when followed by <h>. Otherwise, it is articulated as a
short vowel.

Each nonce word was displayed to the speaker for approximately 5 seconds on a Pow-
erPoint slide using a laptop. The speaker was asked to repeat the word three times. To
make that repetition easier to pronounce (i.e. to break up the repetition of sibilant on-
sets), the nonce words were treated as feminine nouns with the definite article die [di:].
Accordingly, the speaker saw a prompt like die Schausche and produced a three item list,
[di: SauS@, di: SauS@, di: SauS@]. This task was repeated 31 times for each of the seven
vowels. For the recordings, an H5 Zoom recorder and a SM10A Shure dynamic headworn
microphone was used. The sampling rate was 44.1 KHz with 16-bit quantization.

Of the three item list, only the second repetition was annotated in Praat (Boersma
and Weenink 2016). The display in (1) illustrates how the tokens were segmented. The
white line shows the intensity contour of the inter-sibilant vowel and the black dotted
lines show the right and left segmentation boundaries of that vowel.
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(1)

The left segmentation boundary is aligned with the first periodic waveform. Between [a]
and the second [S], the boundary is defined by the first wave form period after a 10% drop
in intensity (dB) when compared to the maximum intensity value for the whole vowel. In
(1), for example, the maximum intensity of [a] is 72 dB. The boundary has been set at
the end of the waveform cycle (at 100.7 ms) corresponding to a 10% amplitude decrease
(64.8 dB). Defining the boundary with respect to intensity enables us to omit the devoiced
portion of the vowel which results from the following voiceless consonant.

Using the above measurement criteria, the duration values of the annotated vowels
were extracted using a Praat script. For each vowel, the first repetition (of 31) was
counted as part of the training phase and was excluded from the measurements. The
remaining 30 tokens of each vowel were then used to calculate the mean and standard
deviation of duration.

One token of each of the six monophthongs (/a, a:, O, o:, U, u:/) and the diphthong /au/
were selected. The criteria for this selection was that the vowel durations corresponded
exactly or closely (+/– 3 ms) to the mean duration values as summarized in (2).

(2) Vowel Mean Duration (ms) s.d. Selected Token Duration
/au/ 196 12 195
/a:/ 197 8 195
/o:/ 167 12 167
/u:/ 147 15 150
/O/ 105 7 106
/a/ 108 9 108
/U/ 89 7 88

The seven selected tokens were then manipulated to be used as the stimuli for the per-
ception experiment. Section 2.2 describes the methods used for manipulating the tokens
in (2). Section 2.3 then discusses the methods used for the perception experiment.1

1We note here that our mean durations are systematically longer than in some other studies. For
example, Strange et al. (2004) reports the following durations for Northern German speakers: [a:] =
172ms, [o:] = 165ms, [u:] = 129ms, [O] = 76 ms, [a] = 82 ms, and [U] = 71ms. Similar durations are
reported in Jessen (1993) for [o:] (= 157ms) and [a] (= 86ms). These studies differ in their elicitation
method as well as the context in which the vowel was embedded.
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2.2 Durational Manipulations
The selected tokens from (2) were used for all of the manipulations described below. The
diphthong [au] was manipulated in three different ways, which are described in section
2.2.1, section 2.2.2 and 2.2.3. Section AMC the describes the procedure used for the
manipulation of short vowels. These manipulations are less material to the present study,
since they are used only as fillers. Finally, section 2.2.5 describes the procedure used for
creating new prompts with the manipulated vowels.

2.2.1 Procedure 1: Midpoint Range Reduction (MRR)

The technique for preparing the stimuli with the midpoint range reduction involved iso-
lating the durational midpoint of the diphthong. That midpoint also corresponded to the
formant transition between the /a/ and /u/ component of the segment. A 90ms diph-
thong was created by taking a 45ms cut to the left and right of the mid point. Additional
segments were then created by reducing the range on both sides of the mid point by 5ms.
There were 7 manipulation steps as shown in table (3).

