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ABSTRACT

This paper presents evidence from a variety of ex@atal tasks for a perceptual shift, or
assimilation. Consonant clusters that are photiotly illegal, albeit pronounceable in
French, are perceived as legal clusters, clostasemnd manner of articulation.
Specifically, word-initial /dl/ and /tl/ are idefied as /gl/ and /kl/, respectively in phonetic
decision experiments. Two phonemic gating expenismshow that subjects generally judge
short gates Nwhich do not yet contain informationaerning the second consonant /I/ N as
being dental plosives. However, as informationceoning the /I/ becomes available in larger
gates, a perceptual shift develops, in which titealrconsonants are increasingly judged as
being velar plosives. We propose to call this Eddand of perceptual shift "contextual
perceptual assimilation”. A final phoneme monitgrexperiment suggests that this
assimilation takes place on-line during speechgssing, but not without some extra
temporal processing cost. These results providierage for the automatic integration of
low-level phonetic information into a more abstraatle determined by the native

phonological system.



INTRODUCTION

The view that speech perception is determinedcbynative language sound system is
well motivated and widely shared. Ontogeneticdhyre is a shift from universal to
language-specific perceptual capacities: Althoyging infants seem to be initially
equipped with "universal" capacities for processpgech sounds, language-specific
capacities emerge in the second half of the fiestr pf life, by 9 months or before (Jusczyk,
Cutler, and Redanz, 1993; Jusczyk, Friederici, \WesSvenkerud, and Jusczyk, 1993;
Jusczyk, Luce, and Charles-Luce, 1994; Kuhl, Wiika Lacerda, Stevens, and Lindblom,
1992; Polka and Werker, 1994). By 10-12 monthaddn loose some of their
discrimination capacities for nonnative consonantsrasts that are not functional in the
language they are learning, at least when the camgs involved can be heard as (or
assimilated to) possible speech sounds (Best, Bgt; McRoberts, Lafleur, and
Silverisenstadt, 1996; Best, McRoberts, and Sithi388; Werker and Tees, 1984). At the
end of the first year, then, a language-specifeesh processing system is well on the way
toward stabilization. The language specificitytteé resulting adult system has been
characterized in terms of "phonological filter" mghor (see Troubetzkoy, 1939). The native
language sound system acts as a phonologicaliltdding some nonnative phones into
native phonemic categories, provided there is @efiit similarity. In other words, nonnative
phones may assimilate to native phone]nQefs Best's Perceptual Assimilation Model: Best,
1994; also see Flege's Speech Learning Model: FI&$6, 1991). Moreover, the attuning to
the native language system also results in langapgeific procedures in processing speech.
For example, different native languages seem terfalfferent segmentation procedures,
and, perhaps, use of different prelexical uniteeptesentation (Cutler, Mehler, Norris, and
Sequi, 1986, 1992). These findings can be explairyeassuming that listeners are biased
toward interpreting any spoken utterance as beangistent with the organization of their
native language and with its functional linguisepresentations.

Most studies dedicated to the general issue ofentinguage bias have taken a cross-

linguistic and developmental approach. At the séime they have focused largely on the



perception of single phoneme contrasts. Althowaylesal cases of cross-linguistic phoneme
assimilation have been reported, little attentiaa heen paid tsequences of phonemasd

in particular, to consonant clusters. The notiba phonological filter, however, should
apply to sequences of phonemes as well as to simgidonemes. In the early thirties,
Polivanov (1931) already claimed that the biasdgive foreign sounds according to one's
native phonological system is not confined to ®tmh phonemes but also extends to groups
of phonemes. For example, Japanese listenemitigtéo the English word "drama” hear
/do.ra.ma/ (Polivanov, 1931), consistent with thet that Japanese does not allow syllable-
initial clusteré. Native language phonotactic constraints thushias the perception of
nonnative clusters so that they fit into the frarogkof the native language phonological
system.

The effect of native phonotactic constraints ieesgh processing can also be studied
within a given language. On the phonological filter vidiggal but pronounceable clusters
should tend to be assimilated to clusters thatesya, whenever there is sufficient similarity,
just as nonnative singleton phones tend to be dasith to native phonemes. Hence,
examining the perception of illegal clusters withigiven language is yet another approach
to explore how native language sound systems detertine perception of speech sounds.

So far, the perception of illegal clusters hasreotived much attention. Brown and
Hildum (1956) presented natural speech monosykaiol@ative English speakers. The
monosyllables had a complex onset and correspadiodgdre) English words or nonwords
with either a permissible or non-permissible clustetheir onset. Subjects were required to
write down what they heard. Their responses wigomgly influenced by their expectation of
English words and even more by their implicit knedde of English phonotactic constraints.
There was a strong bias to misperceive illegaltelgs This was observed for phonetically
naive subjects but also for subjects trained mgilistics", who were explicitly instructed to
write phonemic transcriptions of non-English conations of phonemes. Similar
phonotactic knowledge and bias toward permissilisters are also found in young children.
Messer (1967) presented children learning Enghgjed 3;3 to 4;3 years) with pairs of

monosyllabic nonwords, one with an illegal (or verfrequent) consonant cluster onset, the



other with a legal onset. (In a few items, theetngas /J/, which is illegal in English in that
position.) The children were asked to say whiemibf each pair sounded "more like a
word" by orally reproducing it. Legal onset itemsre chosen by children more often than
illegal onset items. They mispronounced illegais more often than legal ones, and the
mispronunciations always turned illegal clustets permissible clusters. As suggested by
Messer, these results indicate "a perceptual dispos.. to hear sounds that are 'possible’..."
This is in line with the notion of a phonologicétdr causing the perceptual assimilation of
phones sequences as well as of single phones.

Another kind of evidence for perceptual assimiiatof illegal clusters comes from
Massaro and Cohen's (1983) study. Subjects wesepted with synthetic speech stimuli
beginning with an obstruent+liquid cluster. Thyuid belonged to a /r/-/I/ continuum. The
category boundary between /I/ and /r/ was shifteth{jve to a neutral situation in which the
initial obstruent was /p/) such that more /r/ phmes than /I/ phonemes were identified after
It/ and, conversely, more /I/ phonemes than /rhgites were identified after /s/. By this
"phonological context effect” (in the authors' fadiation), subjects implicitly showed a bias
to perceive legal clusters, namely /tr/ or /slihea than */tl/ or */sr/. Subjects may also have
perceived the cluster-initial consonant differerattya function of the acoustic quality of the
liquid. In Massaro and Cohen's (1983) Experimentiodh the initial consonant and the liquid
were ambiguous (a /b/-/d/ continuum was combingtl wi/'r/-/I/ continuum). The results
suggested a perceptual bias to report /bl/, /bd,/dr/ rather than */dl/. For the /I/ endpoint,
there were fewer /dl/ judgments for the /d/ endpthian /bl/ judgments for the /b/ endpoint.
In that sense, the perceptual shift appeared éutdffie initial consonant too. The important
point is that listeners showed a bias toward hgdegal clusters, that is, clusters consistent
with the organization of their native language pilogy.

In French as in English, /dl/ and /tl/ clusters aot permissible in syllable-initial
position, although they are pronounceable. Howtlzeg perceived? A first possibility is
that these clusters are perceived as non-Frenchinations of phonemes, with the
constituent phonemes correctly perceived. Thatliswould sound foreign, but nevertheless

be perceived as the combination of /d/ and /I/. pceptual assimilation would occur at the



structural level of syllable onset. This seembddhe case for some illegal Dutch clusters
that were used in a recent experiment by Praarasttd_evelt (1994). In a lexical decision
task, nonwords with such illegal clusters in idipasition led to faster "No" responses than
did phonotactically regular nonwords. This difiece is best understood by assuming that
the illegal clusters were readily perceived as isgide sequences. In contrast to the legal
cluster nonwords, further speech input was notsssrg to make a lexical decision.
Presumably, then, these illegal clusters were nspenceived. A second possibility,
suggested by the production data in the Messef7{1€6dy and by the Massaro and Cohen
(1983) study, is that certain illegal clusters peeceived as legal ones. This is an instance of
structural perceptual assimilation: Individuallye phonemes /d/ and /I/ would not be
misperceived, but their combination gives risehi perception of a different sequence from
the intended /d/ + /I/, for example, /d/ + /r/.

One reason why we might expect the perceptuaindasion of /dl/ and /tl/ to legal
clusters is that the phonotactic constraint bartivegn from French is not motivated by a
distributional regularity, such as the constraiatttexcludes nasal+plosive clusters. Rather,
in French, /dI/ and /tl/ represent an accidental \gdhin the set of obstruant+liquid clusters
(henceforth, OBLI clusters, following Dell's, 1996rminology) and may conceivably be
misperceived as some legal OBLI cluster. In catiie onset cluster /nt/ for example, is
structurallyimpermissible in that there exists no legal clustering the same structure to
which it could assimilate.

Now, will /dl/ be perceived as /dr/, as Massard @ohen's (1983) results might
suggest, or as some other cluster? In other warglsio not yet know whether one phone of
the cluster is perceptually more stable than theraand if so, which phone is most likely to
be misperceived. In French, /I/ and /r/ have \dfferent phonetic values: /I/ is a "clear"
alveolar [I], while /r/ is an uvular [¢], often ptaced with some degree of frication. Thus, the
N/ in /dI/ or /tl/ is not likely to be perceived dFrench) /r/. Instead, we expect a shift in the
perception of the initial consonant.

