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ABSTRACT

Linguistic research has documented a wide range of regularities in phonological structure.
Within languages, certain sound combinations are ill-formed, never appearing in words of the
language; across languages, certain phonological structures are preferred to others. Less well
understood are the types of regularities that are encoded by the spoken production system. To
explore this question, section 1 describes three theories regarding the types of regularities that
are encoded. These theories are: one, the Instance-Based theory —gradient regularities based on
within-language token frequency of segmental and supra-segmental structures are encoded; two,
the Lexical Distribution theory — gradient regularities based on within-language type frequency
of segmental and supra-segmental structures are encoded; and three, the Markedness
theory —categorical regularities based on cross-linguistic and within-language markedness of
sub-segmental, segmental, and supra-segmental structures are encoded.

Building on previous research, a framework for spoken production processing is described in
section 2. The three theories are situated within this general framework. Section 3 then reviews
previous research regarding the types of regularities that are encoded. These studies suggest that
categorical within-language phonological regularities are encoded by the spoken production
system, but fail to distinguish between the three theories.

Section 4 reports the results of two experimental studies designed to contrast the predictions
of the three theories. These two experiments are the first to demonstrate that sub-segmental
regularities must be encoded by the spoken production system. Experiment 1 uses an implicit
learning paradigm. As predicted by the Markedness theory, participants in this experiment are
sensitive to sub-segmental regularities. Furthermore, gradient regularities are encoded,
supporting the predictions of the Instance-Based and Lexical Distribution theories. Experiment 2
examines biases in speech errors. The biases conform to the regularities of the Markedness
theory, but exhibit gradient effects. These results support a theory incorporating elements of all
three theories (i.e., gradient as well sub-segmental regularities are encoded).

Section 5 discusses the implications of the results presented in section 2, 3, and 4 for the
computational mechanisms implementing phonological processing. Future work to extend this
research is outlined, including an extension to existing computational theories that may account
for the full range of results.

Advisors: Brenda Rapp
Paul Smolensky
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instructed regarding the distribution of segments within the experiment, nor the similarity
between different segments in the experiment. The experimental session itself consisted of four
blocks of 48 sequences apiece. The entire procedure took approximately 45 minutes to
complete.

Results and Discussion

Recordings were examined, and consonantal substitution errors>® were transcribed using
broad IPA transcription (vowel errors were rare, and not recorded). Each error is referred to by
the segment that was inserted. For example, suppose “heng fek meg nes” was produced as “heng
sek meg nes” (the error segment is underlined). This is referred to as an /s/ error; /s/ replaces the

segment /f/, and the error is produced in onset. Analyses contrast the rate at which inserted
segments violate target syllable position. For example, in the target sequence above, /s/ occurs
in the coda of the fourth syllable. In the error “sek,” the /s/ error violates /s/’s syllable position

in the target sequence (the error is produced in onset, not coda). In contrast, if the error was
“fes,” the /s/ error would not violate target syllable position.

Note that if the inserted segment is a restricted segment, violating target syllable position is
equivalent to violating a regularity of the stimulus set. For example, if /s/ is confined to coda in
all target sequences, the error “sek” would violate the regularity, while “fes” would respect the
regularity.

Voicing errors were excluded from the analysis. In a voicing error, the target consonant
differs from the inserted consonant only with respect to voicing (e.g., /k/=>/g/, /g/=>/k/). These
were excluded because sub-segmental similarity affects segmental speech errors (i.e., similar
segments are more likely to be involved in speech errors; see section 2). Given the composition
of the stimulus list, the restricted test segment has an opportunity to interact with a highly related
segment (the unrestricted related segment), whereas the restricted control does not have the
opportunity to interact with an equivalent segment. To equate the two restricted consonants in
terms of error opportunities, errors in which the restricted test segment was replaced by the
unrestricted related consonant (and vice versa) were excluded. Furthermore, since two
unrestricted consonants also differ only in voicing, all voicing errors were excluded to make the
different segment groups as similar as possible. (Including these errors only strengthens the
results reported below”’.)

Each participant was randomly assigned to one of two transcribers. Inter-transcriber
reliability was good. Both transcribers analyzed two 10 minute recordings (randomly selected
from two participants). Out of 2880 consonants, both transcribers agreed on 2878 consonants
(99.9% agreement). For errors alone, the agreement rate is 77.8% (out of 9 errors identified by
one or both transcribers, they agreed on 7).

Results: Collapsed across all conditions

Overall consonantal error rate across conditions was 4.8% (8912/184320). After voicing
errors were excluded, a total of 6762 errors were analyzed. The first result is that no errors

36 Cutoff errors, where both the error segment and the target were produced (e.g., /ken/ = /m...ken/) were included.

%7 Inter-transcriber agreement on voicing errors was poor. When these are included, the overall agreement rate drops
t0 99.2%, while agreement rate on errors drops to 38.7%.
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violate the regularities of English. All 867 /h/ errors occurred in onset (e.g., /fen/ = /hen/:
target /f/ in onset is replaced by an /h/); all 771 /y/ errors occurred in coda.

Second, replicating Dell et al. (2000), restricted control segment errors almost always respect
the regularity. Collapsing across conditions, only 2.6% (18/691) of the errors violate the
regularity associated with the restricted control segment. For example, when /s/ is confined to
coda position (in the absence of /z/), errors like “fem ves—>sem ves” are extremely unlikely.
Participants appear to have extracted the regularities associated with the restricted control
segments.

Third, also replicating Dell et al. (2000), unrestricted consonant errors violate target syllable
position at rates significantly less than chance levels, suggesting that consonants tend to preserve
their syllable position in errors. 26.8% (775/2896) of unrestricted consonant errors violate target
syllable position. This is significantly less than the percentage predicted by chance (56.1%; see
Appendix A for a discussion of chance levels; binomial test, Z = —31.84 (continuity corrected),
two-tailed p <.0001). However, the rate at which unrestricted consonants violate target syllable
position is significantly greater than that associated with the restricted control segment (%2(1, N
=3587) = 187.6 (continuity corrected), one-tailed p < .0001; by participants, paired t-test
comparing proportion of illegal errors across restricted control and unrelated segments; t(39) =
—8.4, two-tailed p < .0001)*. This shows that the tendency to respect the restricted control
segment regularity does not reduce to a tendency to respect target syllable position.

The fourth, novel, result (shown in Figure 2) is that restricted test segment errors are
distributed differently from both the restricted control and unrestricted segment errors.

* If anything, the by participants comparison is conservative. As discussed in Appendix A, restricted control
segment errors are slightly more likely not to share target syllable position (57.1%) than unrestricted errors (56.1%).
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Figure 2. Performance on all segment pairs, Experiment 1.
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Note: All pairwise differences are significant.

10.3% (66/642) of the restricted test segment errors violate the corresponding regularity.
This is significantly greater than the percentage of comparable errors on the restricted control
(x2(1, N =1333) = 31.9, p < .0001; by participants, t(39) = 2.6, p < .02). Although the
percentage of errors violating the restricted test segment regularity is higher than that associated
with the restricted control, participants have extracted the regularity. The percentage of
restricted test segment errors that violate target syllable position is significantly less than that
associated with unrestricted errors (x2(1, N = 3538) = 77.8, p < .0001; by participants, t(39) =
—4.37,p <.0001)”. This shows that although the tendency to respect the restricted test segment
regularity is weaker than the tendency to respect the restricted control regularity, it is still
stronger than the general tendency to respect target syllable position.

Is the difference between the restricted control and restricted test segment errors due to the
presence of the unrestricted related consonant, or to some other factor? One concern is that for
any given condition, different segments are used as restricted test and restricted control segments
(e.g., in one condition, the restricted control is /s/ in coda position, while the restricted test is /f/
in onset). Perhaps intrinsic differences between these segment groups produce the results found
here. We can test this possibility by comparing the same consonant, restricted to the same

¥ This comparison is conservative. As discussed in Appendix A, restricted test segment errors are slightly more
likely not to share target syllable position by chance (58.3%) than unrestricted segment errors (56.1%).
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syllable position, when it is a restricted control versus a restricted test segment. This can be done
for two consonants: /s/ and /f/, shown in figure 3 below.

Figure 3. Comparison of /f/ and /s/ across conditions, Experiment 1.
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Both consonants show significant differences across conditions (/f/ restricted test vs. /f/
restricted control: %2 (1, N =230) = 8.4, p < .004; /s/ restricted test vs. /s/ restricted control:
¥2(1,N=131)=8.2, p <.005%). A similar comparison is shown in Figure 4 for /f/ as a
restricted control, restricted test, and an unrestricted consonant.

“ Tn both of these comparisons, expected cell counts in the 2 test are less than 5; at this point, the %2 approximation
to the goodness-of-fit test becomes poor. Results were therefore re-calculated using Fisher’s exact test; for both
comparisons, p < .0001.
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Figure 4. Comparison of /f/ across conditions, Experiment 1.
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The significant difference between /f/ restricted control and restricted test was reported
above. /1/ restricted control errors violate target syllable position significantly less frequently
than unrestricted /f/ (2.6% (4/155) vs. 30.3% (47/155); %2 (1, N =310) = 41.4, p < .0001). In
addition, a significant difference is found between /{/ restricted test and unrestricted /f/ errors

(13.3% (10/75) vs. 30.3%; %2 (1, N = 230) = 6.9, p < .009). The results shown in Figures 3 and
4, comparing the same segment across different conditions, show that the differences between
the restricted control, restricted test, and unrestricted segments are not due to differences in the
particular segments making up each category.

Another concern is that differences between segment types is due to the influence of the
morphological sub-component. As discussed in section 2, the interaction of the morphological
and phonological sub-components creates a lexical bias effect. Differences in the distribution of
lexical items among consonant categories could influence the results. To control for this
possibility, a new analysis was carried out in which all word responses were excluded. The
results were unchanged*'.

I All overall differences remained significant (restricted control 3.3% (18/548) vs. unrestricted 27.9% (666/2390):
X2 (1, N =2938) = 149.4, p < .0001; restricted control 3.3% vs. restricted test 9.6% (49/510): x2 (I, N=1058) =
16.8, p < .0001; restricted test 9.6% vs. unrestricted 27.9%: x2 (1, N =2900) = 74.4, p < .0001) and were significant
or marginal across participants (restricted control vs. unrestricted: t(39) = —8.8, p < .0001; restricted control vs.
restricted test: t(39) =—1.9, p < .07; restricted test vs. unrestricted: t(39) = -5.2, p <.0001).
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Another potential issue is that within each trial, participants repeated each sequence of four
syllables three times. Dependencies among these repetitions may introduce artifacts into the
analyses reported here (e.g., if an error is made on repetition one, the error may become more
likely on subsequent repetitions)*. To control for such effect, a new analysis was performed,
excluding the second and third repetitions of each sequence. The results were unchanged®.

A final issue is that some participants in the study were bilinguals. Perhaps English-speaking
monolinguals do not show the interference effect. To control for this possibility, a new analysis
was performed in which data from bilingual participants were excluded; the results were
unchanged®.

Summary: Results collapsed across all conditions

Replicating Dell et al. (2000), participants are able to extract regularities present in the
stimulus set. In addition, the results show that participants have difficulty extracting regularities
in the presence of a highly similar unrestricted segment. This interference effect does not,
however, eliminate learning; the restricted test segment preserved its target syllable position
more frequently than the unrestricted segments. These results are significant across participants,
and could not be attributed to differences between the particular segments in each group, nor to
the influence of the morphological sub-component.