(3) Total duration Expected effect
90ms 45ms + Mid-point + 45ms more [au] like
80ms 40ms + Mid-point + 40ms
70ms 35ms + Mid-point + 35ms
60ms 30ms + Mid-point + 30ms
50ms 25ms + Mid-point + 25ms
40ms 20ms + Mid-point + 20ms
30ms 15ms + Mid-point + 15ms more [o] like

2.2.2 Procedure 2: Authentic Diphthong Compression (ADC)

The time compressions of the diphthong were done with duration tiers with a script in
Praat according to the following criteria: first, two duration points were set. One at the
left and one at the right boundary of the vowel. These duration points remained constant.
The left duration point was constantly set at at 132 ms because the same onset /S/ onset
from the template described below was used for each token. The right duration point
varied according to the vowel durations. Another two points were set 5 ms into the vowel
to the left and right respectively from the two constant points. The value of these two
points were altered for the time manipulations according to the percentages in (4).

(4) Total duration % Compressed (from 195ms) Expected effect
99.6ms 49.18% more [au] like
88.5ms 54.83%
77.4ms 60.74%
66.4ms 66.12%
55.3ms 71.77%
44.3ms 77.41%
33.2ms 83.06% more [o] like
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2.2.3 Procedure 3: Synthetic Diphthong Compression (SDC)

The technique for the synthetic compressions of the diphthong /au/ was the same as
for the authentic compressions except for the manipulation basis. Rather than using an
authentic diphthong, a synthetic one was created in the following way: A 88.5 ms portion
was isolated from a token of /a:/ starting from the left part of the vowel. Similarly, a 88.5
ms portion of a token of /u:/ was isolated with a starting point from the right side of the
vowel. The two components were then concatenated into one vowel segment resulting in
a synthetic diphthong of 177 ms duration. This value corresponded to the mean of the
long vowels in the production study (see (2) in section 2.1). The F0 of the synthetic vowel
segment was then manipulated to achieve a homogeneous F0 contour in Praat with the
following method: The pitch tier for the vowel was created where all pitch points were
removed except for at the beginning and end of the vowel. The F0 contour was set to
a flat 100 Hz contour. This F0 value was representative for the speaker in the recorded
items (i.e., in the second listed item where the F0 was relatively low). The synthetic
vowel was then concatenated with the /S/ onset and the unstressed syllable. The final
step was the time compressions of the vowel segment. This procedure was done exactly
as described for the authentic vowel compression above. The time values are given in (5).

(5) Total duration % Compressed (from 177ms) Expected effect
89.9ms 49.18% more [au] like
79.9ms 54.83%
69.9ms 60.74%
59.9ms 66.12%
69.9ms 71.77%
49.9ms 77.41%
39.9ms 83.06% more [o] like

2.2.4 Authentic Monophthongal Compression

The monophthongs were manipulated using the same procedure as in section 2.2.2. In
(6), the original monophthongal lengths are shown in the 0% column and the durations
(in milliseconds) that result from the Praat compression script are shown in remaining
columns.

(6) V 0% 49.18% 54.83% 60.47% 66.12% 71.77% 77.41% 83.06%
/a:/ 195ms 99.6 88.5 77.4 66.4 55.33 44.27 33.2
/u:/ 150ms 76.23 67.7 59.29 50.82 42.34 33.88 25.41
/o:/ 176ms 89.44 79.4 69.57 59.62 49.68 39.75 29.81
/a/ 108ms 54.9 48.7 42.6 36.5 30.4 24.3 18.2
/U/ 88ms 44.7 39.7 34.7 29.8 24.8 19.8 14.8
/O/ 106ms 53.8 47.8 41.9 35.9 29.9 23.9 17.9

There were 7 steps of compressions where the shortest vowel duration was manipulated
down to 14.8 ms when compressed by 83.06%.

2.2.5 Creating Stimuli with the Manipulated Vowels

All of manipulations described in section 2.2.1 - section 2.2.4 are used to create new ver-
sions of the seven nonce words /Su:S@/, /SUS@/, /So:S@/, /SOS@/, /Sa:S@/, /SaS@/ and /SauS@/.
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These new prompts were created by combining (1) a word-initial [S], (2) a manipulated
vowel, and (3) a final [S@]-syllable: [S] + Manipulate Vowel + [S@].