The present study was designed primarily to datermow /dl/ and /tl/ clusters in

item-initial position are perceived by French listes: (1) literally, as /d/ + /I/ or as /t/ + if;



(2) assimilated to a permissible sequence. lafttl /dl/ induce onset-level perceptual
assimilation, the question arises of which sequefg@dones they will assimilate to. These
issues are addressed in an open response tekgnerpe identification experiments, as well
as in gating experiments. If the results indi¢htd, indeed, a perceptual shift occurs, a
second issue naturally arises as to the levelafgasing at which the assimilation occurs.
Does the perceptual shift operate in an automiatapgessible) way, or is it a post-perceptual
process? The possible misperception of illegadtels may result from a conscious
reanalysis of the constituents that are perceiwetipm an automatic recomputation. In both
cases, some additional perceptual difficulty Nie&to the straightforward perception of
permissible clustersN can be expected. Thesesspaely addressed in the gating

experiments, are examined further in a on-line o detection experiment.

Experiment 1. open responsesto /dl/- or /tl/-initial nonwords.

Initially, we wanted to discover what French Irstes hear when they are presented
with items beginning with the illegal cluster /dV /tl/, pronounced by a French speaker.
More specifically, if there is a systematic biah&ar another sequence than the one produced
by the speaker, would it affect the initial dengkdsive consonant or, rather, the following
liquid? A simple and straightforward approach tevaering this question is to let subjects

transcribe freely what they hear when presentel thig clusters under scrutiny.

M ethod

Stimuli: Four nonwords with an initial /tl/ (‘tlabdo’abod’, 'tlobad’, and ‘tlobda’) , and four
with its voiced counterpart /dl/ (‘dlapto’, ‘dlapatiopat’ and 'dlopta’) were used as test
stimuli. In addition, 24 phonotactically legal noosd filler items were also prepared; two
with a /br/ and /gr/ cluster in initial positionth@rs with a single initial consonants and six
filler items with a /pl/ or a /sl/ cluster in metl@osition. Disyllables rather than

monosyllables were chosen because monosyllabic o@isvare rare in French, or are close



in form to words. Using monosyllables could thaduce unwanted lexical effects. The
material was recorded by a male native speakeresfdi on a DAT tape recorder, then
digitized (10 kHz, 16 bit resolution) and storeccomputer filed The spectrograms of the
test stimuli were inspected to ensure that thetengere not produced with an epenthetic
schwa after the item-initial dental plosive, tuigniie illegal "clusters” into legal sequences

/dWI/ or /tWI/. No trace of a vocalic portion caube detected.

Subjects: Eighteen French subjects, native speakers o$iRarirench, participated
voluntarily in this experiment. They ranged betw@& and 30 years in age. All of them

were phonetically naive and none reported any hgateficit.

Procedure:The 32 nonwords were presented to the subjectsandomized order with an

ISI of 6 seconds. Subjects were tested individuallg sound attenuated booth, and received
the speech material through Sennheiser headphdties.the presentation of each item,
subjects wrote down what they heard, using a fi@e ef transcription. These naive
transcriptions were then inspected and recodedjasstandard phonological transcription for

French. When necessary, subjects were askedrity ¢ckeeir responses.

Results and discussion

The outcome of this experiment was clear-cut: /Oileand /tl/ items were transcribed
with a /gl/ or /kl/ cluster 85.4% of the tim8D = 7.2, range [72.2, 94.4]), with a /dI/ or /tl/
cluster only 13.2% of the time, with a /pl/ clusie4% of the time (see Table41)ln contrast,
the other consonantal word onsets, either singsetortlusters, were transcribed correctly
100% of the time. So were the word-medial clustefsand /pl/, except on a few occasions
(6%) when subjects inserted an "e" in the clustay.( "jocelaire” for [JOsIEC]). Clearly,
subjects transcribed the auditorily presentedalialdf /tl/ clusters more often as a combination
of letters corresponding to /gl/ or /kl/ than a8 '@ "tI" (by-subject:t(17) = 6.65, by-item:

t(7) = 14.3, bottlp < .0001), and never as "dr" or "tr". Is this autee reflecting unwanted



lexical effects? None of the reported forms wdoseto a word. Moreover, in the context of
-/al or -/o/ as well as other vowels, /gl/ and & not more frequent word-initial clusters
than /dr/, /tr/, /bl/, or /p?l The results thus suggest that, regardless aildedexical
influences, /dl/ and /tl/ assimilate respectivelydl/ and /kl/, both legal clusters, apparently
supporting the prediction that the perception effhsegment in the cluster is more stable

than that of the initial plosive consonant.

The high percentages of dental-to-velar "confuslanay be due to other reasons than
perceptual assimilation per se. First, the /dif 4lh test items may have had an intrinsic velar
quality, that is, velar rather than dental cuegléze of articulation were perhaps present in
the speech signal. This was possibly due to saffieutty that a native speaker of French
may have in clearly articulating a speech item aithll/ or /tl/ initial cluster. It is also
possible that a velar quality unavoidably arisesifithe coarticulation of a dental plosive and
a French /l/. We attempted to check that posgidily means of an acoustic analysis.
Although acoustic characteristics cannot providequivocal proof of dental rather than velar
articulation, the spectral properties of the retdaisrst have been found to be specific to the
articulation place, at least to a certain exterdtligd Hughes, and Radley, 1957; Stevens and
Blumstein, 1978; Kewley-Port, 1983; also see Lal@ewirth, and Blumstein, 1984): For
dentals, energy is usually distributed at highegfirencies than for velars or labials. We
therefore compared the spectra computed at thasesleurst for the /dl/ and /tl/ items and for
matched /gl/ and /kl/ items with identical segméntatext uttered by the same speaker (e.g.,
'dlopat'vs.'glopat’). We then used the spectral centerafityr as a simple and objective
measure to characterize those spgctﬁle spectral center of gravity should lie atleig
frequencies for dental than for velars in the saorgext. This was found for the dental and
velar items under scrutiny: 2.68.1.64 kHz t(7) = 7.64,p < .0002. There was no overlap,
except for the item 'dlopta’ whose burst spectater of gravity (1.79 kHz) was the lowest.

(The highest percentage of /gl/ responses, 94.4%uroed for 'dlopta’ but also for 'tlabod'.)



So, the measurements show that /dl/ and /tl/ it@er® more dental (in the sense of more
fronted) than comparable /gl/ and /kl/ items. Fegli illustrates that difference; it also shows
spectra from a /pl/ item, which, as expected, ek burst spectrum centered on rather low
frequencies. But is this demonstration conclusiVé@ could as well say that /dl/ and /tl/
items werdess velarthan /gl/ and /Kkl/ items with respect to the rekelurst spectrum.
Moreover, maybe more subtle cues than spectralsigealled velar articulation. So the
discussion is not closed. However, the possibiftgross and extensive mispronunciations
of the dental + /I/ items as velar + /I/ can becegd. We will return to the issue of dental

versusvelar place of articulation in Experiment 3.

There is another alternative to the perceptuahalsdion account. Even if the cluster
constituents were correctly perceived, listenetstitae to (consciously) reconsider what
they had heard and make transcriptions that wargatible with their implicit knowledge of
phonotactic constraints. This tendency might Haeen reinforced in this task of transcribing
the input by a bias toward spelling correctnesanyisubjects were perhaps reluctant to
write down a combination of letters which is notrpissible in word-initial position. The
overwhelming dental-to-velar shift that was obtdimeay thus be partly due not only to a
tendency to report permissible phonemic sequengeal$o to subjects’' knowledge of
permissible graphemes in word-initial positiondéed, subjects' transcriptions often
reflected the idiosyncrasies of the orthographkreinch words rather than regular phonemic
transcriptions. (e.g., /vobral/ was often trartsed "veaubrale”.) This kind of observation
points to an orthographic bias, but is difficultgoantify. Although about 15% of the items
presented were transcribed with the anomalous grépby "dl" or "tl", the velar responses
(about 85%) were mostly due to subjects who coarsilst avoided "dI" and "tI": There was a
majority of "conservative" subjects (12 out 18) whaesponses always respected regular
orthography, but only a few less conservative stibjerho produced "dI" and "tI" responses.

This pattern of results is consistent with the ogttaphic bias explanation.



The next experiment was designed to test thisprégation further. We used a forced-
choice identification task to make the subjectaufotheir attention on the item-initial
consonant. Since this task does not require Bsteto write down letters that could possibly
form illegal sequences, the possibility that orttagdpic knowledge affects the responses is
reduced. If a massive dental-to-velar shift i gbtained, it should reflect either the intrinsic
velar quality of the item-initial plosive in thestestimuli (which was not apparent in the

acoustic analysis), or a perceptual shift at thiellef syllable onset.

Experiment 2. forced-choiceidentification of cluster-initial consonants

In this experiment, listeners identified item-iaitconsonants in a forced-choice
procedure. Two tests were conducted. In the Brgbjects had to choose among three
consonants, with three places of articulation (dlenelar, and labial), but with voicing held
constant. In the second, only dental and velarga®f articulation were proposed, but either
voiced or not, so that voicing confusions coulddsted. With a forced choice response, it is
unlikely that orthography would interfere with ttesponse. Moreover, because listeners'
attention was focused on the initial consonante¢nelency to modify the initial phonetic

perception to make the stimuli phonologically pessithle was presumably reduced.

