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L ear ning the mapping from surface to underlying
representationsin an artificial language

Sharon Peperkamp and Emmanuel Dupoux

Abstract

When infants acquire their native language theyamby extract language-
specific segmental categories and the words of theguage, they also
learn the underlying form of these words. This iffialiit because words
can have multiple phonetic realizations, accordiaogthe phonological
context. In a series of artificial language-leagniaxperiments with a
phrase-picture matching task, we consider the otisgecontributions of
word meaning and distributional information for trecquisition of
underlying representations in the presence of lpladnic rule. We show
that on the basis of semantic information, Frendtlta can learn to map
voiced and voiceless stops or fricatives onto tlenes underlying
phonemes, whereas in their native language voi@nghonemic in all
obstruents. They do not extend this knowledge t@hstops or fricatives,
though. In the presence of distributional cues omdarning is much
reduced and limited to the words subjects are @¢thion. We also test if
phonological naturalness plays a role in this tgpkearning, and find that
if semantic information is present, French aduds learn to map different
segments onto a single underlying phoneme eveteif happings are
highly unnatural. We discuss our findings in light of current statist
learning approaches to language acquisition.

1. Introduction

Early language acquisition is a very complex tdmscause infants have to
acquire a great many aspects of their languageltsinaously. Yet, they do
so with amazing speed. Within the first year o€ lifinfants have been
shown to acquire, among others, the segmental @aesgf their language
(Kuhl et al. 1992; Polka and Werker 1994; Werked dees 1984), and to
start to segment the continuous speech streamwotds (Jusczyk and
Aslin 1995). There is evidence that for these aspeaf language

acquisition both adults and infants can exploitoathms based on a
bottom-up acoustical analysis of the input speeshff(an, Aslin and

Newport 1996; Saffran, Newport and Aslin 1996; Mayel Gerken 2000;

Maye, Werker and Gerken 2002). However, there ddhaar aspect of early
language acquisition that has not yet been invastiy infants have to
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acquire the underlying forms of words and morphenidss is difficult,
because languages typically display a humber ohglogical processes
that obscure the relationship between underlyipgesentations and their
surface phonetic realizations.

Adults have been shown to map surface word fornts anderlying
ones in the case of both allophonic (Lahiri and $#ar-Wilson 1991) and
non-allophonic (Gaskell and Marslen-Wilson 1996j)iation. Given these
findings, it is important to examine how infantsncéearn to infer
underlying representations. Consider the caseloflany. Both semantic
and distributional information provide evidence tas the presence of
allophonic rules. Regarding semantics, the presehafophony can cause
words to have more than one segmental make-up,ndeye upon the
phonological context. For instance, French has lepleonic distinction
between k] and its voiceless variang]; the wordfleur ‘flower’ is realized
with a final [g] in fleur jaune ‘yellow flower’ but with [x] in fleur pourpre
‘purple flower'. Knowledge thatfleu[g] and fleu[y] have the same
meaning thus allows infants to infer that the digtibn betweeng] and [x]
is allophonic. Alternatively, infants might rely ap distributional
information, since segments in allophonic relatops have non-
overlapping distribution$.For instance, in Frenchy] only occurs next to
a voiceless consonant whereag pccurs everywhere except next to a
voiceless consonant. Hence, computing contextatisges likewise allows
infants to separate allophonic from phonemic disioms.

Quite another question concerns the type of cansdréghat guide the
acquisition process. Is acquisition based on géfeaming mechanisms or
are linguistic constraints taken into account? Plamically natural rules
share several formal features. For instance, plogia! processes fall into
several broad categories, such as assimilation, keméeg, and
strengthening. It is, therefore, reasonable toytatst that a phonological
learning algorithm would take these features imwoant, hence predicting
faster and more complete learning for languagetsréspect them than for
languages that do not. In contrast, under genenmggse learning
algorithms, one would expect no difference betwd@se two types of
languages, as their statistical distributional prtips are the same.

A related question concerns the role of naturaksga during the
acquisition of underlying representations. Phonicklg processes often
concern not just a single pair of segments, bugrsdypairs that constitute a
natural class. For instance, the allophonic demgiodf [¥] in French
extends to the other sonorant consonants. Thectaemeralization, then,
is that voicing is allophonic in sonorants. Saffeard Thiessen (2003) have
shown that 9-month old infants are sensitive tarsdtclasses. This raises
the question as to whether phonological rules ageieed one by one, or
whether generalizations are made within naturalseda. More specifically,
does knowledge thak] and [y] are realizations of a single phoneme /r/
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helg to infer that, likewise, [I] and][bre realizations of a single phoneme
N2

Using an artificial language-learning paradigm, &amine both the
respective contributions of semantic and distridmai information and the
role of natural classes for the acquisition of m@itlonic rules. The
participants in our experiments are adults, wittomhwe assume infants to
share a processing architecture. In Experimentsdl2a we focus on the
distinction between voiced and voiceless obstrudims is phonemic in
French, and test if French adults can learn toidenshese distinctions to
be allophonic. In Experiment 3, we test if Frendlts more generally can
learn to consider segmental distinctions in obstisie be allophonic, even
if the allophonic groupings are highly unnaturad. dll experiments, we
address the question of natural classes by expasibgects to a voicing
alternation at two places of articulation and tegtthem on both these
places and a novel one.