Results: Consonant pairs

Separate analyses were conducted for each consonant pair. These are summarized in Table 3
below. The results for each pair are similar to the collapsed results. For all pairs, restricted
control and restricted test segment errors are less likely to appear in non-target syllable positions
than unrestricted consonants (i.e., within each consonant pair, participants could extract the
regularity®). For all pairs, restricted control segments are numerically less likely to violate their
associated regularity than restricted test segments. This result is significant for all pairs*® save
/1g/-/k/ (x2 (1, N = 234) = .4, p >.50). These null results are discussed in more detail below.

2 Thanks to Sanjeev Khudanpur for pointing out this potential confound.
# All overall differences remained significant (restricted control 2.4% (3/127) vs. unrestricted 31.2% (151/484): x2
(1,N=611)=42.9, p <.001; restricted control 2.4% vs. restricted test 10.4% (12/115): x2 (I,N=242)=54,p<
.03; restricted test 10.4% vs. unrestricted 31.2%: %2 (1, N = 599) = 19.2, p <.001). Analysis by participants was not
performed due to the small number of errors.
* All overall differences remained significant (restricted control 2.2% (7/315) vs. unrestricted 27.5% (383/1294): x2
(1, N=1709) =91.6, p < .001; restricted control 2.2% vs. restricted test 12.3% (36/292): x2 (1,N=607)=22.0,p<
.001; restricted test 12.3% vs. unrestricted 27.5%: %2 (1, N = 1686) = 28.9, p <.001), as did analyses by participants
(restricted control vs. unrestricted: t(32) = —7.3, p < .0001; restricted control vs. restricted test: t(32) =-2.1, p < .05;
restricted test vs. unrestricted: t(32) =-5.4, p <.0001).
4 Iv/-/fl: restricted control x2 (1, N=810) =45.4, p < .0001; restricted test x2 (1,N=818)=16.1, p <.0001; /z/-/s/:
restricted control x2 (I, N=1117) =61.4, p <.0001; restricted test x2 (1,N=1012) =114, p <.0001; /d/-/t/:
restricted control x2 (1, N=1160) = 62.4, p < .0001; restricted test x2 (1, N=1128) =25.8, p <.0001; /g/-/k/:
restricted control 2 (1, N = 500) = 14.3, p < .0002; restricted test %2 (1, N = 580) = 19.4, p < .0001.
Vi1 %2 (1, N =272) = 11.2, p < .0001; /z/-/s/: x% (1, N = 365) = 12.4, p < .0005; /d/-/t/: 2 (1, N = 462) = 8.5,
p <.004.
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Table 3. Percentage of errors violating target syllable position for each

consonant pair, Experiment 1.

Consonant Pair Restricted Control Restricted Test Unrestricted

IvI-If] 1.5% (2/132) 12.9% (18/140) 30.0% (202/678)
/z/-1s/ 2.6% (6/235) 12.3% (16/130) 26.4% (233/882)
/d/-1t/ 2.8% (7/247) 9.8% (21/215) 26.3% (240/913)
/g/-1k/ 3.9% 3/77) 7.0% (11/157) 23.6% (100/423)

Note: Ratio of these errors to total errors shown in parentheses.

Results for individual consonants

Numerical differences between the restricted test and restricted control are also found in the
analysis of each individual consonant except /k/. These are shown in Table 4 below.

Table 4. Percentage of errors violating target syllable position for each

condition, Experiment 1.

Restricted Test Consonant  Restricted Control Restricted Test
v/ 2.8% (2/72) 12.3% (8/65)
/t/ 0% (0/60) 13.3% (10/75)
/z/ 2.5% (2/78) 8.4% (5/59)
/sl 2.6% (4/155) 15.5% (11/71)
/d/ 2.8% (5/179) 7.3% (11/151)
It/ 2.9% (2/68) 15.6% (10/64)
/g/ 4.3% (1/23) 14.6% (7/48)
/k/ 3.7% (2/54) 3.7% (4/109)

Note: Ratio of these errors to total errors shown in parentheses.

Experiment 1A: /g/-/k/ conditions, excluding /n/

One possible reason for the null result on /g/-/k/ is that one of the restricted consonants (/1)/,

restricted to coda position in English and in the experiment) is highly similar to both of these
consonants. In fact, it only differs from /g/ with respect to nasality. Perhaps interactions with

this consonant are eliminating the interference effect. To guard against this possibility, two new
conditions using /g/-/k/ were designed, eliminating /1/.
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Participants

15 participants were drawn from the same pool as the conditions above, and compensated
with $7 or received extra-credit in introductory courses for their participation. 1 participant was
excluded due to equipment failure. The remaining 14 participants consisted of 10 males (8 right
handed) and 4 females (4 right handed). All participants reported that they were native
speakers*’ of English and had no history of speech/language impairment. Each participant was
randomly assigned to one of 2 conditions (yielding 7 participants per condition).

Materials

Materials were similar to the /g/-/k/ condition above. Instead of including /h/ and /n/,
restricted to onset and coda, /d/ and /n/ were added as unrestricted consonants. A total of 11,520

sequences respected the constraints outlined in the text. For each participant, a list of 192
sequences was drawn from this set in a random order.

Procedure
Procedure was identical to the previous conditions.

Results and Discussion

Scoring and transcription methods are identical to the previous conditions. Restricted control
segment errors violate the associated regularity at a rate of 1.5% (2/133); restricted test segment
errors violate their regularity at a rate of 3.8% (9/234). This difference, although in the expected
direction, is not significant (2 (1, N = 367) =.9, p >.30). The presence of /5/ in the stimulus set
does not cause the null result observed in Experiment 1.

There are several other reasons that the null result could be found for this pair. First, /5/ is
restricted throughout English; this could influence the results. Second, note that in table 4 /g/ is

numerically more likely to violate its associated regularity than the restricted control; no such
difference is found for /k/. This was also found in Experiment 1A. /g/ violated its associated

regularity at a rate of 4.3% (7/164), while the restricted control never violated its regularity
(0/63). In contrast, /k/ violated its regularity at the same rate as the restricted control (/k/: 2.9%,

2/70; restricted control: 2.9%, 2/70). This suggests that the null result may be primarily due to
the influence of /k/. Future experiments should examine what aspects of English dorsal

consonants (and /k/ in particular) contributes to the null effects observed here.

General Discussion: Experiment 1

Implications for eranularity

The performance on the restricted test segment shows that the phonological sub-component
encodes sub-segmental regularities. This favors the Markedness theory, and disfavors the

*7 It should be noted that several participants were native bilinguals and/or had extensive training in foreign
languages. Languages spoken by the bilinguals in this group included: Farsi, Japanese, and Spanish.
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Instance-Based and Lexical Distribution theories. Is there no way for these theories to account
for these data? Note that the Instance-Based and Lexical Distribution theories are both sensitive
to the context of segmental structure. For example, in the Instance-Based theory, the regularity
of structures is partially determined by the transitional probability of segments. In the Lexical
Distribution theory, the word position and prosodic environment of syllables affects regularity.
One possibility is that this contextual information could be used to infer the similarity between
segments that share sub-segmental structure®. If sub-segmentally similar segments are
distributed in a similar way (e.g., similar transitional probabilities; similar patterns of distribution
in certain word positions/prosodic environments), it would be unnecessary to appeal to sub-
segmental representations.

To test this possibility, the distribution of restricted test segments was compared to that of
other segments within each condition. The distribution of a segment was indexed by its CELEX
type frequency (Baayen et al., 1995) adjacent to stressed vowels®. These frequency counts
provide a measure of how often a segment co-occurs with different vowels. If similar segments
tend to co-occur with the same vowels, it would be unnecessary to appeal to sub-segmental
representations; segmental co-occurrence patterns would suffice. As shown in table 5, this does
not appear to be the case.

Table S. Distributional similarity of consonants, Experiment 1.

Restricted Test Consonant Segment in condition with most similar distribution

v/ /m/ (.63)
/t/ /m/ (.46)
/z/ /m/ (.31)
/s/ /m/ (.15)
/d/ /m/ (.46)
It/ /h/ (.72)
/g/ /k/ (77)
/k/ 19/ (.77)

Note: Correlation (r2) of frequency counts adjacent to stressed vowels shown in parentheses.

With the exception of /g/-/k/, restricted test consonants do not tend to co-occur with the same
vowels as their sub-segmentally similar counterparts. Distributional similarity does not reveal
sub-segmental similarity.

In one final attempt to salvage theories that exclude sub-segment representations, note that in
several conditions above, the restricted test segment distributions are most similar to one of the
unrestricted segments (/m/). Perhaps the difference between restricted test and control segments

#¢c.f. American structuralist notion of “pattern congruity” as a means for identifying similarity between phonemes
(Anderson, 1985).

* For /z/-/s/, frequency was calculated in word-final position following stressed vowels (these segments are
restricted to coda). For all other segments, frequency was calculated in word-initial position preceding stressed
vowels. This measure of distribution is intended to capture elements of both the Instance-Based and Lexical
Distribution theories by combining position in the word (both theories), identity of the adjacent vowel (Instance-
Based theory), and prosodic information (Lexical Distribution theory).
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is caused not by the unrestricted segment which is sub-segmentally similar, but the unrestricted
segment which is distributionally similar (/m/). This account of the data fails as well. Consider

the condition where /f/ is a restricted test segment versus when it is a restricted control segment.
/m/ is an unrestricted consonant in both of these conditions. If it produced the interference

effect, we would expect /f/ errors to show the same pattern in both conditions. Instead, /f/ errors
vary depending on the presence or absence of the sub-segmentally similar segment /v/. Clearly,

distributional similarity is insufficient; the phonological sub-component must be sensitive to sub-
segmental regularities.

Implications for scale

Participants successfully encoded a categorical regularity associated with the restricted
control segment. Errors that violated this regularity occurred at extremely low rates, suggesting
that the encoded regularity makes a near-categorical distinction between regular and irregular
structures. In contrast, for the restricted test segment, participants encoded a gradient regularity.
Although the regularity was clearly encoded (i.e., restricted test segment errors violated target
syllable position less than unrestricted segment errors), errors that violated the regularity
occurred at significant levels (i.e., approximately 10%). This is consistent with the results
reported in section 3. The phonological sub-component encodes gradient well-formedness; ill-
formed structures can have output probabilities greater than zero. This is consistent with the
claims of the Instance-Based and Lexical Distribution theories, and inconsistent with the claims
of the Markedness theory.

Is there no way for the Markedness theory to account for the results? A potential counter-
argument is that the gradient performance results from the limitations of the mechanisms
encoding regularities. Under this account, a categorical regularity is encoded, but it is
implemented in an error-prone system; these errors prevent the system from absolutely obeying a
regularity™. The problem with this account is performance on the restricted control consonant.
The spoken production system is clearly capable of obeying a regularity at near-absolute levels;
only 3% of errors violate the regularity associated with the restricted control. The gradient
performance on the restricted test consonant is therefore not a function of intrinsic error in the
system encoding regularities; the system is encoding a gradient well-formedness distinction.

