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Ambiguous stops between /t/ and /k/ tend to be heard as /k/ after /s/-final words and as fi-ifiair /
words. Elman and McClelland (1988purnal of Memory and Languag@y, 143-165) obtained this
compensation for coarticulation effect when the word-final fricatives were replaced with an ambiguous
phoneme and argued that this indicated top-down lexical involvement in a prelexical process, as predicted
by interactive models of speech perception. But autonomous models, which have no top-down processing
but which are sensitive to the transitional probabilities between speech sounds, can also account for the
effect. This study tested these two accounts. In Experiments 1, 2, and 3, listeners categorized fricatives at
the ends of nonwords and words and the immediately following word-initial stops. When nonwords were
the context stimuli, categorization of both the fricatives and the stops was influenced by the transitional
probabilities of the vowels into the fricatives. When words were used, the transitional probabilities into the
fricatives were matched. No compensation on following stops was found, even though the fricatives
tended to be labeled in a lexically consistent manner. In Experiment 4, where listeners simply categorized
stops at the ends of nonwords, further evidence of sensitivity to the transitional probabilities of these
consonants was obtained. These results challenge interactive models, but are accounted for most parsi-
moniously by autonomous models in which transitional probabilities are represented independently of
lexical information. © 1998 Academic Press

A perennial question in the study of spokercal knowledge influence the prelexical process-
word recognition is whether or not higher-leveing involved in lexical access, as assumed in the
sources of information can influence processinigteractive model Trace (McClelland & Elman,
at lower levels, in a top-down, interactive way1986; McClelland, 1991), or is information flow
This question has frequently been asked of thstrictly bottom-up, with no top-down flow from
lexical and prelexical levels. That is, does lexthe lexicon to prelexical processing, as assume:

in autonomous models (such as the Race mode
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middle of the continuum) in a lexically consis-from /t/ to /k/ were more often categorized as
tent manner (e.g., more /d/ responses to theslar (/k/). But following the palatal fricative
dice—ticecontinuum and more /t/ responses t@f/, the ambiguous stops were more often la-
the dipe—typecontinuum). There has been conbeled as alveolar (/t/).
siderable discussion in the literature as to The explanation which Mann and Repp gave
whether such lexical effects in phonetic categder this finding was that the perceptual system
rization are more consistent with interactiveeompensates for coarticulation. During production
models or with autonomous models (Burtongf a fricative—stop pair, the place of articulation of
Baum, & Blumstein, 1989; Connine & Clifton, the stop shifts toward that of the fricative. Thus,
1987; Fox, 1984; Massaro & Oden, 1995; Mcfollowing an /s/, the formant transitions of a velar
Queen, 19914; Pitt, 1995; Pitt & Samuel, 1993%top, which provide one cue to place of articula-
Most of the results from phonetic categorization, will cue a place more anterior than in a
tion, as well as those from other tasks requiringeutral context. According to Mann and Repp
phonetic decisions, such as phoneme monito§2981), the perceptual system compensates for thi
ing (Cutler et al., 1987) and phonemic restoracoarticulation, shifting the category boundary be-
tion (Samuel, 1981, 1996), can be explained biyveen alveolar and velar stops such that a mort
both classes of model. Both types of modelalveolar’-sounding (i.e., anterior) ambiguous
assume that lexical knowledge can influencstop will nonetheless be labeled as velar (i.e., /k/,
perceptual decisions, but they differ with rein an /s/ context. Likewise, following arj// the
spect to how this influence is exerted. In interformant transitions in alveolar stops will cue a
active models, lexical involvement in categori-more posterior place of articulation than normal.
zation follows from the claim about the Therefore, in anfl context, perceptual compen-
architecture of the recognition system whictsation shifts the category boundary between /t
defines such models: that the lexicon influencesnd /k/ such that more posterior (velar) ambiguous
the operation of lower-level perceptual prostops will still be labeled as alveolar (i.e., /t/).
cesses. In autonomous models, lexical involve- EIman and McClelland (1988) replicated the
ment in categorization follows from the claimcompensation effect in the labeling of word-initial
that perceptual decisions can be made postlexitops when the stops followed fricative-final
cally: there is no need to postulate top-dowmvords such ashristmasandfoolish. There were
connections to lower levels if output from themore /k/ responses in the ambiguous region of the
lexicon can directly influence perceptual decistop continuum (tapes—capes) followinefrist-
sion-making. mas, and more /t/ responses aftégolish. The
One particular set of results from the phoneticrucial manipulation was the replacement of the
categorization literature, on apparent lexical inword-final fricatives with an ambiguous fricative
volvement in compensation for coarticulation(/?/) midway between /s/ and// Compensatory
has been particularly important in the theoretieffects in the categorization of the stops were still
cal debate between interactive and autonomoobserved. Importantly, these effects depended o
models and is the focus of this study. Althoughhe lexical status of the fricative-final string. When
the effect was originally taken to be powerfulthe /s/ inchristmaswas replaced with /?/, there
evidence in support of interactive models (Elwere more /k/ responses in the ambiguous regiol
man and McClelland, 1988), the present resulsf the continuum, as if listeners had heard an
challenge this view. unambiguous /s/. When thd//in foolish was
Mann and Repp (1981; see also Repp &eplaced with the same ambiguous fricative, there
Mann, 1981, 1982) showed that in fricative-were more /t/ responses to the ambiguous stops,
stop sequences, where the stops varied alondf éisteners had heard an unambiguofis /
place of articulation continuum, the fricative Elman and McClelland argued that this was
influenced the categorization of ambiguoupowerful evidence in favor of interactive mod-
stops. In the context of the alveolar fricative /s/els like Trace. They assumed that the coarticu:
ambiguous steps on a stop continuum rangirigtory compensation process has its locus at
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prelexical level. The fricative information sitive to sequential dependencies between sec
which triggers this process can be providethents can account for the compensation effec
either by the signal (when the fricative is un-without the need to postulate top-down connec:
ambiguous) or by the lexicon, via top-downtions.
connections (when the fricative is ambiguous). The simulations from both recurrent net-
The reason these data have been taken to Wwerks demonstrate that models with no lexical
such clear evidence in favor of interactive modknowledge can simulate the Elman and McClel-
els is that the lexicon appears to influence Bnd (1988) data by learning the transitional
process (i.e., compensation) that is assumed poobabilities (TPs) between speech sounds in
operate at a prelexical level. These data seestead of by using lexical context. The reason
problematic for autonomous models, since lexthese models can successfully simulate the com
ical involvement in a prelexical process appeangensation data is because lexical context wa
to be direct evidence against the claim thatonfounded with transitional probability in El-
information flow is strictly bottom-up. But there man and McClelland (1988). (The probabilities
are, however, autonomous accounts of thieom the London—Lund corpus are provided in
effect. Cairns et al., 1995.) That is, /s/ is more likely
Norris (1993) has shown how a recurrenthan [/ after s/ in the full English vocabulary,
network, in which information flow during rec- and not only specifically at the end of the lexical
ognition is strictly bottom-up, can simulate theentry beginningchristma.Similarly, /[/ is more
compensation for coarticulation effect. The netlikely than /s/ after i/, not only specifically at
work learned sequential dependencies in fe#he end offooli.
tural input and stored this information in its Because autonomous models with sensitivity
recurrent connections. This knowledge was sufe TPs can account for the compensation effect
ficient for the model both to learn the differenceve decided to test experimentally whether TPs
between /t/ after /s/ and /t/ aftef//(and simi- can account for compensation in listeners’ cat-
larly for /k/) and to learn that /s/ was more likelyegorization performance. There is now consid-
after one vowel (such as the//in christma3 erable evidence to suggest that listeners ar
and that [/ was more likely after another vowelindeed sensitive to the statistical regularities in
(such as theif in foolish). Even in the case their language, and to sequential likelihoods
where the network had no lexical knowledgédetween speech sounds in particular. For exam
whatsoever, a compensation for coarticulatiople, they play a role in the segmentation of
effect following an ambiguous fricative wascontinuous speech into words. Listeners learn
observed. ing an artificial language show sensitivity to the
But does the English vocabulary have theelative likelihoods of different sound se-
sequential dependencies necessary for compeqences in that language (Saffran, Newport, &
sation to occur after ambiguous fricatives in théslin, 1996). Consonant clusters with a TP of
contexts used by Elman and McClellandzero (that is, phonotactically illegal clusters)
(1988)? Chater, Shillcock, Cairns, and Levyrovide listeners with a cue that can be used fol
(submitted; see also, Cairns, Shillcock, Chatelexical segmentation (McQueen, 1998). Even
& Levy, 1995, and Shillcock, Lindsey, Levy & nine-month-old infants appear to be sensitive tc
Chater, 1992) have shown that this is the casthe statistical properties of their native language
They trained a recurrent network on a sequeng¢@usczyk, Luce, & Charles-Luce, 1994).
of two million phonemes from the London— There is also evidence to suggest that TP cal
Lund corpus of conversational English (Svartinfluence phoneme identification. In phoneme
vik & Quirk, 1980). Their simulations showed monitoring, targets can be detected more easil
that the compensation effect after an ambiguowshen they occur in high-frequency syllables
fricative can occur in a bottom-up model with(i.e., syllables with high TPs) than when they
no lexical knowledge. In principle, therefore,occur in low-frequency syllables (i.e., those
any model in which the prelexical level is senwith low TPs; Pitt & Samuel, 1995). McQueen
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and Pitt (1996) found weak effects of TP wheration in the categorization of stop consonants
listeners were required to monitor for thewhen the stops are preceded by an ambiguou
final phoneme in consonant-vowel-consonafficative, placed at the end of two nonwords,
(CVC) nonwords. Stronger TP effects were obene in which the TPs make /s/ more probable
served when the target was the first consonaahd one in which [ is more probable. If the
of the coda cluster in CVCC nonwords, whereffect is instead due to lexical involvement
target detection was, overall, more difficult tharalone, no effect should be observed following
in the CVCs. McQueen and Pitt (1996) arguethese nonwords. But if the effect is purely lex-
that these results are likely to be most robustal, it should be possible to observe the effect
when target detection is difficult. If this predic-when stops are preceded by the same ambigt
tion is correct, TP effects in phoneme identifi-ous fricative, placed at the end of two words, in
cation should be strongest when the informatiowhich the TPs are controlled, such that /s/ anc
specifying a phoneme is ambiguous, as in thi/ are more or less equally likely in both words.
phonetic categorization paradigm. Data fronCompensation should be observed following
two studies that used this procedure can h&ords balanced in TP and following nonwords
interpreted as demonstrating TP effects. Masvith TP biases if both lexical and TP contexts
saro and Cohen (1983) and Pitt (in press) founare responsible for the effect. The present ex:
that the labeling of an ambiguous phoneme bgeriment tested these predictions.
tween /I/ and /r/ was influenced by the phono-
tactic permissibility of the utterance. In /t2i/,Method
there were more /r/ than /I/ responses becauseParticipants. Sixteen Ohio State University
only /tri/ is legal in English. In /s?i/, just the undergraduates participated for pay or course
opposite labeling bias was obtained (more /Eredit. None reported hearing difficulties. The
than /r/ responses). Since the phonotactic legalata from one listener were discarded becaus
ity of a sequence can be viewed as an extrentleat listener responded only to variation in the
form of TP (impermissible clusters such as /tlfricative.
and /sl/ have word-initial TPs of effectively Design.Three context-related variables were
zero), these results suggest that listeners aressed: biasing context, fricative bias, and fri-
indeed sensitive to TP when they categorizeative ambiguity.Biasing contexrefers to the
ambiguous phonemes. However, less extrenteo types of context, that with lexical bias and
TP differences between clusters did not yield that with TP bias.Fricative bias refers to
labeling bias (Pitt, in press). whether /s/ orf/ was most likely to occur based
on the context preceding the fricative. One stim-
EXPERIMENT 1 ulus was biased toward /s/, another towafid /
Although the preceding results are consisteriricative bias was manipulated in both lexical
with the claim that compensation for coarticuand TP biasing contexts (using the wojdie,
lation is due to TP, there has not yet been &kus/, andbush,/bU[/, and the nonwordders,
direct test of the influence of TP on the com{ds-s/, andnaish,/naf/, respectively)Fricative
pensation effect. Are the apparent effects aimbiguityrefers to the manipulation of the fri-
lexical involvement in compensation in fact duecative ending the context utterance. The frica-
to a lexical influence, to sensitivity to TP, or totive was perceptually unambiguous (a clear to-
both of these factors? There is a clear way tken of /s/ or /) or perceptually ambiguous
address this issue. Experiment 1 tested compe(?/), halfway between /s/ andl// Fricative am-
sation for coarticulation following fricative-fi- biguity was manipulated to measure compensa
nal nonwords, where the fricatives had TP bition with both unambiguous and ambiguous fri-
ases, and following fricative-final words, wherecatives. Labeling in the latter case is of primary
the TPs of the fricatives were matched. interest because it is here that frication was helc
If the effect is due to TP alone, it should beconstant across fricative bias (e.gii? vs bu?)
possible to observe compensation for coarticiand we were looking for differences to emerge
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TABLE 1

