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ABSTRACT

The German vowel system shows a complex
structure based on the interaction between vowel
duration and formant structures between short and
long cognates. This leads to the question how
vowel duration is processed. The perception of
vowel duration in German native speakers was
tested by an identification test, a goodness rating
and an adaptive discrimination test. The test results
show a sharp boundary between the short and the
long category. Furthermore, the category border
was characterized by bad goodness ratings in
comparison to within-category stimuli and a
maximum in discrimination performance regarding
subtle durational differences. These results meet
the criteria of both the perceptual magnet effect
and categorical perception.
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1. INTRODUCTION

Previous studies on phonetic perception reported
two different processing mechanisms: “categorical
perception” for consonant processing [15] and the
“perceptual magnet effect” for vowel frequency
perception [8, 9]. Categorical perception is defined
as showing a sharp categorical boundary between
two  phonological categories  with  high
discriminative sensitivity but no sensitivity to
change within the category. The perceptual magnet
effect is defined as discrimination performance
showing an inverse correlation with categorical
goodness ratings: The further away an item is
located in relation to the category center, the better
the discrimination. Most importantly,
discrimination within a category is still possible.
Hence, the magnet effect describes the internal
structure of a category from its prototypical center
toward the periphery. Importantly, tests for
categorical perception usually do not include
goodness ratings, ignoring perceptual variability
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within categories. By contrast, tests for the

perceptual magnet effect mostly omit an
identification task, ignoring the particular
perceptual processes at category boundaries.

Therefore a direct comparison of studies on
categorical perception and of the perceptual
magnet effect seems to be difficult.

In the present experiment the processing of
vowel duration in German native speakers is
studied. The German vowel system has a
distinction between long and short vowels that is
largely  constrained to stressed  syllables.
Furthermore, vowel quantity interacts with some
aspects of vowel quality: High vowels are either
long and tense or short and lax. Only the low
vowel /a/ exhibits a purely durational contrast [1],
which was the motivation to investigate the
durational contrast of /a/ versus /a:/ in the present
study. In phonological theory, vowel length
contrast, called quantity, is modeled by associating
a vowel quality representation for a short vowel
with one length unit (called mora), and with two
moras for a long vowel (Fig. 1) [17]. To test the
psychophonological mapping of a linearly
changing continuum onto the contrasting phonetic
surface, an identification test ‘IT” was used to find
the boundary between category long and short; a
goodness rating ‘GR’ was used to find the
structural organization of the categories and an
adaptive discrimination test ‘DT’ (standard <
comparison) was used to find both the sensitivity
to change and the just-noticeable-difference (JND)
for vowel duration along the continuum.

Figure 1: Phonological Representation of Vowel
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2. METHODS
2.1.

20 native speakers of German were recruited and
paid for their participation (10 males, 10 females.
Mean age: 27.4 years, SD = 4 years). All subjects
were speakers of Standard German, coming from
all over Germany.

Subjects

2.2.

The trochaic nonsense word /tats/ was used as
stimulus. The use of the disyllabic nonsense word
was motivated by three aspects. First, it avoided a
lexical bias, i.e. a perceptual preference for the
item that is more familiar to the subjects. Second,
it represents a trochaic foot, which is the common
metrical structure of German [4]. Third, the
invariant duration of the second syllable reduces
the possibility of a perceptual confounding
between phonological vowel length and the
hearer's representation of the speech tempo along
the physical continuum [7].

During synthesis all phonetic segments were
controlled, varying only the duration of /a/ in steps
of one pitch period (~10ms), producing a
continuum from category short to long. In the IT
/a/ duration was 50ms and 187ms. In the GR two
sets were used: one for category long and one for
category short with vowel durations of 21ms-
128ms and 79ms-187ms, respectively. In the DT
standard duration was 50ms-158ms and potential
comparison durations for the adaptive procedure
ranged between 21ms-305ms.

Stimuli

2.3. Procedures

Subjects were seated comfortably in a sound
attenuated chamber. Stimuli were presented via
Sennheiser HD 201 headphones at an intensity
agreeable for the subject. All three tests were
controlled by a MATLAB (version R2009a,
Mathworks) procedure running on a laptop (Acer
Extensa 7630EZ) including both stimulus
presentation and acquisition of behavioral data. No
training phase was offered. No repeated listening
option was available.

In the IT, subjects had to categorize all items
from the continuum 10 times to category long or
short. Additionally, response times (RT) from the
offset of the stimulus were measured.

In the GR items in both sets had to be rated 5
times (1 = very good exemplar, 6 = very bad
exemplar).

2003

In the DT each standard was played 30 times
with its potential comparison. Subjects had to
discriminate in the sequence ‘standard <
comparison” whether comparison was longer than
the standard. The procedure was insofar adaptive
that the duration of the comparison varied with
respect to the answers given by the subject: After
three sequent positive “comparison vowel is longer
than standard” answers, the duration of the
comparison was decreased by one pitch period
(~10 ms). After one negative answer, i,e,
"comparison is not longer than standard”, the
duration of comparison was increased by one pitch
period. The adaptive procedure was motivated by
two reasons: First, it considerably reduced the
amount of trials needed for an exhaustive study.
Second, in addition to testing the sensitivity for
small durational differences along the continuum,
as does the traditional test, the adaptive
discrimination test actually determines the just-
noticeable-distance (JND) between two vowels in
subsequent test items.