The restricted test segment regularity is encoded in a gradient fashion despite the fact that the
segment is associated with a categorical regularity in the stimulus set (i.e., it always occurs in
one syllable position). This is due to the presence of sub-segmental features associated with the
restricted test consonant in both syllable positions. Since the phonological sub-component
encodes sub-segmental as well as segmental regularities, it does not precisely reflect the
segmental statistics of the restricted test consonant. The combination of gradient sub-segmental
and categorical segmental statistics yields the gradient performance on the restricted test
consonant. There is some evidence that over the course of the experiment, the restricted test

9. <6

%0 This proposal is analogous to the Chomsky’s “competence/performance’ distinction. Chomsky & Halle (1968:3)
define this contrast as follows: performance is “what the speaker-hearer actually does...based not only on his
[competence], but on many other factors as well;” in contrast, competence is the knowledge that supports “the
potential performance of an idealized speaker-hearer who is unaffected by grammatically irrelevant factors.” Here,
the “grammatically irrelevant factor” is computational accuracy; the system encoding regularities is unable to
absolutely obey a regularity .
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segment regularity is being encoded in a more categorical fashion. Errors from blocks 1 and 2
are more likely to violate the restricted test regularity than errors from block 3 and 4 (13.3%
errors in the first two blocks versus 7.6% errors in the second two blocks; %2 (1, N = 642) = 5.1,
p <.03). No comparable difference was found between restricted control and unrestricted
segment errors’ . This suggests that over time the phonological sub-component is more closely
reflecting the segmental statistics, making the regularity associated with the restricted test
segment more categorical.

Although the distribution of sub-segmental features influences performance on the restricted
test consonant, it does not influence performance on the unrestricted related consonant. Note
that the sub-segmental features associated with both the restricted test and unrestricted related
segments occur in both onset and coda, biased towards the syllable position of the restricted test
consonant. If this sub-segmental regularity directly influenced performance, the unrestricted
related segment errors should be biased towards the syllable position of the restricted test
segment (as the sub-segmental features shared by the two consonants are more likely to occur in
that position). This is not the case. When the unrestricted similar segment is in the same target
syllable position as the restricted test segment, 32% (164/513) of the errors violate target syllable
position; when the unrestricted similar segment is the other syllable position, 33% (125/382) of
the errors violate target syllable position (2 (1, N = 895) = 0.3, p > .8). Thus, the sub-segmental
regularity influences performance only in conjunction with a categorical segmental regularity
(interfering with the encoding of the restricted test segment regularity). By itself, the sub-
segmental regularity does not appear to influence error patterns. It is unclear why this is the
case; | return to this question in the general discussion.

Implications for scope

This experiment examines the learning of new regularities; as such, it necessarily bears on
the encoding of within-language regularities. All three theories assume that such regularities are
encoded; the results therefore fail to distinguish these theories with respect to scope.

Locus of effects in this task

It is important to assess whether the effects observed in this experiment arise within the
phonological sub-component. As with Dell et al.’s (2000) study, it is unlikely that effects arise
outside of the spoken form component, or from the morphological sub-component (see the
discussion in section 3 above). The articulatory sub-component is also not likely to be the source
of these effects. I assume that articulatory errors are most likely to occur between segments that
are composed of very similar articulations. Many of these errors are excluded from the analysis,
as voicing errors are not analyzed. Furthermore, the remaining interactions often involve very
distinct consonants. For example, when /17 is restricted to onset, the majority (40/75) of the

errors that are analyzed involve interactions with the consonants /g,k,m,n/—all of which are

quite dissimilar from /f/, sharing at most voicing with the target (the remaining 35 errors involve
interactions with /s/ or /h/, both of which share voicing and continuancy with /f/). It is difficult

to imagine how such articulatorily dissimilar errors could be produced by the articulatory sub-

3! Restricted control: 2.8% versus 2.4% errors violate the associated regularity; x2 (1, N=691) = 1.8, p > .8;
unrestricted: 26.5% vs. 27% errors do not share target syllable position; x2 (1, N = 2896) = 0.1, p > .75.
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component. However, even if the errors are generated by the phonological sub-component, the
articulatory sub-component may produce the regularity biases (e.g., by filtering out irregular
phonological errors). With this caveat in mind, the phonological sub-component is the most
likely locus for the effects reported here.

Summary

The findings of this experiment suggest that sub-segmental regularities must be encoded.
This is consistent with the predictions of the Markedness theory, and is inconsistent with the
predictions of the Instance-Based and Lexical Distribution theories. The findings regarding scale
support the encoding of categorical as well as gradient regularities. With respect to the restricted
control consonant regularity, structures were categorically ill-formed; the probability of irregular
structures was nearly zero. In contrast, the restricted test segment regularity specified gradient
well-formedness; ill-formed structures merely had a lower probability than well-formed
structures. With respect to scope, the experiment showed that within-language regularities can
be encoded; this does not distinguish between the three theories.

Experiment 2: Biases in speech errors

The previous experiment provides evidence that sub-segmental representations are used to
encode regularities. However, a potential concern is that this result is specific to learning tasks.
After learning has been completed, the phonological sub-component may no longer encode
regularities at the sub-segmental level. Experiment 2 explores this possibility using speech
errors in a tongue twister task. As discussed in section 3, there is a regularity bias in speech
errors; regular structures are more likely to replace irregular structures than vice versa. This
provides a tool for contrasting theories of regularities. This study assesses the three theories
proposed above using pairs of consonants. For some of these pairs, the Markedness theory
predicts that errors should be biased towards one consonant, while the Instance-Based and
Lexical Distribution theories predicts a bias towards the other member of the pair. Thus, for
each of these pairs, the two types of theories predict opposite biases in speech errors.

Note that unlike the studies reported in section 3, this design allows a direct contrast between
the predictions of graded within-language and cross-linguistic regularities. Almost every study
reviewed in section 3 examined the predictions of a single type of regularity, failing to control
for the effects of other regularities. This study controls for these effects by contrasting the
predictions of different theories of regularities. Furthermore, unlike Experiment 1, all critical
consonants are distributed in the same fashion within the experimental materials. Since the
statistics of the immediate environment do not distinguish the different consonants in each pair,
any biases found in speech errors must already be present in the speech production system. This
allows us to tap into the regularities encoded by the adult phonological sub-component, outside
of a learning task.

Method

Participants
Fifty undergraduate and graduate students from the Johns Hopkins University community
participated in the experiment and were compensated with $7 or received extra-credit in
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introductory courses for their participation. 5 participants were excluded: 3 due to equipment
failure, 1 due to failure to learn the pronunciation of nonwords used in the experiment, and 1
because her dialect of English failed to distinguish between two of the vowels used in the study
(/®/ and /a/). The remaining 45 participants (12 males, 11 right-handed; 33 females, 32 right-
handed) reported that they were native speakers™ of English and that they had no history of
speech/language impairment.

Materials: Consonant pairs

Appendix B describes the method used to determine regularities for each of the three theories
(i.e., references for cross-linguistic generalizations and frequency counts). For the Markedness
theory, I examined cross-linguistic regularities at the sub-segmental level (these particular
regularities have no contextual restrictions). Three sub-segmental contrasts were identified. For
each contrast, one type of sub-segmental structure is marked (i.e., cross-linguistically irregular),
while the other is unmarked (cross-linguistically regular). This is shown in Table 6.

Table 6. Cross-linguistic regularities, Experiment 2.

Sub-segmental markedness contrast Associated segment pairs
(unmarked > marked)
Unvoiced stop > voiced stop t-d; k-g
Stop > fricative t-s; d-z
Labial stops > dorsal stops p-k; b-g

For one of the consonant pairs associated with each sub-segmental contrast, the Instance-
Based and Lexical Distribution theories predict a different bias; the unmarked consonant is less
frequent than the marked one. In other words, the consonant that is regular with respect to the
Markedness theory is irregular with respect to the other theories. This is shown in Table 7.
Since the Markedness and frequency-based theories associate opposite regularities with each
consonant pair, they make contrasting predictions regarding error biases on these pairs.

52Tt should be noted that several of the participants were native bilinguals and/or had extensive training in foreign
languages. Languages spoken by the bilinguals in this group included: Cantonese Chinese, Farsi, French, and
Mandarin Chinese. There was also one French-Spanish-English trilingual.
33 The status of the relative markedness of labial and dorsal stops is a matter of some debate. Gamkrelidze (1978)
and Sherman (1975; cited by Ohala, 1983) present typological evidence that among unvoiced stops, labial is marked,
and dorsal unmarked. Among voiced stops, the preference is reversed. This markedness proposal therefore differs
from the predictions of the Markedness theory on the pair /p/-/k/.
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Table 7. Test pairs, Experiment 2.

Consonant pair with Relative token frequency: Relative type frequency:

markedness contrast Instance-Based theory Lexical Distribution theory

Unmarked > Marked Unmarked Marked Unmarked Marked
t>d 4.4% 5.7% 4.0% 5.2%
t>s 4.4% 11.2% 4.0% 6.9%
p>k 7.6% 8.9% 6.2% 6.9%

As noted in section 3, some studies have suggested an anti-regularity effect, where the
preferred direction of errors is opposite the one reported by many other studies (i.e., irregular
structure is more likely to replace regular structure than vice versa). To examine this possibility,
3 control pairs were selected. All three theories agree on the relative regularity of consonants in
these pairs (statistics are shown in Table 8). Using these pairs, we can determine whether errors
are biased towards regular consonants (a regularity effect) or towards irregular consonants (an
anti-regularity effect). This will show whether bias in errors on the test pairs reveals the more
regular or less regular consonant.

Table 8. Control pairs, Experiment 2.

Consonant pair with Relative token frequency: Relative type frequency:

markedness contrast Instance-Based theory Lexical Distribution theory

Unmarked > Marked Unmarked Marked Unmarked Marked
k>g 8.9% 2.6% 6.9% 2.1%
d>z 5.7% 0.1% 52% 0.2%
b>g 5.3% 2.6% 5.1% 2.1%

Materials: Stimulus list

For each consonant pair, two nonword bodies were selected, made up of a vowel and coda
consonant. Test nonwords were formed by pairing each consonant with each nonword body
(yielding four nonwords for each consonant pair). As described in Appendix C, nonword bodies
were selected to control for morphological effects (e.g., neighborhood density), as well as
contextual effects (e.g., transitional probability from initial consonant to vowel). Note that to
control for segment frequency, two non-critical control pairs were added to the stimulus list
(leading to a total of 8 consonant pairs; see Appendix C). Errors involving consonants within
these pairs were not analyzed.

To generate errors on each pair, tongue twister sequences were created using the nonwords.
Each sequence was composed of four nonwords generated from a single pair of consonants and
nonword bodies. Sequences were constructed to respect an alliterating pattern: the initial
consonants followed one pattern, while the nonword bodies followed another. For example, one
sequence was ‘“gaysh bofe gofe baysh.” The initial consonants follow one pattern, ABAB (g-,b-
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,g-,b-), while the nonword bodies followed another, ABBA (-aysh,-ofe,-ofe,-aysh). This is
similar to the pattern of many “natural” tongue twisters (Kupin, 1982), and is designed to induce
speech errors. Eight different sequences were generated for each consonant pair. These 8
sequences were produced by crossing consonant order (e.g., g- first vs. b- first), alliteration
pattern (ABAB/ABBA vs. ABBA/ABAB), and nonword body order (e.g., -aysh first vs. —ofe
first). This yields a total of 64 sequences (8 sequences per consonant pair, with 8 consonant
pairs total). Each participant received a randomized list of these 64 tongue twisters.

Each sequence was spelled out for visual presentation. A description of spelling conventions
is provided in Appendix C.