Design and Context Materials for Experiments 1-3

Fricative ambiguity

Unambiguous Ambiguous
Biasing context Fricative bias Isl If/ 12/
Lexical context /sl-bias juice juish jui?
[fI-bias bus bush bu?
TP context /sl-bias ders/mees dersh/meesh der?/mee
[fI-bias nais naish nai?

Note.The /s/-bias TP contexter was used in Experiments 1 and 2, and the conteeg¢was used in Experiment 3. The
other contexts remained the same in all three experiments.

as a function of the biasing context (lexical vavas based on piloting, the goal of which was to
TP). This experimental design (summarized icreate a continuum whose middle steps were sul
Table 1) generates twelve contexts: /s/- anficiently ambiguous to produce compensation in
/[/-biased contexts as determined by either lexhe ambiguous and unambiguous fricative con-
ical or TP biases, with both unambiguous antexts. To do this while at the same time maintain-
ambiguous fricatives. Following Elman anding a constant blending distance between step
McClelland (1988), contexts preceded a wordrequired sacrificing the quality of the endpoint
initial /t/~/k/ continuum, tapes—capes. tokens. These items were somewhat ambiguous

Note that in four contexts the unambiguougElman and McClelland, 1988, p. 152, made a
fricatives were inconsistent with the contextuasimilar remark about their continua.) As a conse-
biases. For both the lexical and TP contexts, thguence, the labeling functions did not span the full
unambiguous fricatives were swapped ovemange of the dependent measure across the st
contexts to create the nonworgissh (/dsuf/) continuum (from O to 1).

and bus (/bUs/, that is, not the word “bus,”  The [f/-/s/ continuum was made using the
/bas/), and the nonworddersh(/ds-J/) andnais parallel branch of the Klatt (1980) synthesizer.
(/nasl). First, a 240-ms|ll was made. Next, /s/ was then

Stimuli. A tapes—capesontinuum was cre- created from f/ by altering the amplitudes of
ated using natural tokens of these words. Thée formants. F3, F4, and F5 were decreased i
initial 128 ms (burst plus aspiration plus the firsamplitude; F6 was increased. The bandwidth of
three (for /t/) or five (for /k/) pitch periods of the F3 was also reduced slightly for /s/. All other
transition into the following vowel) were parameters were held constant. An eight-stey
spliced from the words and digitally blendedcontinuum was created by interpolating be-
(by averaging samples; see McQueen, 1991t&yeen the parameter values of the two endpoin
Repp, 1981) in the following proportions totokens in equal steps. The fricatives were ther
produce an eight-step /t/-/k/ continuum: .65/.3%quated for perceived loudness. The synthesi
.625/.375, .60/.40, .575/.425, .55/.45, .525/.47parameters for the endpoints are listed in the
.50/.50, .475/.525. The first value of each pair oAppendix.
numbers corresponds to the proportion of /t/, the Four additional utterances (two words and two
second to the proportion of /k/. All steps werenonwords) served as the biasing contexts that pre
combined with the remaining portion ofips/ ceded the stop-initial word. The two worflsce
(654 ms) fromcapesto yield the complete and bushhave word frequencies of 11 and 14,
tapes—capesontinuum. respectively (Kucera & Francis, 1967). The words

Selection of the /t/=/k/ blending proportionswere chosen because neithdguf/ nor /bUs/ are
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TABLE 2

PITT AND MCQUEEN

Transitional Probabiliti€s

Probability conditional on

Context Vowel Consonant Vowel Consonant
Experiments 1—3
Lexical contexts ful Isl p(usu) = 0.019 p(ugs) = 0.009
(juice/bush If/ p(uf|u) = 0.010 p(uflf) = 0.022
1/ Isl p(UslU) = 0.004 p(Usls) = 0.000
I p(US|u) = 0.004 p(UJ|f) = 0.002
TP-bias contexts i /sl p(zg3) = 0.058 p(zgs) = 0.028

(ders/naish/megs

lel/

11
Isl
11

p(z[|3+) = 0.007
p(eisler) = 0.064
p(efle) = 0.139

p(zJ|f) = 0.019
p(ess) = 0.022
p(e|f) = 0.222

il Isl p(isli) = 0.021 p(isls) = 0.014
1yl p(ifli) = 0.002 p(iflf) = 0.001
Experiment 4
Stop contexts 1l Ip/ p(ip|i) = 0.020 p(ip|p) = 0.030
(yeep/chait il p(itfi) = 0.025 p(it|t) = 0.011

lal

Ip/
i

p(eipler) = 0.015
p(eitjer) = 0.151

p(eip|p) = 0.012
p(etlt) = 0.034

2 For each vowel, probabilities of the consonants following that vowel are given, both conditional on the probability
the vowel (e.g., p(Ue) for /u/ and /s/) and conditional on the probability of the consonant (e.g.|spfos /u/ and /s/).