2. Experiment 1

We created two artificial languages, sharing theesaegmental repertoire
but not the same set of underlying phonemes. Irglage A, voicing is

phonemic in stops but allophonic in fricatives, witicatives being voiced

in intervocalic position and voiceless elsewhenel_anguage B, voicing is
phonemic in fricatives but allophonic in stops, wittops being voiced in
intervocalic position and voiceless elsewhere. Theéerlying obstruent
inventories of the two languages are shown in Table

Table 1. Underlying obstruent inventories of Languages A Bn

Language A Language B

voiceless voiced voiceless voiced
stops ol Ik Ibloidl fgl o Ipl IS
fricatives /il Isljy/ i Ist g NIzl sy

Subjects were exposed to short phrases accompawiectferential
pictures, in one of the two languages. These phrasre of the type
determiner + noun, where the determiner was eitbllermeaning ‘two’ or
ra, meaning ‘three’, and the noun started with eithestop or a fricative
followed by a vowel. Nouns starting with a labigdalatal, or velar
obstruent appeared with both determiners, whereassstarting with a
dental obstruent appeared with only one of therdeéters. Crucially, the
determinerra but notne created the context for the intervocalic voicing
rule; words starting with a non-dental stop oriaative thus appeared in
two phonetic forms in Language B and Language Aspeetively,
depending on the determiner. Hence, subjects rededvidence as to the
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phonemic or allophonic status of voicing in stops &icatives except the
dental ones.

After the exposure phase, a word-picture matchisggigm was used
to test if subjects had learned the allophonicrithistions and therefore
treated voicing distinctions differently in stopsdafricatives for purposes
of word identification. That is, subjects were fipgesented with a phrase-
picture pairing, for instanceel pama with a picture of two bears, and then
heard a minimally different phraseg bama, which they had to match to
either a picture of three bears or a picture cdattokens of a novel object.
In this paradigm, the crucial measure is to wha¢mxsubjects choose the
same object despite the change in the initial camsbof the noun. We
predicted that subjects exposed to Language A wdaldo more often if
the noun started with a fricative than with a staffwereas, conversely,
subjects exposed to Language B would do so moea dffthe noun started
with a stop than with a fricative. Moreover, if taang generalizes within
natural classes, subjects should treat all stokfacatives differently,
even the dental ones, for which the status of mgiciould not be inferred
from the exposure.

2.1. Materials

For the exposure phase, 12 disyllabic items forguage A were selected
and 12 matched items for Language B. In each lageguaalf of the items
started with a stop and half with a fricative. ilitstops were either voiced
or voiceless in Language A but always voiceless Lamguage B.
Conversely, initial fricatives were either voicedvmiceless in Language B
but always voiceless in Language A. In all itemep4mitial stops and
fricatives were voiced if they occurred in betweawels and voiceless
otherwise, thus respecting the phonotactics of laiguages. All items
were pseudo-words in French.

For both languages, twenty-four short phrases Were constructed by
prefixing the pseudo-wordsel andra to each one of the 12 items. In the
phrases witlra belonging to Language A, the initial voicelessdtives
were replaced by their voiced counterparts, thgpeaeting the allophonic
voicing rule for fricatives of Language A. Likewjsia the phrases witha
belonging to Language B, the initial voiceless staere replaced by their
voiced counterparts, thus respecting the allophewiicing rule for stops of
Language B.

For the test phase, 48 novel disyllabic pseudo-siosgre equally
selected, 24 starting with a voiceless stop andiBid a voiceless fricative.
Forty-eight pairs of short test phrases were theated by prefixingel
andra to each one of these words; for the phrases véththe initial
voiceless consonants were replaced by their voicednterparts. In
addition, another 24 novel disyllabic pseudo-wovekre selected, to be
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used in filler trials, 6 starting with a voicelestop, 6 with a voiceless
fricative, and 12 with a nasal or a liquid. Forgbevords, only one short
phrase was created, in half of the cases by pngfinél and in the other
half by prefixingra. As before, initial voiceless obstruents were aeptl
by their voiced counterpart in the phrases wigh Finally, for a short
training phase, another six disyllabic pseudo-watdsting with a nasal or
a liquid consonant were selected. On the basibeaxfet items, ten phrases
were created by prefixingel to one of themra to another one, and both
nel andra to the remaining four. In all 78 words, non-initislops and
fricatives were voiced if they occurred in betwegwels and voiceless
otherwise. Hence, all phrases were legal in batgdages.

All phrases were recorded by a female native speatkErench. They
were digitized at 22050 Hz and 16 bits and stored oomputer disk.

In addition to the phrases, 192 pictures of objeatsmals, and body
parts were selected.

2.2. Procedure

The experiment consisted of a training phase, ap®xe phase, and a test
phase. Half of the subjects were exposed to Larguagand half to
Language B.