2.4.  Analysis

The individual percental results from the IT were
fitted with an arcus-tangens curve as a function of
vowel duration, extracting exact numerical data.
The category boundary was defined as the x-axis
value in milliseconds at which the arcus-tangens
curve crossed the 50% line on the ordinate scale.
Individual RTs were fitted with a Gaussian curve
as a function of vowel duration with the curve’s
maximum defined as the RT maximum. In the GR,
individual ratings were fitted with the Gaussian-
function as well and the individual intersection
between both curves was calculated. Furthermore,
ratings for vowel duration intersecting between
both sets were cut out and the residual ratings were
concatenated to one large set, used for correlation
analysis between DT and GR. In the DT for each
subject and each standard the weighed percentages
of positive answers were fitted with the arcus-
tangens curve as a function of comparison
duration. The JND was defined as the durational
standard-comparison difference at which 70% of
positive responses were obtained.

3. RESULTS

Fig. 2 shows the category boundary and the mean
RT along the tested continuum. RT is highest close
to the category boundary and decreases in the
categories. In the identification test, the group
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mean value for the category boundary, as found
with the arcus-tangens-function was 105.9 ms (SE
= 1.7ms). Pearson’s product-moment shows a
significant positive correlation between individual
category boundaries and RT maxima (r = 0.65,
Fais = 13.45, p < 0.01).

Fig. 2 shows also the mean just-noticeable-
difference (JND) along the continuum. JND within
category short decreases linearly the nearer an item
is located toward the category boundary, with a
clear minimum at category boundary. A square
group regression analysis of normalized JNDs
yielded a significant square component (Fp 225 =
154, p < 0.001) with a minimum located at
98.0ms.

Figure 2: Mean Response Times in Identification and
Just Noticeable-Difference (JND)
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Fig. 3 shows the mean goodness ratings along
the tested continuum for both sets. Ratings worsen
toward the category boundary, but stabilize in the
set short for vowel durations shorter than 60ms and
in the set long for vowel durations longer than
128ms.

Figure 3: Mean Goodness Ratings
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In the goodness rating, mean point of
intersection between the fitted curves in the rating
set long and rating set short is 97.7ms (SE =
2.5ms), yielding a significant correlation between
individual category boundaries and individual
points of intersection (r = 0.5, p = 0.01).

Pearson’s product-moment yielded a significant
inverse correlation between goodness ratings and
discrimination performance (r =-0.33,t=-5.2,p <
0.001).

4. DISCUSSION

The results of the present study clearly meet the
criteria for categorical perception. (1) In the
identification test a sharp categorical boundary was
found at 105.9 ms which is supported by both the
goodness rating and  discrimination  test.
Correlation analysis across subjects showed that
individual RT maxima and category boundaries are
co-located.

Furthermore, the significant  correlation
between individual category boundaries and
individual points of intersection between the set
long and set short in the goodness ratings and
supports its location.

(2) The square regression analysis of the
discrimination performance at group level was
significant and found a JND minimum, hence, a
sensitivity maximum, located in proximity of the
category boundary, supporting the assumption of a
more or less "hard-wired" structure underlying the
phonological contrast between long and short
quantity.

On the other hand, the present results meet the
criterion for the perceptual magnet effect. The
inverse correlation between goodness ratings and
discrimination performance is significant.

These results provide further evidence that
categorical perception and the perceptual magnet
effect are not strictly distinct phenomena [13].

The identification test is per definitionem
phonological since it forces the identification
according to phonological categories. The
discrimination test is per definitionem physical
since it asks the subject to discriminate physically,
not phonologically, between two adjacent items
taken from a linearly changing continuum. The
goodness rating combines the physical and
phonological processing modes since it asks to
judge the physical percept in relation to a
“psychophonological” exemplar.
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A complete description of the perceptual
processes along a physical linearly changing
continuum can be carried out only with those three
tests together. In fact, different test methods such
as identification, discrimination or goodness rating
seem to induce different perceptual modes, which
seem to be always active in speech perception.

1) A physical mode for purely acoustic
perception and discrimination of noise and
tone duration as well frequency characteristics
[6, 10, 14, 16]. This mode applies in
discrimination tests.

The present results for vowel duration and
reports on the categorization of vowel quality
[2, 3] as well the categorization of consonants
for place of articulation [11] and voicing [5,
15] indicate a linguistic mode, which is purely
phonological. This mode applies during speech
perception and in identification tests.
Discrimination  between subtle  acoustic
differences is not only possible within vowel
categories [8] but also within consonant
categories like voiced — voiceless plosives [5].
Though this is a linguistic mode, since distinct
categories can be perceived, the perception of
acoustic differences indicates a conjunction
with the physical mode. This mode applies in

2)

3)

linguistic discrimination tests as well in
goodness ratings.
The phonetic contrast exemplified in the

present study is analyzed differently in the
phonology of different languages. In Japanese,
which allows contrasting durations in the
unstressed syllable, quantity is localized at the
segmental, subsyllabic level [7]. The contrast in
German is restricted to stressed syllables, only. It
is localized at the prosodic, syllabic level,
explaining quantity as a function of the word-
internal consonant’s lexically encoded position
relative to the syllable boundary (Fig. 1) [1].
Estonian expresses quantity by means of the
duration ratio between stressed and unstressed
syllable, which is why the contrast is attributed to
the suprasyllabic, foot level [12].

Hence, the contrast located at the phonetic
surface can be attributed to different phonological
levels.
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