words and because the TP from the vowel intolosely matched as possible on both counts. Th
both fricatives is similar in the two cases. TPsliphone conditional probabilities for the vowels
were estimated using phoneme counts (weightéd/ and /U/ into /s/ and[/ are given in Table 2. The
for word frequency) from an on-line Americanuse ofjuice andbushas the lexical contexts en-
English dictionary consisting of words that mosabled us to assess the influence of lexical status o
university undergraduates are likely to know. Simeompensation without significant variation in the
ple diphone probabilities were computed sinceansitional probability between the vowel and
they appeared to require the fewest theoretichicative. The two nonworddersandnaishwere
assumptions. They are not position-specific, nareated to maximize transitional probability from
do they entail assumptions about the coding dhe vowel into one fricative but not the othes//
phonological structure (e.g., syllabic structure)was /s/-biased andi/avas [/-biased, conditional
Note, however, that diphone probabilities are nedzoth on the fricative and the vowel. The condi-
essarily confounded with syllable frequency: syltional probabilities for these vowels are also given
lables which occur more often will contain di-in Table 2. The use of these nonwords as the TF
phone transitions which are more common. Theontexts enabled us to observe the influence o
transitional probability of a pair of phonemes wag Ps on compensation independently of the influ-
determined by summing the frequency of theience of specific lexical entries.

joint occurrence and then dividing this value either The context utterances were combinations of
by the total number of occurrences of the vowehatural and synthetic speech (Mann & Repp,
(i.e., conditional on the vowel) or by the total1980; Repp & Mann, 1981). Tokens of the
number of occurrences of the fricative (i.e., constrings juice, bush, dersand naish were re-
ditional on the fricative). Words were selected focorded. The final fricative was removed from
which the vowel-fricative transitions were aseach token at frication onset. Durations of the
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four initial portions were 247, 193, 186, and 26&ify the fricatives as well as the stops. Once the
ms, respectively. The two endpoint fricativedistener made the classification decisions, one o
(/s/ and {/) from the synthetic continuum plus afour response buttons had to be pressed, eac
step from the middle of the continuum (/?/)labeled with a different combination of the four
were then appended to three copies of each obnsonants (i.e., sk, st, shk, sht). Fast responc
the four natural strings. The two copies with théng was emphasized.
endpoints (/s/ andf/) served as the context Stimuli were presented in blocks of 128 tri-
items in the unambiguous fricative conditionsals, pseudorandomly ordered. All 64 unambig-
The copy with /?/ served as the context in theous stimuli were presented once per block.
ambiguous fricative condition. Each of the 32 ambiguous stimuli were pre-
The ambiguous fricative was chosen on aented twice. There was a 1.5-s pause betwee
by-participant basis to ensure that the fricativ&rials and a 4-s window in which listeners had to
would be maximally ambiguous. Participantgespond after stimulus offset. Four blocks were
were pretested on the fricative continuum, lapresented in each of two 45-min testing ses-
beling each step 12 times. The fricatives wersions, which were separated by one or two days
not presented in isolation, but appended to Best breaks were provided after every block.
natural token of /a/ to make the frication phoSixteen practice trials preceded the first block in
netically meaningful. The step whosf-label- each session.
ing proportion was closest to .5 was used as the Equipment. Stimuli were recorded by MP
ambiguous fricative. This was always step 4 oonto audio tape and then digitized onto mag-
5 on the eight-step continuum. netic disk at 10 kHz sampling rate (low-pass
The 12 context utterances (4 initial poriltered at 4.8 kHz), where they were edited and
tions X 3 fricatives—two unambiguous, onecombined for playback. Synthesis was also car:
ambiguous) were then prepended to each steprigd out at 10 kHz. Stimuli were presented bin-
thetapes—capesontinuum (separated by 20 msaurally over headphones at a comfortable listen:
of silence) to form the entire set of stimuli thating level. Stimulus presentation and response
were presented to listeners. In the four ambigzollection were controlled by a microcomputer.
uous fricative conditions (32 stimuli), each
stimulus was presented 16 times, for a total JReSUlts
512 trials. In the eight unambiguous fricative Stop labeling.The stop data were divided and
conditions (64 stimuli), each was presentednalyzed in two parts as a function of whether the
eight times (512 trials). preceding fricative was unambiguous or ambigu-
ProcedureListeners were tested individually ous. The proportion of /t/ responses was calculate
in a sound-attenuated cubicle. After the pretesbr each listener across all steps of the continuun
to select the ambiguous fricative, listeners wer each condition. The averaged data in the eigh
instructed on participation in the main experiunambiguous conditions are plotted in the two
ment. They were told to listen closely to the paigraphs at the top of Fig. 1. The graph on the left
of utterances presented on each trial and classifpntains data from the lexical biasing context, that
the last consonant of the first utterance as eithen the right from the TP context. Within each
/sl or [[/ and the first consonant of the secondraph, the data in each fricative bias condition
utterance as either /t/ or /k/. Use of this two{e.g.,jui, bu) are plotted as a function of whether
response procedure (Mann & Repp, 1981) prahe unambiguous fricative was /s/ (solid lines) or
vides a direct measure of the effect of contextf/ (dashed lines).
on the identification of the fricative as well as a Recall that compensation for coarticulation
measure of any compensatory effect that theauses listeners to report alveolar stops (i.e., /t/
context (lexical or TP) might have on categorifollowing /[/ and velar stops (i.e., /k/) following
zation of the following stops. Indeed, pilot work/s/. This effect shows up as a separation of the
showed that larger compensation effects weilabeling functions in the middle of the /t/—/k/
obtained when listeners were required to clagsontinuum, where the stop is perceptually am-
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Unambiguous fricative: Lexical context Unambiguous fricative: TP context
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FIG. 1. Experiment 1. Overall proportion of /t/ responses to each step of the eight-step fephd{capgs
continuum. The upper panel shows categorization following unambiguous fricatives in both lexical- and TP-bias
contexts. The dashed lines show labeling afférahd the solid lines show labeling after /s/. Filled squares show
contexts with an /s/ biagui andder); open circles show contexts with afi bias pu andnai). The lower panel
shows categorization following ambiguous fricatives (/?/) in both lexical- and TP-bias contexts. Filled squares
and solid lines show contexts with an /s/ biag éndder); open circles and dashed lines show contexts with an
/f/ bias pu and nai).

biguous and, therefore, contextual (i.e., fricaer /f/) had a large influence on labeling whereas
tive) influences on labeling are likely to befricative bias (/s/- orf/-bias in both lexical and

largest. The results in the two biasing condition$P contexts) had none. Large compensation ef
are similar and clear cut: Fricative identity (/sfects are evident in both graphs, with stops
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preceded byl being classified as /t/ far more TABLE 3

often than stops preceded by /s/. That the two /Sfiean proportion /s/ Classification of the Unambiguous and
and two f/ functions within each graph overlap  Ambiguous Fricatives in the Four Context Utterafices
indicates that the context within which the fri-
cative was embedded (e.giu/ or /bU/) had no Unambiguous fricative ~ Ambiguous
effect on stop labeling. Context (/s! and f/ combined) fricative (/?/)

These observations were supported by thg(perimem 1

results of two-way ANOVAs (fricative biax jui 53 61
fricative identity) performed separately on the bu 46 22
data in each biasing context. Because compen-der 48 34
sation was found over a range of steps in thEX”"Zrimem ) AT 18
middle of the continuum, compensation magni- j‘;i 63 68
tude was measured by calculating the area beq,, 50 27
tween pairs of functions from step 3 through der 53 49
step 6 (see Pitt & Samuel, 1993, for additional nai 47 12
discussion of this procedure). The data used frPeriment 3

the analyses were listeners’ average proportionJI;'j '129 'ig
[t/ responses across steps 3—6 in each conditiongee 53 46
The only reliable outcomes were the main com- nai 50 29

pensation effects (Lexical contexE[1,14] =
36.71,p < .001; TP contextF[1,14] = 33.92, 21n the unambiguous condition, /s/ anfl followed thg
p < .001). Compensation magnitude was Virtuglc;r;tggtcaet?gl:lly often; a value of .50 represents unbiasec
ally identical in both biasing contexts: .40 units
(i.e., units of area between the curves) in the
lexical context and .41 units in the TP context.