Procedure

Stimulus presentation, trial procedure, and data recording were similar to that of experiment
1. There were two main differences. First, the experiment did not take place in a sound-
attenuated chamber; participants were seated in a quiet room with the experimenter. Second, a
more extensive practice session preceded the experiment trials (to ensure that participants
learned the correct pronunciation for the nonword targets).

The practice session began with an extensive training session. The set of nonwords used in
the experiment was broken up into 9 subsets, corresponding to the nine vowels used in the
experiment. Each subset was introduced by pairing the vowel sound with its spelling (e.g., “In
this set, ‘e’ is pronounced /¢/.”) Three examples of this vowel spelling in English were provided
(e.g., “end, seven, bet”; the same examples were used for all participants). The participant was
then shown each nonword in this subset (e.g., “kev, gev”’). For each nonword, the participant
saw its orthographic form and heard a recording of its pronunciation; s/he then repeated the
nonword back to the experimenter. Feedback was provided if necessary. After all nine sets were
presented, the pairing of vowel spelling and pronunciation was reviewed. A brief test was then
administered. The entire set of nonwords was presented (orthographically) to the participant in
two different random orders. For each nonword, the participant had to produce the correct
phonological form; feedback was provided if necessary.

Following the training session, three practice trials were administered. These practice trials
used sequences from the non-critical control pairs. The set of 64 experimental trials was then
administered, broken up into 4 blocks. The experimenter remained with the participant
throughout the experiment; if the participant forgot how to pronounce any of the nonwords
during the slow repetition of the sequence, they were prompted by the experimenter. The entire
experiment required approximately 25 minutes to complete.

Results and Discussion

Analysis was similar to that of experiment 1, except that voicing errors were included in the
analysis (as some critical pairs contrasted in voicing) and vowel errors were transcribed. Each
participant was randomly assigned to one of two transcribers. Inter-transcriber reliability was
good. Both transcribers examined a section of a randomly selected recording. The overall
agreement rate is 98.8% (261/264). For errors alone, the agreement rate is 70.0% (out of 10
errors identified by one or both transcribers, they agreed on 7).
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Statistical analysis of bias in errors

Two statistical tests were conducted to test for a bias in errors. If there is no bias in the
errors, then there should be equal numbers of regular=>irregular and irregular->regular errors.
The collapsed analysis was therefore a binomial test comparing the rate of regular—>irregular
errors to the chance rate of 50% of total errors. If the rate of regular—> irregular errors is
significantly less than 50%, errors are biased towards producing regular structures (i.e.,
regular—>irregular errors are less likely than irregular>regular errors). If the rate of
regular—>irregular errors is significantly greater than 50%, errors are biased towards irregular
structures (an anti-regularity effect). The second analysis (by participants) used a paired t-test to
see if there was a significant difference between the number of regular>irregular errors and the
number of irregular>regular errors produced by each participant.

Results

The first analysis considers all errors involving consonants that occurred within any control
or test pair. The results for the control pairs are shown in Table 9. The third column reports the
results of the collapsed analysis, showing the percentage of total errors that produced irregular
structure (i.e., regular=>irregular errors).

Table 9. Performance on control pairs, Experiment 2.

Pair Regular>1Irregular  Irregular->Regular Percent errors
errors errors producinz:,r irregular
/k/-1g/ 246 (5.5) 340 (7.6) 42.0%*
/d/-1z/ 167 (3.7) 370 (8.2) 31.1%*
/bl-1g/ 213 (4.7) 185 (4.1) 53.5%

Note: Mean number of errors per participant shown in parentheses.
*Significant difference (p < .05) from 50% of total errors.

Two of these pairs show a regularity effect; irregular segments are more likely to be replaced
by regular segments than vice versa (/k/-/g/: collapsed, Z = —3.8 (continuity-corrected), two-
tailed p < .0002; by participants, t (44) = —2.4 (continuity-corrected), two-tailed p < .02; /d/-/z/:
collapsed, Z =-8.7, p <.0001; by participants: t (44) =-7.3, p <.0001). The remaining pair,
/b/-/g/, shows no significant effect (collapsed, Z = 1.35, p > .17; by participants t(44) = .2, p >
.80).

The results for the test pairs are shown in Table 10. Here, the collapsed analysis (shown in
the third column) examines the rate of errors that result in segments that are cross-linguistically
marked but frequent within English (i.e., segments that are irregular with respect to the
Markedness theory, and regular with respect to the Instance-Based and Lexical Distribution
theories). If this rate is significantly less than 50%, errors are biased towards less marked
structure; if the rate is greater than 50%, errors are biased towards more frequent structure.
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Table 10. Performance on test pairs, Experiment 2.

Pair Unmarked/infrequent ~ Marked/infrequent—=> Percent errors producing
->Marked/frequent Unmarked/frequent marked/frequent
It/-1d/ 248 (5.5) 234 (5.2) 51.5%
It/-Is/ 244 (5.4) 301 (6.7) 44 .8%%*
Ipl-Ik/ 208 (4.6) 171 (3.8) 54.9%

Note: Mean number of errors per participant shown in parentheses.
* Significant difference (p < .05) from 50% of total errors.

Given the regularity effect shown in the control pairs, results for the test pair /t/-/s/ favor the
Markedness theory. Marked/frequent /s/ is significantly more likely to be replaced by
unmarked/infrequent /t/ than vice versa (collapsed, Z = -2.4, p < .02), but the difference is not
significant by participants (t(44) = —1.3, p >.20). With respect to the by participants analysis,
note that the effect size is small (difference in means = 1.3). The 0.5 continuity correction may
be obscuring the small effect. Re-computation of the t-statistic without the continuity correction
yields a significant difference (uncorrected t(44) = 2.1, p < .05). Results for the pair /p/-/k/

provide some support for the Instance-Based and Lexical Distribution theories: numerically,
marked/frequent /k/ is less likely to be replaced by unmarked/infrequent /p/ than vice versa.

This difference is marginally significant overall (collapsed, Z = 1.8, p < .07), but the difference is
not significant by participants (t(44) =.7, p >.50). As above, the t-test comparison was re-
computed removing the correction for continuity. In this analysis, the effect was at best
marginally significant (uncorrected t(44) = 1.7, p < .10). The other pair shows no significant
differences (/t/-/d/: collapsed, Z = .7, p > .45; by participants: uncorrected t** (44) = 0.6, p >
.50).

The marginal effects associated with /p/-/k/ may result from perceptual errors made by
transcribers. During the process of coding data, the transcribers noted the difficulty of detecting
cutoff errors. Often, the initial consonant in these errors is not released (i.e., followed by
aspiration or a reduced vowel), making it extremely difficult to detect. This raises the possibility
that asymmetries in errors could result from perceptual errors by transcribers, not participant
production errors. To control for this possibility, a further analysis was performed, excluding
cut-off errors. When these errors were excluded, the marginally significant bias effect associated
with /p/-/k/ disappeared (p > .6 for both collapsed and by participants analysis™). In contrast to

the elimination of the marginal /p/-/k/ bias, the three pairs that showed significant differences in
the overall analysis (/d/-/z/, /k/-/g/, and /t/-/s/) showed significant or marginally significant

3 Unless otherwise noted, t statistics are uncorrected because the mean difference in errors is less than the continuity
correction of 0.5.
5125 /p/=>/k/ errors, 117 /k/=>/pl errors, Z = .4, p > .60; mean of 2.8 /p/=>/k/ errors per participant, 2.6 /k/=>/p/,
uncorrected t (44) = .5, p > .60.

65



differences in this analysis®. This suggests that, unlike the other three pairs, there is no
significant bias associated with the pair /p/-/k/.

Is the bias on the three pairs due to one consonant being more regular, or to some other
factor? In constructing the experimental materials, care was taken to match the different nonword
targets for morphological and contextual factors. In many of the above errors, however, the
nonword bodies were produced incorrectly, which may have led to differences between targets.
To control for this possibility, an analysis was conducted excluding all errors where the body of
the nonword was produced incorrectly (following the previous analysis, cut-off errors were
excluded). The results were unchanged; the three pairs /d/-/z/, /k/-/g/, and /t/-/s/ all showed
significant or marginally significant bias effects’’, while no significant bias was observed on the
other pairs (collapsed analysis, Zs ranging from .1 to 1.3; by participants, uncorrected ts ranging
from .05 to 1.3). This suggests that the biases observed in the overall results do not result from
morphological effects.

Another concern is the inclusion of non-contextual errors—errors involving segments that
are in different sequences (e.g., /d/=>/t/ errors in a sequence with /d/-/z/ targets). It is possible
that these errors are not comparable; these differences may introduce bias effects. To control for
this possibility, an analysis was performed excluding these errors (cut-off errors were also
excluded™). Results were unchanged; the three pairs /d/-/z/, /k/-/g/, and /t/-/s/ showed significant
bias effects™, while no significant bias was observed on the other pairs (collapsed analysis, Zs
ranging from —.05 to 1.4; by participants, uncorrected ts ranging from —.1 to 1.3). This suggests
that the biases found in the overall error analysis do not result from the influence of non-
contextual errors.

Finally, this experiment shares two potential confounds with Experiment 1: the use of a
paradigm involving repetition of target sequences; and the inclusion of bilingual participants.
These do not appear to influence the results. Analysis of the first repetition of each target

3 td/-/z/: 150 /d/=>/z/ errors, 289 /z/=>/d/ errors, Z = —6.6, p < .0001; mean of 3.3 /d/=>/z/ errors per participant, 6.4
/z/>/d/, t (44) = -5.0, p < .0001; /k/-/g/: 236 /k/=>/g/ errors, 327 /g/=>/k/ errors, Z = -3.8, p < .0002; mean of 5.2
/k/=>/g/ errors per participant, 7.3 /g/>/k/, t (44) = 2.4, p < .03; /t/-/s/: 214 /t/>/s/ errors, 254 /s/>/t/ errors, Z =
-1.8, p < .08; mean of 4.8 /t/>/s/ errors per participant, 5.6 /s/=>/t/, uncorrected t (44) =-1.6, p < .12.

7All pairs showed significant or marginally significant overall differences in this analysis (/d/-/z/: 96 /d/=>/z/ errors,
171 /z/->/d/ errors, Z = -4.5 p < .0001; ; /k/-/g/: 180 /k/=>/g/ errors, 271 /g/=>/k/ errors, Z = —4.1, p < .0001; /t/-/s/:
80 /t/>/s/ errors, 104 /s/>/t/ errors, Z = —1.7, p < .09). By participants, /d/-/z/ and /k/-/g/ showed significant
differences (/d/-/z/: mean of 2.1 /d/=>/z/ errors per participant, 3.8 /z/=>/d/, t (44) = -3.1, p < .004; /k/-/g/: mean of
4.0 /k/=>/g/ errors per participant, 6.0 /g/>/k/, t (44) = -2.8, p < .008). By participants, the asymmetry for /t/-/s/
failed to reach significance with the continuity correction (mean of 1.8 /t/=>/s/ errors per participant, 2.3 /s/>/t/, t

(44) =-0.1, p > .9), but was marginally significant without the correction (uncorrected t(44) =—-1.7, p <.09).

%8 Due to insufficient numbers of errors, analysis eliminating all three potentially confounding factors (cut-off errors,
non-contextual errors and nonword body errors) were not performed.