The word-initial [S] and the final [S@]-syllable are the same for all of the new prompts.
The former is taken from the most average word-initial token of [S] in the nonce word
[SaS@] based on mean duration measurements of the word initial [S]. The was then isolated,
as shown in (7), and saved as separate file as the word-initial [S] for all manipulations.

(7)

The most average token of [S@] based on mean duration is shown in (8).

(8)

Again, the dotted lines indicate where the [S@] was cut and isolated as a separate wave
file. That wave file was used as the final syllable for all of the new prompts.

In Praat, the isolated onset from (7) and unstressed syllable from (8) were concate-
nated around each of the manipulated vowels from section (2.2.1) - section (2.2.4) via:
combine; concatenate. This resulted in the new prompts for the perception study de-
scribed below.
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2.3 Perception Experiment
2.3.1 Listeners

There were 6 listeners who participated in the experiment. All were native German
speakers between 20-30 years old. There were four female and two male participants. All
came from the eastern part of Germany except for one who was from the northern part.

2.3.2 Experimental Procedure

The listeners participated in a quiet room at Leipzig University. They were seated in
front of a laptop with headphones. The stimuli – created as described in section 2.2.5 –
were presented with the program Psychopy (version 1.85). Each stimulus was presented
in random order. Once the sound file was played, listeners were asked to choose between
the seven different nonce words: schausche, schahsche, schuhsche, schohsche, schasche,
schusche, schosche. The display in (9) shows how the experiment was presented. The
bolded instructions at the top ask listeners to ‘Please listen and click on the corresponding
word’.

(9)

In the experiment, the stimuli were presented in six blocks with pauses in between. The
7 manipulation steps were repeated 6 times for each item (63 different stimuli). This
resulted in 378 tokens. The experiment took about 30 minutes.

The first part of the experiment was the training phase in which the participants
familiarized themselves with the task. For this part, two types of manipulations were
presented with tokens of another female speaker: a 49.18% and 66.12% of authentic vowel
compressions (=14 items).
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3 Results

3.1 Midpoint Range Reduction
The chart in (10) shows the categories that were selected by listeners when they evaluated
durational manipulations of [au] which were created using Midpoint Range Reduction.

(10)

The results indicate that the listeners selected three kinds of categories. The diphthong
was correctly identified in 32% of the evaluations. When not correctly identified, listeners
either perceived [o] (long or short) or they perceived [a] (long or short). At 35%, the
percentage of perceived mid vowels is higher than the percentage of perceived low vowels,
which stands at 33%. Of the 252 evaluations, there was a single instance in which the
listener selected [u].

As expected, the selection rates vary with duration. The diagram in (11) illustrate
this point for selection rates of [au]. In the diagram, ‘1’ indicates that [au] was selected
for a particular duration (in ms); ‘0’ indicates that an alternative was chosen over [au].
The plots along y=1, indicate that [au] was selected at least once for every duration.
Looking at the plots along y=0, it can also be observed that different vocalic categories
were selected over [au] at least once for every duration as well.

The darkness of the ring around each plot corresponds to selection rates. The [au]
graph has a clear trend: at 30 - 50ms, [au] is not frequently selected as a category. From
40-90ms, the ring around the plot gets stronger, indicating that the selection rate is higher
as duration increases. The trend along y=0 is also apparent: as duration decreases, from
right to left, the frequency of alternative categories increases.

(11)

The plot in (11) is consistent with a logarithmic regression pattern. As duration increases,
selection rates of [au] also increase. Alternative category selection is the mirror image,
as duration increases the selection rates of alternative vowels decreases. The diagram in
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(12) illustrates these trends. The increase in the selection of [au] is indicated with a solid
line and the selection of alternative vowels is indicated with a dotted line.

(12)

As the rings in (11) showed roughly, the selection rate of [au] is very low at 30ms (2.78%).
That low selection rate is constant at 40ms and 50ms. Above 50ms, the selection rate
begins to increase. The value at 60ms is 16.67%. That increases to 58.33% when the
segment is 70ms in duration and 66.67% at 80ms in duration. The selection rate of [au]
reaches is maximum of 75% at the longest duration (90ms) that listeners evaluated.