The results with the unambiguous fricatives In contrast, a sizeable compensation effect is
thus replicate what others have found (Elman &vident across the middle of the continuum
McClelland, 1988; McQueen, 1991b; Repp &vhen TP served as the biasing context. Com:
Mann, 1980; Mann & Repp, 1981). Robusipensation magnitude was .13 units, which was
compensation was obtained along with no inreliable,F(1,14) = 6.54,p < .05.
fluence of fricative bias. Neither lexical nor TP  Fricative labeling.One concern with the stop
contexts influenced compensation when the frlabeling data might be that the TP and lexical
cative was a clear token of its category. biasing manipulations were not equally effec-

This outcome did not hold when the fricativetive. Although the TP contexts were sufficiently
was ambiguous. The results in this condition arkiased to induce a compensation effect, the lex
of primary interest because they enable us fical contexts might not have been. That is, per-
assess the independent contributions of lexicahaps the lexical items (i.e., the initial CVs) had
ity and transitional probability on compensano effect on fricative perception. Analysis of the
tion. The labeling data are in the graphs in thé&icative identification data shows that this con-
lower part of Fig. 1. The results are again cleacern is unfounded. To examine biases in frica-
cut: Lexical bias produced no compensatiotive labeling, mean proportion /s/ responses ir
(the left graph), but TP did (the right graph). Inthe two fricative ambiguity conditions were cal-
the lexical context, fricative bias had absolutelgulated for each subject. These values were the
no influence on fricative labeling. The nearlyaveraged over listeners and are listed at the to
complete overlap of the /s/-bias anfl-bias of Table 3. A value of .5 (an equal number of /s/
functions across the /t/—/k/ continuum is strikand [/ responses) indicates no bias in labeling.
ing. The magnitude of compensation in this cas€his was the case for the unambiguous frica-
was .005 unitsK < 1), due solely to the dif- tives. Proportions in all four contexts hover
ference at step 5. around .50. A two-way ANOVA on the unam-
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biguous fricative responses with biasing contex@iscussion
(lexical, TP) and fricative bias (/s/f/} as vari-

. . : ) The present results suggest that TP-biase
ables yielded no statistically reliable differ- P 99

contexts can cause compensation for coarticu
¢ dina- I list | 9&tion following ambiguous fricatives. When
accurate responding: overall, listeners almogfy nqjiona| probability was manipulated while

alv#ys I;betled f/st:]as fsf a_nﬂblas . i d_flexical context was held constant, a sizeable
€ eflects of tnese variables were quite di compensation effect (.13 units) was found. Be-
ferent in the ambiguous fricative condition

o I th tend ; ; th‘cause the context utterances in this case wer
f_verg ’ er/e was af en encyh_ ?1 ripor q fionwords dersandnaish, it is highly unlikely
ricative as [/, except forjuice, which showe that the effect originated from specific lexical

a'sllght bias t‘?Wafd /,S/' I.n cor?tras'g to the UNaMsntries. The current findings also suggest tha
biguous condition, fricative bias yielded robus exical influences are not necessary to observ

effects m/tr/]e two blasmg conte:j(tz. Instgef lexic erceptual compensation following an ambigu-
context, /s/ responses dropped by .39 from thg,q gicative. When transitional probability be-

Isl-bias juice) to the f/-bias pusf) con te>§t. tween the vowel and fricative was held constant
The drop between the two correspondmg items, words, compensation was not found. It
'?1 the r']I'F;fco?teEt., alth?ugh St'él large, was Ies§hould have been if the effects were due solely
than half of this vajue (1 .)' A tWO'WaY to lexical feedback from specific lexical entries.
ANOVA produced reliable main effects Of,b" Note that the effects we have observed are
asing conte>§t (more /s/.responsle_s, overall, in trbque to the influence of the fricatives on identi-
lexical than in the LP ?'?TS cqndlttl)gﬁ(l,14) :/ /fication of the stops and not vice versa. Mann
13.89,p < .'012] a;1/ g. ”C;t'r\]/e 1as (ert‘nﬁore ds and Repp (1981) did find effects of stop iden-
responsz.as n t e_s -biased than in (i hasg tification on fricative judgments, but they were
contegts,F(1,14) N 27.6§,p < 00D). T € " much smaller than the effect of fricatives on
teraction of these variables was S|gn|f|can§top judgments. In the present experiment, ar
(F(1,14) = 5'77‘ p < .05), showing that the ffect of stop judgments on fricative judgments
effect of lexical context was larger than that OFS ruled out. since on this account. one would

TP context. Further tests showed that these t"\@(pect the effects in the lexical and TP bias

effects were reliable in themselves (lexical, jitions to be equivalent. With the ambigu-
F(1,14) = 20.97,p < .001; TP:F(1,14) =

ous fricative in the lexical context there was no

10.04,p < .01). shift in stop identification, but there was none-

These data clearly demonstrate that the le heless an effect on the fricative judgments. The
cal and TP contexts were both powerful enoug ffects on fricative judgments are thus due to
to influence listeners’ labeling of the ambiguougy, o ~qntexts preceding the fricatives.
fricative. These results thus contrast with the Although interpretation of a null effect is
stop data, where the TP contexts influenced
identification but the lexical contexts did nbt.

ment 1) and was not significanE(l,9) = 1.82,p < .21).

1 A concern with Experiment 1 might be that the end-There was again no indication of a compensation effect in
points of thetapes—capesontinuum were not fully unam- the lexical context. In fricative identification, however, con-
biguous tokens of /t/ and /k/ and thus that listeners’ retext effects were actually larger than in Experiment 1 (lex-
sponses were not fully anchored. This concern waigal: 0.60,F(1,9) = 57.89,p < .001; TP: 0.27F(1,9) =
addressed by rerunning Experiment 1, but using a mo&01,p < .02). The difference between these two effects
widely spaced eight-step continuum, including endpoints/as also significantq(1,9) = 5.72,p < .05). These results
which were identified almost always as either /t/ or /k/. Thishow that the effects of lexical and TP bias on fricative
continuum necessarily contained a narrower ambiguous rilentification are reliable. The effect of TP bias on stop
gion. The results nevertheless patterned like those of Eidentification with unambiguous endpoints was present, but,
periment 1. The compensation effect following /?/ wa$ecause of the limited range of ambiguous phonemes, wa
again present in the TP context, but, as one would expegbt significant. In subsequent experiments we therefore
when there are fewer ambiguous stops, it was reduced iasorted to the use oftapes—capesontinuum with a wider
magnitude (.065 units, as opposed to .13 units in Experambiguous region (and less extreme endpoints).
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complicated by the fact that its cause is difeoncern. The initial CV portions were replaced
ficult to pinpoint, the failure to find a com- with neutral tokens, in which there were no cues
pensation effect in the lexical conditions igo a subsequent fricative. Natural CV tokens for
not due to a weak manipulation of lexicaleach of the four contexts were recorded in iso-
context itself, which would have stacked théation and spliced onto the fricatives atapes—
deck against finding compensation. This exeapestokens used in Experiment 1. Other than
planation might at first glance seem plausibléhis modification, Experiment 2 was a direct
given that the words were only three phoreplication of Experiment 1.
nemes long, providing little context (or time)
for biasing influences on fricative perceptionMethod
to emerge. However, the fricative classifica- Participants.Twelve new undergraduates ser-
tion data suggest just the opposite (Table 3yed in the experiment.
Classification of the ambiguous fricative dif- Stimuli. New tokens of the four context CVs
fered by .39 between the two lexical contextgjui, bu, der, and nai) were recorded by MP
(juice andbush. It is this large shift in frica- without the final fricative. These items were
tive labeling that convinces us that lexicathen adjusted for amplitude and duration so tha
influences are not necessary to observe comhen combined with the synthetic fricative, the
pensation following ambiguous fricatives. context utterances sounded as though they wer
spoken naturally. CV durations were as follows:
EXPERIMENT 2 jui, 264 ms;bu, 247 ms;der, 178 ms;nai, 317
The initial CV contexts used in Experiment 1Ims. These CVs were on average 30 ms longe
were taken from natural utterances. Thus jthie than those in Experiment 1. This slightly slower
used to makauis, juishandjui? came from a rate of speech also required lengthening the
recording of juice. Likewise, bu came from closure duration between the fricative and stog
bush, naifrom naish,and der from ders.It is (from 20 to 40 ms) to make the two-word ut-
thus possible that the vowels in these CVs conerances sound natural. The stimuli were iden-
tained acoustic cues to the following fricativetical to those used in Experiment 1 in every
(such as, for example, formant transitions speother way.
ifying place of articulation of the following Procedure.The experimental setup and the
fricative). Any of the apparent effects of lexicaltesting procedure were the same as in Experi
or TP bias which were observed could thusnent 1.
potentially be due to this confound, because in
all four cases any acoustic cues would be likelfReSults
to cue the contextually appropriate fricative. Stop labeling.The /t/-/k/ labeling data are
Note that although this possibility undermineshown in Fig. 2 in the same manner as those ir
the context effects observed in fricative labelFig. 1. Their similarity to those in Fig. 1 indi-
ing, it does not provide an account of the asynmeates that the compensation results found in th
metry in the stop labeling data between thereceding experiment are not due to fricative
lexical and TP context conditions. If the frica-cues being present in the original CV context
tive biases were due solely to the acoustic comtterances. Neutral CVs produced the same pat
found, effects on subsequent stop identificatiotern of results.
should have been observed in both context con- When the fricatives were unambiguous, large
ditions, with potentially larger effects on stopcompensation effects were obtained in both bi-
identification in the lexical context conditionasing contexts. Not only were biases similar in
because the effect on fricative identification wasize across the lexical and TP contexts, but the
largest. The acoustic cues in the initial vowelsvere comparable to what was found in the Ex-
could nevertheless have contributed to the paperiment 1. The effects in both contexts were
tern of results observed in Experiment 1. statistically reliable, lexical context: .38 units,
Experiment 2 was designed to deal with thig(1,11) = 80.82,p < .001; TP context: .35
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FIG. 2. Experiment 2. Overall proportion of /t/ responses to each step of the eight-step fephd{capgs
continuum. The upper panel shows categorization following unambiguous fricatives in both lexical- and TP-bias
contexts. The dashed lines show labeling affgrand the solid lines show labeling after /s/. Filled squares show
contexts with an /s/ biagui andder); open circles show contexts with afi bias pu andnai). The lower panel
shows categorization following ambiguous fricatives (/?/) in both lexical- and TP-bias contexts. Filled squares
and solid lines show contexts with an /s/ biag @ndder); open circles and dashed lines show contexts with an
/{1 bias puandnai). The data-point for step 6 on tlder?function is based on the three subjects who heard that
token.