% All pairs showed significant overall differences in this analysis (/d/-/z/: 145 /d/=>/z/ errors, 287 /z/=>/d/ errors, Z

=-6.8, p <.0001; /k/-/g/: 221 /k/=>/g/ errors, 302 /g/>/k/ errors, Z = -3.5, p < .0005; /t/-/s/: 208 /t/=>/s/ errors,
252 /s/>/t/ errors, Z = 2.0, p < .05). By participants, /d/-/z/ and /k/-/g/ showed significant differences (/d/-/z/:
mean of 3.2 /d/=>/z/ errors per participant, 6.4 /z/->/d/, t (44) = -5.2, p < .0001; /k/-/g/: mean of 4.9 /k/=>/g/ errors
per participant, 6.7 /g/>/k/, t (44) = -2.2, p < .04). By participants, the asymmetry for /t/-/s/ failed to reach
significance with the continuity correction (mean of 4.6 /t/=>/s/ errors per participant, 5.6 /s/>/t/,t (44) =-0.9,p >
.35), but was marginally significant without the correction (uncorrected t(44) = —1.8, p < .08).
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sequence do not yield significant differences (due to the low number of errors), but the direction
of error biases was consistent with the results reported for /d/-/z/, /k/-/g/, and /t/-/s/®.

Furthermore, exclusion of the bilingual participants did not alter results on these three pairs®’.

General Discussion: Experiment 2

The results on two of the three control pairs establish a regularity effect; structure that is
classified as irregular by all three theories is replaced by structure classified as regular more
often than the reverse. In light of the regularity effect on the control pairs, the results for the test
pairs are most consistent with the Markedness theory. The Instance-Based and Lexical
Distribution theories predict the opposite bias on the test pair /t/-/s/. Since /t/ replaces /s/ more

often than the reverse, we can infer that /t/ is in fact more regular than /s/—just as predicted by

the Markedness theory, not by the other theories.

Can the Instance-Based and/or Lexical Distribution theories offer any account for the results
on /t/-/s/? Note that the frequency counts used to determine the regularities of Lexical
Distribution theory are based on Frisch et al. (2000), who only distinguished initial, medial, and
final syllables. In their formulation of the Lexical Distribution theory, Coleman &
Pierrehumbert (1997) drew finer-grained positional distinctions, distinguishing syllables that
were initial and not final (e.g., /kat/ in “Kathmandu”) from syllables that were both initial and
final (e.g., /kaet/ in “cat”). Frequency statistics were therefore re-computed for the 6 consonant
pairs used in the study considering only the word-initial onsets of monosyllabic words. This
version of the Lexical Distribution theory agrees with the predictions of the Markedness theory
on all pairs except /t/-/s/ (relative frequency of /t/ in monosyllables: 3.8%; /s/: 4.3%). This is, of
course, the only test pair which showed a significant difference —in the direction predicted by
the Markedness theory. The Instance-Based and Lexical Distribution theories therefore appear
to be unable to account for performance on this pair. This is not say that no within-language
theory could account for the data. The data from this task do not indicate whether the within-
language theories fail because of their claims concerning scope (as opposed to their
commitments along other features of regularities such as granularity). I return to this point in the
general discussion.

8 1d/-/z/: 25 /d/>/z/ errors, 39 /z/->/d/ errors. /k/-/g/: 53 /k/=>/g/ errors, 60 /g/>/k/ errors. /t/-/s/: 43 [t/1=>/s/
errors, 51 /s/=>/t/ errors

5! All pairs showed significant overall differences in this analysis (/d/-/z/: 147 /d/=>/z/ errors, 332 /z/=>/d/ errors, Z
=-8.4,p <.0001; /k/-/g/: 233 /k/=>/g/ errors, 310 /g/>/k/ errors, Z = -3.3, p < .001; /t/-/s/: 223 /t/=>/s/ errors, 278
/s/>/t/ errors, Z = 2.4, p < .02). By participants, /d/-/z/ and /k/-/g/ showed significant differences (/d/-/z/: mean of
2.7 /d/=>/z/ errors per participant, 6.0 /z/=>/d/, t (39) = -5.8, p < .0001; /k/-/g/: mean of 3.4 /k/->/g/ errors per
participant, 5.3 /g/>/k/, t (39) =-2.8, p <.009). By participants, the asymmetry for /t/-/s/ failed to reach
significance with the continuity correction (mean of 3.7 /t/=>/s/ errors per participant, 5.1 /s/>/t/,t (39) =-1.7,p >
.09), but was significant without the correction (uncorrected t(39) = -2.6, p < .02). A marginally significant bias was
also found for in the overall analysis for /b/-/g/ (193 /b/=>/g/ errors, 155 /g/=>/b/ errors, Z = 2.1, p < .04). This bias
failed to reach significance in the by participants analysis (mean of 4.8 /b/=>/g/ errors per participant, 3.9 /g/=>/b/
errors, t(39)=.9, p > .35; uncorrected t(39)=1.9, p > .05). Given that this difference is not significant by participants,
it is unclear whether it is due to differences between monolinguals and bilinguals (as opposed to variation within the
participants). Further experiments should examine this issue in more detail.
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Implications for scale

As with Experiment 1 and the studies reported in section 3, speech errors show a tendency to
respect regularities. This suggests that irregular structures are not assigned zero output
probability by the phonological sub-component, but merely have a lower probability than regular
structures. Well-formedness is defined using a gradient, rather than a categorical scale. This
supports the predictions of the Instance-Based and Lexical Distribution theories, and is
inconsistent with the predictions of the Markedness theory.

Accounting for null effects

How can the Markedness theory account for the null results observed for the one control pair
and two test pairs? With respect to the labial-dorsal contrast, one possibility is that the null
results are due to perceptual errors on the part of the transcribers. As shown above, the results on
the test pair /p/-/k/ were significantly altered by the elimination of cutoff errors. The null results
on the labial-dorsal pairs may therefore result from contamination by perceptual errors, not due
to the properties of the phonological sub-component.

Another possibility® is that we have incorrectly characterized the predictions of the
Markedness theory. It may be that labial consonants are no more regular than dorsal consonants.
There is some evidence to support this; as discussed in footnote 53, the typological relationship
between dorsal and labial stops is unclear. If there is no difference in the regularity of labials as
compared to dorsals, the Markedness theory would predict no bias in errors involving these two
consonants. Note that for the pairs that do show regularity effects, there are clear reasons to
suppose the presence of a regularity relationship. With respect to /k/-/g/, there are many
languages that replace /g/ with /k/ in certain positions (e.g., German devoicing; see section 1).
With respect to /d/-/z/ and /t/-/s/, there are many languages that allow stops but not fricatives in

certain contexts (e.g., in Spanish, stops but not fricatives are allowed following nasals, e.g.,
hom/b/re, *hom/f}/re; Kenstowicz, 1993). Thus, for the pairs that show significant effects, there

are clear cross-linguistic generalizations; for /p/-/k/, /b/-/g/, there is no clear cross-linguistic
generalization. However, this account has one significant problem —the null result for /t/-/d/.
/d/ is clearly less regular than /t/ (as shown by processes such as German devoicing). In sum,

although the significant differences found in the experiment are consistent with a Markedness
theory, it is unclear how such a theory could explain the full extent of null results.

Locus of effects in this task

Finally, it is important to assess whether the effects observed in this experiment arise within
the phonological sub-component. As with the previous experiment, the use of the slow repetition
condition ensures that errors are arising within the spoken form component. The materials
controlled for morphological effects, eliminating that sub-component as a locus of the effects.
However, since the pairs contrasted here (outside of the labial-dorsal pairs) are highly similar
articulatorily, it is possible that errors can arise within the articulatory sub-component. Two
points would argue against a articulatory basis for these effects. First, contrasting results on /t/-

52 This is based on a suggestion made by Colin Wilson.
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/d/ and /k/-/g/ would not be expected; comparable movements are required for both voiceless-
voiced pairs. However, since none of the proposed phonological sub-component theories can
accommodate this results, this objection is a bit weak. Second, as noted in section 2, many errors
in the tongue twister task appear to be generated in the phonological sub-component, supporting
a phonological locus for the asymmetries observed in this task. However, the articulatory sub-
component may contribute to the asymmetries by filtering out irregular phonological errors.
With these caveats in mind, [ will assume these results reflect the properties of the phonological
sub-component.

Although the production errors may be arising in the phonological sub-component, we must
still be concerned about the influence of perceptual errors of transcribers. Although some were
eliminated by excluding cut-off errors (see above for analysis), it is quite likely that non-
categorical speech errors were still included within the results. If perception of such errors is
biased, it may contribute to the observed asymmetries. I do not believe this to be a concern. As
discussed in section 3, two studies (Frisch & Wright, 2002; Pouplier & Goldstein, 2002) report
that these transcriber errors exhibit an anti-regularity effect. Therefore, the presence of a
regularity effect in the control pairs suggests that non-categorical errors are not causing the error
biases observed here.

Summary

Some of the results of Experiment 2 favor the Markedness theory. Control pairs show a
regularity effect in this task, and results on one of the test pairs fit the predictions of the
Markedness theory, contradicting the predictions of the Instance-Based and Lexical Distribution
theories. However, is unclear whether the Markedness theory can account for the absence of
error biases found on one control pair and two test pairs. With respect to scale, the results favor
the Instance-Based and Lexical Distribution theories. Errors tend to follow regularities, but not
absolutely; this suggests that gradient regularities are encoded by the phonological sub-
component.

General Discussion: Experimental investigations

What types of regularities are encoded?

With respect to granularity, the Markedness theory best characterizes the types of regularities
encoded in the two experiments. In experiment 1, we found that regularities are encoded over
sub-segmental representations. This level of granularity is omitted from both the Instance-Based
and Lexical Distribution theories. Furthermore, experiment 2 found a significant error bias that
reflected the regularity associated with the Markedness theory, not the regularity associated with
the other two theories.

Clearly, the Instance-Based and Lexical Distribution theories make an incorrect assumption
regarding granularity. To accommodate the results of experiment 1, we must modify these
theories to include sub-segmental regularities. Once this modification has been made, the
within-language theories predict that errors should be biased in the same direction as predicted
by the Markedness theory. Table 11 illustrates the predictions of these modified theories for
Experiment 2. Predictions were derived by contrasting the sum frequency statistics for all
segments sharing the sub-segmental structure of consonants in each experimental pair.
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Table 11. Sum frequency of segment classes, control and test pairs.

Pairs Sub-segmental Sum frequency of Sum frequency of segment
contrast segment class: class:
Instance-Based theory ~ Lexical Distribution theory®
/k/-1gl; Unvoiced stop unvoiced stop: 20.1% unvoiced stop: 17.1%
/t/-/d/ k, t,p/ > voiced stop: 12.4% voiced stop: 12.4%
Voiced stop
/g, d, b/
/d/-1zl, Stop stop: 29.2% stop: 29.5%
n-is/ 'k, g,p, b, t,d/ > fricative: 25.7% fricative: 15.1%
Fricative
18,0, z,s,f,v,{, 3/
/bl-1gl; Labial stop labial stop: 12.9% labial stop: 11.3%
Ipl-Ik/ /p, b/ > dorsal stop: 11.5% dorsal stop: 9.0%
Dorsal stop
/k, g/

Note: ‘>’ denotes ‘less marked than.’

As can be seen in the table, when within-language regularities are stated at the sub-segmental
level, these theories make the same predictions as the Markedness theory; the segment class of
the unmarked segment is more frequent than that of the marked segment. Furthermore, if we
assume that strength of the regularity increases with the difference in frequency, we find that that
weakest regularity is the labial-dorsal regularity. This is shown in Table 12. If strong
asymmetries in errors are dependent on strong asymmetries in frequencies, these theories would
predict the smallest asymmetries on the labial-dorsal pairs—just as observed in the data.
However, it should be noted that, just as with the Markedness theory, these reformulated theories
cannot account for the null effect on /t/-/d/.

