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Abstract In the Optimality-Theoretic learnability and acquisition literature it has
been proposed that certain classes of constraints must be biased toward particular
rankings (e.g., Markedness > 10-Faithfulness; Specific [O-Faithfulness > General
[0-Faithfulness). While sometimes difficult to implement efficiently or comprehen-
sively, these biases are necessary to explain how learners acquire the most restrictive
grammar consistent with positive evidence from the target language, and how innova-
tive patterns emerge during the course of child phonological development. This paper
demonstrates that altering the mode of constraint interaction from strict ranking as in
Optimality Theory to additive weighting as in Harmonic Grammar (HG) reduces the
number of classes of constraints that must be distinguished by such biases. Using
weighted constraints and a version of the Gradual Learning Algorithm (GLA), the
only distinction needed is between Output-based constraints, which must be biased
toward high weights, and Input-Output-based constraints, which must be biased to-
ward the lowest weights possible. We implement this distinction within the HG-GLA
model by assigning different initial weights and plasticity values to the two classes
of constraints. This implementation suffices to ensure that restrictive grammars are
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learned, and also predicts the emergence of a variety of attested intermediate stages
during the course of acquisition.

Keywords Phonological acquisition - Learnability theory - Biases - Harmonic
Grammar - Optimality Theory - Gradual Learning Algorithm

1 Introduction

In the Optimality-Theoretic learnability and acquisition literature it has been fre-
quently argued that certain classes of constraints must be biased toward particular
rankings. These biases have two primary motivations: ensuring that restrictive final
grammars can be successfully reached and allowing the intermediate stages attested
in acquisition to emerge. Biases distinguishing between at least four classes of con-
straints have been proposed; these are given in (1).

€8 Four classes of constraints must be distinguished for restrictiveness in OT

learning:

a. Markedness constraints should dominate IO-Faithfulness constraints.
(Demuth 1995; Gnanadesikan 2004; Pater 1997; Smolensky 1996)

b. Specific I0-Faithfulness constraints should dominate General 10-
Faithfulness constraints. (Hayes 2004; Prince and Tesar 2004; Smith
2000; Tessier 2007)

¢.  OO-Faithfulness constraints should dominate Markedness con-
straints. (Hayes 2004; Tessier 2006, 2007; see also McCarthy 1998 for
arguments that OO-Faithfulness should dominate IO-Faithfulness)

While intuitively simple, biases of this sort have proven challenging to imple-
ment. In this paper we show that altering the mode of constraint interaction from
strict ranking as in Optimality Theory (Prince and Smolensky 1993; McCarthy and
Prince 1995) to additive weighting as in Harmonic Grammar (Legendre et al. 1990;
Smolensky and Legendre 2006; Pater 2009; Potts et al. 2010) substantially reduces
the number of constraint classes that must be distinguished in order to ensure restric-
tive learning. Using weighted constraints and a simple GLA-style learning algorithm
(Boersma 1998; Boersma and Hayes 2001; Boersma and Levelt 2003; Boersma and
Pater 2007, 2008) the four constraint classes in (1) can be reduced to the two con-
straint classes in (2).!

2) Only two classes of constraint must be distinguished for restrictiveness in
HG learning:
a. Output-based constraints should be weighted high—high enough to
remain inviolable if necessary.
b. Input-Output-based constraints should be weighted as low as possible.

IThe implementation of high and low weightings for these two constraint classes, and the predictions that
result, will be a central focus of the rest of this paper.
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The class of OUTPUT-BASED CONSTRAINTS includes Markedness and OO-Faithful-
ness. Constraints in this class are unified in two ways: they are able to force deviations
from the input form, and they can be assessed solely with reference to output forms
generated by the grammar. Restrictiveness in HG requires that constraints in this class
be biased toward high weights. INPUT-OUTPUT-BASED CONSTRAINTS include both
General and Specific IO-Faithfulness constraints; restrictiveness requires that these
constraints be biased toward weights that are as low as possible. We implement these
biases in the HG-GLA model developed here by assigning an initial weight of zero—
the lowest possible weight in our model—to Input-Output-based constraints and a
high positive initial weight to Output-based constraints. Additionally, we require that
the weights of Input-Output-based constraints be adjusted more slowly than those
of Output-based constraints, thereby encouraging persistent low weights for Input-
Output-based constraints. We demonstrate for a variety of cases that this is sufficient
to ensure that the final grammar acquired by the gradual learner is restrictive, gen-
erating only forms consistent with the target language. Furthermore, this approach
predicts that a range of attested intermediate stages will naturally emerge during the
course of acquisition, based solely on positive evidence from the target language.