At the beginning of the experiment, subjects weitd that they would
be studying short phrases of the type ‘two dolls’tbree boats’ in an
unknown language, in whiche means ‘two’ anda means ‘three’, and
that they were to memorize the words in this laggua

During the training phase, subjects were familedizwith the
experimental task. They were first shown a pictfrievo or three identical
objects. A short phrase describing the picture prasented orally at the
same time. Two pictures - one of which was showlregsame object as the
first picture - were then shown simultaneously, omethe left-hand side
and one on the right-hand side of the computeres¢crand a new phrase
was presented. If the first phrase started wih the second one started
with ra, and vice versa. The subjects’ task was to indiedtich one of the
two pictures was described by the new phrase. Tlere six trials. In the
first two, only the determiner changed; for inseynafter being exposed to
[nelmule] with a picture of two brushes, subjects wrgted on [ramule],
where they had to choose between a picture of threshes and one of
three stars (the former one being the correct resgjo In the last four
trials, the noun changed as well, and this change ®ither very large
([nelrobil] — [ralaro]) or it involved only the firstansonant ([elregap] —
[ramegap]). For these four trials, the correct oese was constituted by
the picture showing the new object. During thenirag phase, the nouns
always started with a nasal or a liquid conson&utbjects replied by
pressing either key [1] (for the picture on the-lednd side) or key [2] (for
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the picture on the right-hand side) on a computybkard, and they
received feedback as to whether their responses eagrect or incorrect.

During the exposure phase, subjects listened tofaie 24 prepared
phrases in either Language A or Language B, accoimmgaby their
referential pictures, as shown in Table 2. Notestlfi, that for each lexical
item, either the phrase withel or the phrase withra is identical in
Language A and Language B; secondly, that eachuslrgtoccurs an equal
number of times word-initially in Language A andnigaage B; and,
thirdly, that for items starting with a dental alsint, only one of the two
phrases occurs, such that subjects did not reesildence as to the status
of voicing in dental obstruents.

Table 2. Phrases in Languages A and B used in exposure gfid&periment 1

Language A: Language B:

allophonic fricative voicing allophonic stop voicing
‘rabbit’ nel pemy  ra pemd nel pemy  ra bemg
‘flower’ nel bovi ra bovi nel povi ra bovi
‘apple’ nel kelaf  ra kelaf nel kelaf ~ ra gelaf
fork’ nel ginel ~ raginel nel kinel ~ raginel
‘hat’ nel timu nel timu
‘tree’ ra daru ra daru
‘cat’ nel fozam  ra vgam rel fogzam  ra fgam
‘nose’ nel fulek ra vulek nel vulek  ravulek
‘bottle’ nel fagip  razagip rel fagip  rafagip
‘house’  nel fubo  ragubo rel 3ubo  ragubo
‘balloon’”  nel sano nel sano
‘snail’ ra zelum ra zelum

Phrases in which the noun started with a labialatph or velar
obstruent were presented 16 times each, and thosehich the noun
started with a dental obstruent were presentedn8stieach. All phrases
were presented in a semi-random order with an S{J3000ms, for a total
of around twenty minutes. The pictures appearetherscreen 500ms prior
to the presentation of the corresponding phrasensard presented for the
entire 3000ms. Subjects could take a short brakivéma through the
exposure. They were reminded tmet andra meant ‘two’ and ‘three’,
respectively, and they were asked to try to menecaiz many of the words
as possible in the language.

The test phase consisted of two parts and wasidaémor all subjects.
In the first part, subjects were tested on theiickd representations of the
words they had learned during the exposure phaskdaring the second
part, they were tested on their lexical represemtatof novel items. Within
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each part, trials were presented in a random oatet, subjects did not
receive feedback.

The first part of the test phase consisted of %2 titals (one for each
lexical item of the exposure) and 6 filler triala. the test trials, subjects
were presented with the phrase-picture pairingsuieae identical in both
languages and that they had been exposed to, stedl ten corresponding
phrases in which the determiner and the voicinguevabf the initial
obstruent of the noun were changed. For instarmeg; would first hear
[nelpemy] and then be tested on [rabefjnlAs in the training phase, their
task was to indicate which one of two pictures dbsd the new phrase,
where one of the pictures showed the same objeotfase, and the other
one showed a novel object. According to the languafgexposure and the
initial consonant of the noun, a trial belongecither the Phonemic or the
Allophonic condition. That is, for subjects expogedLanguage A (with
allophonic fricative voicing), trials with a stopiial noun belonged to the
Phonemic condition and trials with a fricative-iait noun to the
Allophonic condition; for subjects exposed to Laage B (with allophonic
stop voicing), trials with a stop-initial noun belged to the Allophonic
condition and trials with a fricative-initial noua the Phonemic condition.
Trials in which the noun started with a labial, gial, or velar obstruent
belonged to the Trained condition; during exposthrese nouns had been
presented both in the contextr@ and in the context afa. Trials in which
the noun started with a dental obstruent belongedhte Untrained
condition; during exposure, these nouns had beegepted either in the
context ofnel or in the context ofa (see Table 2). For Trained items, trials
in the Phonemic condition contained a test phraakhad not been part of
the exposure, and trials in the Allophonic conditaontained a test phrase
that had been part of the exposure. For Untraiterdg, all test phrases
were new with respect to the exposure. Half oftést phrases started with
nel and the other half witha. Likewise, in half of the trials, the same
object appeared on the left-hand side and in therdtalf it appeared or the
right-hand side of the screen. As for the filleals, there were three trials
with nouns that were part of the exposure and ttrigks with novel nouns,
starting with a nasal or a liquid consonant. Infidér trials, the test phrase
was completely identical to the one presented befor