% The same qualitative predictions are made when only monosyllabic words are considered (following Coleman &
Pierrehumbert, 1997; see above). Here, the differences are: unvoiced stops, 12.8%; voiceless stops; 11.1%; stops,
23.9%; fricatives, 12.1%; labial stops, 12.8%; dorsal stops, 11.1%.
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Table 12. Difference in sum frequency of segment classes for control and test pairs.

Pairs Sub-segmental Difference in sum Difference in sum
contrast frequency of classes: frequency of classes:
Instance-Based theory Lexical Distribution
theory™
/k/-1g/; Unvoiced stop > 7.7% 4.7%
Jt/-1d/ Voiced stop
/d/-1zl; Stop > 3.5% 14.4%
Jt/-s/ Fricative
/bl-1g/; Labial stop > 1.4% 2.3%
Ipl-Ik/ Dorsal stop

Note: ‘>’ denotes ‘less marked than.’

The results from the two experiments can therefore be accommodated equally well by
within-language and cross-linguistic regularities, as long as the regularities are stated at the sub-
segmental level of granularity.

With respect to scale, the results clearly favor the Instance-Based and Lexical Distribution
theories. Results from Experiment 1 show that gradient as well as categorical regularities can be
encoded; for the restricted test segment, errors tend to respect the associated regularity, but do
not do so absolutely. Similar results are found in Experiment 2, suggesting that gradient well-
formedness distinctions are encoded by the phonological sub-component.

To account for the results, theories of regularities must incorporate elements of all three
theories. The Instance-Based and Lexical Distribution theories are correct in assuming that
gradient regularities are encoded; the Markedness theory is correct in assuming that sub-
segmental regularities are encoded. The results regarding scope are unclear; conclusions
regarding this feature of regularities must rely on data from future experiments.

Limitations of this study
As noted above, the experimental studies reported here are not without their limitations.
First, the results fail to constrain theories with respect to scope of regularities. Second, it is
unclear why there is no significant bias associated with three of the consonant pairs in
experiment 2. Third, the use of transcription-based data collection raises the possibility that
some of the results are due to biases in transcribers. Future studies should examine these issues
to provide a more complete picture of processing within the phonological sub-component.

* Different quantitative predictions are made when only monosyllabic words are considered (following Coleman &
Pierrehumbert, 1997; see above). Here, the differences are: voiced vs. voiceless stops, 1.8%; stop vs. fricative,
11.8%; labial vs. dorsal stops, 3.0%. Thus, contrary to the data, the weakest effect is predicted for the voiced-
voiceless contrast instead of the labial-dorsal contrast.
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Extensions to this study

Some concrete steps can be taken to extend this study and overcome its limitations. First,
recall that Experiment 1 had a gradient sub-segmental regularity associated with the restricted
test and unrestricted similar consonant. The sub-segmental features associated with these
consonants were biased towards one syllable position (that of the restricted test segment), but
occurred in the other syllable position 25% of the time. This gradient regularity had no effect on
the unrestricted related segment (i.e., it behaved no differently from other unrestricted segments).
One possible reason for this null result is that the regularity is too weak to exert an independent
effect on errors. To test this possibility, we could increase the strength of the regularity by
halving the frequency of the unrestricted related consonant. This would decrease the frequency
of its sub-segmental features by half in both positions, cutting the number of exceptions to the
gradient regularity in half. For example, in the condition where /s/ is restricted to coda and /z/
unrestricted, the frequency of /z/ could be halved. This would mean that the associated sub-
segmental features [continuant] and [coronal] would be found in onset position only 12.5% of
the time, reducing the number of exceptions to the sub-segmental regularity by half.

Once all theories incorporate the assumption that sub-segmental regularities are encoded, the
data from Experiment 2 cannot distinguish their predictions. This may be possible in subsequent
experiments; specifically, some consonant pairs can distinguish the Instance-Based theory from
both the Markedness theory and Lexical Distribution theory. Cross-linguistically, dorsal stops
are marked relative to coronal stops, so the Markedness theory predicts an asymmetry favoring
coronal stops. The Lexical Distribution theory makes the same predictions: dorsal stops are less
frequent than coronal stops (sum relative frequency of coronal stops: 9.2%; dorsals: 9.0%%). In
contrast, for the Instance-Based theory, dorsal stops are more frequent than coronal stops (sum
relative frequency of coronal stops: 10.1%; dorsals: 11.5%). Thus, these two groups of theories
make different predictions for the consonant pairs /t/-/k/ and /d/-/g/. Error biases on these pairs

would provide a further contrast between the three theories.

Summary

The experiments reported here provide support for a specific level of granularity —the sub-
segmental level. Studies reviewed in section 3 had suggested that regularities at this level of
granularity were encoded, but failed to examine whether correlated regularities at other levels of
granularity could account for the data. By directly contrasting the predictions of segmental and
sub-segmental regularities, the experiments have shown that sub-segmental regularities must be
encoded. Future work, examining other contrasts between different theories of regularities,
should provide further evidence regarding the types of regularities encoded by the spoken
production system.

% The same prediction is made when only monosyllabic words are considered (following Coleman & Pierrehumbert,
1997; sum frequency coronal stops: 7.1%; dorsals: 6.9%).
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SECTION 5: GENERAL DISCUSSION

The symmetries that enchant us may be no more than good tools—
compact ways for brains to store information.
(Johnson, 1996: 324)
In this section, I discuss the implications of the results discussed in sections 2, 3, and 4 for
theories of phonological processing mechanisms—that is, the processes that implement that
phonological sub-component. After I discuss these implications, I briefly discuss some
possibilities for extending this line of research.

Mechanisms of phonological processing

In section 2, I presented a framework for spoken production processing. In this framework,
phonological regularities are encoded through variation in output probabilities of the
phonological sub-component. This framework was specified at a functional level; although I
assumed that some set of mechanical processes would implement the phonological sub-
component, I did not specify the nature of these processes. What mechanisms are needed to
process phonological representations? How is variation in output probabilities implemented
computationally?

To examine these questions, I’ll first discuss a set of 3 constraints on the mechanisms of
phonological processing. In light of these constraints, I’ll review how current processing
theories fail to satisfy them; I’ll then discuss how one of these theories could be extended to
incorporate all three constraints.

Constraints on phonological processing mechanisms

The results from studies in the literature (sections 2 and 3) as well as the experiments

reported here (section 4) suggest 3 basic constraints on theories of phonological processing.

1. Multiple levels of phonological structure must be represented. Section 2 reviewed
evidence supporting sub-segmental, segmental, and supra-segmental representations
within the phonological sub-component. Results from speech errors, acquired speech
impairments, and reaction time studies suggest that these levels of structure play an
important role in phonological processing.

2. Regularities over these multiple levels of phonological structure must be encoded.
Knowledge of phonological regularities clearly influences spoken production processing.
Section 3 reviewed evidence suggesting regularity effects at multiple levels of structure.
Section 4 provided evidence specifically supporting the encoding of sub-segmental
regularities.

A third constraint has not been discussed previously, but is nonetheless crucial to any theory

of phonological processing.

3. Phonological processing must encode serial order. A central problem in understanding
behavior is explaining how behaviors are produced in sequence (Lashley, 1951). This
can be seen at the most basic level of speech production, which involves the production
of sequences of gestures. At higher levels, there is evidence that phonological
representations themselves are retrieved in sequence. For example, Wheeldon & Levelt
(1995) present evidence from a self-monitoring task suggesting that participants gain
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access to phonological strings on a syllable-by-syllable basis. These data highlight the
importance of serial order for theories of phonological processing mechanisms.

Previous accounts of phonological processing mechanisms

There are a number of proposals for mechanisms that implement the phonological sub-
component. Unfortunately, none of these satisfies all three constraints; current theories manage,
at best, to satisfy two out of the three. Here, I present a brief overview of these theories,
concentrating on a representative example of each class.

Regularity-based theories

The core assumption made by these theories is that regularity effects arise because
phonological processing must “elaborate” or “specify” the abstract phonological material it
receives as input (Béland, Caplan & Nespoulous, 1990; Butterworth, 1992; Caplan, 1987;
Garrett, 1982, 1984; Kohn & Smith, 1994; Stemberger, 1985a, b; Wheeler & Touretzky, 1997)%.
I focus on Wheeler & Touretzky’s proposal, as it provides the most detailed account of the
mechanisms that encode phonological regularities.

Wheeler & Touretzky assume that the phonological sub-component receives as input a
specification of segments and their linear order (e.g., for “after,” /& f t 2+/; the segmental
representations are assumed to contain their sub-segmental structure). The phonological sub-
component elaborates this representation by specifying the supra-segmental constituents
appropriate to this string (e.g., two syllables, one with /a&/ as the peak and /f/ as the coda; the

other syllable with /+/ as the peak and /t/ as the onset). This specification procedure occurs in

two steps. First, for each vowel, a syllable unit is generated, and the vowel is assumed to be its
peak; all consonants are then associated to the onset and coda positions of every syllable. This
results in a complex representation (e.g., /f/ and /t/ would both be associated to the first and

second syllables as both onset and coda). To reduce the complexity of the representation, the
initial generation of syllable structure is followed by parallel application of a set of “licensing
constraints.” These constraints specify that phonological structures must respect (for example):
linear order (e.g., /f/ should precede /t/); binding relationships (e.g., /f/ should not be an onset

and coda of the same syllable); as well as phonological regularities (e.g., /ft/ should not be the

onset of syllable). Structures that violate these constraints are eliminated, resulting in a
representation with appropriate syllabic and segmental structure.

Errors arise in this system due to disruption of the application of licensing constraints. For
example, failure to correctly apply the linear order constraint can result in segments being
reversed in the output sequence. However, due to their parallel application, other licensing
constraints may correctly apply and produce a well formed representation. This allows for
regularity effects to arise; constraints specifying phonological regularities will eliminate those
structures that violate regularities.

Although this system encodes phonological regularities (constraint 2), and it represents many
levels of phonological structure (constraint 1), it fails to provide an account of serial order. The

% These theories are the most straight-forward “processing” interpretation of generative grammars, which define the
phonological component of the grammar as a function mapping abstract underlying representations to fully-specified
surface representations (Chomsky & Halle, 1968, et seq.).
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entire phonological representation is processed in parallel by the licensing constraints; this
system does not produce phonological structures in a sequential fashion. Therefore, as currently
implemented, these theories fail to satisfy constraint 3 (serial order).

Emergentist theories

Another class of theories focuses on mechanisms that encode regularities and serial order,
claiming that phonological structure will emerge from the interaction of these mechanisms (Dell,
Juliano, & Govindjee, 1993; Gupta & Dell, 1999; Joanisse, 2000; Plaut & Kello, 1999). I focus
on the proposal of Dell et al. (1993), as it has been the focus of extensive analysis (see below).

Dell et al. propose a system that is implemented in a neural network; in such a network,
representations are instantiated as patterns of activity over simple processing units (see the
discussion of spreading activation networks in section 2, above). The input representation is
either a pattern chosen randomly for each word (i.e., a random set of activation values), or a
pattern that is correlated with the desired output pattern. From this representation, a sequence of
sub-segmental representations corresponding to each segment of the target word is generated.

