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1. Introduction

Is knowledge of a phonological process applied in the same module as that in which audi-
tory processing occurs? Most of the work in the literature onthe influence of phonologi-
cal knowledge in perception has focused on showing that it can cause listeners to identify
sounds in a manner consistent with underlying values ratherthan surface values. In the case
of knowledge of the English process of regressive place assimilation, Gaskell & Marslen-
Wilson (1996) showed thatlea[m] primes the wordlean when pronounced in a viable
assimilation context (e.g.bacon), but not when pronounced in a non-viable context (e.g.
gammon); Gaskell & Marslen-Wilson (1998) showed that non-coronalstops pronounced
in non-coronal contexts facilitates detection of coronal stops, in both word and non-word
stimuli.

These results demonstrate that knowledge of a phonologicalprocess can influence
the course of perception, but do not provide evidence for thelocusof its application. As
pointed out by Norris et al. (2000), Gaskell and Marslen-Wilson’s (1998) detection effect
in non-words supports the conclusion that knowledge of the place assimilation process is
appliedpre-lexically (as Gaskell and Marslen-Wilson argue), or after lexical processing,
given that the context effect was stronger in words than in non-words.

In modeling terms, these results are consistent both with models that would locate
the application of knowledge of place assimilation in the same module as auditory pro-
cessing (interactive models, such as TRACE (McClelland & Elman 1986)), and those that
would insist that it occurs in a separate module from auditory processing (autonomous
models, such as Merge (Norris et al. 2000)). To distinguish these types of models, I com-
pare the results of two psychophysically-different discrimination tasks designed to test for
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the effects of knowledge of two assimilation rules. The contrast in discrimination per-
formance in the two tasks is used in service of an argument that interactive models are
insufficient to explain how phonological knowledge is applied in comprehension, a de-
bate traditionally contested with lexical bias studies. I argue that an adequate model that
includes phonological knowledge must posit modularity in some form, thus providing ev-
idence for autonomous models. In addition, a response latency analysis of a subset of
the results suggests that modularity may not be expressed asserially-ordered phonetic and
phonological modules (e.g. as in Merge (Norris et al. 2000)), but is accommodated by a
parallel architecture (e.g. as in Race (Cutler & Norris 1979)). I conclude with arguments
that the results reflect a language-specific inference mechanism, rather than a feature cue
parsing device (Gow 2003).

2. Phonological knowledge in perception

Some previous work examining how knowledge of a phonological process is applied in
perception has found that listeners maycompensatefor the effects of a process, thereby
apparently ‘undoing’ its effects by responding in a way thatis consistent with underlying
values rather than surface or phonetic values. In lexical decision or word detection exper-
iments, listeners easily recognize words in which a processhas applied, even though we
might expect phonological mismatch to cause inhibited access to a single stored form. Lex-
ical access is stronger when the process has applied in a context that matches the observed
context for the process’ application in production, than when it applies in an inappropri-
ate context (Gaskell & Marslen-Wilson 1996, Darcy et al. in press) In phoneme detection
experiments, listeners recognize surface values which arethe output of the process as to-
kens of an underlying category. Again, this effect obtains with particular strength in the
appropriate context for the process (Gaskell & Marslen-Wilson 1998).

These results suggest that listeners tolerate phonological mismatch (by recognizing
output values as instances of underlying categories) and that their willingness to do so
depends on whether the mismatch occurs in a context in which arelevant process is known
to apply. The dependency between toleration of mismatch andappropriateness of context is
an important finding in understanding how speech is recognized because it does not support
the proposal that words have a single lexical representation that is underspecified for place
(cf. Lahiri & Marslen-Wilson 1991). Instead it recommends the proposal that listeners
make use of a perceptualinference mechanism, which includes knowledge of the structural
change and the context of a phonological process (Gaskell & Marslen-Wilson 1996, 1998,
Darcy et al. in press).1

Other work has found results that suggest that listeners do not compensate for the