The second part of the test consisted of 48 diffetest trials and 24
different filler trials. During this part, all phsa-picture pairings were
novel. In the test trials, half of the nouns stértéth a stop ' labial, ¥
dental,%s velar) and the other half with a fricativi (abial, s dental,s
palatal). In phrases withel the initial obstruent was voiceless, and in
phrases wittra it was voiced. In these trials, subjects were fir@sented
with a phrase-picture pairing and then tested eoreesponding phrase in
which both the determiner and the voicing value tieé noun-initial
obstruent were changed. Their task was again ioatelwhich one of two
pictures described the new phrase, where one opititeres showed the
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same object, and the other one showed a new oljjediefore, according
to the language of exposure and the initial consbo&the noun (stop or
fricative), a trial belonged to either the Phonenoic the Allophonic
condition, and according to the place of articolatof the initial consonant
(labial/palatal/velar or dental), a trial belongedeither the Trained or the
Untrained condition. In the filler trials, subjectgere presented with
phrase-picture pairings and tested on the idenfitahses. Half of the
nouns in the filler trials started with a stop offrecative (voiceless in
phrases witmel and voiced in phrases witla), and the other half with a
nasal or a liquid consonant. In both test andrfiltals, the same object
appeared on the left-hand side in half of the caseson the right-hand
side in the other half. The 72 trials of this settest phase were presented
in two blocks, the order of which was counterbatahacross subjects.

The entire experiment lasted around 40 minutes.

2.3. Subjects

Twelve native speakers of French with normal hepamd normal or
corrected-to-normal vision participated in the ekpent.

2.4. Results and discussion
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S 80+
3
S 60 T :
% m Allophonic
[%2] .
5 40 4 O Phonemic
[
2
o
c 20+
2
o
c
X 0 ,
Trained Untrained Trained Untrained
segments segment segments segment

Figure 1. Percentage of pairings of the novel phrase toktt@vn object for the
test trials in the two test phases.

The results of the test phases with the old anddivel words were subject
to separate ANOVAs.

First, the results of the test phase with the adtlds were subject to an
ANOVA with between-subject factor Language (A vs) &1d within-
subject factors Contrast (Phonemic vs. Allophorig)l Segment (Trained
vs. Untrained). There was a significant main effefic€Contrast (F(1,10) =
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47.6, p<.0001), due to the fact that the percentage afings with the
known object was higher in the Allophonic thanhie Phonemic condition,
and a significant main effect of Segment (F(1,1®7:3,p<.0001), due to
the fact that the percentage of pairings with thewn object was higher in
the Trained than in the Untrained condition. Funth@re, the interaction
between these two factors was significant (F(1,2085.2, p<.0001),
reflecting the fact that there was an effect of {€ast in the Trained
(F(1,10) = 54p<.0001) but not in the Untrained condition. No ath@in
effect or interaction reached significance.

The results of the test phase with the novel wavdee subject to an
ANOVA with between-subject factors Language (A 8. and Order
(counterbalancing factor, Blockl first vs. Blockgst) and within-subject
factors Contrast (Phonemic vs. Allophonic) and Segm(Trained or
Untrained). There was a significant main effecCaohtrast (F(1,10) = 8.6,
p<.016), due to the fact that the percentage ofingsirwith the known
object was higher in the Allophonic than in the Rémic condition, and a
marginally significant effect of Segment (F(1,10%4,p<.064), due to the
fact that the percentage of pairings with the knolject was higher in the
Trained than in the Untrained condition. Moreovhe interaction between
these two factors was significar{f(1,10) = 6.0,p<.035), reflecting the
fact that there was an effect of Contrast in thairled (F(1,10) = 8.7,
p<.015) but not in the Untrained condition. No otheain effect or
interaction reached significance.

These results show that subjects treated voicisiindtions differently,
depending on whether in the language of exposu \WWere phonemic or
allophonic. Specifically, they ignored a voicingffeience on labial,
palatal, and velar obstruents more often in thegkibnic condition than in
the Phonemic condition for purposes of word idédtfon. Importantly,
they did so not only for the items to which theyl lieeen exposed, but also
for novel items. This, then, is evidence that Fheadults can learn to map
voiced and voiceless stops or fricatives onto #mesunderlying phonemes
after twenty minutes of exposure. By contrast, scisj failed to generalize
the acquired knowledge towards dental obstruemtshath known and
novel items. This suggests that they learned toorignthe voicing
distinction in two pairs of segments without makiagy inference about
the remaining pair belonging to the same natuesd<l

In the next experiment, we test whether subjects learn to create
abstract phoneme categories on the basis of distrital information only,
that is, in the absence of word meanings.