The point where the two lines intersect shows the duration where category selection
for [au] versus an alternative vowel stands at chance. In other words, when the diphthong
is reduced down to approximately 67.5ms in duration (using midpoint range reduction),
there is a 50/50 chance of being perceived as a diphthong. The selection rate for durations
above 67.5 will favor [au], those below that duration will favor alternative vowels.

The trends for each vowel vary significantly. In (12), the durations of the manip-
ulated diphthongs are given in milliseconds in the first column and the selection rates
(obtained from 36 evaluations) for the seven available categories are shown in the subse-
quent columns. The total percentages summed at the bottom of each column correspond
to those reported in (10).

(13)

Duration au o oh ah a u uh Totals
100 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
89 97.22% 0.00% 2.78% 0.00% 0.00% 0.00% 0.00% 100.00%
77 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
66 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
55 72.22% 13.89% 0.00% 5.56% 8.33% 0.00% 0.00% 100.00%
44 44.44% 36.11% 5.56% 0.00% 13.89% 0.00% 0.00% 100.00%
33 5.56% 63.89% 8.33% 0.00% 22.22% 0.00% 0.00% 100.00%

73.41% 17.06% 2.38% 0.79% 6.35% 0.00% 0.00% 100.00%

Duration au o oh ah a u uh Totals
90 86.11% 0.00% 2.78% 0.00% 0.00% 0.00% 11.11% 100.00%
80 80.56% 0.00% 5.56% 0.00% 0.00% 2.78% 11.11% 100.00%
70 66.67% 11.11% 0.00% 2.78% 5.56% 2.78% 11.11% 100.00%
60 63.89% 8.33% 5.56% 8.33% 2.78% 8.33% 2.78% 100.00%
50 33.33% 36.11% 2.78% 0.00% 13.89% 2.78% 11.11% 100.00%
40 8.33% 55.56% 8.33% 2.78% 11.11% 11.11% 2.78% 100.00%
30 0.00% 55.56% 0.00% 0.00% 30.56% 11.11% 2.78% 100.00%

48.41% 23.81% 3.57% 1.98% 9.13% 5.56% 7.54% 100.00%

Duration au o oh ah a u uh Totals
90 75.00% 0.00% 11.11% 13.89% 0.00% 0.00% 0.00% 100.00%
80 66.67% 2.78% 11.11% 16.67% 2.78% 0.00% 0.00% 100.00%
70 58.33% 5.56% 13.89% 16.67% 5.56% 0.00% 0.00% 100.00%
60 16.67% 27.78% 11.11% 13.89% 30.56% 0.00% 0.00% 100.00%
50 2.78% 36.11% 13.89% 5.56% 41.67% 0.00% 0.00% 100.00%
40 2.78% 61.11% 5.56% 0.00% 30.56% 0.00% 0.00% 100.00%
30 2.78% 41.67% 2.78% 0.00% 50.00% 2.78% 0.00% 100.00%

32.14% 25.00% 9.92% 9.52% 23.02% 0.40% 0.00% 100.00%

Category Selection for ADC Manipulations of [au]

Category Selection for SDC Manipulations of [au]

Category Selection for MPE Manipulations of [au]

To visualize these data, graphs for each monophthong are presented in (14) – (16). Charts
for the selection rates of the short vowels [o] and [a] are shown in (14).
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(14)

Both of these charts show trends opposite to the one in (12). Where category selection of
[au] was very unlikely at shorter durations and very likely at higher durations, the charts
indicate that [o] and [a] are selected frequently at lower durations and infrequently at
higher ones. The intersecting lines reveal an important distinction between the selection
of [o] and [a]. In the case of [o], there is a duration (somewhere between 33.5ms and 45ms)
below which the selection rate of [o] is higher than change. By contrast, the selection rate
of [a] never gets above chance.2

Selection rates for long and short [u] are presented in (15).

(15)

These diagrams show virtually no change with respect to the selection rate. Long [u:] is
never selected. Accordingly the diagram for [u:] shows two perfectly straight lines. Short
[u] was selected once. Thus the lines in the [u] digram are almost as straight as the ones
for [u:] except for the hint of increased selection rate at 30ms of duration. These results
suggest that the phonetic cues from [u] and [u:] are unlikely to effect the selection rate of
[au].