1Context dependence falsifies the claim that listeners rely on underspecified lexical entries because
this theory fails to explain why e.g.lea[m] primesleanbefore a labial consonant (an appropriate context), but
not before a non-labial consonant (an inappropriate context). There is also evidence that listeners know the
full structural descriptionof the process, rather than just the context. Additional data (not reported here) from
the place discrimination experiments (see below) shows independent effects of the undergoer of assimilation
and the match between the structural change and the context;these data will appear in Key & Kingston (in
prep.).
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effects of phonological processes in certain situations. Mitterer et al. (2003) tested to see
whether listeners would compensate for the effects of a Hungarian liquid assimilation pro-
cess (/l/ → [r]/ [r]). Mitterer et al. compared the results of two experiments run on both
Hungarian and Dutch listeners, who were used as a control group. In a “l”-“r” identifi-
cation task presented in a[r] context, Hungarian but not Dutch listeners compensated for
the effects of the process – their decision criterion was shifted in favor of “l” responses.
This result would predict that Hungarian (but not Dutch) listeners would perform poorly
at discriminating/l/ from /r/ in the context of[r]. However, a 4IAX discrimination task
found no differences in performance between the two groups;both groups performed rather
poorly in the[r] context. The equally poor performance by both groups suggests an expla-
nation based on an inherent phonetic subtlety in the contrast between[l] and[r] (in a [r]
context). For instance, discrimination may be poor in both groups due to a tendency to
misparse spectral information which properly belongs to the ([r]) context as belonging to
the[l] or [r] target.

Kabak & Idsardi (2003) examined various Korean phonotacticrestrictions in an AX
discrimination study on Korean and English listeners. Theywanted to see if native knowl-
edge of a given phonotactic restriction and its repair wouldcause an illicit sequence and
its repaired alternative to be poorly discriminated. The results showed that the subset of
restrictions explicitly involving illicit coda or onset segments (e.g./c-th/ → [t.th]) induced
the predicted inability to discriminate illicit and repaired sequences (e.g. *c.th vs. t.th) by
Korean listeners (relative to English listeners). In contrast, restrictions on particular clus-
ters in which each segmentis syllabically licensed (e.g./l-n/ → [l.l]) did not produce poor
discrimination of the analogous pairs (e.g. *l.n vs. l.l). In Korean, knowledge of phono-
logical processes that repair illicit syllables seem to be applied in a different perceptual
module than those that repair illicit sequences.2

The two cases just discussed show that discrimination tasksare useful for investi-
gating how phonological knowledge is applied in perception. First, we can observe that
knowledge of one phonological process may be applied differently from that of another,
even within the same task (Kabak & Idsardi 2003). Second, discrimination results may not
display a translation of compensation effects demonstrated in other tasks that make explicit
reference to categories (Mitterer et al. 2003). The latter result in particular suggests how
discrimination tasks can be used to distinguish competing models of perception. In partic-
ular, Kabak and Idsardi’s data are compatible with the predictions of autonomous models,
but are difficult to reconcile with the predictions of interactive models.

3. Experiments: Assimilation processes and discrimination

Does native knowledge of a place or voicing assimilation process influence the discrim-
inability of place or voicing contrasts? Compensation effects for place assimilation have
been demonstrated by Lahiri & Marslen-Wilson (1991), Gaskell & Marslen-Wilson (1996,

2A more vacuous alternative conclusion is that knowledge of Korean sequence-repairing processes
is not applied at all in perception. This is doubtful in lightof the fact that, although Koreans’ performance
was better on these pairs than those designed to test the syllable-repairing processes, it nonetheless remained
below English listeners’ performance.
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1998)), and compensation for voicing assimilation has beenshown by Snoeren et al. (2006).
In addition, a cross-linguistic word detection study of both processes was carried out on
English and French listeners by Darcy et al. (in press). Darcy et al. found that listen-
ers compensated more for the effects of the assimilation process of which they had native
knowledge than for the process that was non-native. Englishand French listeners were
ideal for this design because English has a process of place assimilation, but French does
not; conversely, French has a process of voicing assimilation, but English does not.3

Place and voicing assimilation processes are a good empirical domain because com-
pensation effects for both types of processes have previously been demonstrated, allowing
for a comparison between identification and discriminationresults. Does the compensation
effect, which is clearly based on phonological encoding, translate into poor discrimination
performance in the relevant context(s) for the processes’ application? If discrimination per-
formance is also based on phonological encoding, the known compensation effects should
be reflected in just this way. However, we know that discrimination sometimes reflects
attention to sub-categorical stimulus differences, in which case we do not expect compen-
sation effects to translate. In interpreting Mitterer et al.’s findings, Darcy et al. (in press)
suggested that the compensation effect found in the Hungarian identification results might
only hold at a (later) phonologically-influenced stage, which is why the phonetically-driven
4IAX task produced equally poor performance by both groups of listeners. If discrimina-
tion is instead based on a continuous phonetic encoding, we predict no difference in dis-
criminability as a function of context. These two possible scenarios and their implications
for both autonomous and interactive models are laid out in (1).

