Influence of Zipfian distribution on learning second order

phonotactic constraints

Laura Baakman

May 10, 2013

Abstract

Previous work (Onishi et al.|2002) has shown that adult subjects can learn novel second
order phonotactic constraints in an artificial language. This paper investigates if second order
phonotactic constraints in an artificial language are better learned when trained with a Zipfian
distribution than with an uniform distribution. Subjects listened to CVC words with second
order constraints. To test their knowledge of the learned words they then listened to and
repeated a superset of the learned words. This revealed no benefit of the Zipfian distribution
over the uniform distribution. No evidence of second order constraint learning was found.
Possible explanations are that we used too few presentations or that our language was too

complex.

1 Introduction

In earlier research is has been shown that
adults can learn the phonotactic regularities of
syllables for an unknown language after only
a brief auditory presentation when the words
are presented in a uniform distribution. The
research described in this paper investigates if
adults acquire these regularities better when
certain tokens are presented more often than
others, e.g. with a Zipfian distribution.

Words consist of syllables and, syllables con-
sist of at most three constituents. All syllables
contain a nucleus, which is the vowel-like el-
ement. The nucleus may be preceded or fol-
lowed by a string of consonants, the onset and
the coda respectively (Fromkin et al. |2000).
A syllable can consist of only a nucleus. e.g.
the English word ‘I’. A two-syllable word, such
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Figure 1: The diagram of the English word ‘work-
ing’, w denotes the word and o the syllables.

as ‘working’ consists of the constituents ‘work’
and ‘ing’. The first syllable, ‘work’ has an on-
set(‘w’), nucleus(‘o’) and complex coda (‘rk’),
the second constituent however has only a nu-
cleus (‘") and a coda (‘ng’). See for a

graphical representation of the constituents of
‘working’.

Phonotactic constraints define permissible,



language dependent phoneme sequences. For
example, the velanised nasal (/n/) can occur
in coda position in English, e.g.  ‘thing’,
but never as an onset. Other languages
however may have different constraints, e.g
Vietnamese allow /n/ as an onset. These
differences among languages seem to indicate
that phonotactic patterns must be learned
(Moreton| 2002, Wilson![2010).

We can distinguish first and second order
constraints. First order constraints are only
dependent on the position of the constituent
in the syllable. Second order constraints also
take into account other features of the syllable,
such as the onset and the coda. Thus, never
allowing the /n/ as the onset is a first order
constraint, while an example of a second order
constraint would be that /n/ may only be the
coda when /i/ is the nucleus. Phonotactic
constraints usually apply to natural classes of
sounds, e.g. in Dutch a phonotactic constraint
is that codas must always be unvoiced.

1.1 Phonotactic Learning

When learning phonotactic regularities speech
sound representations must be abstracted
across contexts. This is for example needed
to filter out the effect that nearby sounds
have on the pronunciation. However other
context-dependent differences may be the
results of phonotactic constraints. Therefore
these constraints can not be learned without
context (Kessler & Treiman 1997). From this
follows that the representations of speech
sounds must be flexible for children to be able
to learn phonotactic constraints.

De Boysson-Bardies & Vihman| (1991)
have shown that nine-month old children
have detailed knowledge of the phonotactic
regularities of their mother tongue, as shown

in their preference for certain syllables when
babbling. The children in this experiment
did not start speaking until they were about
17 months old. This result illustrates that
one can acquire sensitivity for phonotactic
constraints by simply listening.

That both adults and children have flexible
representations of spoken words has been
shown by |Fisher et al. (2001). The repre-
sentations of spoken words are updated with
both abstract information and token-specific
details after each listening experience. This
indicates that the learning mechanisms that
are present in young children are still existent
in adults. If the representation of a word
changes after hearing it, then phonotactic
knowledge could be accumulated by repeated
auditory experience.