Selection rates for long [o:] and long [a:] are given in (16).

(16)

2The pattern of [o] is somewhat unclear below 50ms. However, this is largely because of a single subject
who appeared to be an outlier in the sense that that subject never selected [o] at shorter durations and
tended instead to choose [a]. Accordingly, the selection rate of [o] is a bit lower than would be expected
if that subject were excluded. Likewise, the selection rate of [a] is a bit higher. The subject was not
excluded because it is also clear from the other subjects that [a] will be selected as a category at lower
durations. However, for all other subjects, [o] was consistently selected more frequently than [a].
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As with long and short [u], these long vowels show fairly straight lines. Nevertheless, the
selection rates for [a:] have a clear trend: it is more likely to be perceived as durations
get longer. There is not obvious trend for long [o:]. This difference between [o:] and [a:]
suggests that [a:] is a possible alternative category for [au] at higher durations, whereas
[o:] is a less predictable substitute at nearly all durations.

Given the assumption that selection rates for all categories are a logarithmic function
of length, we can test for significance using logistic regression. The analysis indicates that
duration is the most significant predictor of the selection rates for [au], [o] and [a], as
plotted in (17).

(17)

Duration makes predictions that are statistically significant. The table (35) in reports
the Nagelkerke values for each vowel at a 95% confidence interval. What these values
approximate is the predictive power of duration for the selection rate of the given vowel.
The chart excludes [u] and [u:] since the former was only recorded once and the latter
was not recorded at all.

(18) Selected Category Nagelkerke Value
[au] .50
[o] .30
[a] .25
[a:] .10
[o:] .02

According to the table, duration of manipulated [au] accounts for approximately 50% of
the variability in the selection rate of [au]. It account approximately 30% of the variability
observed in the selection rate of [o], and 25% of [a]. Variability in the long vowels, is
not well accounted for by the duration of a manipulated diphthong. This is even more
apparent when we examine the results based on the compression manipulations discussed
below.

It makes some intuitive sense that the numbers should not be close to 1 in the sense
that there are multiple vocalic parameters – like tenseness and laxness, F!, F2, F3 values,
and rounding – which are not integrated into the model.

The chi-squared value and Wald statistic are presented as additional measures of
predictive power.

(19) Selected Category X2 Wald Statistic
[au] 112.38 62.27
[o] 56.29 40.63
[a] 46.37 34.90
[ah] 11.65 9.93
[oh] 1.89 1.85

These numbers suggest that the selection rates of a particular category are statistically
distinct from the selection rates of alternative categories.

12



3.2 Authentic Diphthongal Compression
The evaluation of compressed, authentic diphthongs is shown in (20). The most significant
distinction between this manipulation and the previous one is that the entire diphthongal
signal is used in the prompt. Where midpoint range reduction leaves out the left ([a]-like]
and right ([u]-like) tales of the diphthong and focuses more on the central ([o]-like] portion
of the segment, authentic diphthongal compression leaves the [a]-like [o]-like and [u]-like
portions of the sound proportionately in tact. The results indicate that listeners assigned
the manipulated diphthongs to the same three categories. However, the frequencies of
those assignments differ.

(20)

When the durations are manipulated using compression, listeners perceive [au] in 74% of
the total evaluations. When the manipulated diphthongs are not identified as diphthongs,
then the are either perceived as mid vowels (in 19% of the evaluations) or low vowels (in
7% of the evaluations). As with the diphthongs that were manipulated with Midpoint
Range Reduction, the compressed authentic diphthongs are identified as mid vowels more
frequently than they are identified as low vowels. The trend for [o:] is less obvious, staying
fairly consistent from 90ms down to 50ms, and then becoming less probable. Long [a:] has
a fairly consistent selection rate between 90ms and 60ms and then drops. As mentioned
above, [u] is only selected once.

Again, clearer trends are observed when the frequency of category selection is examined
with respect to duration.