3. Experiment 2

This experiment was identical to Experiment 1, wathe modification:
during the exposure phase, for each lexical iteraferential picture was
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shown with eithernd-phrases ormra-phrases but not both. There was
therefore no semantic information revealing whethepair of phrases
referred to the same entities or not.

3.1. Materials and procedure

The materials and procedure were as in Experimgakdept that for the
exposure phase, we replaced the referential petifrdalf of the phrases
containing a lexical item starting with a labialgtal, or velar obstruent by
a picture showing either two (for phrases wikt) or three (for phrases
with ra) question mark8.For half of these items, this was done for the
phrase witimel, and for the other half for the phrase wieh Table 3 shows
the materials for the exposure phase; the phrasislic are accompanied
by the question marks. Note that the phrases tleatshown with their
referential picture are always identical in the fanguages.

Table 3. Phrases in Languages A and B used for the exppsiage of Experiment
2. The phrases shown in italics are not accompahie@ referential

picture

Language A: Language B:

allophonic fricative voicing allophonic stop voicing
‘rabbit’  nel pemy  ra pemuf nel pemy ra bemus
‘flower’ nel bovi ra bovi nel povi ra bovi
‘apple’  nel kelaf  rakelaf nel kelaf ra gelaf
‘fork’ nel ginel ra ginel nel kinel ra ginel
‘hat’ nel timu nel timu
‘tree’ ra daru ra daru
‘cat’ nel fozam ravozam nel fozam rafozam
‘nose’ nel fulek  ravulek nel vulek ra vulek
‘bottle’  nel fagip  razagip nel fagip rafagip
‘house’  nel fubo  razubo nel 3ubo ra3zubo
‘balloon’  ngl sano nel sano
‘snalil’ ra zelum ra zelum

3.2. Subjects

Twenty-four native speakers of French with normediing and normal or
corrected-to-normal vision participated in the akpent. None of them
had participated in Experiment 1.
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3.3. Results and discussion
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Figure 2. The percentage of pairings of the novel phraséhéoknown object for
the test trials in the two test phases.

The results of the two test phases were analyzedEgeriment 1.

The ANOVA of the results of the test phase with elebwords revealed
a main effect of Contrast (F(1,22) = 8.Q,.02), due to the fact that the
percentage of pairings with the known object waghéi in the Allophonic
than in the Phonemic condition, and a main effécsegment (F(1,10) =
9.8, p<.006), due to the fact that the percentage ofrgrwith the known
object was higher in the Trained than in the Unedicondition. No other
main effect or interaction reached significancepamticular, the interaction
between Contrast and Segment was not significartl)(FRestricted
analyses revealed a significant effect of Contirmghe Trained condition
(F(1,22) = 6.7p<.018), but not in the Untrained condition.

The ANOVA of the results of the test phase with tim/el words
revealed an interaction between Contrast and Layggg(1,22) = 5.0,
p<.037). No other main effect or interaction reachsignificance.
Restricted analyses revealed a significant intemadvetween the factors
Contrast and Language in both the Trained (F(1722)8, p<.05) and the
Untrained (F(1,22) = 3.5<.08) condition. As in the global ANOVA, no
other main effect or interaction reached signifazn

These results show that as in Experiment 1, subjgeated voicing
distinctions differently, depending on whether lie tanguage of exposure
they were phonemic or allophonic. Specifically, ytHgnored a voicing
difference on labial, palatal, and velar obstruemtere often in the
Allophonic condition than in the Phonemic conditiion purposes of word
identification. The effects were numerically mucimadler than in
Experiment 1, as the predominant response in aéavas to choose the
unknown picture. Furthermore, the difference betwgdonemic and
allophonic distinctions yielded significant effecbmly for the items to



12 Sharon Peperkamp and Emmanuel Dupoux

which the participants had been exposed, and matdeel words. Hence,
removing relevant semantic information had the atffef severely
weakening, although not eliminating, the acquisitiof the difference
between phonemic and allophonic distinctions. A€kperiment 1, this
acquisition failed to generalize towards dentaltilets, in both trained
and novel words.

In the last experiment, we test whether subjects learn unnatural
allophonic rules.

4, Experiment 3

We created two new artificial languages, C and bariag the same
segmental repertoire as Languages A and B but metsame set of
underlying phonemes. In Language C, all obstruargsphonemic except
[f], [t] and [3], which are allophones of /g/, /s/, and /p/, respely,
occurring in intervocalic position. In Language likewise, all obstruents
are phonemic except [s], [K] and [b], which aresimbcalic allophones of
/dl, Ivl, and §/, respectively. Note that these allophonic grogpirare
highly unnatural. They involve at least two change®ng the dimensions
of voicing, manner, and place, that are unreladetti¢ conditioning context
(intervocalic position) and that differ from oneaodimer within the same
language (for instance, in Language C, the voicgldrvstop /g/ has the
voiceless labial fricative [f] as an allophone, wdes the voiceless labial
stop /p/ has the voiced palatal fricatigg ds an allophone).