Section 2 presents the model of weighted constraint interaction employed in this
paper and introduces requirements for restrictiveness in Harmonic Grammar, focus-
ing on the need for distinct treatments of Output-based constraints and Input-Output-
based constraints in this framework. Section 3 describes the HG-GLA learner we
adopt and discusses the means by which we implement the distinctions between the
two classes of constraints, illustrating with examples that use Markedness and 10O-
Faithfulness. Section 4 demonstrates how this HG-GLA model predicts the emer-
gence of attested intermediate stages in L1 acquisition, while Sect. 5 compares the
HG-GLA model to previous proposals in the Optimality-Theoretic learnability and
acquisition literature. Section 6 concludes that the HG-GLA is a viable model, offer-
ing certain benefits relative to ranked-constraint approaches.

2 Harmonic Grammar
2.1 The grammar model

Like Optimality-Theoretic grammars, Harmonic Grammars have three components:
GEN, a function that takes an input form and returns a series of output candidates;
CoON, the set of constraints (often taken to be universal); and EVAL, the means of
constraint interaction that serves to select an optimal output candidate from among
the set provided by GEN. The first two components—GEN and CON—are in principle
the same in OT and HG; it is only the mode of constraint interaction—EVAL—that
differs between the two theories.?

2Adopting a model of weighted constraint interaction may well lead to new hypotheses about the nature
of GEN and the contents of CON. A number of recent papers, for example, have explored the possibility of
weighted constraint grammars using positively-formulated constraints and/or language-specific constraints
induced from the observed surface patterns of the target language (e.g., Boersma and Pater 2007; Hayes
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In OT, constraints are strictly ranked. Candidates are assessed based on this hi-
erarchy in a manner such that violations of lower-ranking constraints are relevant
only when higher-ranking constraints alone cannot select a single optimum. The OT
tableau in (3) illustrates:

3) OT strict domination

CL [ c2 | C3
i [A] -
i = (B - i
. [C] -

Here, the highest-ranked constraint—C1—rules out candidate (3.i), which performs
worse on this constraint than either of the other candidates. The decision between
candidates (3.i1) and (3.iii) is then passed down to the next constraint—C2. These two
candidates both violate C2, but (3.ii) does so to a lesser extent than (3.iii), incurring
one violation rather than two. Candidate (3.ii) is thus deemed optimal. According to
the strict-domination logic of OT, the fact that (3.i) does not violate C2 or C3 at all
is irrelevant; (3.i) is ruled out by C1, the highest-ranking constraint, and no virtues
it may display with respect to lower-ranking constraints can redeem it. The gray-
shading of cells reflects this logic. In tableau (3) the cells under C3 are all grayed out,
for example, reflecting the fact that C1 and C2 have already selected an optima from
among the three candidates. (See McCarthy 2002 for thorough discussion of OT’s
strict-domination approach to candidate evaluation.)

In Harmonic Grammar, constraints are weighted rather than ranked and EVAL
operates by selecting the candidate with the highest numeric Harmony value. Each
constraint—C1, C2, C3,..., Cn assigns to each candidate a violation score—
V1, U2, V3, ..., Uy; this violation score is a negative number corresponding to the num-
ber of violations of that constraint. A candidate R’s Harmony (H) is determined
by multiplying each violation score by the corresponding constraint’s weight—
wi, w2, W3, ..., Wy, and then summing as in (4).

@ HR)=vi(RMw; +v2(R)wz + v3(R)w3 + - -+ + vy (R)wy

Following Keller (2000, 2006), we diverge from the original HG proposal by lim-
iting constraint weights to non-negative real numbers (see also Pater et al. 2007;
Prince 2003; and Potts et al. 2010). Since constraint violations are treated as penal-
ties (negative numbers), the highest possible Harmony value for any candidate is zero,
making the optimum the candidate whose Harmony value is closest to zero.

The HG tableau in (5) provides an illustration. The weight of each constraint is
shown immediately below that constraint’s name; in (5), C1 has a weight of 5, C2 has
a weight of 3, and C3 has a weight of 1. The rightmost column calculates the Harmony

and Wilson 2008; Wilson 2006). Our discussion focuses on broad classes of constraints (Output-based and
Input-Output-based) that will likely prove necessary in any constraint-based model of phonology. We thus
take the findings in this paper to be a general argument for a weighted constraints approach, independent
of the specific constraints employed, or the means by which the constraints become part of the learner’s
system.
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value of each candidate. The winning candidate—i.e., the one that has the highest
Harmony—is indicated with the symbol . In (5) the winning candidate is (5.ii),
which wins with a Harmony value of —4, violating C2 and C3 each once; the losing
candidates (5.1) and (5.iii) have lower Harmony values, —5 and —6, respectively.