(1) Implications of basis of discrimination for models of perception
a. Disc. based on phonological encoding Consistent with interactive

Consistent with autonomous
b. Disc. based on phonetic encoding Inconsistent with interactive

Consistent with autonomous

The comparison in (1) implies a fundamental asymmetry between autonomous and interac-
tive models; interactive models are disconfirmed by phonetically-driven performance, but
autonomous models are not disconfirmed by phonologically-driven performance. That the
former is true is evinced by interaction’s central claim that feedback is always beneficial
for speech recognition, so it is antithetical to suppose that available linguistic knowledge
would not affect performance. The latter is true because autonomy does not deny top-down
influence from linguistic knowledge under any conditions. Rather, it specifies the condi-
tions under which the application of linguistic knowledge is available. The present study
investigates these conditions with respect to knowledge oftwo phonological processes by
examining the role of the format of discrimination tasks.

3English marginally has a coda devoicing tendency (e.g.bi[k] place, however it lacks a voicing
process (e.g. *chea[b] glove).
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3.1 Experiment 1: English place assimilation

English place assimilation (EPA) causes a coda stop (or nasal) to be pronounced as a labial
(2a) or a velar (2b)) when a following onset labial or velar stop is present. Therefore, labial
and velar stops are viable EPA contexts, while coronal stopsare unviable contexts (2c).

(2) EPA exemplified
a. goo[g] kisser
b. freigh[p] bearer
c. *war[n] dinner

Methods and participants English voiced oral stops/b,d,g/ were combined in all possi-
ble non-word, naturalistic stimuli of the form VC.CV, whereV = /a/. The ISI was 500 ms.
The participants were 20 native speakers of American English from the UMass commu-
nity, and 16 native Continental or Québécois French speakers from the UMass or McGill
University community. The French listeners provided a control group for the EPA studies,
as in the study of Darcy et al. (in press). All subjects reported normal hearing. The stimuli
were presented over Sennheiser HD pro headphones in a quiet room, and participants re-
sponded “same” or “different” by pressing the corresponding button on a Cedrus RB-834
response pad. The software used for the presentation of the trials was SuperLab (PC - v.
2.0.4).

Results Figure 1 shows place discrimination performance measured using thed′ statistic
of Detection Theory (Macmillan & Creelman 2005) by English listeners and French listen-
ers on pairs in which C1 varied between a coronal and a non-coronal stop, thus mimicking
EPA. The left pair of bars in each graph represents the pairs in which C1 varies between
[b] and[d], in a viable[b]-context (gray bar) or unviable[d]-context (white bar), while the
right pair of bars shows the analogous contrast in context for [g] and[d].

Discrimination of non-coronals from coronals is worse in viable contexts than in
unviable contexts in English listeners, but no worse in French listeners, which supports the
phonological encoding basis for discrimination (1a). As stated in (1a), the homomorphism
between previous compensation effects and these results iscompatible with both interac-
tive and autonomous models. Interactive models predict this outcome because they deny
modularity, and therefore knowledge of EPA is expected to beapplied both in identification
and discrimination tasks.

However, autonomous models cannot be disconfirmed because of independent evi-
dence that the AX task encourages discrimination on the basis of phonological categories.
To give autonomous models a fair test, it is worth presentingthe same EPA stimuli in a
4IAX discrimination paradigm, which was shown by Gerrits & Schouten (2004) to con-
trast with the AX task by inducing discrimination on the basis of sub-categorical phonetic
differences. The 4IAX task failed to find non-discrimination of neutralizing liquids in
Hungarian listeners relative to Dutch listeners (Mittereret al. 2003). This manipulation
provides a reasonable chance for finding evidence for a phonetic basis of discrimination
scenario (1b). In the 4IAX format, four stimuli, of which oneis always different from the
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English listeners French listeners