M ethod

Stimuli: The 8 /dl/ or /tl/ test items used in the pregi@xperiment were matched with
similar nonwords with a legal initial cluster /aw /tr/, /gl/ or /kl/, and /gr/ or /kr/, such as
'drapot’, 'trabod’, 'glapot’, etc. These servecbagrol items for which few or no perceptual
confusions were expected. In the first test (tfiode forced choice), subjects received two
sets of 36 items in which dental, labial, and vel#fal consonants were equiprobable. All
the items were disyllabic nonwords. In one sed,itfitial consonants were voiced (/b/-/d/-/g/
forced choice); in the other set, they were vogl@p/-/t/-/k/ forced choice). In the second

test (four-fold forced choice), subjects receivesingle set of 32 items containing the 8 /dl/



or /tl/ test items and the 8 corresponding /glikéircontrol items, plus 16 filler items whose
initial consonant was (equiprobably) /d/, /t/, iy /k/. The speaker who recorded the
material of the first experiment again recordedrtbe items, using the same apparatus as

before.

Subjects: Twenty four subjects, students at Université Pdriparticipated for course credit
in the first test; sixteen students participatethmsecond test. All were native speakers of

Parisian French without any reported hearing defici

Procedure: The subjects were tested individually in a soattenuated booth. Stimuli were
presented through Sennheiser headphones at a ¢abiédevel, with a three-second ISI.

Subjects were instructed to circle one of the tloref®ur letters proposed for each stimulus
(first test: "P, T, K", or "B, D, G"; second te8D, T, G, K"). In the first test, subjects were

assigned one of two orders of presentation.

Results and discussion

Results may be described in terms of phoneticfimons”. Only place of
articulation confusions could occur in the firsdttevhile voicing confusions could also occur
in the second.

In the first test, no confusion occurred for tledav-initial control items. For this test,
the description of the results is thus limitedhe tonfusions that occurred for dental-initial
test items (/dl/ or /tl/ initial cluster) and cooititems (/dr/ or /tr/ initial cluster). Table 2
summarizes the results obtained in this first t&ntal-to-labial confusions were marginal,
and dental-to-velar confusions occurred mainltiiertest items. The percentages of
confusions were analyzed according todhger of presentation, thiaitial consonant (/t/ or
/d/), and theclustertype (illegal: /tl/ and /dl/, or legal: /tr/ andr/). Both the dental-to-velar

and the dental-to-labial confusions (treated apaated measure) were examin€uder

had no significant effecE;(1,22) = 2.9, 1F,(1,24) = 2.8, botlp «\symbol».1. Dental-to-



labial confusions were rare as compared to deataelar confusions;(1,22) = 54.4,
F»(1,24) = 72.0, both p < .0001. Many more dentaketar confusions occurred for illegal
than for legal clusters (55.7% against 4.2% ovefal(1,22) = 75.1F,(1,24) = 72.4, botlp
<.0001. The percentage of these confusions vgaeehfor /tl/ (63.5%) than for /dl/ (47.9%),

but the difference was marginally significant i thy-subject analysis onli;(1,22) = 4.0p

=.055.

Figure 2 shows the results obtained in the setestd In this test, both place and
voicing confusions could occur. The /gl/- and /kitial items served as controls. The pattern
of dental-to-velar confusions for /tl/ and /dl/me was quite similar to that observed in the
first test: 50% /dt\symbol»g/ confusions, 71.9% fXsymbol»k/ confusions. Placand
voicing confusions occurred for the /tl/ items B 2% /tkk\symbol»g/ confusions), but not
for /dik\symbol»k/. Place confusions (dental-to-velar for tesinis, or velar-to-dental for
control items) were examined according to¢hestertype (illegal or legal) and thaitial
consonant voicedness; place confusions with anabwitvoicing confusion were counted

separately (treated as a repeated measure). Aimgsace confusion occurred for control as
compared to test itemB,(1,15) = 65.5F,(1,12) = 170.7, botp < .0001. There were more

place confusions for /tl/ than for /dl/ items whegsicing confusion was ignoreéy(1,15) =
15.3,p=.0014F,(1,6) = 11.7p = .014. When limiting the comparison tagymbolsk/
vs./dlk\symbol»g/ confusions, the difference between /tl/ andlitdms became non-
significant in the by-subject analysks,(1,15) = 2.9p = .11, but was still marginally
significant in the by-item analysiB,(1,6) = 4.2p = .08.

This experiment had a more constraining design tha preceding one in order to
focus subjects' attention on item-initial consosaather than on whole-words and to reduce
the possible effect of orthographic knowledge. Tdwults obtained showed a smaller effect
than in the first experiment, but still a very staogial dental-to-velar shift. This result

suggests that some kind of perceptual assimilatcmars for /dl/- and /tl/-initial items. This



identification experiment probably gives a mordistia picture of the phenomenon than the
open response experiment, where extra-percepittar$asuch as orthographic knowledge
conceivably exaggerated the size of the effect.

Let us return now to the question of the acoupti@lity of the cluster-initial plosives
in the illegal clusters used. The acoustic measalready exclude gross and extensive
mispronunciations of the intended dentals as velAsspointed out earlier, subtle cues to
velar articulation may have not been revealed bgdimeasures. In the next section we will
study how the cluster-initial plosive consonantsparceivedon the basis of partial acoustic

information by means of a gating experiment.

Experiment 3: gating task with legal versusillegal onset clusters

The acoustic measures have shown that the /diftistimuli are more fronted than
the matched /gl/ and /kl/ stimuli. Altogether,gimakes it less likely that velar cues were
present in /dl/ and /tl/. We need, however, taoba more precise idea of how the cluster-
initial plosives are perceived in the absence effttlowing liquid context. Blumstein and
Stevens (1980) have shown that very brief stinagishort as 10-20 ms, sampled from the
release burst of (synthetic) CV syllables can tiably identified for consonant place of
articulation. Hence, subjects might be able toazity identify the initial portion of the /dl/
and /tl/ clusters for place of articulation wheeythave been spliced out of the following
context.

The forward gating technique can be used to examinv brief portions of the
stimuli, sampled from the release burst are peeckiwWoreover, if a perceptual shift does
occur and develops as longer fragments are presehtegating technique can reveal the
"time course", as it were, of such a shift. Simeeare investigating the phonetic perception
of the illegal clusters /dl/ and /tl/, a varianttbé gating paradigm must be used in which
listeners transcribe what they hear in lieu of guesa word (Grosjean, 1980; Warren and
Marslen-Wilson, 1987). Indeed, if listeners warstiucted to guess a word, they could not

possibly report /dl/- or /tl/-initial words, andeliest would not tap into the perceptual shift at



a sublexical level of processing. We thereforeoithice here a "transcriptional” variant of the

gating paradigm that we will cglhonemiagating.

How do listeners interpret the place cues as asingly longer fragments of the /dl/-
and /tl/-initial items are presented? Supposelisiginers report velar rather than dental
sounds as soon as a stable perception of placenmergied. This would show that cues to
velar place of articulation are actually preserthie speech signal, and explain the velar
responses that were obtained in Experiments 1 ard @ontrast, if listeners systematically
report dental rather than velar sounds, at leastort fragments, we can reject the "velar
quality” explanation. Listeners, however, may cansistently produce dental responses. For
this reason we need to compare the illegal clustiérand /tl/ with matched legal clusters
with either dental or velar initial plosive consaniadr/ and /tr/ or /gl/ and /kl/. Dental-initial
legal clusters yield a baseline for how dental @latarticulation is normally perceived, while
velar-initial clusters yield a baseline for howaseplace is normally perceived.

Experiment 3 used a successive format of presentain a given sequence, the same
speech item (a nonsense word) was presented inctallge Experiment 3 was comprised of
two tests using different subjects: One groupubfects listened to /dl/ and /tl/ items and
another group to matched /gl/, /kl/, /dr/, anditems. This design was intended to avoid

possible influences, assimilatory or contrastifegree set of items on the other.

M ethod

Stimuli: The experimental items in the first test consisiethe 8 /dl/- or /tl/-onset nonwords
used in Experiment 1 and of 8 filler items, alsowwords. The second test used the same 8
filler items and 8 test items with /gl/, /kl/, /ddr /tr/ onsets, matched with those of the first
test. Half of the possible matched items were digedach onset, in order to limit the length
of the experiment so as not to go beyond the abteaitcapacity of the subjects. These items
were: 'glapot’, 'glopta’, 'klabdo', and 'klobddrapto’, ‘dropat’, ‘trabod’, and 'trobda’. (Sahbo

vocalic contexts -/a/ and -/o/ where used for eawitext.). The speaker used for the



previous experiments recorded the new items appgarithis experiment, using the same
apparatus.

The initial fragment, or gate, of each nonsensedwontained the initial portion of
the signal up to 10 ms after the stop release jwtsither that stop was prevoiced or not.
The other fragments were made increasingly laxgeng a 20 ms increment. The final 4 ms
of each fragment was attenuated by a raised c@sntion so that there were no perceivable
“clicks" at the gate offset. The tenth and laagment thus included 190 ms of signal after
the release burst. This roughly correspondeddditst syllable in all items. Table 3 shows
the average intervals from the release burst tatestic onsets of the liquid, the following
vowel, and the following stop closure and releésethe three types of items: dental + /I/,

velar + /I/, and dental +/r/. These intervals wereasured on the basis of spectrograms.