Finally |Onishi et al. (2002) demonstrated
that phonotactic constraints are rapidly
learned from listening experience.  Adults
required as little as five auditory presentations
of each token in an artificial language, created
from ten consonants and two vowels, to acquire
the phonotactic constraints of that language.
This was true for both first and second order
constraints. Knowledge of the restrictions was
tested by measuring the difference in reaction
time between repeating a word after hearing
it. Reaction times were lower for words that
conformed to the phonotactic constraints than
for words that violated the restrictions.

The above research thus established that
both adults and children have flexible repre-
sentations of words and that both can learn
phonotactic constraints rapidly by just listen-
ing.



1.2 Zipfian Learning

It has been shown that the learning of cate-
gories is optimized by the use of a low-variance
sample centred on prototypical exemplars (Elio
& Anderson| 1981, 1984). Such low-variance
samples allow subjects to easily find the com-
mon factor which can then be generalized.
The Zipfian distribution generates such
low-variance samples. This distribution has
been shown to approximate the distribution
of word types in natural language. (Zipfian
1935). Compare the frequency of the definite
article ‘the’ to the frequency of far less used
‘offal’, which is defined as the entrails and
internal organs of an animal used as food.

The acquisition of phonotactic constraints is
equivalent to the learning of categories. One
learns two categories of phonemes, the group
of consonants that can be onset and the conso-
nants that are permissible in the coda position.

Second order constraints can be seen as the
learning of categories by seeing the coda and
the onset as a frame in which the nucleus is
placed. These frames can be categorized based
on the nuclei they accept.

Based on this view of the learning of phono-
tactic constraints and the above mentioned
research it is probable that learning phonotac-
tic constraints in the Zipfian distribution has
a better result than learning in the uniform
distribution.

This idea is further supported by two exper-
iments done by Kurumada et al. (2011). They
compared the uniform and Zipfian distribution
in experiments on word recognition and word
segmentation of an artificial language/ The
artificial language they used contained words
built from two to four different syllables, which
were randomly concatenated into sentences of
four words. The artificial languages contained
no phonotactic constraints.

In the word recognition task subjects lis-
tened to a sample of speech of one of four ar-
tificial languages. The languages had a differ-
ent number of types, namely 6, 12, 24 or 36
words. The used language contained 300 dif-
ferent words, which means that each type was
presented 50, 25, 12.6 or 8.7 times on aver-
age in the uniform condition. Subjects were
tested in a two-alternative forced-choice task
in which they were asked what word sounded
more like it came from the language they had
just listened to, performance was measured as
the number of correct answers. Performance
was affected by the frequency of the types, in-
dependent of the distribution.

In the word segmentation task subjects lis-
tened to one of four languages that were com-
parable with those used in the word recognition
task. Languages contained 6, 9, 12 or 24 word
types. Since each subject saw 200 tokens in
50 sentences, types were presented 33.3, 22.2,
16.7 or 8.3 times on average in the uniform
condition. Subjects were asked to indicate
word boundaries in visually presented tran-
scriptions, after hearing a synthesized sentence
as many times as needed. Subjects were scored
on how well they segmented words. Partici-
pants who were exposed to the Zipfian distri-
butions generally achieved higher performance
than those exposed to the uniform distribution.
Only when the language contained 6 types was
the performance comparable.

The results showed that adult learners per-
formed significantly better on a segmentation
task when trained in the Zipfian distribution.
This indicates that the Zipfian distribution
allows listeners to learn the high-frequency
words and use them to better handle the less
known words, whereas those who learned an
uniform language can not apply such boot-
strapping. However the uniform distribution
and the Zipfian distribution achieved com-
parable performance in the word recognition
task.



To summarize, previous literature leaves us
with the impression that the Zipfian distribu-
tion might help in learning phonotactic con-
straints.

1.3 The Present Research

The hypothesis guiding this research is that
second order phonotactic constraints are better
learned when they are presented in a Zipfian
distribution than in a uniform distribution.

Subjects listened to consonant-vowel-
consonant (CVC) words in one of two artificial
languages.  These languages were defined
using two sets of consonants and two nuclei.
The position of the consonants was dependent
on the vowel, between the two nuclei the
consonant positions were reversed. Thus if the
first vowel, e.g. /ee/, is associated with the
frame b_p then the other vowel, e.g. /1/, is
used with the frame p_b.