A recurrent neural network is used to generate the sequence (for a detailed description, see
Dell et al., 1993, as well as Elman, 1990; Jordan, 1986). Like other neural networks, processing
in a recurrent neural network involves passing activation values along connections between
different sets of simple processing units. In Dell et al.’s network, activation values pass from the
input representation to a set of intermediate (‘“hidden”) units, and then on to the output units. To
produce sequences, the recurrent network makes use of context units containing the activation of
the hidden and output units during the previous time step of processing. Activation flows from
these context units to the hidden and output units, making the network sensitive to previous
network states. Sensitivity to these previous states allows the network to produce sequences.

Constraint 3 is clearly satisfied by this system, as phonological structures are produced in a
serial order. Constraint 2 is also satisfied to a certain degree. Part of how a recurrent network
solves the problem of generating sequences is by encoding the sequential dependencies found in
items in its training set. Phonological regularities that can be described as sequential
dependencies are therefore easily learned by this network. For example, a system trained on
English words will encode that vowels are unlikely to be followed by /h/ (as /h/ would never
follow vowels in the training set).

There are two problems with such an approach. First, it not clear whether recurrent neural
networks are powerful enough to encode the full range of phonological regularities (i.e., can all
regularities be reduced to sequential dependencies?). A second, more concrete, concern is that
these systems do not appear to adequately satisfy constraint 1. The only structures explicitly
represented in Dell et al.’s theory are sub-segmental (the units of the output representation) and
segmental (in that the members of the output sequence correspond to segments). What of supra-
segmental representations?

Dell et al. claim that such supra-segmental representations need not be explicitly represented;
they will arise as the network learns to generate sequences. To support this claim, they show that
many errors made by the network appear to involve the supra-segmental constituent rime (vowel
and coda of a syllable) whereas very few involve adjacent segments that are not part of the same
constituent (e.g., onset and vowel of a syllable). They claim that this effect arises as the network
acquires sequential dependencies; the dependencies between vowels and codas are much
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stronger than those between onsets and vowels. Thus, a supra-segmental effect emerges even
though no supra-segmental structure is explicitly encoded.

However, analyses by Anderson, Milostan, & Cottrell (1998) argue against this
interpretation. They generated outputs by adding Gaussian noise onto each member of the
output sequence for a word. This method reveals error patterns that result purely from chance
distortions of the output; no phonological regularities or phonological structure are encoded by
the error-generating process. Anderson et al. found that errors generated by the noise method
exhibited the same “rime effect” as the errors generated by the recurrent network. This suggests
that the rime effect reported by Dell et al. is not a consequence of the organization of the
network. Thus, it is unclear whether the emergentist approach can successfully satisfy constraint
1. At least for this specific instantiation of the emergentist position, supra-segmental
phonological structure does not appear to emerge spontaneously from mechanisms encoding
serial order and phonological regularities.

Encoding theories

The final set of theories focuses on how phonological structure at multiple levels is encoded
for production. In doing so, they address the serial order question, making use of well-
articulated phonological representations. The question of phonological regularities, however, is
not addressed in any general fashion”. Encoding theories have offered two general solutions to
the problem of serial order. The first solution is to associate sequences of phonological
structures with a “frame” or structural schema. The frame encodes serial order, retrieving the
appropriate phonological structures in sequence (Dell, 1986; Dell, Burger, & Svec, 1997; Levelt,
Roelofs, & Meyer, 1999; Meijer, 1994; Roelofs, 1997; Shattuck-Hufnagel, 1987, 1992). Here, |
focus on an alternative solution (Harris, 2002; Hartley & Houghton, 1996; Vousden et al., 2000).
In particular, I focus on the proposal of Harris (2002, building on Vousden et al., 2000).

The theory of Harris is similar to that of Dell et al. (1993), in that phonological processing
takes as input a memory representation (discussed below) and yields a sequence of sub-
segmental representations (referred to here as the output sequence). Like Dell et al., each
member of this output sequence corresponds to a segment in the target word. However, this
theory uses quite different mechanisms to produce this sequence, and a very different input
representation; | sketch these below.

First, the to-be-produced sequence is stored in a memory representation; this representation
associates each member of the output sequence with an index®. These indices specify the order
of items within the sequence. To illustrate, imagine the sequence is stored using a stopwatch.
Each member of the sequence could be associated with a number on the minute hand (e.g., for

7 Some phonological regularities are encoded by these theories, but none offer a general mechanism to implement
regularities. Several theories encode the irregularity of certain sequences by omitting units for such sequences. For
example, Dell (1986) indexes segments by syllable position, so /1j/ errors cannot occur in onset (they are simply
impossible). This is not a general solution to the problem of regularity, as many regularities are encoded in a
gradient fashion (as shown in sections 3 and 4). Levelt et al. (1999) propose that syllable frequency is encoded;
however, it is unclear how other regularities would be implemented. Similarly, Hartley & Houghton (1996) encode
sonority sequencing constraints in their system, but omit other types of regularities.

% The indices are generated by combining the output of a set of repeating and non-repeating oscillators (see
Vousden et al., 2000, for a detailed characterization).
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“dog”, /d/% is associated with 1 minute, /a/ with 2 minutes, and /g/ with 3 minutes). To retrieve
a member of the output sequence, all one requires is the correct index (e.g., to find /a/, one must

know that it is associated with 2 on the minute hand). To generate sequences in order, the
memory representation is combined with an automatic procedure for generating these indices.
For example, to retrieve “dog”, the automatic clockwork mechanisms of the stopwatch could be
used. Once the stopwatch has been started at 0, it will automatically advance; the appropriate
index for each member of the sequence will be generated as it counts off each minute. In order
to produce a sequence in a given order, then, the phonological sub-component takes as input the
memory representation, automatically generates each index, and outputs the correct member of
the sequence.

To encode complex phonological representations, Harris adds structure to the indices used in
the memory representation. Members of the output sequence that are structurally similar have
similar indices. For example, suppose that we use the combination of the minute and second
hand as an index. Let each minute represent a different syllable; within each syllable, onset is
associated with 15 seconds, the vowel with 30 seconds, and the coda with 45 seconds. These
indices encode structural similarity with the position of the second hand. Although each segment
has a unique index (i.e., a unique combination of the minute and second hands), segments that
are in similar syllabic positions will have similar indices (i.e., they will share the second hand
position).

Serial order errors are caused by noise in the retrieval system. When this noise is introduced,
the index cannot correctly access the memory representation; instead of retrieving the
appropriate member of the output sequence, an item associated with a similar index is retrieved.
Since similar indices are assigned to structurally similar segments, serial order errors will tend to
respect target syllable position (as real speech errors do).

Although Harris’ proposal tackles the serial order problem as well as the encoding of
phonological structure at multiple levels, it does not contain a mechanism for encoding
regularities. As with other encoding theories, phonological structure serves only as an index for
the serial ordering mechanism. For example, Harris’ system stores only the similarity between
segments in the same syllable position; no other information about phonological structure is
stored. Thus, these theories fail to meet the second constraint on theories of phonological
processing.

A proposal to satisfy all three constraints

Previous approaches have addressed two out of the three constraints; no single proposal has
incorporated all three. Here, I outline an extension to Harris’ (2002) proposal that may be
capable of satisfying all of the constraints.

Recall that Harris’ proposal builds on that of Vousden et al. (2000). Harris solves a problem
associated with Vousden et al.’s proposal; namely, that their system requires a prodigious
amount of memory to store sequences. Encoding each member of the sequence requires storing
two items (the output sequence member—the sub-segmental representation to be output—as well
as its index/position in the sequence); furthermore, the representation must store that these two
items are associated. For sequences of any reasonable length, this can require storing a large

% The same vector representing /d/ is associated with all words that contain /d/; the only difference between words
with the same segments is the particular order they use the segments.
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amount of information. To confront this problem, Harris uses a memory representation that
compresses this association—a holographic reduced representation (HRR; Plate, 1995). The
HRR compresses the representation of the two items and their association so that it requires the
same amount of memory as storing either item alone. For example, suppose the index and output
sequence member were encoded as 3 numbers (e.g., index: 0 1 0; output sequence member: O 1
1). The HRR can encode these two items and their association as a single set of 3 numbers (e.g.,
1 0 1; see Plate, 1995, for details). The use of HRRs addresses the memory problems of
Vousden et al.’s proposal.

However, the memory-saving properties of HRRs come with a price. Due to the
compression of information, the retrieval process will tend to be noisy. When an index is used to
retrieve an output sequence member from an HRR, it will often retrieve a distorted version of the
associated output sequence member. For example, if the output sequence member is (0 1 1), the
retrieval process might yield (.2 .8 .7). This distorted representation must therefore be “cleaned
up” using a memory system storing the possible output sequence members. By “possible”
sequence, I refer to the set of representations that the system would store in the HRR (for
example, if it was storing spellings, the set of representations could be the letters of English). In
the simple example of strings of three numbers, if the HRR was used to store either (0 1 1) or (1
0 1), a simple memory system storing these items could simply pick the item most similar to the
distorted representation; (.2 .8 .7) is clearly more similar to the correct output (O 1 1) than to the
alternative (1 0 1). The memory system used by Harris’ follows this “nearest-neighbor”
principle.

An alternative to this simple clean-up system comes from the connectionist literature. There
exists a family of network architectures that use optimization to solve the problem of generating
a stored representation on the basis of incomplete and/or noisy input (e.g., attractor networks:
Hopfield, 1982, 1984; stochastic Boltzmann machines: Ackley, Hinton, & Sejnowski, 1985;
harmony networks: Smolensky, 1986). Here, I focus on the harmony network architecture of
Smolensky (1986). Harmony networks store representations through a system of soft constraints
that prefer network states corresponding to stored network states. Computation in a harmony
network involves optimizing over these constraints; in other words, the network will generate the
output state that best satisfies the constraints (given the input). This can be used to solve the
clean-up problem above. Since the constraints of the harmony network encode the properties of
stored states, optimization will yield the stored state that is most consistent with a given noisy
input.

We can re-conceptualize the specific clean-up problem posed by the HRRs of Harris’ system
within this optimization framework. This architecture generates sequences of phonological
representations; for English speakers, these sequences will be made up of possible words of
English. This set includes words like /dag/ as well as nonwords like /dav/, but excludes

nonwords like /nag/. The constraints that define this set are the phonological regularities of
English (e.g., /g/ can only occur at the end of words). We could therefore build a harmony

network whose constraints were the phonological regularities of English; distorted phonological
representations could be cleaned up using these regularities. In terms of memory requirements,
this would improve over Harris’ system; rather than store the enormous set of representations
corresponding to possible words of English, the harmony network would store the regularities
that define this set. In addition, it would provide a source of regularity effects in phonological
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processing. For example, if any errors occur in the retrieval process, the harmony network will
eliminate representations that violate phonological regularities.

This augmentation of Harris’ proposal potentially satisfies all three constraints placed on
theories of phonological processing. Harris’ basic proposal satisfies the first and third
constraints, tackling the problems of encoding phonological representations and serial order.
The second constraint is met by the addition of a harmony network, which cleans up the
retrieved memory representations using phonological regularities. An attractive feature of this
proposal is that it provides a functional motivation for the encoding of phonological regularities;
phonological regularities must be encoded to compensate for the compression of phonological
representations within memory.