[b] vs. [d]/ [b] < [b] vs.[d]/ [d]: [b] vs. [d]/ [b] ≮ [b] vs.[d]/ [d]:

One-tailedt(19) = 2.85,p = .005 One-tailedt(15) = 3.70,p = .001

[g] vs.[d]/ [g] < [g] vs. [d]/ [d]: [g] vs. [d]/ [g] ≮ [g] vs. [d]/ [d]:

One-tailedt(19) = 1.81,p = .043 One-tailedt(15) = 0.32,p > .10

Figure 1: Place discrimination as a function of context (AX task)

other three, are presented on each trial and the listener decides whether the different stim-
ulus occurs in the first or second pair of stimuli. The psychophysics of the 4IAX task are
described as a decision based on a comparison of the size of physical differences within
the first vs. second stimulus pair (e.g. Rousseau & Ennis 2001).

Figure 2 shows discrimination of non-coronals from coronals as a function of con-
text by English listeners in the 4IAX task. Since no difference in discriminability as a
function of context was found in French listeners in the AX task, there is no reason to ex-
pect a difference in the 4IAX task, hence this task was only presented to English listeners.

English listeners

[b] vs. [d]/ [b] ≮ [b] vs. [d]/ [d] : One-tailedt(15) = 0.14,p > .10

[g] vs. [d]/ [g] < [g] vs. [d]/ [d] : One-tailedt(15) = 2.48,p = .013

Figure 2: Place discrimination as a function of context (4IAX task)

Paired one-tailedt-tests support a context-based difference in discriminability between[g]
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and [d], but not between[b] and [d]. Given the lack of aconsistenteffect of context in
the 4IAX task (cf. the effect in the AX task), data from additional discrimination pairs
not presented here, and an acoustic analysis of the stimuli,I argue that the context-based
difference in discriminability of[g] and [d] in the 4IAX task reflects aphoneticrather
than aphonologicalcontext effect. The full evidence and argument will appear in Key &
Kingston (in prep.).

Putting aside the[g]-[d] data, the 4IAX task is apparently being performed on the
basis of a phonetic encoding (Gerrits & Schouten 2004), due to the lack of a context effect
in the discriminability of[b] vs. [d] in the 4IAX task compared with the context effect
found with the same stimuli in the AX task. This phonetic basis for discrimination is
only consistent with autonomous models, because interactive models cannot explain why
knowledge of EPA is applied to the same stimuli in one task, but fails to apply in another.

3.2 Experiment 2: French voicing assimilation

French voicing assimilation (FVA) applies to change the voicing value of a coda stop to
match the value of a following obstruent (3a,b), but not before a sonorant (3c). Therefore,
voiced and voiceless obstruents are viable contexts, whilesonorants are unviable contexts.

(3) FVA examples
a. ro[p]e sale ‘dirty dress’
b. la[g] geĺe ‘frigid lake’
c. *ca[b]e neuve ‘new cape’

Methods and participants Non-word VC.CV stimuli were used again. The oral stops
/p,b,t,d,k,g/ were the codas, and voiceless fricatives/f,s,S/, voiced fricatives/v,z,Z/, /l/,
and/n/ were the onsets;/p,b/ were paired with/S,Z/, /t,d/ were paired with/f,v/, and
/k,g/ were paired with/s,z/. The stimuli were pronounced by a native French speaker. The
participants were 11 native Continental or Québécois French speakers from the UMass and
McGill University communities, and 20 native speakers of American English from the
UMass community. The English listeners provided a control group for the FVA studies,
as in the study of Darcy et al. (in press). All subjects reported normal hearing. The same
procedures used in Experiment 1 were applied here.

Results Figure 3 shows voicing discrimination performance by French and English lis-
teners in an AX task. As in the case of place in the AX task, discrimination of voicing is
poorer in viable contexts (before a following obstruent, left bar) than in unviable contexts
(before a following sonorant, right bar) for French listeners, although it is somewhat poorer
in English listeners.