®) Basic HG additive interaction

Cl C2 C3
w=5|lw=3|w=1 H
N Al =1 —1x5=-5
i [= _IBI] 1 | -1 || 1x3+-Ixl=-4
iii. [C] -2 —-2x3=-6

While the result in (5) is very similar to what would occur within a ranked con-
straint system where C1 > C2 > C3 as in (3) above, this need not be the case. The
additive property of HG allows multiple lower-weighted constraint violations to gang
up to overcome violations of a higher-weighted constraint. Indeed, most of the results
discussed in this paper rely upon this type of cumulative constraint interaction. The
basic type of situation of interest here is schematized in (6), where all that has been
altered from (5) are the weights of C1 (now 4 rather than 5) and C3 (now 2 rather
than 1).

(6) HG additive interaction with gang effect

Cl Cc2 C3
w=4 | w=3 | w=2 H
NN “Ix4——4
" [B] -1 | -1 |[-Ix3+-1x2=-5
iii. [C] -2 —-2x3=-6

Candidate (6.1) violates only C1, and so has a Harmony value of —4. Candidate
(6.i1) violates C2 and C3, giving it a Harmony value of —5, while candidate (6.iii)
violates C2 twice, giving it a Harmony value of —6. The Harmony value of (6.1) is
thus greater than the Harmony value of either (6.ii) or (6.iii), and so (6.1) is selected as
optimal. It is the weighting conditions—i.e., the relationships between the constraint
weights—that are key to this result, not the precise numeric constraint weights per se.
The pattern in (6) emerges because the weight of C1 is less than the summed weight
of C2 and C3, making (6.1) more harmonic than (6.ii), and because the weight of C1
is less than two times the weight of C2, making (6.i) more harmonic than (6.iii).

Crucially, the additive mode of evaluation in HG allows all constraint violations,
including those of low-weighted constraints, to affect the selection of an optimal
output form. Cells in HG tableaux can never be shaded, unlike in the OT tableau
seen earlier, because all violation scores are relevant to the determination of an HG
optimum (compare (3) to (6)). This is the primary difference between HG and OT
modes of EVAL, and plays a crucial role in defining the conditions on restrictiveness
in Harmonic Grammar.
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2.2 Restrictiveness in Harmonic Grammar

More than one set of weighting conditions is often compatible with the observed
output forms of a language. Typically, however, some of these sets of weighting con-
ditions will also generate a range of structures that are not observed in the target
language. The challenge is to find the set of weighting conditions that generates the
types of structures observed in the target and as few unobserved ones as possible—
this is the most ‘restrictive’ grammar possible, given the target language data. In this
section we consider three patterns that provide insight into the conditions associated
with restrictiveness in HG, and clarify the requirements for ensuring that the grammar
does not overgenerate.

The first pattern, and the simplest illustration of the restrictiveness problem, is
found in the interaction of conflicting Output-based Markedness constraints and
Input-Output-based 10-Faithfulness constraints. In the most basic case, where vio-
lations of Markedness and IO-Faithfulness trade against each other in a one-to-one
fashion, the complete illegality of a marked structure in the target language is cap-
tured in HG if the weight of the Markedness constraint is greater than the weight of
the conflicting IO-Faithfulness constraint. This is essentially the same as the M > F
condition that ensures restrictiveness in OT (e.g., Smolensky 1996).

To illustrate, we consider the English ban on onsets composed of a coronal stop
followed by a lateral approximant (for discussion see, e.g., Moreton 2000, 2002).
This prohibition means that input /tl/ consistently maps unfaithfully. In a simplified
system with only two possible forms—/kl/ and /tl/—both of these will map to [kl];
output [tl] should never prove optimal. The conflicting constraints in this case are the
Markedness constraint *TL, which assigns violation marks to onset [tl] sequences,
and the 10-Faithfulness constraint IDENTPLACE, which assigns violation marks to
segments in the output that differ in specification for Place relative to their input
correspondents. All weightings of the two constraints will generate the attested output
[k1] because the mapping /kl/ — [kI] violates neither of the constraints. The weighting
condition in (7) is necessary, however, if we are also to ensure that input /tl/ sequences
never surface faithfully—i.e., that surface [tl] is banned.