units, F(1,11) = 54.73,p < .001. Labeling in dersh. This contextual biasing effect was reli-
the TP context differed from the preceding exable,F(1,11)= 13.01,p < .004 (.15 units) and
periment in that th@aisandnaishfunctions are suggests that the TP context affected stop label
shifted above theider counterpartsdersand ing even in the presence of unambiguous frica-
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tives. This effect is attributable to the unambigtexts (.41 and .37, respectively; lexic&(1,11)
uous fricatives being somewhat ambiguous 31.44,p < .001; TP:F(1,11)= 15.54,p <
following the CV contexts in the present exper-002). These effects did not differ reliably from
iment (i.e., those with no formant transitions)each other.
that is, more ambiguous than following the_. ,
more natural CVs used in Experiment 1. Th&IScussion
shift between thaai andder functions follow- The results of Experiment 2 reinforce the two
ing unambiguous fricatives thus appears to rgsrimary conclusions from Experiment 1. First,
flect an effect of TP bias on what were, in factjt appears that the transitional probability be-
not completely unambiguous fricatives. Suppotiveen adjacent phonemes can be responsible f
for this contention can be found in the fricativecompensation for coarticulation. Second, it ap-
labeling data (discussed below). pears that the lexicon, even when it is involved

Labeling in the two ambiguous conditionsin fricative decisions, does not influence com-
closely resembles what was found in Experipensation for coarticulation in perception of the
ment 1: No effect of lexical bias was found, bufollowing stop. Note that the same pattern was
there was an effect of TP bias. Due to an errasbserved in both the ambiguous and unambig
in the experimental program, only three of theious fricative conditions in Experiment 2. In the
twelve subjects hearder? with stop 6 on the TP conditions, there were shifts in stop labeling
ItI-/k/ continuum. The analyses in the ambigueonsistent with the TP bias both after the am-
ous fricative conditions was therefore based obiguous and unambiguous fricatives; the unam:
the area between the curves for steps 3-5 (ibiguous fricatives were clearly not completely
stead of from steps 3-6, as in all the othemnambiguous. But in the lexical conditions,
analyses). In the lexical context, the functionshere were no shifts in stop labeling due to
are intertwined across the continuum, producinigxical bias with either the ambiguous or unam-
a nonreliable shift{.02 units),F < 1. The TP biguous fricatives, in spite of the fact that in
effect (.18 units) was significant=(1,11) = both cases the contextual involvement in frica-
5.99, p < .03. The size of the TP bias wastive identification was larger than in the TP
slightly larger than that found in Experiment 1conditions.
(.13 units).

Fricative labeling.The fricative labeling data EXPERIMENT 3
are listed in the middle of Table 3. The results The basis of the compensation effects ob-
are in line with what was found in Experimentserved in Experiments 1 and 2 is that stop
1. When the fricative was unambiguous, labelidentification is influenced by fricative informa-
ing was near .50 in all contexts excejti, tion preceding the ambiguous stops. It is alsc
which showed a /s/-bias. Statistical analysethe case, however, that fricative identification
showed that the labeling difference (.13) beean in turn be influenced by vocalic information
tween the two lexical contexts was reliablepreceding ambiguous fricatives. Experiment 3
F(1,11) = 9.66,p < .01, and between the twoaddressed this latter effect, specifically, that fri-
TP contexts (.06) was not. But note that thigative identification varies according to whether
effect was larger than that in Experiment la neighboring vowel is rounded or unrounded.
(.01), consistent with the view that the unamThere tend to be more /s/ responses to an arn
biguous fricatives in the present contexts werbiguous fricative between /s/ anfi in the con-
less unambiguous than when they appeared text of a rounded vowel than in the context of an
the contexts used in Experiment 1. unrounded vowel. Although in most studies this

In the ambiguous fricative condition, the bi-effect has been found when the fricative pre-
asing context had a strong influence on labelingeded the vowel (Mann & Repp, 1980; Whalen,
with a large drop in /s/ responses aftarand 1981, 1989), the effect has also been observe
nai compared witjui andder. The effects were when the vowel preceded the fricative (Soli &
of similar magnitude in the lexical and TP con-Mann, 1982). Both these effects have been in.
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terpreted like that of fricative—stop compensawere both rounded and those in the TP contex
tion: the perceptual system acts to compensatere both unrounded. To ensure that the mos
for the acoustic consequences of fricative artimmbiguous fricative was being used in each
ulation in rounded versus unrounded contextshiasing context in the main experiment, the fri-
In the present situation, vowel rounding is not &ative labeling pretest was modified so that if
concern in the lexical context conditions: both /uheed be, a different fricative could be selectec
(in juice) and /U/ (inbush are rounded vowels. for the lexical and TP contexts. Instead of cat-
But there is a potential confound in the TP contex¢gorizing the fricatives only in the context of
conditions. The vowel with the /s/ TP bias()J is the vowel /a/, listeners categorized steps on th
a rounded vowel, while the vowel with th§/ TP fricative continuum with two preceding vowels,
bias (/&) is unrounded. The tendency to label /?6ne for lexical contexts (/u/) and one for TP
as /s/ after3/ but as [/ after /e/, and the subse- contexts (/i/). The most ambiguous step with
guent compensation for coarticulation effect oeach vowel was used in the lexical and TP
the stops, could thus be due to the status of thesentexts, respectively. For eight listeners, step ¢
vowels as rounded and unrounded, rather thawas used in the lexical context and step 5 in the
because of TP biases. TP context. For the remaining four listeners, the
This confound was removed in Experiment 3ame step was used in both contexts (three witl
by replacing /d-/ with /mi/. The vowel /i/, like step 4 and one with step 5).
/3, has a TP bias toward /s/ (see Table 2). But ) .
unlike /2, /il is unrounded. As shown in Table Results and Discussion
1, the contextsnees, mee@andmeeshreplaced  Stop labeling.The /t/-/k/ data are displayed
ders, der?anddersh;otherwise, the materials in Fig. 3. Inspection of the four graphs shows
and design of Experiment 3 were identical tdhat the data tell the same story as those ir
those of Experiments 1 and 2. Experiments 1 and 2. When the fricatives were
unambiguous, robust compensation was found
Method With the lexical context, the effect size (again
Participants. Twelve new students from theusing the area-between-the-curves measure
same population as Experiment 1 served as pavas .25 units, which was statistically signifi-

ticipants. cant, F(1,11) = 24.62,p < .001. In the TP
Design. The experimental design was thecontext, the effect was also .25 units, which was
same as Experiment 1. also significantf(1,11) = 15.97,p < .002.