These CVC words were presented in either
the uniform or the Zipfian distribution. All
languages were split in a training and a test
set of equal size, which were balanced across
nucleus, onset, coda and lexical status of the
words. Learning was assessed by presenting
subjects with all words of both languages and
asking them to repeat the words as quickly as
possible without making errors. If phonotactic
constraints are better learned with a Zipfian
distribution, subjects trained in this distribu-
tion should score higher during the test phase
than those trained in the uniform distribution.

2 Method

2.1 Subjects

18 native speakers of Dutch (5 women, mean
age = 22 years, range = 19-32) who reported
normal hearing took part in the experiment.
The subjects received a cash payment of five

euros for their participation. No subjects were
excluded. 6 participants were trained in the
uniform distribution with Language 1, all other
conditions had 4 participants.

2.2 Stimuli

Two groups of consonants based on |Onishi
et al| (2002) were used in this experiment
(Group 1: /b, m, 8, k/; Group 2: /p, t, n,
g/). These consonants cannot be distinguished
by a small set of phonetic features. They were
combined with the nuclei (/&/, /1/). These
vowels were chosen because they are easily dis-
criminable although the choice for a certain
vowel does not seem to influence the general-
ization of phonotactic constraints (Chambers
et al.|[2010).

These consonants and vowels were combined
to form an artificial language in which the
consonant positions depended on the adjacent
vowels; thus /b/’s might be onset and /p/’s
codas with the vowel /&/, but these positions
would be reversed with the vowel /1/ (Onishi
et al| 2002). A female native speaker of
English recorded the syllables.
tokens were used in study and test.

The same

Each of these two lists were equally divided
in a test set and a set of training tokens. These
sets were balanced concerning the frequency
of the onset, nucleus and coda. Furthermore
the words with a lexical status and without
it were in the same proportion in both sets.
The training and test sets of both languages
are listed in The test set for
all four conditions consisted of the training
and test tokens of both languages. For the
subjects in one of conditions of Language 1
all items of Language 2 were illegal and
those of Language 1 legal. This was the other
way around for subjects trained in Language 2.

Emotional words, e.g. vulgar words such as



‘bitch’ were not removed, but only admitted
to the test set, to avoid removing information
while still nullifying the effect of the better re-
membrance of emotional words (Kensinger &
Corkin| [2003). In Language 1, 17 of the 32
words had a lexical status in either Dutch or
English, in Language 2 this was the case for 11
of the 32 words.

As shown previously the difference in the
number of words with a lexical status does
not interact with performance when words and
non-words are intermixed and no lexical access
is required (Onishi et al. 2002, |Mirman et al.
2008|).

2.3 Procedure

Subjects were randomly assigned to one of the
four conditions. The syllables on the training
lists were presented in a random order for each
subject. During the training phase subjects lis-
tened to their training lists and were asked to
rate the pronunciation of the word on a scale
of 1 to 5. After a distraction task subjects lis-
tened to the test set and repeated the items as
quickly as possible without making errors. The
full experiment was recorded using the built in
microphone of the laptop used for testing.

2.4 Scoring

The recordings of the repetition test were tran-
scribed. Errors were excluded from further
analysis (1 = 6.9 per subject). Words that
rated lower than a 3 on understandability
were removed (Language 1: ‘nit’, Language
2: ‘nat’). Reaction times were measured from
stimulus offset to response onset. Responses
more than 1.5 s after stimulus offset were re-
moved (1 item) as were responses standard de-
viations beyond each subjects mean (u = 2 re-
sponses per subject, o = 1.0).
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Figure 2: A box plot of the data. The solid line
denotes the median, while the dashed line represents
the mean. The whiskers extend from Q1—1.5-QRQ)
to Q3+ 1.5 - QRQ.