The repeated measures ANOVAs show a main effect of C2 (the context) for both
groups of listeners. The ANOVAs with Helmert-coded contrasts show two language-based
differences: (i) discrimination of the voicing contrast issignificantly poorer for both groups
in obstruent contexts than in sonorant contexts, but the difference is much greater for
French listeners, who showed ad′ difference of 0.55 between obstruents and sonorants,
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Main effect C2: R.M. ANOVA F(2,20) = 11.07,p = .001 Main effect C2: R.M. ANOVA F(2,38) = 4.18,p = .023

Helmert C2 -voi vs. +voi: F(1,10) = 5.43,p = .042 Helmert C2 -voi vs. +voi: F < 1

Helmert C2 +son vs. -son: Helmert C2 +son vs. -son:

F(1,10) = 13.53,p = .004 F(1,19) = 6.06,p = .024

Figure 3: Voicing discrimination as a function of context (AX task)

compared to English listeners, who showed ad′ difference of only 0.17; (ii) discriminabil-
ity is poorer in voiced obstruent contexts than in voicelessones for French listeners, but
there is no difference between these contexts for English listeners. This suggests the voic-
ing assimilation process in French is more of a voicing process than a devoicing process,
which accords with the phonetic description of FVA in Snoeren et al. (2006), and with the
perceptual asymmetry reported in Darcy & Kügler (2007). Tocomplete the cross-linguistic
study, I am in the process of collecting data for the 4IAX taskfor FVA on French listeners.
These data will be presented in Key & Kingston (in prep.).

4. Discussion

4.1 Interactive vs. autonomous models

As argued above, the task format effects found in the EPA studies are incompatible with
interactive models, and consistent with autonomous models. In this section, I lay out two
basic types of autonomous models, and present some additional data from the EPA AX
experiment that motivates a choice between the two.

The various extant autonomous models all share the feature that they posit modu-
larity in some form. They can be partitioned with respect to how modularity is expressed.
The first type expresses modularity by proposing that modules areserially-ordered, as in
the Merge model (Norris et al. 2000). While the operation of alater module may be af-
fected by the operation of any module that is ordered before it, any module that has no
modules ordered before it operates autonomously from the influence of any other mod-
ule in the system. The most obvious application of this feature is to explain the failure
of linguistic knowledge to influence the outcome of lower-level processes. In the case of
the EPA discrimination results, we can analyze the context effect found in the AX task as
being the product of a module in which knowledge of EPA is applied, whereas the lack
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of a context effect found in the 4IAX task would reflect discrimination performance in the
phonetic module. If we assume that the phonetic module is ordered before the module in
which knowledge of EPA is applied, we can explain why that knowledge has no effect in
the 4IAX task. Babel & Johnson (2008) argued in support of this view, based on their find-
ing that a speeded AX task uncovered no difference in the discriminability of intervocalic
/f/ vs. /T/ or /h/ vs. /x/ in English and Dutch listeners, despite the fact that each language
only contrasts one of the two pairs.

An alternative conception of modularity is lies in assumingthat distinct modules
may operate in parallel, as in the Race model (Cutler & Norris1979). In this type of
model, responses may be based on either the auditory or phonological module, leaving it
to factors such as task and stimulus manipulations to determine which module will win the
race. Applied to the EPA results, this type of model also attributes the context effect to
the module in which knowledge of EPA is applied and the lack ofan effect to the phonetic
module, but does not claim that the latter module must operate prior to the former. This
point of contrast between the two types of autonomous modelssets up a testable question:
does the context effect (i.e. loweredd′ values) found in the AX task correlate with increas-
ing response latencies? If so, this is good evidence in favorof serial rather than parallel
modularity because we predict fast responses to be producedby the phonetic module, while
longer responses should be generated by the module in which knowledge of EPA is applied.
This prediction is subject to the additional assumption that the AX task canin principlebe
performed on the basis of a phonetic encoding, particularlywhen response latencies are
short.

Figure 4 presents additional data from the EPA AX experimentto test the prediction
that the context effect will strengthen with increasing response latency. A median split of
latencies was done for each English listener, and meand′ values were calculated separately
for each discrimination pair below and above that listener’s median. We thus have a meand′

score for each pair at short latencies (‘RT< median< 1500’) and at long latencies (‘1500
> RT > median’).4 The serial view predicts that the pairs in which the context effect was
found (bb-db and gg-dg) will have significantly smaller meand′ values in the ‘1500>
RT > median’ condition than in the ‘RT< median< 1500’ condition. This difference is
found for the gg-dg pair (paired, one-tailedt(19) = 2.26,p = .018), but not for the bb-db
pair (t(19) = 0.07,p > .10).5

However, the serial view also predicts a greater differencebetween viable and un-
viable pairs at long rather than short latencies. The difference in meand′ scores between
gg-dg and gd-dd is significant atboth long latencies (t(19) = –2.45,p = .012) and short
latencies (t(19) = –2.02,p = .029). The difference between bb-db and bd-dd is actually
positivein sign at long latencies (t(19) = 0.74,p = > .10) and negative at short latencies
(t(19) = – 2.30,p = .016), which is opposite the prediction of the serial view.