@) Banning [tl] requires that the weight of MARKEDNESS be greater than the
weight of 10-FFAITHFULNESS
w(*TL) > w(IDENTPLACE)

When this condition is met, as in (8), the language is one that, like English, lacks
coronal stop + lateral onset sequences in its output inventory.

®) Itl/ sequences are banned in the output when w(M) > w(F)

*TL IDENTPLACE

L7 | I i H
i || —1 —1x3=-3
BRI —1 —Ix1=—1

ii.

While the HG weighting conditions and the OT ranking conditions that lead to
restrictiveness in this case are essentially the same—Output-based Markedness con-
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straints must have higher weights or rankings than Input-Output-based Faithfulness
constraints—the restrictiveness requirements of the two models begin to diverge
when further interacting constraints are added. The rest of this section considers the
consequences of including additional Output-based constraints that are violated un-
der pressure from either Input-Output-based constraints or other Output-based con-
straints.

The first case adds an Output-based constraint that is readily violated in the target
language under pressure from IO-Faithfulness. We illustrate this with a slight expan-
sion of the English scenario described above, through the addition of the Markedness
constraint *K which is violated by any dorsal stop in the output. While *TL is invi-
olable in English, *K is regularly violated and many instances of output dorsal stops
are observed. Modeling the admissibility of dorsal stops is a straightforward matter of
ensuring that the weight of IDENTPLACE is greater than the weight of *K. With this
in place, however, guaranteeing that coronal stops are still disallowed before later-
als is no longer as simple as maintaining the w(*TL) > w(IDENTPLACE) weighting
condition discussed above. Like IDENTPLACE, *K prefers that input /tl/ sequences
not map to [kl] in the output. It is thus possible for *K and IDENTPLACE to gang up
and overcome the weight of *TL, resulting in an insufficiently restrictive grammar
that admits coronal stops before laterals in the output.

9 Non-restrictive: /tl/ sequences are allowed in the output when w(IDENT)
+ w(*K) > w(*TL)

*TL IDENT *K
n w=3| w=2 | w=2 H
] -1 —1x3=-3

k1 —1 —1 —1x24+-1x2=—-4

i
i.

For the grammar to be restrictive, the weight of the inviolable Markedness con-
straint *TL must be greater than the summed weight of IDENTPLACE and the vio-
lable Markedness constraint *K. More generally, the weight of any inviolable con-
straint must be greater than the summed weights of all conflicting Faithfulness and
Markedness constraints in order for restrictiveness to be maintained.

(10) Restrictive: /tl/ sequences are banned in the output when w(*TL) > w(IDENT)

+ w(*K)
£ £
m TL | IDENT K I
w= w=1 | w=1
i tl -1 —1x3=-3
i L=kl -1 —1 —Ix1+-1x1=-2

This clearly contrasts with the OT scenario. If *TL is the highest-ranked constraint
in an OT grammar, strict domination ensures that a candidate that violates *TL (like
(9.1)) will never be optimal compared to one that satisfies it (like (9.ii)).

The second expanded scenario also adds an Output-based constraint that is reg-
ularly violated—in this case, however, the violation is due to pressure from another
Output-based constraint. We illustrate with an example based on Modern Greek. In
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Modern Greek, the marked palatal segments [¢] and [j] are in complementary distri-
bution with the velars [x] and [y]; the palatals appear just before front vowels, while
the velars appear in all other contexts (Kazazis 1972). This distribution is illustrated
below using verbal paradigms that show this alternation. (We return to this data in
Sect. 3.1 and Sect. 4.)

(11 Greek palatal-velar alternations in the imperfect present tense
(Kazazis 1969:384)
“to have”—imperfect present tense  “to leave”—imperfect present tense

Isg [éxo] 1pl [éxume] Isg [févyo] 1pl [févyume]
2sg  [é¢is] 2pl [écete] 2sg [févjis] 2pl [févjete]
3sg  [éci] 3pl [éxune] 3sg  [févji] 3pl [févyune]

As with other patterns of complementary distribution, two Markedness constraints
are necessary to capture this pattern. We use a Specific Markedness constraint mili-
tating against velars before front vowels (*XI) and a General Markedness constraint
disfavoring palatal segments (*C). These Markedness constraints conflict with each
other, and with the IO-Faithfulness constraint IDENTPALATAL. In the properly re-
strictive grammar, however, IDENTPALATAL should not affect whether a velar or
palatal continuant appears in a given context; the distribution of the two places of
articulation should be determined entirely by the Markedness constraints.