3 Results

In the section below two different analyses of
the data are presented. A overview of the data
can be found in an overview in In
this plot the median and average reaction time
are shown per type of item (legal studied, legal
unstudied, illegal) separated per distribution.
The plot illustrates that there is some differ-
ence in mean between the two distributions,
the subjects trained in the Zipfian distribution
seem to perform worse than those in the uni-
form distribution.

3.1 Classical Analysis

A two-way analysis of variance by subject
yielded no main effects for type (F(2, 45) =
0.001, p > 0.999). Neither the factor distri-
bution (F1(2, 45) = 0.185, p = 0.669) nor the
interaction effect was significant (F1(2, 45) =
0.018, p > 0.982). Indicating that type nor



distribution had a significant effect on the re-
sponse time.

In a two-way analysis of variance by item
distribution was a main effect (Fa(2, 227)
= 6.354, p = 0.0124) such that the average
response time was significantly faster for the
Zipfian distribution (¢ = 0.38, o = 0.078)
than for the uniform distribution (x = 0.36,
o = 0.061). Both the effect of type (Fa(2, 227)
= 0.745, p = 0.4757) and the interaction
effect (Fa(2, 227) = 0.727, p = 0.4846) were
insignificant.

Onishi et al.| (2002]) found that the advantage
of legal over illegal items decreased during test-
ing since repetition of later words is influenced
by listening to words exhibiting second order
constraints. To investigate whether or not we
have a comparable effect we dived de data in
two equal blocks, see which shows
the decreasing advantage of legality. Subjects
did not have a significant lower reaction time
on legal items in block 2 compared to block
1 (F(1, 17) = 1.1414, p = 0.3941). There was
no significant legality advantage in either block
1 (F(1, 17) = 1.1396, p = 0.6047) or block 2
(F(1, 17) = 0.8931, p = 0.4092). The differ-
ence between studied legal words and unstud-
ied legal words was not significant in block 1
(F(1, 17) = 1.1416, p = 0.606) nor in block
2 (F(1, 17) = 1.1482, p = 0.6105). The ef-
fects of the number of preceding items in the
test phase that has been found in a compara-
ble experiment by [Onishi et al.| could not be
established in this experiment.

3.2 Linear Mixed Effect Models

To avoid the language-as-a-fixed-effect fallacy
(Clark 1973) the data were also analysed us-
ing Linear mixed effect models with subjects
and items as random effects (Baayen et al.
2008)). Visual inspections of plots of residu-
als against fitted values were used to check for
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Figure 3: Results from the experiment dived in
two blocks of trials.

normality and homogeneity. A likelihood ratio
test was used to compare the models with the
fixed effects to null models with only the ran-
dom effects. Results that did not differ signifi-
cantly from the null model were rejected. The
p-values presented in this section are MCMC-
estimated.

The fixed effects of the experiment and thus
of the model were distribution and type. No
model with item and subject as a random ef-
fect showed a significant influence from distri-
bution and type on the reaction time, which is
consistent with the classical analysis presented

in [section 3.1

3.3 Analysis of the Uniform Group

Onishi et al.| found that legal words were re-
peated significantly faster than illegal ones. In
our data no such difference (t(9) = -0.2556,
p = 0.804) was found. Contrary to Onishi
et_all we did not find a reliable decrease in
the advantage of legality between the first and
second half of the test items (F(1,9) = 1.0778,



p = 0.4565).

4 Discussion

This section will aim to present some possible
explanations for the lack or significant results
and some suggestions for further research will
be made.

4.1 Experimental Set-up

The group trained in the Zipfian distribution
did not perform reliably better than those
trained in the uniform condition according to
the item analysis. As has been shown in
the effects found by [Onishi et al.| have
not been replicated in this experiment. The
lack of any significant results may have been
due to the set-up of the experiment.

The described experiment differed on some
points from that done by |Onishi et al.| Due to
time and resource constraints the number of
subjects was much lower (16 versus 40).

Another difference when compared to|Onishi
et al.| is that the used languages only contained
32 tokens. This reduced the number of items
subjects could use to generalize with.