The results of the latency analysis suggest that a parallel autonomous model may be
on the right track. Another line of attack on the architecture question would be to compare

41500 ms was the maximum time listeners were allotted to respond on each trial.
5Discrimination performance across the four pairs was inversely correlated with latencies: the mean

d′ score in the RT< median< 1500 condition was 0.98, while in the 1500> RT > median condition it was
0.61.
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Figure 4: Individual median latency split of AX EPA performance

ERPs for viable pairs like bb-db with unviable pairs like bd-dd, thus following similar work
by Mitterer & Blomert (2003), who found a difference in the size of the MMN associated
with these pair types in Dutch listeners. They concluded that the smaller MMN in vi-
able pairs reflects prelexical application of knowledge of Dutch place assimilation. While I
share this interpretation, a ‘priming’ design that measures two ERPs – the PMN (∼200-400
ms) and the P3 (∼500 ms) – would be particularly useful for determining whether phono-
logical knowledge is applied at the same time range as phonetic processing, or whether it is
only applied after phonetic processing. We could motivate the former scenario if Mitterer
and Blomert’s MMN results also obtain at both the PMN and P3 potentials. The latter sce-
nario would be supported if their MMN results obtain at the P3, but not at the PMN. This
possibility is pursued in Key & Kingston (in prep.).

4.2 Are these processes phonological?

The pattern of performance observed in both AX tasks presumably derives from the pres-
ence of a bias from native knowledge of the relevant process.This bias could be modelled
in multiple ways; for the sake of the present discussion, I will assume it takes the form of a
inference mechanism that applies the phonological production computation in reverse (i.e.
mapping non-coronal–non-coronal sequences onto coronal–non-coronal sequences, or –α
voiceα voice sequences ontoα voice –α voice sequences.).

Recent work by David Gow and others argues for an alternativeto phonologi-
cal inference mechanisms as the explanation for compensation results. Gow (2003) and
Van Worthe et al. (2006) propose that an acoustic feature cueparsing mechanism is re-
sponsible for compensation effects for place or voicing changes that may or may not reflect
the pattern of assimilation in any given language. The mechanism parses conflicting pho-
netic cues and attributes them to their segments of origin. Therefore, no linguistic experi-
ence with any particular pattern of assimilation is required for compensation effects on this
view – a claim that stands in contrast with that made by a language-specific phonological
inference account.

The lack ofsymmetricdepression of discrimination performance in the AX tasks
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seems to constitute a failed prediction of a feature-cue parsing mechanism. The feature
cue account predicts that listeners would discriminate viable pairs like bb-db and unviable
pairs like bd-dd equally well, counter to the findings of the AX place experiment. Simi-
larly, this account fails to capture the effect of the context’s voicing value on AX voicing
discrimination by French listeners. Finally, the feature cue parsing account fails to explain
the language-based differences found in both the place and voicing experiments, since the
feature cue parser operates at a perceptual level, and is thus universal.

In any case, the feature cue parsing account is inapplicableto the present data be-
cause the VC portions were recorded seperately from the CV portions, and therefore lack
cues to coronal place. Note that this is not an experimental idealization of the assimila-
tion processes. An EPG study by Ellis & Hardcastle (2002) showed that complete place
assimilation is a fairly common pattern in natural English speech, while Darcy & Kügler
(2007) showed that both voiced and voiceless Cs that result from FVA do not differ from
underlying voiced or voiceless Cs in terms of the proportionof the closure in which voic-
ing is present, nor in the duration of a preceding vowel. Therefore, the feature cue parsing
only provides a possible explanation for results obtainingwith partial assimilation. In con-
trast, the context and language-based effects found with total and partial assimilation are
accommodated by a language-specific inference account.
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