SubjectsThe subjects, all native speakers of Parisiandfrewere aged 22 to 26 years; 28
subjects participated in the first test, and 2thensecond test, for course credit. The subjects

were phonetically naive and free of any hearinfaifties.

Procedure: For both tests, subjects received a total ofstouli (16 items< 10 gates) in a
successive presentation format. For each itemrafirfents of increasing size were

presented, and subjects had to transcribe exab#y they heard on an answer sheet (using a
free style of transcription) and to give a confidemating for their transcription on a 1-to-5
scale. Importantly, listeners were required taswiibe what they heard rather than to guess a
word, as in the classical gating task. In casg toelld not report any speech sound at all,
which often happened for the very first gate, thesy wrote down a question mark. Subjects
were tested individually. After each subject hathpleted the test, the experimenter checked
the written responses and whenever necessary, askgstts to clarify the phonetic value of
any unclear transcriptions. In each test, thedrs tested were presented in two different

orders.

Results and discussion



Figure 3.c shows the distribution of the subjegaésing responses for /dl/ and /tl/ items
as a function of the place of articulation. It denseen that the percentage of dental
responses was much higher than that of velar regsaat each gate. The percentage of
dental responses reached a maximum at the foureh(8@%6), then gradually decreased to
67% at the last gate, whereas the velar respogseseatrically increased, reaching 32% at
the last gate. The same pattern was observeaftbrdoders of presentation.

In contrast, the identification of /gl/ and /kdtd of /dr/ and /tr/ (Figures 3.a and 3.b)
was increasingly accurate, reaching about 96% coresponses at the last gate. For /gl/ and
/Kl/, the percentage of velar responses reachegt &880 at the fourth gate and then
continued to increase. Intended velars were malysiwdged as velars from the early gates
on and there was little trace of early dental judgta: The percentage of dental responses
reached a maximum of 11% at the second gate anddded away. This pattern of results
eliminates a possible interpretation according lictv the pattern obtained for /dl/ and /tl/
clusters is the result gierceptual compensationThis possibility is indeed suggested by the
finding that ambiguous items on an English /d/efgitinuum have been judged as dental in
the non-fronting context /ar/-, but as velar in ttwting context /al/- (Mann, 1980, 1986;
Fowler, Best, and McRoberts, 1990). Accordinglyjratially high percentage of dental
judgments should be obtained with fronted variaftgelars, as expected in the context of a
following alveolar liquid: Velar plosives shoule@ Isufficiently close to dentals to be judged
as such before the subsequent segmental contxdiiable and can be usedcmmpensate
for the initially perceived frontedness. But irraata, few initial dental judgments and shifts
to velar judgments were observed for the /gl/ &bhcclusters, while this pattern was
massively dominant for the /dl/ and /tl/ clusteiherefore, the many early dental judgments,
later shifting to velar judgments when /I/ is dégelc must reflect a perceptual shift rather
than a perceptual compensation phenomenon. FHaandr/tr/ items, the convergence toward
correct(i.e., dental) responses was slower than forafgil /kl/ items, reaching the 85% level
at the sixth gate. This was perhaps related ttothger duration of /r/ as compared to /I/ (see

Table 3). Still, the important point is that theras no decrease in the percentage of dental



responses for dental + /r/ items, just as therenwadecrease of velar responses for velar + /I/
items. This difference with the dental + /I/ itesi®ws that a perceptual shift was at work for
illegal clusters, not for legal clusters. Since tontrol situations provided by the matched
Igll, IKI/, Idr/, and /tr/ items yielded sufficidptclear results N/gl/ and /kl/ are perceived as
velar onsets, /dr/ and /tr/ as dental onsetsNatfadyses reported below are limited to the

items of interest: the /dl/- and /tl/-onset items.

The mean gate number at which /I/ was identified 8.6 §D= 0.7); the mean gate
number at which the vowel following /I/ was repari{gorrectly or not) was 4.660 = 0.6);
finally, although the last gate did not reach thbeaming /b/ or /p/ consonant release burst
(see Table 3), there were sufficient cues in tleeesp signal for a majority of subjects (an
average 17.6 subjects out of 28) to detect a lgbosive (mean gate number 7S = 1.0).

Subjects' responses were analyzed accordipo®of articulation (dental, velar, or
labial), to theorder of presentation, and to tigatenumber. Order had no significant effect
(both by-subject=;(1,26) < 1, and by-itenF,(1,42) < 1). Placewas highly significant,
F1(2,52) = 92.2F,(2,28) = 98.2, botlp < .0001. Overall, there were many more dentai tha
velar responses (73.6% against 20.8%61,26) = 49.8F,(1,14) = 55.4, botip < .0001),
while labial responses were negligible (2.1%jatewas significantF(9,234) = 14.2,
F»(9,126) = 27.3, botp < .0001. Indeed, there was substantial variatidhe proportion of

dental or velar responses across gates (Figure Bh® largest variation, however, seems to
occur in the first few gates, where the percentdgkental responses increased from an initial
60% to 83% at gate number four. Was the decliteviing the fourth gate significant? This
point was examined by limiting the analyses to gdtéo 10. The effect @fateon dental
responses was significant in this portiéq(6,156) = 12.5F,(6,84) = 13.3, botip < .0001.
Moreover, the correlation between gate number andemtage of dental responses from the
fourth until the tenth gate was significant (bymte (54) = -0.38p = .004; by subject:(194)

=-0.21,p=.004). The decrease in dental responses betyatea 4 and 10 was thus



meaningful. It was significantly larger for /tthan for /dl/-items (by-item analysis: 25%
against 6.3%(6) = 3.99,p = .007).

The individual contribution of the different item&s estimated by collapsing all ten
gates: In a by-subject analysis,isam effect could thus be examined in additiorptaceand
order. Overall,itemwas marginally significan&(7,182) = 2.0p = .062. As is seen in
Table 4, three items had led to fewer dental resg®iithus more velar responses) than the
others. These were 'dlopat’, 'dlopta’, and 'tlbb(Recall that the burst of [d] in 'dlopta’ was
spectrally the least dental of all dental + /lImte) Item variability was indeed to be expected
since we used natural speech. However, evendhst'tlental” test item collected an average

53% of dental judgments across the ten gates.

To sum up, the results show that, overall, thigainstops of /dl/- and /tl/-items were
largely identified as dental rather than velar.widger, subjects revised their dental
judgments and reported more and more velars frenfiailrth gate on. Still, the percentage
of dental responses did not drop below 67%. 3s,unlikely that cues to velar articulation
were present in the speech signal for subjectsgort, for example, /glapOt/ fadlapot' in
the preceding experiments.

The shift toward velar identification began to mcby the fourth gate, where /I/ and
the following vowel were first identified. Fromishpoint on, dental judgments declined and
were revised into velar judgments. This pointa feerceptual shift which is contextual rather
than simply to a misperception of the illegal chu'st first constituent. Although the trend for
a dental-to-velar shift was significant, it ledn@any fewer velar responses than in the
preceding experiments. At the last gate, howeterentire CCV portion of the test item was
presented (e.q., /tla/ for 'tlabod' or 'tlabddigttis, sufficient information for a contextual
velar shift to occur. So why was the rate of veémponses so low as compared to the first
two experiments? One possibility is that the agatimon process at work, whatever its

nature, must take time to unfold completely, arat the responses given to the gated stimuli



reflected an intermediate state of the processa paist-perceptual decision. Another
possibility is that the particular format of forwdagating used in Experiment 3, the successive
format of presentation, induced perserveratiorubjects’ responses (Walley, Michela, and
Wood, 1995; but see Cotton and Grosjean, 1984)selReeration in reporting dental sounds
might have masked the strength of the dental-taraift effect. Walley et al. (1995) have
shown that a duration-blocked format of presente#ieoids perseveration effects, since, in
this format, successive stimuli are fragments tiedent (and unpredictable) items. We thus
replicated the gating task of Experiment 3, ushiiggame stimuli but with a duration-blocked
format of presentation to test for the persevenagixplanation of the low rate of velar shifts

that obtained in this experiment, even when thiifylid+vowel context was presented.

Experiment 4. gating task with stimuli blocked by duration

This experiment differed from Experiment 3 onlythe format of presentation. ltems
were blocked by their duration so that responssgueeration could not possibly bias the
results. In particular, the percentage of demsponses at the last gate, which might have
been inflated in Experiment 3, could become lowew.n A "control” test using matched /gl/
and /kl/ items was no longer necessary since theatleature of the /dl/ and /tl/ items had
been sufficiently established in Experiment 3. ™sele at stake was now whether or not a
clear and abrupt shift from dental to velar judgteemould be revealed using the duration-

blocked format of presentation.

M ethod

Stimuli: The stimuli were the same as in the first tedExgferiment 3.

Subjects: Twenty six subjects, aged 22 to 28 years, najpeakers of Geneva French

participated for course credit in the experimeéie did not expect significant differences



with Parisian French for the present experimentesthe two dialects mainly differ with

respect to prosodic dimensions. None of the stdbjeported hearing problems.