Not only were the languages smaller, the
number of presentations per token was also
lower. |Onishi et al| used an average of five
presentations per word, while we had an aver-
age of four.

In conclusion it is possible that five is the
minimal number of presentations necessary to
learn phonotactic constraints, meaning that
our four presentations were to few to allow
phonotactic regularities to be acquired.

Kurumada et al.| (2011)) found that the Zip-
fian distribution results in higher performance
in word segmentation but not in word recogni-
tion.

Compared to the word recognition task of
Kurumada. et all we used a lower number of

average presentations (4) compared to the at
least 8.3 presentations. Another difference lies
in the paradigm, we tested whether or not the
word was known by measuring reaction time
when repeating words, [Kurumada et al.
plicitly asked for this information, by asking
subjects if they recognised a word. In spite of
the paradigm differences the results were the
same: distribution was not a significant factor.

As stated earlier, in learning phonotactic
constraints subjects have to segment the words
to discover the phonotactic constraints. |[Kuru-
mada et al| found that the Zipfian distribution
offers an advantage in segmentation when the
lexicon contains nine or more words. However
the segments of the words used in our exper-
iment are uniformly distributed. It may thus
be possible that distributing the constituents
used to form the words according to the Zipfian
distribution aids the segmentation of words
and thus influences learning phonotactic con-
straints.

Distributing the words according to the
Zipfian distribution however, did not aid in
learning phonotactic constraints, when the
average number of presentations is less than
four, according to our experiment.

eXx-

In conclusion it is probable that one needs
at least five auditory presentations when one
tries to learn phonotactic constraints.

Distributing the syllables instead of the
words according to the Zipfian distribution
might aid in the learning of phonotactic con-
straints.

4.2 Distribution

The Yule distribution is a more general form of
the Zipfian distribution and is generally used to
describe the distribution of the different codons
in DNA (Yule (1925). |Tambovtsev & Martin-
dale (2007) have shown that the Yule distribu-
tion is a better fit for the phoneme distribution



of English and Dutch, among others, than the
Zipfian distribution.

It is possible that the cognitive systems that
guide the learning of regularities of phonemes,
such as phonotactic constraints, would respond
better to the Yule distribution. Thus phono-
tactic constraints might be better learned
when the constituents are distributed accord-
ing to the Yule distribution, compared to the
uniform distribution.

4.3 Natural Classes

The artificial language we used was more com-
plex than the language used by |Onishi et al..
While they used three different kinds of plo-
sives: bilabial, alveolar and velar, we used four,
adding a retroflex plosive.

Another difference is that we used a dental
fricative while they used an alveolar fricative.

ThusOnishi et al.| used fewer natural classes
than we did, making their language less com-
plex then ours. Since we tried to avoid using
multiple phonemes form the same natural class
our language contained more natural classes.
The higher number of natural classes might
have contributed to the lack of significant re-
sults, as they made the language more complex
and thus possibly harder to learn.

4.4 Conclusion

In this section it has been explained that the
lack of significant results might be due to too
few presentations during the training phase. It
appears thus that we may have hit a minimal
number of auditory presentations necessary for
phonotactic learning. At least five presenta-
tions seem necessary for learning when using
an uniform distribution.

Another possible explanation is the use of
an additional phoneme from another natural
class. This might have made the artificial
language too complex to learn the phonotactic

constraints with such low number of presenta-
tions.

It has furthermore been suggested that dis-
tributing phonemes according to the Zipfian
distribution or the Yule distribution might
achieve better results than the uniform distri-
bution in learning phonotactic constraints.

When trying to determine the benefits of
the Zipfian distribution in phonotactic learn-
ing one should at least use five tokens per type
in the uniform distribution.
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A Stimuli

Table 1: The syllables are formed using consonants from Group 1 and 2 and the nuclei. A zero indicates
a non-lexical status and 1 a lexical status, in the training column indicates a 1 that the word has been
used while training and a 0 that a word has not been used during training.
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Table 1: The table from page continued.
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