The underlying obstruent inventories of the twoglaages are shown in
Table 4.

Table 4. Underlying obstruent inventories of Languages € @n

Language C Language D
voiceless voiced voiceless voiced
stops Ip/ kI Ioldl Igl Ipl dr gl

fricatives Islyg1 NI 1zl Il 51 NIzl sy

4.1. Materials and procedure

Two new sets of materials for the exposure phasetla test phase were
created, following the logic of those in Experiméntbut based on the
phoneme categories of the new languages. Tablewssthe materials for
the exposure phase. As in the previous experimemsd-medial and

word-final obstruents are legal in both languages.
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Table 5. Phrases in Languages A and B used in exposure gfi&xperiment 3

Language C: Language D:

Ipl > [3] Il - [b]

Igl - [fl ¢/V.V NSkl ¢ IV

(/zI - [t]) (/d! > [s])
‘rabbit’  nel pemy razemy nel pemy ra pemgi
‘flower’ nel bomi  ra bomi nel fomi ra bomi
‘apple’  nelkela rakela nel vela ra kela
‘fork’ nel girel ~ rafirel nel girel ra girel
‘balloon’  nel doba nel doba
‘tree’ ra tirur ra tirur
‘cat’ nelgoza rafga rel foza ra fgga
‘nose’ nel vusen ravusen nel vusen ra kusen
‘bottle’  nel fanip rafanip rel fanip ra banip
‘house’  nelpuko  razuko rel 3uko razuko
‘hat’ nel zifu nel zifu
‘snail’ ra setum ra setum

The presence of the four single phrasdsdoba, nel zfu, ra tirur and
ra setum ensures that the exposure is comparable to thakperiment 1,
but is otherwise uninteresting for the purposeshefpresent experiment.
Indeed, the alternations /z/ [t] (Language C) and /d/ [s] (Language D)
are impossible to infer, since they do not repreaegeneralization within a
natural class of one of the alternations that aesent overtly. Hence, we
expect that during the test phase, subjects tratht the [z-t] and the [d-s]
distinctions in the Untrained condition as phonenoigr classification of
these distinctions as phonemic or allophonic in tive languages is
arbitrary.

The procedure was as in Experiment 1.

4.2. Subjects
Twelve native speakers of French with normal hea@md normal or

corrected-to-normal vision participated in the ekpent. None of them
had participated in Experiments 1 or 2.
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4.3. Results and discussion
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Figure 3. Percentage of pairings of the novel ghtaghe known object for the test
trials in the two test phases.

The results of the two test phases were analyzedEsgperiments 1 and 2.

The ANOVA of the results of the test phase with efebwords revealed
a main effect of Contrast (F(1,10) = 138;.0001), due to the fact that the
percentage of pairings with the known object waghéi in the Allophonic
than in the Phonemic condition, and a main efféctegment (F(1,10) =
30.6, p<.0001), due to the fact that the percentage ofimus with the
known object was higher in the Trained than in therained condition.
Furthermore, the interaction between these twoofactvas significant
(F(1,10) = 47.2p<.0001), reflecting the fact that there was an cbffef
Contrast in the Trained (F(1,10) = 158%.0001) but not in the Untrained
condition. Finally, the interaction between Langeiaand Contrast was
significant (F(1,10) = 11.6p<.008), reflecting the fact that the effect of
Contrast was stronger in Language A (F(1,5) = 145.0001) than in
Language B (F(1,5) = 29.1p<.004). No other main effect or interaction
reached significance.

The ANOVA of the results of the test phase with tim/el words
revealed a main effect of Contrast (F(1,10) = 60035), due to the fact
that the percentage of pairings with the known cbjeas higher in the
Allophonic than in the Phonemic condition, and anreffect of Segment
(F(1,10) = 13.1p<.006), due to the fact that the percentage ofrmErwith
the known object was higher in the Trained thathenUntrained condition.
Moreover, the interaction between these two factas significant
(F(1,10) = 5.7,p<.039), reflecting the fact that there was an effetc
Contrast in the Trained (F(1,10) = 7485.021) but not in the Untrained
condition. No other main effect or interaction teaed significance.

These results show that as in Experiments 1 ansuBjects treated
voicing distinctions differently, depending on whet in the language of
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exposure they were phonemic or allophonic. Spedific they ignored
word-initial segmental differences more often ie thllophonic condition
than in the Phonemic condition for purposes of wiakehtification, and
they did so not only for the items to which theyl leeen exposed but also
for novel items starting with the same segmentss, Then, is evidence that
French adults can learn to map segments onto ymugphonemes on the
basis of semantic information even if this is thesult of unnatural
allophonic rules. As expected, subjects treatett biotrained distinctions
as phonemic, both in the items to which they hashtexposed and in new
ones. Indeed, the untrained distinctions being plogically unrelated to
the trained ones, there was no evidence that onéheh would be
allophonic.