Procedure: The stimuli presented were blocked by duratiBach block contained 16
stimuli corresponding to the same gate numberdohétem; item order was randomly
changed from one block to the next; successivekbloorresponded to increasingly larger

gates.

Results and discussion

The results obtained were essentially the sane thg previous gating experiment.
The percentages of dental, velar, and other trgotsmrs for the /dl/ and /tl/ items are shown
in Figure 3.d. The percentage of dental resporeseshed a maximum at the fifth gate (91%),
then gradually decreased (to 74.5% at the las) gdtiée velar responses symmetrically
increased, reaching 24% at the last gate.

The mean gate number where /I/ was identified 3v&$SD = 0.8); the mean gate
number where a vowel following /I/ was reportedr(eot or not) was 4.55D = 0.8); finally,
a few subjects (an average 6.6 out of 26) weretaldetect a labial plosive in final position
(mean gate number 8.5P=0.9).

Analyses similar to those for Experiment 3 werdgrened, except that there was no

order factor. In the analysis of subjects' responsesrding toplaceand togate the same
effects as in Experiment 3 were foumpdaCe F;(2,50) = 126.7F5(2,14) = 382.5, botp <

.0001;gate F1(9,225) = 2.9p = .0033F5(9,63) = 9.6p < .0001). Dental responses were
much more frequent than velar responses (80.2%stghr.2%7¥F(1,25) = 76.2F,(1,7) =

232.9, bothp < .0001). Labial responses were negligible (1.7%)e decline following the

fifth gate was significant, as shown by analysesrigted to gates 5 to 10. The effecgate
on dental responses was significant in this portie(5,125) = 7.4F,(5,35) = 14.7, botip <

.0001. The correlation between gate number anteptage of dental responses, from the

fifth until the tenth gate, was significan{46) = -0.68p < .0001 (by item);(154) =-0.21p



=.008 (by subject). The decrease in dental resgmwas significantly larger for /tl/- than for
/dI/-items (23% against 9.6%{6) = 2.94p = .026).

As shown in Table 4, between-item differences Ipeeal those found in Experiment
3. Again, 'dlopat’, 'dlopta’, and 'tlobda’ ledstonewhat fewer dental responses.

In sum, the results were similar to those obtaindtie first gating task. The
percentage of dental responses at the tenth gataetamaller in Experiment 4 (74.5%) than
in Experiment 3 (67%). Perserveration effects ttarmot explain the high percentage of
dental responses in the gating tasks relativedsetiobtained in experiments 1 and 2.

Experiments 3 and 4 clearly demonstrated thainitial consonants in the /dl/- and
/tl/-initial items did not have an intrinsic velguality. Once a stable perception of place of
articulation emerged (by the fourth gate), it wasssively "dental” rather than "velar”. In
fact, even when most of the first syllable was pnéed, the rate of dental-to-velar shifts did
not exceed 33%, whereas an overwhelming dentaéfar-ghift obtained in the first two
experiments. Aside from the difference in the sikéhe assimilation effect, the
identification and gating results were strikingigngar in detail. In particular, the higher rate
of confusions for /tl/ than for /dl/ in the identi&tion tasks was paralleled by more frequent
revisions from dental to velar judgment for /tlathfor /dl/ in the gating tasks.

Was the modest size of the velar shift observatiergating tasks due to the limited
amount of information that was presented? At #s¢ ¢ate, the entire word-initial CCV
portion, that is, a full acoustic syllable was mrted. Since the velar shifts began to occur
around the fourth/fifth gate, just after the liquaontext was identified, it is not likely that
more acoustic information was needed for the asaiiion process to build up fully; rather,
more time was needed. The responses to gatedistiere thus reflecting the output of the
assimilation process before its completion, atiatpaf time which, presumably,
corresponded roughly to the endpoint of each fragm&he responses could have reflected a
later state of the process at work, since the pimimgating task imposed only a limited time
pressure. One possible reason why they did ribaisthe gating task induced a kindeof
minimastrategy: The stimuli presented earliest in aiseswvere so short, that is, so poor in

phonetic information, that they encouraged respohased on low-level, straightforward,



phonetic perception rather than on phonologicalkadge at a decisional sta(gelndeed, the
subjects frequently continued reporting the impseagihile sequences "dI" or "tI" well after the
available context could influence them to rejedstranscriptions. We will thus assume that
the proportions of dental or velar responses irgdteng tasks reflected the time course of the
assimilation process. We will turn now to the matof this process.

The gating data fit well with the notion of a "¢extual” perceptual assimilation
beginning to emerge as soon as listeners idemEyigquid segment /I/, which, combined with
the previously identified plosive, makes up angidlecluster. But what kind of process
caused this contextual assimilation?

One possible account is in terms of the unfoldihgompeting activations for at least
two levels of prelexical representational unitegse phones and syllable onsets. Dental
plosives are initially (i.e., for the shortest fnagnts presented) more strongly activated than
velars, and velars more activated than labialsgémustic/articulatory reasons). However, as
soon as the bottom-up information begins to aativiaé following /I/, the activation of velar
plosives begins to increase at the expense ofg¢htabplosives, presumably due to top down
feed-back from onset representations favoring sedaer dentals: Whereas /tl/ or /dl/
syllable onsets are in practical terms ruled oua lbigw phonotactic probability, /kl/ and /gl/
are not and can activate in turn the velar consisndrabial plosives might conceivably
benefit from a similar feed-back activation, buheat overcome their initial handicap
relative to velars. By this account, the declihdental responses and the increase of velar
responses that develops as longer fragments asenteel reflect the time course of phone-
level activations.

Another account of the data is provided by noefiattive models such as the FLMP
model (Massaro and Oden, 1978; Massaro and CoB6B8).1 The FLMP model would state
that the "dentalness" as opposed to the "velarres$dbialness” of the item-initial plosives
is judged from the evaluation and integration of iwdependent sources of information: the
plosive itself, and its phonological context. Thst source provides support for dentalness
to the extent that the acoustic features of theipéoagree with a prototype /d/ or /t/; for the

/dI/ and /tl/ test items, this source providessség support for velarness and a very weak



support for labialness. The second source (thiéebritext) provides independent evidence
for velarness or labialness and not for dentalregsporting only the alternatives that are
phonotactically compatible with the following /lbitext (as well as with the word-initial
position). A relative-goodness rule applies atdheision stage, yielding quantitative
predictions for the various alternatives. Alsothbgources of information are processed over
time. Conceivably, the contextual information asclater in items such as /dlapto/. The
FLMP could account for this by weighting the vasamounts of support by a negatively
accelerated grow function of processing time amebducing a fixed delay for the arrival of
right context information (see Massaro and OdeB8012995). Appropriate parameters (6
degrees of 'static’' support for three alternatiego sources of information; rate(s) of
information processing, and time delay(s)) coulabably produce predictions of the dental,
velar, and labial responses over time. Note thaluating the support provided by
phonological context (being in word-initial positiand followed by an /I/) for each type of
response is not basically different from evaluatimg plausibilities of the corresponding
clusters as syllable onsets, or, from assigninmtimétial levels of activation. The latter
account is, perhaps, more appealing in that predéxepresentational units are explicitly
posited and avoids the underspecified notion ofexdnal source of information.

In sum, the experimental data do not allow chapsimong the main competing
theories. On both interactive and independent sje¢lough, the perceptual shift observed
here seems to engage automatic processes rathgrasiaperceptual decision. However,
more evidence is needed to conclude that this perakshift results from an automatic

process. An on-line task, like phoneme monitoroayld well provide such evidence.

Experiment 5. detection of cluster-initial consonants

Let us suppose that perceptual assimilation odoutse on-line processing of speech
as reflected by a task such as phoneme monitofsudpjects should often miss dental targets
in the /dI/ and /tl/ carrier items and, conversslypuld incorrectly detect velar targets in these

same items. Such a pattern of on-line missesalsd positives would be analogous to the



dental-to-velar confusion data that were obtaimedfi-line tasks. Detection latencies of the
velar targets in the dental + /I/ items could begler than those for the same targets in the
matched velar + /I/ items. Such a result wouldggest)an additional processing cost
attributable either to a reanalysis of the phonefut, or, in terms of competing activations,
to a delay required for the velar activation torceene the initial dental activation.

In this experiment, the same /dl/- and /tl/-itemese used as in the gating and
identification tasks, but this time in a generalizdnoneme monitoring task (cf. Frauenfelder
and Segui, 1989, for discussion of this technique)addition to these items, subjects were

also presented with the corresponding velar +s/itall as dental + /r/ legal sequences.

M ethod

Stimuli and design:The same 32 nonwords items that were used ipréeeding
experiments served as target-bearing carriergsrettperiment, that is, eight legal (/tr/, /dr/)
and eight illegal (/tl/, /dl/) dental+liquid clusseand eight legal (/kl/, /gl) and eight legal (/kr
/gr/) velar+liquid clusters. These items were agged with four different lists, one for each
phoneme target (/t/, /d/, /k/, /g/). Each list ¥etar targets contained four bisyllabic "foil"
items with the corresponding illegal dental + listers to test for possible incorrect
detections resulting from perceptual assimilati®milarly, the dental lists contained
corresponding velar + /I/ foils to assess the phoditg of misperceptions in these cases.
Each list also contained items with targets ireoghositions and without targets. Four
sets of 16 bisyllabic nonwords containing the retipe targets in non-initial positions
(medial and final) and two sets of 48 similar nonsgonot containing the targets were
constructed with a phonological structure simitathat of the target-bearing test items.
Thus, each list contained the following items: ¢iiggm-initial target test items, 16 non-
initial (medial and final) target-bearing fillefsur foils with the other place of articulation
(velar or dental), and 48 non target-bearing itefisally, one distractor list containing the

same distribution of test and filler items was aieastructed for a labial plosive target.