Stimuli. The syllable /mi/ (253 ms) was re- When the fricative was ambiguous, no lexical
corded and replaced all occurrences of the sytompensation effect was obtained. The /s/-bia:
lable /&/ in the stimuli from Experiment 2.  and [/-bias functions overlap closely, particu-

Procedure.The only procedural changes in-larly in the middle of the continuum (effect
volved the fricative labeling experiment and thesize = .01 units,F < 1). The magnitude of
selection of the most perceptually ambiguousompensation in the TP context was .11,
step for use in the ambiguous fricative condif(1,11)= 9.04,p < .01. Comparison of the two
tion. A pilot experiment in which fricative la- effect sizes across lexical and TP contexts
beling was measured following each of the foushowed that they were reliably different,
vowels showed that the most ambiguous tokeR(1,11) = 4.78,p < .051.
tended to be about one step earlier in the con- Fricative labeling. The fricative labeling
tinuum (i.e., fewer /s/ responses) for the twalata are shown at the bottom of Table 3. Asin
vowels in the two words (/u/ and /U/) than in theExperiments 1 and 2, contextual influences
two nonwords (/i/ and /8. There were, how- were larger in the ambiguous than the unam:-
ever, no differences between the most ambigiriguous conditions. Although there was vir-
ous tokens within each pair. This was probablyually no bias in classifying the unambiguous
the effect of vowel rounding on fricative iden-fricatives as /s/ in the TP context, a small,
tification, since the vowels in the lexical contexthough statistically nonsignificant, effect
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FIG. 3. Experiment 3. Overall proportion of /t/ responses to each step of the eight-step t#pbd-{capds
continuum. The upper panel shows categorization following unambiguous fricatives in both lexical- and TP-bias
contexts. The dashed lines show labeling affgrand the solid lines show labeling after /s/. Filled squares show
contexts with an /s/ biagui andme§; open circles show contexts with afi bias pu andnai). The lower panel
shows categorization following ambiguous fricatives (/?/) in both lexical- and TP-bias contexts. Filled squares
and solid lines show contexts with an /s/ biag @ndmeg; open circles and dashed lines show contexts with
an /[/ bias pu andnai).

(.07) was found in the lexical context. In theand [/ biasing contexts was reliabl€(1,11)
ambiguous condition, context effects were= 7.57,p < .02.

identical in magnitude, .17. Statistical analy- The same pattern of results was therefore
ses showed that the difference between the /shtained when the confound of vowel rounding



362 PITT AND MCQUEEN

was removed in the TP contexts. The presemtas also slightly more likely than /p/ after /i/.
data affirm the results of Experiments 1 and 2 iAlthough this small reversal, which was not
suggesting that transitional probabilities befound in a larger dictionary (CELEX, Burnage,
tween phonemes can cause compensation ft891), has the potential of diluting any TP ef-
coarticulation. The two contexts (lexical andect, it also makes the experiment a relatively
TP) affected fricative labeling, but only in theconservative test of the hypothesis that listener:
TP context was any compensation in stop labelise TP in phonetic categorization.
ing observed. No compensation was found in The stop—final continua were created by ap-
the lexical context. pending synthetic stops onto natural tokens of
/f'e/ and /ji/. Recordings of the two CV context
EXPERIMENT 4 items in isolation (i.e., without a final conso-
In the first three experiments, we have arguedant) were madeChai and yee were, respec-
that the bias in fricative labeling found in the TRtively, 327 and 281 ms in duration. The stop
context (Table 3) is due to the transitional probeonsonant was an aspirated burst. Steps alor
ability between the vowel and fricative. In thisthe continuum varied in aspiration (longer for
final experiment, we undertook a more thorouglt/) and the center frequency and amplitude of
test of this claim. We did not examine compenformants 1-3 (higher on both dimensions for
sation per se, but rather assessed the reliability). The continuum was synthesized following
and generality of the novel finding that transithe procedure used to make the fricative con-
tional probability between utterance-final VCginuum in Experiment 1. /p/ and /t/ endpoint
can bias listeners’ labeling of the consonantsokens were made, and the six intervening step
Instead of using an /s/f{/ continuum, as in were created by interpolating between the pa-
Experiments 1-3, we assessed the generalizalyéumeter values of the endpoint tokens in approx:
ity of the TP effect to other consonants in thémately equal-size steps. The Klatt (1980) pa-
context of a standard phonetic categorizatiorameter values for the endpoint tokens are listec
experiment. Listeners were asked to categorize the Appendix. A stop closure interval (70 ms
the stops /p/ and /t/ in the continghaip—chait of silence) was inserted between the CV contex
and yeep—yeet/p/ is more frequent afteyee, and stop when making the CVC stimuli.
and /t/ is more frequent aftashai. If listeners Procedure.Because many of the procedural
are indeed sensitive to the frequency with whichketails were the same as those in the precedin
phonemes co-occur in English, then just as isxperiments, only differences will be men-
found in lexical contexts (e.gkiss—kishand tioned. Listeners were tested in a single sessior
fis—fish, McQueen, 1991a), the labeling func-in which there were two blocks of 160 trials,
tions should split apart in the ambiguous regiowith each step in each continuum being pre-
and converge at the endpoints. Specifically, /fgented ten times, for a total of 20 presentation:
responses should be more frequent onybep— of each step. Sixteen practice trials (one presen
yeetfunction than on thehaip—chaitfunction. tation of each step) were presented at the begin
ning of the session.

Method
Participants. Fourteen students in an intro-Results and Discussion
ductory psychology course patrticipated. The categorization data (collapsed across

Stimuli. In order to select the contexts for thesubjects) are plotted in Fig. 4. Endpoint labeling
Ip/—/t/ continuum, the transitional probabilitiesis close to the extremes. The transition in label-
between vowels and these stop consonants wéng from one response category to the other is
again computed using the on-line dictionaryabrupt, indicating that no more than a few steps
When conditional on the stop, /t/ was moravere perceived as partially ambiguous. In spite
likely than /p/ after /€, and /p/ was more likely of this, one can see that the TP context biase
than /t/ after /i/. When conditional on the vowel labeling in the expected direction. /p/ responses
/t/ was also more likely than /p/ aftenfebut /t/  were more frequent in thgeecontext tharchai
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1.0 labeled the following word-initial stops. TP ap-
0.9 pears to influence the compensation for coar:
~ 08 - ticulation process, so that the stops after ar
o : A ;
=~ 07+ ambiguous fricative tend to be labeled as if the
S 0.6 listeners had heard the more probable unambig
T 054 uous fricative. The TP effects in fricative and
8_ 0.4 - stop labeling were replicated in Experiment 2,
© 43 where there were no cues to fricative identity in
o, the initial CV contexts, and in Experiment 3,
014 where in addition to the absence of formant
0.0 transition cues to fricative identity in the con-
0 texts, there was also no confound due to vowe
/p/ Step H rounding in the TP contexts. TP effects in cat

egorization were also observed in the labeling
FIG. 4. Experiment 4. Overall proportion of /p/ response2f nonword-final stops (E_Xpe”m('?r‘.t 4): Th_e In-

to the eight-step /p/—/t/ continuum (filled squares and solifluence of TP on phonetic categorization is ro-

lines for the context with a /t/ biaghaip-chait,and open bust and replicable, as is the indirect influence

circles and dashed lines for the context with a /p/ biaghat fricative TP has on compensation for coar-

yeep-yest ticulation.

In contrast, Experiment 1 also showed that

. .when TP on word—final fricatives was con-
context. The size of the TP effect was .09 unlt?rolled, there was no compensation for coarticu-

(using the area-between-the-curves measurgly,, o, stops following word—final ambiguous
which was reliableF(1,13) = 16.67,p < .001. fricatives. If the compensation process were in-
. The preser?t_ results suggest that the rangjenced by the lexicon, there should have beet
tional probability between the vowel and foI-E tendency to label ambiguous stops as /t/ afte

lowing stops biased listeners’ perception_ Obu?,as if the listeners had heabtish,and as /k/
those stops. The TP effect observed with fr'caéfterjui?, as if the listeners had heajuice. The

tives in the earlier experiments was generalizeg“ure to observe a lexically mediated compen-

to a fs top dcon_tlnutjhm. I_:urtlhermo(;e, t(;usl effec ation for coarticulation effect was not a conse-
was found using the simpler and WICely US€Q ance of g poor manipulation of lexical con-

phor_letl_c categor_|zat|on paradigm. The_data_ali xt. Listeners showed strong lexical effects in
qualltz_itlvely similar t_o those fou_nd with this their categorization of the word—final fricatives;
paradigm when a lexical context is used. The%ey did tend to heabu? as bushand jui? as

findings provide another piece of evidence 1q i-e 1t \would therefore appear that although
the g_rpwing literature _th_at Suggests_li_steners a?éteners were using lexical knowledge in mak-
sensitive to the statistical regularltles of thf?ng their perceptual decisions to the fricatives,
language (€.g., McQueen & Pitt, 1996 Saﬁcra[?nis knowledge was unable to influence their

et al., .1.9.96)' In the present case, tranSItlon@ecisions to the stops. The fact that compensa
probabilities between phonemes appear to be #Bn for coarticulation was found after the TP-
additional source of information that IistenersOiased nonwords (even though the TP effect or
can use to process spoken language. the fricatives was smaller than the lexical effect)
shows that there was sufficient power in Exper-
iment 1 to observe a lexically mediated com-