(21)
Duration au o oh ah a u uh Totals
100 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
89 97.22% 0.00% 2.78% 0.00% 0.00% 0.00% 0.00% 100.00%
77 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
66 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
55 72.22% 13.89% 0.00% 5.56% 8.33% 0.00% 0.00% 100.00%
44 44.44% 36.11% 5.56% 0.00% 13.89% 0.00% 0.00% 100.00%
33 5.56% 63.89% 8.33% 0.00% 22.22% 0.00% 0.00% 100.00%

73.41% 17.06% 2.38% 0.79% 6.35% 0.00% 0.00% 100.00%

Duration au o oh ah a u uh Totals
90 86.11% 0.00% 2.78% 0.00% 0.00% 0.00% 11.11% 100.00%
80 80.56% 0.00% 5.56% 0.00% 0.00% 2.78% 11.11% 100.00%
70 66.67% 11.11% 0.00% 2.78% 5.56% 2.78% 11.11% 100.00%
60 63.89% 8.33% 5.56% 8.33% 2.78% 8.33% 2.78% 100.00%
50 33.33% 36.11% 2.78% 0.00% 13.89% 2.78% 11.11% 100.00%
40 8.33% 55.56% 8.33% 2.78% 11.11% 11.11% 2.78% 100.00%
30 0.00% 55.56% 0.00% 0.00% 30.56% 11.11% 2.78% 100.00%

48.41% 23.81% 3.57% 1.98% 9.13% 5.56% 7.54% 100.00%

Duration au o oh ah a u uh Totals
90 75.00% 0.00% 11.11% 13.89% 0.00% 0.00% 0.00% 100.00%
80 66.67% 2.78% 11.11% 16.67% 2.78% 0.00% 0.00% 100.00%
70 58.33% 5.56% 13.89% 16.67% 5.56% 0.00% 0.00% 100.00%
60 16.67% 27.78% 11.11% 13.89% 30.56% 0.00% 0.00% 100.00%
50 2.78% 36.11% 13.89% 5.56% 41.67% 0.00% 0.00% 100.00%
40 2.78% 61.11% 5.56% 0.00% 30.56% 0.00% 0.00% 100.00%
30 2.78% 41.67% 2.78% 0.00% 50.00% 2.78% 0.00% 100.00%

32.14% 25.00% 9.92% 9.52% 23.02% 0.40% 0.00% 100.00%

Category Selection for ADC Manipulations of [au]

Category Selection for SDC Manipulations of [au]

Category Selection for MPE Manipulations of [au]
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The selection rates for [au] are considerably higher using the authentic diphthongal com-
pression than they were for mid point range reduction. A comparison is presented in
(22).

(22)

The graph on the left shows the selection rates for [au] that has been compressed, the one
on the right repeats the results from reducing the diphthong. The compressed diphthong
is selected at a rate above chance once the duration goes above 46.2ms. Using the previous
manipulation method, the duration must be considerably longer, namely above 67.5ms,
to be above change. Above the 70ms mark, the compressed diphthong is almost selected
categorically,whereas the reduced diphthong never gets long enough to be identifiable with
near-perfect accuracy.

The primary reason for this discrepancy is that the compressed diphthong contains a
complete diphthongal signal. The reduced mid vowel never gets long enough to contain
the entirety of the diphthong. To a lesser extent, the results are different because the
duration times of the stimuli are a bit longer. However, there is not reason to expect
that to alter the point were the selection rate is at chance. It simply gives us additional
information about the selection rate above 90ms.

As in the previous manipulation, next to [au], [o] and [a] were the most frequent
alternative categories.

(23)

The selection rate of [o] occurs more than 50% of the time when the duration gets below
39ms. Once the duration hits about 66ms, however, [o] is almost never selected as a
category. The effect of duration is much stronger for [o] than [a]. As the second digram
shows, the same general trends are apparent: at durations greater than 66ms, [a] is
extremely unlikely to be selected as a category. At durations less than 66ms, the likelihood
increases, but less dramatically than for [o]. The selection of [a] never reaches the 50%
selection rate in the observed range of duration. At the lowest duration, the selection rate
peaks at 22.22%.

Assuming, as above, that selection rates for all categories are a logarithmic function
of length, we can test for significance using logistic regression. The analysis indicates that
duration is the most significant predictor of the selection rates for [au], [o] and [a], as
plotted in (24).
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(24)

As above, duration correlates positively with the selection rate of [au] and negatively with
those of [o] and [a]. One indication of the predictive power of duration is the steepness of
the line. He we see clearly that duration is the best predictor of [au], followed by [o] and
then [a].