Four groups of subjects were each assigned tagstdists according to the phoneme
targets (/t/ and /k/ targetersus/d/ and /g/ targets) and to the list presentabiater (dental
target firstvs.velar target first). All subjects first receivagractice list with 36 stimuli and
a phoneme target not used in the test lists bugaappy equiprobably in word initial, medial,
or final position. The same distractor list witthial targets was inserted between the two test
lists for all four groups. This distractor listrged primarily to determine a common miss rate
criterion across the phoneme monitoring lists. r§g€&s were unambiguous in this list, and a
low miss rate was expected.) It served second@ribreak the monotony of the experimental
sessions. The new stimuli were produced by thakgyevho had recorded the material of the

previous experiments.

Subjects: Fifty-two subjects, students at the Université$d, participated in the
experiment for course credit. Four subjects didreach the acceptance criterion (less than

50% misses) in the distractor list. None of thiejscts reported any hearing difficulties.

Procedure and apparatusSubjects were tested individually in a sound atiea booth.
They received the stimuli via Sennheiser headphatescomfortable listening level. They
were told that they would hear nonwords and woaldehto make a speeded detection
response to target phonemes by pushing a Morswikeyheir preferred hand. They were
instructed that targets could occur anywhere ircdreéer nonwords. Targets were specified
in a booklet of cards upon which they were writksrcapital letters. The phonetic value of
each letter had been explained and illustratedrbefe experiment. In particular, it was
stressed that the letter 'G' stood for /g/ as areéyy/gar/ not for /J/ as in "gilet" /JilE/.
Subjects were orally warned (through the headphomlesn the list changes occurred and
were instructed at this point to switch to the ned for the subsequent target. The
presentation of stimuli and of oral instructiongsacontrolled by a 486/66 microcomputer
interfaced with an AD/DA OROS board (using 10 klampling frequency and 16 bit
resolution). The computer also collected reactimes, measured from the release burst of

the targets. (All the targets were plosive constsia RTs were computed on the basis of the



number of samples that had been run through the@®erter at the moment the key was

pressed.

Results and discussion

The percentages of misses and false positivesuanenarized in Figure 4. As can be
seen, there were many false positive responsesldo targets and misses of dental targets for
the illegal cluster dental + /I/ items. In contrdalse positives to dental targets as well as
misses of velar targets were rare for the legalrvel/l/ items. This pattern of results
provides strong support for the view that /dl/ @hdare heard as @ssimilated tdgl/ and

/Kl/ in on-line speech processing.

The detection rates of dental and velar targete &palyzed according tdustertype

(illegal /dl/ or /tl/vs.legal /gl/ or /kl/) and experimental group (targeicingandorder of

presentation). Overall, neitherder norvoicingreached significancefder. F,(1,44) < 1,
F»(1,24) < 1,voicing: F4(1,44) =1.9p = .17,F,(1,24) = 1.4p = .24). However, one group
(voiced targets and dental target first) producedraparatively high hit rate for the dental
targets (68.8%), and low false positive rate ferklar target (66.7%) in the illegal dental +
/Il items: This group differed significantly frothe other "voiced target" group in the illegal
cluster conditionf(1,44) = 5.9, p = .01&,(1,24) = 5.1, p = .032. Despite the variability
introduced by this group, the overall pattern slutes was significant. In the illegal /dl/ or /tl/
items, false positives to velar targets were mogguent than hits to dental targets (790

33.7%),F,(1,44) = 78.3F,(1,12) = 51.6, botlp < .0001. Moreover, these false positives

were about as frequent as the hits to velar targéegal /gl/ or /kl/ items (79.7%s.81.8%),
F1(1,44) orF,(1,24) < 1. False positives to dental targets ware in /gl/ and /kl/ items

(5.2%). There was a non significant trend forfddee positive rate to be higher for /k/ than
/g/ in dental + /I/ items (83.3%s.76.1%),F,(1,44) = 1.1p = .30;F,(1,12) = 1.21p = .29.



To judge the effect of the cluster type on theedigdn of dentals, we compared

directly the miss rates for dentals in illegal (fofl /tl/) and legal (/dr/ or /tr/) clusters. The
miss rate was higher in illegal than in legal aust(68.8%vs.25%),F;(1,44) = 155.9,

F»(1,24) = 43.2, botlp < .0001. There were more misses for /t/ tharidbtarget (81.2%s.
68%) in illegal clusterdsr;(1,44) = 11.9, p = .001F,(1,12) = 7.9, p = .015, but this was
partly due to the group of subjects assigned ta#tection of /d/ and list order dental-velar,
where the miss rate of /d/ in /dl/ was unusually (81.2%). Overall, the detection rate of
dentals in the illegal clusters was so low thaflaaRalysis is meaningless. However, the
prediction that dental targets are difficult toet#tin illegal dental + /I/ clusters already
received strong support from the miss rate data.

The second issue of interest is whether velaetarggere more difficult to detect in
the dental + /I/ than in the velar + /I/ cluste&uch difficulty was not apparent in the
detection rates (79.7% false positives in dentatelrsvs. 81.8% hits in velar clusters). It
was, however, reflected in the RT data which cdaldcompared directly given the relatively
high and roughly comparable detection rates. Stsj@ere slower to detect, for example, /g/
in /dl/ (i.e., to false positive because of peraeptaissimilation) than in /gl/ by about 34 ms

(647vs.613 ms) as is seen in Figure 5. This differenas marginally significant in the by-

item analysisF,(1,24) = 3.24p = .081, but was reliable in the by-subject analysj(1,46)
=6.4,p = .014. Theargetfactor (that is, /g¥s./k/) was not significant, both; andF, < 1.

Between-item differences tended to parallel thaisserved in the gating and off-line
identification tasks: The perceptual assimilaidfiect was somewhat stronger with voiceless
than with voiced dental + /I/ clusters. In theeghed detection task, this was apparent in the
trend for the false positive rate to velars to lgdér in /tl/ than in /dl/ items, and also, in the
higher miss rate for dental detection in /tl/ thadl/.

A striking outcome of Experiment 5 was that thecpptual assimilation effect was

larger than in the off-line identification task @@(false positive rate in detecting velars in



dental + /I/ clusters, against an average 61.5%atiémvelar identification confusions).
Because the assimilation effect was so massiva ondine task, we can conclude that it is
automatic and irrepressible, taking place at aronscious level of processing. But the
obvious question concerns the exact level of psingsat which this perceptual assimilation
takes place. We used homogeneous lists of nonvgords to discourage a lexical strategy
(see Frauenfelder, Segui, and Dijkstra, 1990, fdiseussion of the list structure effects
obtained, for example, in Marslen-Wilson, 1984)] aonsequently subjects presumably did
not rely on lexical information. However, it alappears that subjects did not respond solely
on the basis of phonetic-acoustic informationthi$ had been the case, they would
presumably have identified the dentals in the denth clusters like they did in the gated
stimuli where dental perception in the early g&teslved toward velar perception. By
analogy, subjects would have been faster to ddesdtls than velars in illegal clusters, on
the rare occasions that they did so. But they wetdaster (642 mgs.647 ms for
respectively 31%s.80% detection rates). Conceivably, then, theilmadetection of velar
targets was made after the perceptual integrafidmeosegments making up the cluster was
completed. This suggests that perceptual assiamlaccurred at a level of integration where
a more abstract code than a phonetic code hadgierand where chunks larger than
individual phonemes had been assembled. At the same, this is an indication that
phoneme detection is based on the perception t&xical units larger than the phoneme,
such as onsets. In contrast, as was proposeed mighussion of Experiment 4, the data for
early gates seem to reflect phonetic perceptioarbehe perceptual integration of clusters

has taken place.

GENERAL DISCUSSION

Experiments using a variety of different tasksehpxovided consistent evidence for
the perceptual assimilation of illegal clusterl &nhd /dl/) into legal ones (/kl/ and /gl/). This
is a robust phenomenon which is not due to misjpéire of the initial cluster constituent

(the dental stop), but is induced by the combimatibthe two constituents making up the



syllable onset. We call it "contextual perceptasdimilation”. It is in line with the notion of

a language-specific phonological filter by whicmnative phones tend to be assimilated to
native categories. The present findings showtthiatnotion can be extended to explain
perceptual assimilatiowithin the native language of the listeners for sequeotpeones

such as consonant clusters. Certain phonotagtitiaijal but possible clusters assimilate to
legal clusters. There is no reason to believe gvew that this phenomenon can be
generalized to all illegal clusters. What we fodiod/dl/ and /tl/ in French does not
necessarily apply to such impermissible clusterm@®r /ms/. As was pointed to above, /dl/
and /tl/ sequences are predicted to induce assiomlbecause they represent an accidental
gap in the otherwise regular distribution of OBlusters in French. Among the languages of
the world, /dl/ and /tl/ do exist but seem to beequent and, perhaps, unstable combinations.
In certain languages, for example, the liquid segmiéevolved into /r/ or into a inc?e
Although a systematic documentation on clustersthei evolution in the various languages
is not available, there exist anecdotal evidenaédental and back articulation plosive+/l/
clusters do not co-exist in certain languages é&he® types alternating in the different
dialects of a same famﬁ),l We may surmise that such clusters are intratlyiconfusable

and that this is why certain languages do not ohelidl/ and /tl/ in their cluster repertoire.