The pattern of results across the four experpensation effect had there been one. Experi
ments is clear. In Experiment 1, the TPs of /ahents 2 and 3 reinforce these findings. In both
and J/ at the end of nonwords influenced bothexperiments, the lexical and TP effects on frica-
the way listeners labeled an ambiguous fricativive identification were equivalent, but although
at the end of the nonwords and the way thethe TP bias influenced compensation for coarticu:

GENERAL DISCUSSION
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lation, there was still no evidence of lexical in-constructed from CVs spoken in isolation and
volvement in the compensation process. thus could not contain any spectral cues to the
Taken together, these results suggest that Ebllowing fricatives. In Experiment 3, the con-
man and McClelland’s (1988) demonstrationgexts were again constructed from CVs spoker
of apparent lexical involvement in compensain isolation, and, furthermore, the rounded—un-
tion for coarticulation may have been demonrounded status of the vowels, which had previ-
strations of a TP effect. The materials in theiously been shown to influence fricative identi-
Experiment 1 were confounded with TP, and, afication (Mann & Repp, 1980; Whalen, 1981,
the present results suggest, it is this aspect of ti889; Soli & Mann, 1982), was controlled. Both
materials, not their lexical status, which provowels in the lexical context were rounded, and
duced compensation for coarticulation. both vowels in the TP context were unrounded.
Readers familiar with EIman and McClelland Any remaining acoustic confound, acting to
(1988) may recall that in their Experiment 2bias fricative and/or stop identification, would
listeners were presented with only the finaprobably have to be due to information speci-
vowel and the ambiguous fricative froridicu- fying vowel identity. This seems rather implau-
lou? and Spani?.If compensation were due tosible, because the explanation would have tc
the TPs of /s/ and[/ after the vowels alone, asapply across a wide range of different vowels.
in the present experiments, compensation efih some cases, the acoustic biases in the vowel
fects should have been observed in Elman amwdould need to produce a shift in identification
McClelland’s Experiment 2. As shown in their(for the fricatives and stops following the vow-
Fig. 6b, there was such an effect, albeit arls used in the TP contexts in Experiments 1-3
unreliable one. This nonsignificant trend is confor the stops following the vowels used in Ex-
sistent with the present results. Inspection gferiment 4, and for the stops following the
their Fig. 6b shows that all of the data-points irvowels used by Elman & McClelland, 1988). In
the ambiguous region of the continuum, baother cases, the acoustic biases would need t
one, were in the predicted direction (more velaproduce no shift in identification (for the stops
/g/ responses in the?/ context than in thea?/ following the vowels used in the lexical con-
context). Other than this one data-point, théexts in Experiments 1-3, and for the stops
shift appears to be as large as that observedfiollowing two further pairs of vowels—e/
the present Experiment 1. Elman and McClelpaired with // and b/ paired with 4/—in lexi-
land’s (1988) ANOVA, on the proportion of cal contexts tested by McQueen, 1991b, which
responses across the entire continuum, assigaso failed to show any compensation for coar-
equal weight to the endpoint and ambiguousculation effects). What is common across
responses in its test of a main effect of contexthese different pairs of vowels are their TPs, not
Since the compensation effect was limited ttheir acoustic structure. It therefore seems mucl
responses to ambiguous stops, an analysis praere plausible that the effects observed are du
cedure focusing only on those responses woutd TPs rather than to acoustic structure.
have been more likely to have yielded a signif- A further control experiment from Elman and
icant effect. The outcome of this experiment idcClelland (1988) raises a different concern. In
therefore ambiguous. Whereas Elman and Meheir Experiment 3, an ambiguous final syllable,
Clelland (1988) chose to dismiss the trend, w8V?/, where the vowel /V/ was ambiguous be-
believe it is suggestive of a TP effect and certween 4/ and [/, and /?/ was an ambiguous
tainly in line with the present findings. fricative between /s/ and/, based omidiculous
Another concern with the present results isnd foolish, was placed after‘ridicu” and
that they could be due to the acoustic informa*foo.” There was still reliable compensation
tion in the vowels, rather than to TP. Experifor coarticulation on subsequent stops, consis
ments 2 and 3 address the most serious potentiaht with the final fricatives being lexically re-
acoustic confounds in the materials of Experistored. Elman and McClelland argued that be-
ment 1. In Experiment 2, the contexts wereause, in addition to this final syllable, the
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vowels before /I/ in each context were the saméransitions, as studied here, and possibly inde
the phonological contexts were identical fopendent TP effects due to larger units, such a
three phonemes before the final fricative, andyllables and words. In particular, a clear dis-
hence that the effect they observed here coutihction between TP effects due to several pho-
not be due to different sequential constraints ineme transitions and effects due to specific lex:
the two contexts. But this is an empirical quesical entries will need to be established. At some
tion. Given the present demonstrations of locgloint, particularly for longer words, the transi-
TP effects (effects due to the transition into théional likelihood of the final phoneme may be
ambiguous fricative), it is possible that listenergletermined only by the transitions between all
are also sensitive to longer-range sequentitie phonemes in a single lexical entry. It will
constraints spanning several segments. thus be important to ascertain whether contex-

It is unlikely that the vowels before /I/ in tual effects are due to knowledge about specific
ridiculous andfoolishwere in fact the same. In words and/or to knowledge generalized over the
its normal pronunciation, the third vowel invocabulary as a whole.
ridiculousis the back rounded vowel /U/, as in Finally, TP effects need to be distinguished
bush.In contrast, the first vowel ifoolishis the not only from effects due to specific words but
higher back rounded vowel /u/, as jaice. If also from the size and composition of the lexical
these vowels were indeed different, the TPs ineighborhood (i.e., effects due to the combinec
these two contexts would have been very binfluence of the lexical neighbors of a word or
ased If the vowels before /I/ were /U/ and /u/, nonword; Luce, Pisoni, & Goldinger, 1990).
and listeners are sensitive to longer-range dédthough lexical neighborhoods and TPs are
pendencies, the effect observed in Experimentt8ghly correlated (words in dense lexical neigh-
in Elman and McClelland (1988) could haveborhoods tend to consist of common phoneme
been due to TP biases. sequences), it appears that they have indeper

It is important to note that the present experdent effects: words with dense neighborhoods
iments tested only local TP effects. The abovand high TPs are named more slowly than
account depends on longer-range TP sensitivivords with sparse neighborhoods and low TPs
ties, for which there is currently no direct evi-while the reverse is true for nonwords
dence. It therefore remains possible that th@/itevitch & Luce, in press). Such results sug-
effects after /IV?/ do indeed indicate lexicalgest that sensitivity to transitional probabilities
involvement in compensation for coarticulationis not due solely to lexical neighborhoods.
The present results, however, argue against thistevitch and Luce (in press) argue that the
view, or at least constrain it to longer wordsslowdown in naming that was observed with
such as those used by EIman and McClelland. Wtords reflects a neighborhood effect at the lex-
is clear that further experiments which test lisical level, while the speedup observed with non-
teners’ sensitivity to longer-range TPs are rewords reflects a TP effect due to prelexical
quired to address these issues. processes.

For example, it will be necessary to distin- ) L
guish between TP effects due to local diphon&heoretical Implications

What implications do the present findings

2 Julif/ occurs in words like coolish, foolish, and ghoul- have for interactive and autonomous models o
ishness. CELEX shows that this string occurs about 26

times per million words. /u$/ and /ubs/ occur less than speech .pgrceptlon‘? When. gvalu_atlng thes
once per million words, and /af/ does not occur. Sg/is  MOdEls, it is necessary to distinguish betweer
much more likely given /ulV?/. The opposite bias operategffects due to a specific lexical entry and effects
after /U/. The string /Ws/ is quite common, in words like due to the simultaneous influence of multiple
incredulously, ridiculous, and stimulus. The CELEX esti—entries (i.e., knowledge of TPs extracted from
mate is 86 times per million words. /il also occurs (in . .