5. General discussion

We used an artificial language learning paradigrevauate how semantic
and distributional information can be used to aemuihe difference
between phonemic and allophonic distinctions. I paradigm, two
counterbalanced artificial languages contained ghme sets of surface
segments (all phonemic in French, the subjectsv@danguage) resulting
from different underlying phoneme inventories. Thissign ensures that
our results are due to the phonological propemiethe two languages,
rather than to some inherent phonetic propertieshef segments being
used.

Experiment 1 shows that when semantic informatiegarding the
identity of lexical items is provided during exposua robust separation of
phonemic and allophonic voicing distinctions is @iogd. That is, whereas
subjects judged that a change in voicing of theiainiobstruent must
correspond to a change in lexical item for the ocoasts in which voicing
was phonemic in the language of exposure, the &mngpicing was taken
to be lexically irrelevant for the obstruents in ighh voicing was
allophonic. Not only did the subjects apply thistutiction to the words
they had been exposed to (and hence had expliedlsned during the
twenty minutes of exposure), but they also germgdliit to novel words
starting with the same segments. This is evidehat they have learned
that in the language of exposure, voicing is phdoeand hence carrier of
semantic information in one set of segments wheiteiasallophonic and
hence irrelevant for word identification in anotiset.

These results are in accordance with much recenk wah artificial
language learning paradigms, showing that bothtadahd infants can
learn various properties of a language’s soundcitra such as segments
(Maye and Gerken 2000; Maye, Werker, and Gerker2RQthonotactics
(Onishi, Chambers, and Fisher 2002; Chambers, Qrisd Fisher 2003;
Saffran and Thiessen 2003) and word segmentatiaffré8, Aslin, and
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Newport 1996; Saffran, Newport, and Aslin 1996)nirdorief auditory

exposure. All of the above-mentioned studies, thougpncern surface
phonological properties. The present study proviglsience that adults
can likewise learn the mapping between surface satgrand underlying
phonemes. That is, the subjects in our experimbgdsed that some
segments are surface manifestations of a singlerlyiny phoneme and
hence that the distinction between them can beréghdor purposes of
word recognition.

We also tested in Experiment 1 whether the acéuisdf the difference
between phonemic and allophonic distinctions exteiednovel segments
belonging to the same natural classes. In parfictite exposure phase
provided evidence for the status of voicing in #bipalatal, and velar
obstruents, but not for its status in dental olesttst If the regularity that
subjects have learned is represented in terms stindiive features or
natural classes, one would expect that, dependinghe language of
exposure, either [t-d] or [s-z] would be consideredikely allophonic
distinction. This was not what we found, thoughbjeats considered both
distinctions as phonemic. In other words, at léasthis paradigm, the
difference between phonemic and allophonic distinst seems to be
learned on a segment-by-segment basis. This id aubprising, as the
phonological system of natural languages is typicafganized around
natural classes.

In Experiment 2, we examined whether the differermetween
phonemic and allophonic distinctions can be learitedhe absence of
semantic information, on the basis of distributioo@es only. In order to
test this, we removed the referential pictures ¢ of the two phrases
associated to each lexical item. There was thezefoo semantic
information revealing whether a pair of phrasedaioed the same noun or
a different one. The only information that partanps could use was
distributional: that is, in the case of allophowaicing, the two word forms
had complementary distributions, with one form a@dog only after the
determinemne and the other one only afte. We found that the difference
between phonemic and allophonic distinctions wasnked only for the
lexical items that were part of the exposure phfsethe novel items, the
subjects considered all distinctions to be phoneffiie performance on
the lexical items that were part of the exposurdicaies that the
distributional cues separating phonemic from altapb distinctions has
some influence. The absence of an effect on nomekdl items, by
contrast, suggests that the subjects did not ki&rphonological system of
the language, with voicing being phonemic in oresslof obstruents and
allophonic in the other class. Of course, it cdutdthat the effect on novel
items is too small to be measured in this expertrgasen that the effect on
the items that were part of the exposure was ajreathll to begin with. In
order for the distributional cues to be more infative, it is probably
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necessary to increase the amount of exposure anchtiye of contexts in
which the different obstruents appear.

In Experiment 3, we returned to the paradigm witii Semantic
information and examined whether the differencevbet phonemic and
allophonic distinctions can be learned if the dilopic groupings are
highly unnatural. In order to test this, we creat@d new languages in
which the allophonic groupings are each the rexfudt different rule that is
unnatural in terms of both its conditioning contextd the phonological
distance between the two related segments. Yepitdethe unnaturalness
of the language to which they were exposed, subatcessfully learned
to associate word forms that are allophonic vasiaftone another, and
generalized this performance to novel items stgrtimth the same
segments. The results of Experiment 3 are as sterthat of Experiment
1, which used the same natural rule applying tiedéht segments within a
natural class. This, then, shows that within thespnt paradigm, subjects
can learn arbitrary mappings from surface segmemi® underlying
phonemes. This conclusion is compatible with theifig in Experiment 1
that subjects learn allophonic distinctions on a-bg-one basis, and do not
generalize their acquisition to other segmentsiwithe same natural class.
We propose four alternative interpretations of ¢hessults.