The predictions made are statistically significant. The table (25) in reports the Nagelk-
erke values for each vowel at a 95% confidence interval, which approximates the predictive
power of duration for the selection rate of the given vowel. The chart excludes [u] and
[u:] since these categories were never selected.

(25) Selected Category Nagelkerke Value
[au] .66
[o] .49
[a] .28
[a:] .02
[o:] .11

According to the table, duration of manipulated [au] accounts for approximately 66% of
the variability in the selection rate of [au]. This number should be higher than that of
the midpoint range reduction method. That is because the compression manipulation is
for an entire diphthong. It account approximately 49% of the variability observed in the
selection rate of [o], and 28% of [a]. Variability in the long vowels, is not well accounted
for by the duration of a manipulated diphthong.

The chi-squared value and Wald statistic are presented as additional measures of
predictive power.

(26) Selected Category X2 Wald Statistic
[au] 150.79 54.47
[o] 87.71 39.20
[a] 28.00 14.33
[ah] 0.52 0.48
[oh] 5.74 4.09

3.3 Synthetic Diphthongal Compression
The final kind of diphthong that was evaluated was the compressed synthetic diphthong.
As with the authentic diphthongal compression, this manipulation also compresses an
entire diphthongal signal. The crucial difference between the authentic diphthong and the
synthetic diphthong is that the latter is formed out of the non-transitional monophthongs
[a] and [u]. Thus, the synthetic diphthong [au] is characterized by an immediate transition
from [a] to [u]. There is no transitional phase between the targets at all. Thus, there is
no obvious [o]-like material at any point in the diphthong. The results are shown in (27).
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(27)

These results differ in one important respect, namely that long and short [u] are selected
as a possible category (in 13% of the evaluations). In other respects, some of the same
trends observed in (10) and (20) are consistent with the results in (27). Like (20), the
diphthongs are correctly identified in the majority of cases. However, the 48% selection
rate is not as strong as in (20). What is surprising, however, is that, after [au], [o] is still
the most selected alternative, even though there is no [o]-like transition in the synthetic
diphthong that was compressed.

The table in (28) shows similar trends to the manipulations above. Although there
is more diversity in the category selection, [au], [o] and [a] emerge again as the most
frequently selected categories.

(28)

Duration au o oh ah a u uh Totals
100 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
89 97.22% 0.00% 2.78% 0.00% 0.00% 0.00% 0.00% 100.00%
77 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
66 97.22% 2.78% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00%
55 72.22% 13.89% 0.00% 5.56% 8.33% 0.00% 0.00% 100.00%
44 44.44% 36.11% 5.56% 0.00% 13.89% 0.00% 0.00% 100.00%
33 5.56% 63.89% 8.33% 0.00% 22.22% 0.00% 0.00% 100.00%

73.41% 17.06% 2.38% 0.79% 6.35% 0.00% 0.00% 100.00%

Duration au o oh ah a u uh Totals
90 86.11% 0.00% 2.78% 0.00% 0.00% 0.00% 11.11% 100.00%
80 80.56% 0.00% 5.56% 0.00% 0.00% 2.78% 11.11% 100.00%
70 66.67% 11.11% 0.00% 2.78% 5.56% 2.78% 11.11% 100.00%
60 63.89% 8.33% 5.56% 8.33% 2.78% 8.33% 2.78% 100.00%
50 33.33% 36.11% 2.78% 0.00% 13.89% 2.78% 11.11% 100.00%
40 8.33% 55.56% 8.33% 2.78% 11.11% 11.11% 2.78% 100.00%
30 0.00% 55.56% 0.00% 0.00% 30.56% 11.11% 2.78% 100.00%