words like oculist and somnambulist, 9 times per miIIion),t_he complete vocabulary). In interactive models
but /UlaJ/ and /UL f/ never occur. So /s/ is much more likely like Trace (McClelland & Elman, 1986), both

after /UIV?/. lexical and TP effects on phonetic categoriza-
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tion originate in the lexicon (the word—nodel978), knowledge about specific words is out-
level). All phonetic decisions are based on theut from the lexicon and can then influence
activation levels of phoneme nodes. Lexical ineategorization decisions. In principle, therefore,
fluences on phonetic decisions arise when topnowledge about the vocabulary as a whole
down facilitation from word nodes boosts thecould also be output from the lexicon and in-
activation of lexically consistent phonemefluence categorization decisions. TP effects or
nodes. TP influences operate in the same way frerceptual decisions could thus emerge in au
Trace. Words sharing the same phonemic seenomous models, as in interactive models, as
guences (i.e., those in the lexical neighborhoodgsult of biases due to gangs of activated word:
feed back small amounts of activation individ-in lexical neighborhoods. Whether or not this
ually, but when combined over many wordscould occur depends on another important as
activation can be sufficiently large to bias persumption about the nature of the output from the
ception. For example, phonotactic context eflexicon in an autonomous model. If lexical out-
fects in phonetic categorization (Massaro andut to the decision process is all or none, TP
Cohen, 1983; Pitt, in press), which can be deeffects due to output from the lexicon could
scribed as extreme TP effects that involve sesnly influence categorization decisions to
guences of phonemes with TPs of zero, hawsords, not to nhonwords. But if lexical output
been explained in Trace as being due to a “corwere continuous and was fed partial informa-
spiracy” of lexical entries, acting top-down totion to the decision process (as in Merge), TP
bias phoneme—node activation (McClelland &ffects due to output from the lexicon could
Elman, 1986; McClelland, 1991). influence perceptual decisions in both words
There are two important consequences of lexand nonwords.
ical and TP effects originating from the same But TP sensitivity could also arise at a prel-
source. First, it is difficult to distinguish be-exical level in autonomous models. Indeed, for
tween them, since they are quantitatively simiknowledge about the vocabulary as a whole tc
lar outcomes rather than qualitatively differentnfluence prelexical processing, and not only
phenomena. Second, these lexical and TP gferceptual decision-making, that knowledge
fects must come and go together. Since both aneust be stored at the prelexical level in an
due to top-down processing, lexical effectautonomous model. Recurrent networks (Chate
should be present when there are TP effects aet al., submitted; Norris, 1993) can learn se-
vice versa. If one effect is absent, so should thguential dependencies between speech soun
other one be. Of course, TP sensitivities coulth the absence of learning any specific words.
be built into the prelexical level of an interactiveThey show that TPs can be stored prelexically.
model. Such a design modification seems umny autonomous model with the ability to store
necessary because it is redundant. The toprowledge generalized over the vocabulary at ¢
down connections already provide a mechanisprelexical level could thus account for effects of
by which knowledge about the vocabulary as @P on prelexical processing.
whole can influence prelexical processing. This discussion raises a distinction which
Autonomous models account for lexical anghould be made fully explicit regarding auton-
TP effects in a different manner. Because bgmous models. This is the distinction between
definition there are no top-down connectionsgffects of context on perceptual decisions anc
there can be no effects on prelexical processirgffects on prelexical processing. These are no
due to specific lexical entries. Prelexical prothe same in an autonomous model. The definin
cesses act to map spoken input onto the lexicofeature of these models, the lack of top-down
but are unaffected by knowledge stored in theonnections, requires that knowledge about spe
lexicon. There can however be lexical effects irific words cannot influence prelexical process-
perceptual decisions. In autonomous modelag. This knowledge can nonetheless influence
like Merge (McQueen et al., submitted; Norrisperceptual decisions on the basis of lexical out-
et al., submitted) and FLMP (Oden & Massaroput. On the other hand, the effects of TP depenc



COMPENSATION FOR COARTICULATION 367

on where that knowledge is stored. If TP knowlfeature nodes and stop nodes, causing perce,
edge is built into the prelexical level, thistual compensation (see Elman & McClelland
knowledge can influence both prelexical pro1986, 1988 for further details). If lexically con-
cessing and perceptual decision-making. But 8istent fricative nodes have elevated activation
it is coded at the lexical level, it can of courseas the lexical bias in fricative categorization
only influence perceptual decision-making. Thémplies, there should have been a compensatio
distinction between prelexical processing andffect.
phonetic decision-making is not so clear-cut in The current instantiation of Trace has diffi-
interactive models. Prelexical processing deculty accounting for this dissociation between
vices (e.g., the phoneme nodes in Trace) prdricative and stop categorization. This is be-
vide the basis for perceptual decisions. Contextause interactive models like Trace predict tha
effects on phonetic decisions should thus geffects on perceptual decisions and prelexica
hand-in-hand with effects on prelexical proprocessing should go hand-in-hand. We ob-
cesses. tained an effect on fricative decisions but no
How then do the present results constrainorresponding effect on the prelexical compen-
these theoretical alternatives? Viewed alone, tteation for coarticulation process (i.e., on the
effects of TP-bias on fricative and stop categostop decisions). The TP-bias nonwords add e
rization are consistent with both classes ofecond compelling dissociation. If the TP-bias
model, but they do constrain the autonomousffect were due to top-down processing, the
account. Since it is reasonable to assume, &ssults from the TP-bias conditions would sug-
Elman and McClelland (1988) did, that thegest that the lexicon influenced both fricative
compensation for coarticulation process is preldentification and compensation for coarticula-
exical, the TP effect on stop categorization sugion. But this pattern was not observed in the
gests that on an autonomous account, sequenegical-bias conditions. Since top-down TP and
constraints have their effect prelexically and arkexical effects should come and go together, the
not due to a neighborhood effect at the outpudifferent pattern of results across the two con-
from the lexicon. In isolation, this result doegext conditions is problematic for Trace.
not constrain the interactive account: The TP What instead is required to account for both
effects on fricative decisions and on the comdissociations is a model in which transitional
pensation process could be due either to toprobabilities are represented separately from
down processing or to the prelexical storage déxical information (i.e., prelexically), such as
sequence constraints. in an autonomous model. In a model such ac
The effects from the word contexts, howeverMerge, even when listeners are using knowl-
challenge interactive models. There was nedge about specific lexical entries in their frica-
modulation of the compensation process whelive decisions, these entries cannot influence th
lexical items were balanced in TP (e.@uijce, compensation for coarticulation process, anc
bush. It is important to emphasize that this wasdentification of stops will therefore not be af-
not simply a failure to obtain a lexical contextfected by lexical bias. At the same time, how-
effect. There were strong lexical biases in lisever, knowledge about the vocabulary as &
teners’ fricative identifications in all three ex-whole, coded at the prelexical level, can influ-
periments. It is this result, lexical effects orence both fricative labeling and (via the com-
fricative identification with no consequent ef-pensation process) stop labeling in the TP-bias
fect on stop identification, that is problematiccontexts.
for interactive models such as Trace. Its expla- We believe the present results provide an
nation for the increased proportion of /s/ reinformative constraint on models of speech per-
sponses in th@i? context, for example, is that ception. They support models in which knowl-
lexical feedback increases the activation of thedge generalized over the vocabulary is code
/sl node. Fricative node activation in turn modin the system. They suggest that information
ulates the strengths of the connections betweaout local TPs, but not lexical knowledge (at
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least for short words), can affect compensation, APPENDIX—Continued
which leads one to believe that TPs are repré-

; iwoist ol W
sented preleXICa”y and not at the level of thf%arameter Timevalue value Parameter Timevalue value

lexicon. The dissociation between TP and lexi

cal neighborhood effects observed in naming A3 240 35 0 F3 75 2000 2300
: : H A4 0 5 0 AB 0 0 0
words and nonwords (Vitevitch & Luc_e, in 0 47 0 aB 0 e o
press) also suggests that TPs are coded indepen-aa 100 47 0  AB 75 20 0
dently of the lexicon. Further research should ﬁg 248 4: lg ,/:3? S 8 38
estapll.sh the extent .of listeners’ sensitivity to ¢ 30 20 25 A3 75 0 10
transitional probabilities (how long-range these As 50 30 30 A4 0 0 o
it H A5 90 41 30 A4 5 0 42
sen5|t|V|t|e§ are) and sgek to esta_\bllsh the_ t_ype e 100 41 30 ' e o 10
of mechanism responsible for this sensitivity. as 240 30 10 A5 0 0 0
Such an endeavor might also provide insight A6 0 5 10 A5 5 0 52
. P . A6 30 19 30 A5 75 0 39
mtq the characteristics of the representation on ¢ 50 24 48 AB 0 o o
which TPs operate. For example, are effects of ae 90 38 48 A6 5 0 50
TPs contingent on the representation’s size A6 190 38 48 A6 75 0 39
. . . . A6 240 30 20
(e.g., diphone, syllable), or is such information g; 0 100 100 B1 0 300 300
stored with individual phonemes? It will also be Bl 50 200 200 B1 75 300 300
: B1 240 200 200 B2 0 200 240
necessary to (_jetermme thg_nature of _ap_parent B2 0 300 300 B2 75 200 240
lexical effects in tasks requiring phonetic judg- B2 50 200 200 B3 0 150 200
ments. That is, are such effects in fact due to Eg 248 2158 2158 BS 75 150 200
knowledge about specific lexical entries in a g3 50 260 160

listener's language, or are they due to knowl- B3 240 240 140
edge of the sequence constraints of that lan- REFERENCES
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