By this view, the perceptual assimilation we obedrin modern French is just another facet
of the same intrinsic confusability. Quite conedily, then, the dental stop+/I/ clusters could
produce perceptual assimilations in other languétgges French.

We obtained evidence for perceptual assimilatiolath the on-line and off-line
processing of nonwords. In the open-response vesére subjects could use their
phonological and/or orthographic knowledge posteptually, the effect was very strong
and perhaps artificially inflated. The gating les@onfirmed that the phonetic quality of the
cluster-initial consonants in the /tl/ and /dihite was dental rather than velar. Gating data
also revealed the time-course of the perceptuahdation phenomenon. It began to unfold
after the /I segment was identified, and develogrediually thereafter. Finally, perceptual

assimilation was found to be strongest in on-lirecpssing as reflected by the phoneme



monitoring task, with a significant trend for vetargets to be detected slower in illegal
rather than legal clusters.

A consistent finding across the different expenisevas that /dl/ was more resistant
to assimilation than /tl/. We may ask why. A ffiexplanation appeals to some perceptual
differences. The data on (American) English phameonfusability under various signal-to-
noise ratios (Miller and Nicely, 1955) show thatglish /d/ is perceptually more robust than
Itl: 47% confusions for /d/s.66% for /t/ (for SIN = -12dB). Interestingly, ihodental
plosives are misperceived as velars more oftendkdabials: 33%'s.18% (computed from
Miller and Nicely, 1955, Table XVIII). Of coursthe French contrast /d/t/ is different.
Voiced plosives are prevoiced and voiceless plasiave a short voicing lag. Some cues to
place of articulation may exist in the prevoicedtjpm. Even if this is not the case, the
prevoiced portion by itself sounds like a nasal murand may be viewed as a weakly-
resonant vowel-like sound, which, somehow, enhatieperceptibility of a /dl/ clustet

A different explanation for the difference in peptual assimilation between the two
illegal clusters refers to their relative frequendysage. Speaking of "frequency of usage"
may seem strange in the case of illegal sequehaebpoth illegal sequences /dl/ and /tl/ are
sometimes found utterance-initially, in such cocied forms as /dlo/ for "De I'eau” ([some]
water) or /tlavy/ for "Tu I'as vu ?" (did you sei@lit?). The former construction (partitive
article+noun), however, is probably more commonm, siore productive than the second
one™. That French listeners are more often confrontitd utterance-initial /dl/ than with /tl/
sequences in running speech might partly explainttiey are less likely to assimilate /dl/
than /tl/. We believe, however, that this can dmypart of the story and is, perhaps, a
consequence rather than a cause of the greatestngisg of /dl/ in French, which may be
largely explained by basic perceptual charactessti

As was discussed earlier, the FLMP model could@oty accomodate the contextual
perceptual assimilation phenomenon, includingim&tcourse, with no explicit reference to
levels of representation. (However, this appraagtiicitly requires that phonological, or
more precisely, phonotactic knowledge be repregent€ontextual perceptual assimilation

can also be understood within an interactive agttwadramework. Indeed, this is a situation



in which an initially strongly activated represdiua at the phoneme level is eventually
overcome by a different Ninitially weakly activafédepresentation, whose activation growth
is due to top-down feedback from representatiormshagher level than the phoneme level.
The TRACE model (McClelland and Elman, 1986) woengblain the perceptual shift in
terms of lexical-to-phoneme feedback, since it du#propose intermediary prelexical
level(s) of representation. At this point, howewhere is no reason to exclude the possibility
of prelexical levels of perceptual integration attiean phonemes. For instance, there is
evidence in French that the syllable and its ctunestit parts may be involved in on-line
speech processing (Mehler, Dommergues, Frauenfédeegui, 1981). We only need to
posit a higher level of representation (i.e., aceetual integration) than the phoneme Nwe
propose syllable onsetN to explain that top-dowivaton may modify phoneme-level
representations when they when they are not cobipatith higher level representations. In
this type of model, phonotactic knowledge can Ipgagented either by specific levels of
initial activation or by specific activation thredts for such nodes as "onset nodes".
TRACE, as well as similar models incorporating exétal levels of representation, would
predict a delay in the activation of phoneme-leepresentations when a contextual
perceptual shift has occurred: Indeed, the toprdagtivation (causing the shift) must take
time to overcome the initial bottom-up activatitwat could induce an unbiased perception at
the phonetic level. This is consistent with th@asdr increase in velar responses in the /dl/ or
/tl/ clusters as compared with that obtained ihdkl/gl/ sequences in the gating experiment
and with the longer detection latencies found ipé&ment 5 for velar detection. With
TRACE, top-down feedback is lexical. In the cakthe dental + /I/ items, even though no
word is eventually recognized, all the words stmarvelar + /I/ onset are activated to some
degree, and are the source of the feed-back aotivat velar stops. With models
incorporating, for example, onset level represémmat the source of the feed-back is
prelexical. In other words, the latter models teapen the possibility that phonotactic
knowledge and constraints are not exclusively code¢kde mental lexicon. A similar view is
held by Pitt and Samuel (1995) who suggest thaéxieal effects are able to "mimick”

lexical effects.



The present results can also be viewed from a plooaological perspective. Normal
phonetic perception of fully articulated speecimisg(as opposed to gated fragments) may
take as elemental units syllable onsets ratherdimgteton phones. In other words, a
syllable-initial cluster may be perceived as a wehorlhis is supported by the widespread
uncertainty as to the single phonewegsuscluster status of certain phones with a complex
articulation (see footnote 1). In this perspegtiverd-initial /tl/ may be treated as an
atypical, or bad exemplar of the /kl/ categoryypitality naturally suggests an intrinsic
difficulty of perceptual processing. In the recerddel of perceptual assimilation offered by
Best (Best, 1990, 1994), the stress is on thecditiy in perceiving nonnative contrasts when
one or both members are assimilated as bad exesrgdlarnative category ("Category
Goodness" and "Single Category" contrasts). Weestghat the difficulty is basically due
to that of accommodating for atypical exemplarsergfore, the phonotactic violations that
lead to assimilation of illegal clusters into thigigal counterparts must introduce some
additional processing difficulty.

This special kind of assimilation was especialtpizg in the speeded detection task
where it produced a temporal processing costgdllelusters may be viewed as distortions in
the speech input that subjects did not notice mibte time, but that led to some difficulty
of perceptual integration. This situation is reiswent of the "subcategorical mismatch”
cross-splicing manipulations used by different atgai{Marslen-Wilson and Warren, 1994;
Streeter and Nigro, 1979; Whalen, 1984, 1991). dik®rtions resulting from cross-splicing
are not consciously perceived, but generally inicadperceptual integration difficulties,
depending on the stimulus structure, the lexiast of the stimuli and its competitor
environment. The patterns of RT costs observedigeed new insights in lexical access and
lexical representations (Marslen-Wilson and Warf€94). The case of assimilated illegal
clusters is similar, in that a perturbation of s#peech input goes unnoticed but nevertheless
entails an increase in processing difficulty. Deaeral implication is that perceivers are
biased toward perceiving events and objects thaiitih internal representations rather than
with objective stimulation. The bias may be eviEorgger when the object of the perception

is a meaningful event, as is the case for wordgpassed to non-words. Substantial



mismatch between percept and stimulus can be teterhut at the expense of some
additional processing. Experimental conditionshsag subcategorical mismatch in which
such accomodating processes are at work are thpertdular interest. Phonotactic
mismatch is yet another, with the presumed advand@@peing ecologically more relevant.
lllegal clusters still are natural speech, whilbcategorical manipulations result in "speech”
items that may sound relatively natural, but trahdt correspond to any human articulation.
Contextual perceptual assimilation therefore hasespotential methodological implications.
Perceptually assimilated illegal clusters (induoixgra-processing cost) could serve as
distortions of the speech input at the phonetielleand help investigating further stages of
speech perception: How would such distortions iskepgerceptual integration at various
sublexical and lexical levels? Addressing suchasscould shed light on the mechanisms
whereby we perceive internalized plausible/meaniing¥ents rather than their objective
physical manifestations.