48.41% 23.81% 3.57% 1.98% 9.13% 5.56% 7.54% 100.00%

Duration au o oh ah a u uh Totals
90 75.00% 0.00% 11.11% 13.89% 0.00% 0.00% 0.00% 100.00%
80 66.67% 2.78% 11.11% 16.67% 2.78% 0.00% 0.00% 100.00%
70 58.33% 5.56% 13.89% 16.67% 5.56% 0.00% 0.00% 100.00%
60 16.67% 27.78% 11.11% 13.89% 30.56% 0.00% 0.00% 100.00%
50 2.78% 36.11% 13.89% 5.56% 41.67% 0.00% 0.00% 100.00%
40 2.78% 61.11% 5.56% 0.00% 30.56% 0.00% 0.00% 100.00%
30 2.78% 41.67% 2.78% 0.00% 50.00% 2.78% 0.00% 100.00%

32.14% 25.00% 9.92% 9.52% 23.02% 0.40% 0.00% 100.00%

Category Selection for ADC Manipulations of [au]

Category Selection for SDC Manipulations of [au]

Category Selection for MPE Manipulations of [au]The diphthong is less likely to be perceived as the duration decreases. Compare the charts
in (29), which show the selection rates for [au] using a compressed synthetic (left) versus
a compressed authentic (right) diphthong.

(29)
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The compressed synthetic diphthong is selected at a rate above chance once the duration
goes above 55ms. Compressing an authentic diphthong, a 50% selection rate is attained at
a much lower duration, namely 46.2ms. The synthetic diphthong never gets long enough
to be identified as a diphthong categorically, reaching a maximum selection rate of 86.11%.
If the two charts are compared above 70ms, it is clear that listeners encountered more
ambiguity in identifying the compressed synthetic diphthong than an authentic one.

As in the other manipulations, the selection rates of the short vowels [o] and [a] increase
as duration decreases. These trends are shown in (30).

(30)

There is a clear interaction between duration and the selection rate of [o] below 60ms,
where the frequency increases from 8.33% to a maximum of 55.56% at 30 and 40ms. The
selection rates for [a] have a clear decreasing trend as duration increases. The relative
flatness of the selection line indicates that the effect of duration is greater in the selection
of [o] than [a].

Unlike the manipulations with authentic diphthongs, the synthetic diphthong manip-
ulations have a small likelihood of being perceived as [u] or [uh] at any duration less than
90ms. Selection rates for these vowels are presented in (31).

(31)

The charts in (31) reveal only weakly discernible trends: the selection rate of [u] appears to
corollate negatively with duration, while the selection rate of [u:] appears to be positively
correlated. For the long vowels [o:] and [a:] are, there are not obvious trends, as seen in
(32).

(32)
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Because there are seven vocalic categories under consideration, chance selection stands at
14.286%. None of the selection rates exceed this percentage and are thus excluded. Only
[au], [o] and [a] have selection rates that exceed chance.

Assuming, as above, that selection rates for all categories are a logarithmic function
of length, we can test for significance using logistic regression. The analysis indicates that
duration is the most significant predictor of the selection rates for [au], [o] and [a], as
plotted in (33).

(33)

Again it can be seen that duration correlates positively with the selection rate of [au] and
negatively with those of [o] and [a]. One indication of the predictive power of duration
is the steepness of the line. He we see clearly that duration is the best predictor of [au],
followed by [o] and then [a].

The predictions made are statistically significant. The table (34) in reports the Nagelk-
erke values for each vowel at a 95% confidence interval, which approximates the predictive
power of duration for the selection rate of the given vowel.

(34) Selected Category Nagelkerke Value
[au] .48
[o] .39
[a] .22
[a:] .00
[o:] .00
[u] .07
[u:] .03

According to the table, duration of manipulated [au] accounts for approximately 48%
of the variability in the selection rate of [au]. This number should be higher than that
of the midpoint range reduction method. That is because the synthetic compression
manipulation is for an entire diphthong. It should also be lower than the compression
manipulation of the authentic diphthong because there is no transitional information
between the two diphthongal targets. Duration accounts for approximately 39% of the
variability observed in the selection rate of [o], and 22% of [a]. Variability in all other
vowels is not well accounted for by the duration of the synthetic diphthong.
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The chi-squared value and Wald statistic are presented as additional measures of
predictive power.

(35) Selected Category X2 Wald Statistic
[au] 113.07 69.72
[o] 75.21 46.71
[a] 26.30 17.48
[ah] 0.05 0.05
[oh] 0.00 0.00
[u] 6.43 5.53
[uh] 3.26 3.09
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