First, it is possible that the artificial languadgarning paradigm and/or
the phrase-picture matching task does not indutgests to use their
linguistic resources. Although this possibilityakvays to be kept in mind,
there is no reason to suspect that our paradigessslinguistic in nature
than the ones used previously to test the acquisif word segmentation,
segmental categories, and phonotactics. Quite {m@osite could be
claimed, since our paradigm contains word-meaniagimys that are
presented within short phrases. Furthermore, ouagghpicture matching
task is modeled on the one used to test lexicailadge in young children
(see, for instance, Swingley and Aslin 2000).

The second possibility is that the paradigm is,finet that our adult
subjects use metalinguistic rather than linguiatidities during the task.
Specifically, they might have relied on an orthquia code and learned a
substitution rule based on letters, not phonetgmsnts. Since letters do
not reflect the phonological structure of the cspending segments, this
would explain why they did not show any effect ohopological
naturalness. Testing preschool children with thmesparadigm will allow
us to test this hypothesis. Moreover, it is quibsgible that the acquisition
of a novel phonological system is more difficulaththat of the native
language. Although most artificial language leagniexperiments have
found parallel results in infants and adults (SaffrAslin, and Newport
1996; Saffran, Newport, and Aslin 1996; Maye andké&e 2000; Maye,
Werker, and Gerken 2002; Onishi, Chambers, anceFab02; Chambers,
Onishi, and Fisher 2003), there are some discrégmmoo. In particular,
whereas Maye and Gerken (2001) found that adulteada@eneralize the
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acquisition of a non-native segmental distinctian danother pair of
segments belonging to the same natural class, MageWeiss (2003)
obtained such generalization in infants. This figdiis particularly
interesting in the light of the failure of our atlalbjects to generalize the
acquisition of an allophonic voicing distinctiorofn two pairs of segments
to a third one within the same natural class. Usthppears to be important
to carry out the same type of experimental reseaitthinfants.

The third possibility is that adults do use thémglistic abilities, but
that these abilities do not take phonological rehass into account. In
particular, it could be the case that acquisitiamcpsses in speech
perception are not constrained by phonologicalna#iess, which might be
tied to constraints on the articulatory system orly light of this
hypothesis, our current work carries out the sagh@experiments with a
production rather than a perception task.

Finally, it is possible that even though we introeld an allophonic rule
in our artificial language, the participants intetied it as another type of
rule, specifically, a morphophonological one. Camguages were designed
such that word-medially and word-finally, voiceddamnvoiced obstruents
occurred only in intervocalic and non-intervocatiosition, respectively.
Hence, the phonotactics of allophonic intervocaticing were respected
throughout the phrases. However, given that onlydvioitially - i.e. after
the determiners - voiced and voiceless obstruettigely alternated, the
possibility of a morphophonological interpretatimas not excluded. Such
an interpretation could explain why we did not firmhy effect of
phonological naturalness; indeed, morphophonolbgpacesses often
escape phonological naturalness. In order to make that our paradigm
taps purely allophonic rule learning, we would hawesxpose subjects to
occurrences of the alternation(s) in other contekisn at the border
between determiner and noun.

To conclude, we have established an experimentadjgan to study the
acquisition of underlying phonological represemtasi Our results clearly
show that adults can acquire novel allophonic misitbns during a short
exposure. The nature of the mechanism involveduinexperiments, its
functioning in infants, and its relationship witther learning mechanisms
that are responsible for native language acquisitiemain to be further
elucidated.
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Notes

This is an oversimplification, in that the phongtiperties of segments are
defined along continuous acoustic and articulapgasameters. Consequently,
there often is a certain amount of overlap in thetrihutions of segments in
allophonic distinctions, but these distributions arucially bimodal.

We use the term phoneme to refer to the abstraits @inat underlying
representations are made of. Likewise, we usedim &llophone to refer to
surface segments that constitute non-default @#dizs of phonemes. A
distinction between two segments is said to be pha if the segments are
realizations of two different phonemes and allopbdithey are realizations
of a single phoneme.

Dental-initial nouns are only part of the expostweprovide evidence that
dental obstruents occur in the language and camoba-initial; this allows us
to test if learning generalizes towards the deplate of articulation. Given
that there is nothing to be learned regarding timesms during the exposure,
they do not need to occur as often as the othersiou

We chose this design rather than one in which tlegee no referential
pictures at all, since subjects might lose intemeshe exposure if it does not
contain pictures. We thus stayed as close as pessibthe design of the
previous experiment.

The lack of generalization towards the dental platarticulation is not due
to a potential special status of dentals. Indeeda further experiment, not
reported on here, the trained distinctions involladdal and dental obstruents
and the untrained ones palatal/velar obstruentshigh experiment, subjects
likewise treated both of the untrained voicingidistions as phonemic.
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