We will finally return to the issue of the origif the contextual perceptual
assimilation phenomenon. Lexical mediation asipted by TRACE cannot be excluded,
although the results of the gating experimentsergboint to an assimilation process
emerging at a sublexical level, within prelexicalta such as CCV. The size of the effect,
however, was smaller for the gated presentatiauol syllabic units than for that of entire
words. It can also be argued that lexical actbrais possible even on the basis of partial
information (see McClelland and Elman's, 198&jaque of Massaro and Cohen's, 1983,
notion of phonological context effect: pp. 33-3%)ccording to a different view, the implicit
knowledge of phonotactic constraints may origirsta more basic level. Listeners may
know that certain combinations of sounds are legalot, not only by reference to their
mental lexicon, but also based on a deeper intuiti®@peakers must have tacit knowledge
about how phonemes are strung together in thegulage." (Pinker, 1994, p. 173). Such
knowledge is more primitive, as it were, than lekknowledge in the sense it developed
from early infancy. The infant data are rather enconsistent with this second view. Nine-
month-olds, that is, infants with a small or noeetive lexicon (see Hallé and Boysson-

Bardies, 1994), are sensitive to phonotactic viotet (Jusczyk et al., 1993), and even to the



frequency of occurrence in the language of paicGVC sequences (Jusczyk et al., 1994),
which probably correlates with the degree of faanity that infants have with such sound
combinations. Hence, before a lexicon has developmung listeners are already "attuned
to" the sounds and combinations of sounds heaitteimmbient language. We surmise that
this primitive (that is, proto-lexical) knowledgé mhonotactic constraints may survive in
adults and partly explain the often modified petimapof illegal clusters such as /dl/ and /tl/

in French.
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Tablel. Preliminary experiment: Transcriptions of thi &hd /tl/ items.

item

ftl/
/dl/

% of transcriptions as:

It/ [dl/ kl/ Igl/ Ipl/
9.7% 1.4% 81.9% 4.2% 2.8%
. 15.3% 4.2% 80.6% -



Table 2. Identification test 1: Percentages of dentaldtar and dental-to-labial confusions

according to stimulus type.

item-initial cluster percentage of place confusion
dental-to-velar dental-to-labial
1tl/- 63.5 1.0
(illegal)
/dl/- 47.9 1.0
Itr]- 8.3 1.0
(legal)

/dr/- 1.0 6.3



Table 3. Measured intervals (in ms) from the initial stefease burst to the onsets of the
liquid /I/ or /r/, of the following vowel /a/ or /pof the following closure, and of the following

release of /b/ or /p/, for the items used in thingaexperiments.

item type liquid vowel closure release
dental + /I/ 20 76 177 289
velar + /I/ 24 71 157 272

dental + /r/ 31 123 231 348



Table4. Average percentages of dental judgments acrbsnajjates, according to test item.

item type of presentation
successive duration blocked Mean

dlapot 90.7 91.2 90.9
dlapto 82.9 80.0 81.4
tlabod 79.3 80.0 79.7
tlabdo 80.4 83.8 82.1
tlobad 78.9 81.9 80.4
tlobda 68.9 75.0 71.9
dlopat 55.0 12.7 63.8
dlopta 52.9 76.9 64.9

Mean 73.63 80.19 76.89



FIGURE CAPTIONS

Figure1l. Short term spectra of the initial stop releasest{see note 6), the following /I/,
and the onset of the following vowel in (a) 'tlabdb) 'klabdo', and (c) [plA$] (from a filler

item).

Figure 2. Dental-to-velar confusions and voicing confusi@mg/tl/ and /dl/ test items: four-

fold forced choice identification test.

Figures3.ato 3.d. Judgments of initial consonant place of articalatccording to gate
number: (a) /tl/ and /dl/ test items (successiventt), (b) /kl/ and /gl/ control items
(successive format), (c)/tr/ and /dr/ control itefmsccessive format), (d) /tl/ and /dl/ test

items (duration-blocked format).

Figure4. Miss and false positive rates for dental andnlayets in dental+/Mersus

velar+/l/ items.

Figure5. Detection latencies of velar targets in dentél items (f.a.) versus velar + /I/ (hit)

items.
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! Certain nonnative single phonemes with a comptégulation can be assimilated to
clusters of native phonemes. This is the caskeofbicedversusunvoiced lateral fricatives
of Zulu /Y/ versus/K/, described by adult American listeners as sinmlike clusters: /JI/ or
/DI/ versug/Sl/ or /QI/ (Best, 1990, 1991). In addition keetZulu lateral fricatives, labio-
velars such as [gb] or [gp], or prenasalized coastsisuch ag"p], are possibly perceived as
/g/+/bl or [g/+/p/, or Im/+/b/ clusters. In faethether certain speech sounds are clusters or
singleton phonemes may sometimes be arbitrary.ekample, a /dl/ /tl/ contrast has been
posited in Tlingit (an Amerindian language) andalié®d as a voicing contrast of "laterally
released dental plosives” (Maddieson, 1984). énl#A usage, the digram 'dl' denotes the
same phone(s) as the American usage single letignbol» (lambdg, for a "voiced alveolar
laterally released affricate" (Pullum and Ladusa®986, p. 94).

2 This finding has been recently reassessed (Dupg€abkehi, Hirose, Pallier, Fitneva, and
Mehler, in press): In nonsense words such as éljuttered by a Japanese speaker:
[eb>zQ]), Japanese subijects still hear an epenthetvel /u/ after the vowel and its acoustic
correlates have been removed.

® The talker was not a trained phonetician but wdggd as having a clear pronunciation in
general. He practiced once the lists of non-wdoefsre recording.

* Dental-to-labial shifts were thus very margin@his is not likely due to lexical effects:
Both /pl/ and /kl/ are permissible word-initiallgnd /kl/-words are not more frequent than
/pl/-words (see footnote 5). A plausible reasory @wlntal-to-velar rather than dental-to-
labial shifts were observed is the closer acowstislarity of dentals to velars than to labials,
both for burst spectrum properties and for constrawel formant transitions (see Figure 1
for an illustration). Also, from an articulatorpipt of view, both dentals and velars are
linguals whereas labials stand out, preciselyabgls.

> Before the vowels /a/ and /o/, the numbers ofdatgpes with such plosive+liquid clusters
in word-initial position are 227 (velar+/l/), 16&kial+/l/), and 242 (dental+/r/); the

corresponding number of tokens are respectivel§66/,36,511, and 123,907 (source:



"Trésor de la Langue Francaise" [Imbs, 1971]). ¢¢envith regard to lexical frequencies,

/gl/ and /kl/ are the least likely clusters thabsll be reported for the /dl/ and /tl/ items.

® Short term spectra were computed for 10 ms wanefrtions beginning at 2 ms before
the burst. In the case of /dl/ and /gl/, whereplusive was prevoiced, the voicing murmur
was partly filtered out by high-pass filtering wahb00 Hz cut-off frequency. (This was done
to make the measurements for prevoiced and vogelesives comparable.) Spectra were
smoothed by means of an iterative cepstral smogtieichnique, with a 2 ms cut-off
quefrency. Spectral centers of gravity were congiriem the smoothed spectra.

" The influence of the shortest stimuli on the lefeanalysis that subjects relied on was
perhaps stronger in the duration-blocked formairegentation since, in this format, the
shortest stimuli occurred first and the longerlable-like, stimuli occurred only in the last
few blocks. In contrast, syllable-like stimuli aggved earlier, toward the end of each block in
the successive format of presentation.

® For example in Polish, which has a I/ liquid contrast (still denoted by the written
forms 'I'and 'A"). After /d/ and /t/, /A&l evolved/w/: The written forms "dA" and "t&£" are
actually pronounced /dw/ and /tw/ in the standadety of Polish; /dl/ and /tl/ did not
undergo a similar diachronic change, but are rathis language (!!'reference
XXXXXX??2?7?7?).

°® Such is the case in the Miao-Yao group (Nieder@95). The various dialects of this group
may have a series of dental stop+ /I/ clusterssares of uvular stop+/I/ clusters, such as but
not both. Wang (1979) has shown that these clusleoriginate from velar/uvular clusters

in proto-Miao. Certain words of proto-Miao wittback stop+/I/ cluster onset are borrowed
from archaic Chinese words whose onset was mobaptp dental (e.g., N-lwat (f’rlwat]) <
diwat < tuo). Hence, assimilation occurred attthie of the borrowing. In some modern
Miao-Yao dialects, such as Shi Men, uvular chargpazk to dentals in stop+/I/ clusters, in
others they did not, but in either case, uvulamariid /dental+/l/ series are now mutually

exclusive.



' Indeed, /tl/ and /dI/ are permissible in interalic position (that is, word-medially) as in
"atlas", "atlantique”, etc. (Examples for /dl/ amé&requent words or loan-words: “iodler"
/jOdle/, "landlord" /IA$dIOrd/, or found in familpames: "Adler" /adlEr/.) Word-medial
schwa-deletion results in a somewhat larger nuraberord-medial /dl/ and /tl/ (as in
"chéatelain" /SAtIE$/, "godelureau” /gOdlyro/). Hen /tl/ and /dI/ are probably "correctly”
perceived in word-medial position, that is, afteroavel. If the prevoicing murmur plays a
similar role as a faint vowel, this could explaihyvdl/ is less often assimilated to /gl/ than
Itl/ is to /KI/.

' Phonetic counts based on a corpus of spoken daeg{iTubach and Boég, 1991), including
contracted forms, indicate that the /tl/ sequesabout 3-to-4 times more frequent than /dl/,
regardless of word-position (raw counts: 13439, out of about 300,000 diphones). On the
other hand, lexical counts based on written languyagcluding possible contractions in real
speech), indicate that /tl/ is about ten times niimguent than /dl/ word-medially (Trésor de
la Langue Francaise: Imbs, 1971). The discrephetyeen spoken and written data (more
/dI/ than expected in spoken language) therefoggests that /dl/ is a more frequent
contracted form than /tl/ in real speech. (Worddrakty, /dl/ and /tl/ contracted forms have

similar frequencies of usage.)