In future work, I plan to specify this proposal in greater detail, both functionally and
computationally. Until the proposal is specified in this way, many questions remain. Is
similarity between indices a sufficiently powerful mechanism for encoding supra-segmental
representations? Within the context of cleaning up distorted memory representations, is a
harmony network capable of encoding the full range of phonological regularities”? What
mechanisms will allow the harmony network to adapt to new regularities in the environment?
With these caveats in minds, this is the first proposal that may be capable of satisfying the three
constraints on theories of phonological processing mechanisms.

Future directions

The preceding discussion has suggested many avenues for extensions of this work. One
result from Experiment 1 was that a weak gradient sub-segmental regularity did not exert a
significant influence on error patterns; testing with more robust gradient regularities should allow
us to determine if any gradient regularities can be encoded. With respect to Experiment 2,
examination of error biases in additional consonant pairs may distinguish the Instance-Based
theory from the Lexical Distribution and Markedness theories. Finally, within this section, I
have sketched a theory of mechanisms implementing the phonological sub-component; in future
work, I plan to specify the functional and computational details of this proposal.

Finally, it is important to acknowledge that this work has touched on just a tiny fraction of
the enormous space of regularities that are found in language. Having explored sub-segmental
regularities, I plan to turn to regularities at higher levels of linguistic structure (e.g., supra-
segmental). As with the sub-segmental level, different linguistic theories disagree as to the
nature of supra-segmental regularities, providing a rich set of hypotheses for future experiments.
For example, the Instance-Based theory postulates that transitional probabilities are encoded. In
contrast, the Lexical Distribution theory does not encode transitional probabilities, but does
encode the frequency of onset and rime syllable constituents. Testing these contrasting positions
will further constrain theories of what regularities are encoded.

" For example, one problem is that most clean-up memories used with HRRs (e.g., those used by Plate, 1995) are
sensitive solely to properties of the output sequence member. This is clearly insufficient for encoding regularities; if
the harmony network is only sensitive to the output sequence member, it cannot be sensitive to regularities that
involve syllable structure (as these are encoded in the indices). However, there does not appear to be any principled
reason (other than efficiency) to prevent the harmony network from being sensitive to properties of the index as
well.
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Conclusion: Patterns of sound, patterns in mind

Regularities in phonological structure are reflected by the language production system. First,
we have seen that regularity is actively maximized by the phonological sub-component. In
Experiments 1 and 2, we found that errors are biased by regularity; regular structure is more
likely to be produced than irregular structure. Furthermore, the language production system
actively encodes new regularities; in Experiment 1, we found that regularities within the
experiment were encoded by the language production system. These results are consistent with
many other studies (reviewed in section 3). The novel result from the experiments reported here
is the clear evidence that sub-segmental representations are used by the spoken production
system to encode regularities. Although previous studies (reviewed in section 2) have shown
that sub-segmental representations are part of the phonological sub-component, no studies have
shown that such representations were necessary to encode regularities. The data reported in
section 4 cannot be explained by theories that do not encode regularities at the sub-segmental
level. By comparing and contrasting specific alternative theories, we have begun to map the
portion of phonological regularity space that is encoded by the spoken production system.
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APPENDIX A:

CHANCE RATES OF VIOLATING TARGET SYLLABLE POSITION, EXPERIMENT 1

Restricted Control Consonants

In each sequence, there are seven possible positions that a consonant can appear in as an
error (four syllables times two positions yields 8 positions total; one is subtracted because it is
the target position). An error can occur in 4 out of these 7 positions (57.1% of positions) and not
share syllable position with the target. This is the probability that the restricted control
consonant will violate target syllable position by chance.

Unrestricted Consonants

Two of the unrestricted consonants are members of a voiced-voiceless pair (e.g., /k/-/g/).

Since voicing errors are excluded from the analysis, the chance level for unrestricted consonants
must reflect this exclusion. This was done by subtracting 1 error position that violates target
syllable position from 2/3 of the trials. For the remaining 1/3 of the trials, 1 error position that
respects target syllable position is subtracted. The proportions of subtraction for each type of
position result from the design of the set of consonants. In each set, there are 4 consonants
restricted to onset or coda. The remaining 4 unrestricted consonants are therefore distributed
among 2 onset and 2 coda positions. If one unrestricted consonant appears in syllable position
X, the other unrestricted consonants occur equally frequently in the remaining 3 syllable
positions. Thus, any pair of unrestricted consonants (such as the voiced-voiceless pair) share
syllable positions on 1/3 of the trials.

Applying the corrections, each member of the voiced-voiceless pair can appear in 6 possible
positions in a sequence. On average, 3 1/3 of these will violate target syllable position and 2 2/3
will respect it. Summing over both members of the voiced-voiceless pair and the other
unrestricted consonant yields an average of 19 possible positions (6 for each member of the
voiced-voiceless pair plus 7 for the other unrestricted consonant); 10 2/3 (3 1/3 for each member
of the voiced-voiceless pair + 4 for the other consonant) of these will violate target syllable
position. Thus, by chance, 56.1% of the errors on unrestricted consonants will violate target
syllable position.

Restricted Test Consonants

To correct for the presence of the unrestricted similar segment (which shares voicing with the
restricted test consonant), 1 error position which violates target syllable position must be
subtracted from 1/2 of the trials; for the other 1/2, 1 error position respecting target syllable
position is subtracted. The proportions of subtraction for each position result from the design of
the set of consonants (the unrestricted similar segment occurs equally frequently in both onset
and coda). Applying the correction, the restricted segment can appear in 6 possible positions in a
sequence. On average, 3 1/2 of these will violate target syllable position and 2 1/2 will respect it.
The chance of an error violating target syllable position is therefore 3.5/6 or 58.3%.
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APPENDIX B:
DETERMINATION OF REGULARITIES FOR EACH THEORY,

EXPERIMENT 2

For the Markedness theory, I collected a set of cross-linguistic sub-segmental generalizations
from the markedness literature (specifically, from Greenberg, 1966; Kenstowicz, 1994;
Lombardi, 1999; Maddieson, 1984; Paradis & Prunet, 1991b).

The CELEX lexical database (Baayen et al., 1995) was used to calculate the predictions of
the two frequency-based theories. Frequency was based on the frequency of “words” in CELEX,
where “word” was defined as CELEX entries that did not contain all capital letters (or all capital
letters and “s”), spaces, or punctuation marks (this was done to exclude acronyms and phrases).
Frequency counts for CELEX entries are based on the COBUILD/Birmingham corpus, which
contains both written and spoken texts of British and American English from a variety of
sources. All words were counted in type frequency counts, and all words were assumed to have
a log token frequency of at least 1. Frequency counts used here summed across all entries that
were spelled and pronounced in the same way. Pronunciations used were the primary
pronunciations listed in CELEX, corrected for the omission of “ghost-r”” segments in British
English (such ghost segments were replaced with /r/).

The Instance-Based theory required calculation of the frequency of segments in word-initial
position. Following Luce et al. (2000), the log (base 10) weighted frequency of each word in the
database that began with a given segment was summed. This provided the token frequency of the
initial segment. From these raw frequency measures, the relative frequencies of word initial
segments were calculated. The frequencies of all the word-initial phonemes were summed; the
frequency of each individual phoneme was then divided by this number to provide relative
frequency. Second, the Lexical Distribution theory required calculation of the frequencies of
different onsets of stressed initial syllables. Following Frisch et al. (2000), this was calculated
by counting the number of words with a stressed initial syllable with a particular onset. “Null”
was not counted as an onset; that is, onsetless words were excluded from the count. This
provided the type frequencies of onsets of stressed initial syllables. The frequencies of all of
these onsets were then summed, and the frequency of each individual onset divided by this
number to yield the relative frequency of each onset.
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APPENDIX C: PREPARATION OF MATERIALS, EXPERIMENT 2

In selecting the nonword bodies, attempts were made to control for potential confounding
effects. Two controls were introduced for effects of the morphological sub-component. First,
the nonword bodies had to form nonwords when paired with each consonant in a pair. Second,
within each pair, the two nonwords resulting from pairing each consonant with a nonword body
were matched for neighborhood characteristics. Specifically, the resulting nonwords were
matched in terms of the number of monosyllabic CVC words in CELEX (Baayen et al., 1995)
sharing: one, the initial consonant-vowel sequence; and two, the initial and final consonants.
(Note that since the two nonwords share bodies, they are equated in terms of properties of the
vowel and final consonant.)

A second control attempted to eliminate contextual effects. This control made use of the
Instance-Based theory’s claim that regularity is based partly on transitional probabilities.
Vowels in the nonword bodies were selected to control forward and backward transitional
probabilities across the two consonants in each pair (calculated using token frequency). To
control transitional probabilities within the stimulus set, the same consonant was never paired
with the same vowel across pairs (e.g., if a nonword body used with the /t/-/d/ pair starts with

/a/, no nonword body used with the /t/-/s/ pair starts with /a/).

Mean statistics for the nonwords used in each control and test pairs are shown in Tables A1
and A2. It was not possible to perfectly match nonwords on all variables (differences in
variables were examined statistically using paired t-tests). For the control pairs, the nonwords
formed by pairing regular consonants with the nonword bodies had a significantly higher mean
backward transitional probability (t(5) = 3.3, two-tailed p <.02), as well as a significantly higher
number of words sharing the initial consonant and vowel (t(5) = 5.3, p <.004). For the test pairs,
the nonwords formed by pairing the unmarked/infrequent consonants with the nonword bodies
had a significantly higher forward transitional probability (t(5)=2.8, p <.04). All other
differences were not significant (t(5)s < 1).

Table Al. Mean statistics for control pairs, Experiment 2.

Consonant Forward Backward Number of words Number of
type transitional  transitional sharing both initial words sharing
probability  probability* consonant and both initial and
vowel* final consonants
Regular 2.9% 3.8% 8.5 2.7
Irregular 2.9% 1.6% 3.8 1.8
*p <.05
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Table A2. Mean statistics for test pairs, Experiment 2.

Consonant Forward Backward Number of words Number of
type transitional ~ transitional sharing both initial words sharing
probability®*  probability = consonant and vowel  both initial and
final consonants

Unmarked/ 3.0% 6.1% 7.3 2.3
Infrequent
Marked/ 2.2% 5.6% 6 2.8
frequent
*p <.05

Note that these statistics are not matched across pairs; therefore, all statistical comparisons of
error rates are done within pairs.

A further control equated frequency of segments within the experiment, so as not to
introduce any regularity differences within the stimulus set. This was an issue because several
consonants occurred in two pairs, while others (/p, b, s, z/) occur in only one test or control pair.
To equate all consonants for absolute frequency in word initial position, a set of non-critical
control pairs (/p/-/b/ and /s/-/z/) was introduced. Two nonword bodies were created for each of
these pairs, although no attempt was made to control transitional probabilities or neighborhood
density of these items (as such, errors involving consonants within each pair were not analyzed;
e.g., /p/=>/b/ errors were not analyzed).

Consonants in test and control pairs were spelled using single consonants. Final consonants
were spelled using single consonants, except for /{/, spelled “sh”, /0/ spelled “th” and /tf/ spelled
“tch.” Vowels were spelled as shown in Table A3.

Table A3. Spelling of vowels, Experiment 2 stimuli.

Vowel Spelling Example Nonword Example Nonword
Pronunciation Spelling
/a1/ ai, ai-e /paif/ paish
/sarv/ saive
/el e /kev/ kev
/e1/ ay /betf/ baysh
/av/ ow /tauf/ towsh
/al 0 /datf/ dotch
/ou/ 0-¢ /kout/ kofe
@/ a /de0/ dath
1/ ee /dib/ deeb
/o1/ oy [tortf/ toytch
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