In order to capture this distribution in HG, the weight of specific *XI must be
greater than the weight of general *C, and the weight of both Markedness constraints
must be greater than the weight of IDENTPALATAL. This alone is not necessarily ade-
quate, however, as (12) shows. While the OT ranking that corresponds to the weight-
ing in (12) would achieve the correct results, cuamulative constraint interaction makes
the HG scenario more complex.

(12) Non-restrictive: /xi/ sequences are allowed in the output when w(*C) +
W(IDENT) > w(*XI)

*X1 *C IDENTPAL
w=4 | w=3 w=2
= Xi -1 —1x4=—-4

¢ci —1 —1 —1Ix34+—-1x2=-5

/xi/ H

i
ii.

Both *C and IDENTPALATAL prefer that input /xi/ sequences map faithfully to
[xi] in the output; these constraints can therefore gang up to overcome the weight
of *XI, resulting in an insufficiently restrictive grammar that admits velar fricatives
before front vowels. The properly-restrictive grammar requires that the weight of
*XI, which is never violated in the output, be greater than the summed weight of *C
and IDENTPALATAL (13.a). This is a further case of the general requirement seen in
the previous example: for restrictiveness to be ensured, the weight of an inviolable
constraint must be greater than the summed weights of the conflicting Output-based
and Input-Output-based constraints.

(13) Necessary weighting conditions for restrictiveness in Modern Greek

a.  w(*XI) > w(*C) + w(IDENTPAL)
b. w(*C) > w(IDENTPAL)
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(14) Restrictive: /Xi/ sequences are banned in the output when w(*XI) > w(*C)

+ w(IDENT)
. *X1 *C IDENTPAL
Pl w=4 | w=2 w=1 H
i xi -1 —1x4=-4
i. [ ¢ -1 —1 —1Ix24+—-1x1=-3

The difference between the Modern Greek and English scenarios lies in the rel-
ative weightings of the two lower-weighted constraints. In the Modern Greek case,
the weight of *C is greater than that of IDENTPALATAL, and so /¢/ maps faithfully
only when it appears before a front vowel—i.e., when faithful mapping allows invi-
olable *XI to be satisfied. The distribution of the marked segment [¢] is determined
by Markedness, not by Faithfulness, and so the weight of *C must be greater than the
weight of IDENTPALATAL. This w(MARKEDNESS) > w(IO-FAITHFULNESS) con-
figuration results in a scenario that is ultimately more restrictive than the one observed
in English. English [k], unlike Modern Greek [¢], is admitted in any environment, and
so the facts of the target language demand that the weight of the IO-Faithfulness con-
straint be greater than the weight of Markedness in this case.

While English and Modern Greek differ in the weighting conditions affecting the
violable constraints, in both cases restrictiveness requires that the weights of Output-
based constraints that are never violated in the language—*XI and *TL—be greater
than the summed weight of the conflicting constraints that are violated at least some-
times in the language. Put more generally, restrictiveness requires that the weights
of violated constraints (whether Output-based or Input-Output-based) be low enough
that, even cumulatively, they do not overcome the weights of inviolable Output-based
constraints. Further restrictiveness is achieved when, among the constraints that are at
least sometimes violated, the weights of Output-based constraints are greater than the
weights of conflicting Input-Output-based constraints. The weights of Input-Output-
based constraints should therefore exceed those of Output-based constraints only
when necessary to account for the observed language data, as with the English case.
Our first statement of these restrictiveness conditions was given in the introduction
in (2); it is repeated below in (15):

(15) Requirements for restrictiveness in HG

a.  Output-based constraints should be weighted high—high enough to re-
main inviolable if necessary.
b.  Input-Output-based constraints should be weighted as low as possible.

Importantly, only two classes of constraints are distinguished here: Input-Output-
based constraints and Output-based constraints. It is our conclusion that this simple
two-way distinction is adequate for restrictiveness in Harmonic Grammar. As Sects. 4
and 5 discuss, additional classes of constraints such as Specific I0-Faithfulness and
OO0-Faithfulness do not need to be distinguished in this model. First, though, Sect. 3
describes an algorithm that aims to bring (15) home to the learner while relying only
on positive evidence.
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3 Learning a restrictive Harmonic Grammar with the GLA

The statement in (15) is something of a heuristic: it captures the biases we want our
final grammar to have, not how it will come to have them. If a full range of positive
and negative evidence is available, finding a restrictive set of weights is a relatively
straightforward matter (see Potts et al. 2010 for discussion). However, the actual task
facing the language learner is rather more complex; children only encounter forms
that are part of the language they are learning (positive evidence), and they encounter
these forms gradually over time. Furthermore, children have no means of knowing a
priori whether a given constraint is violated or not in the target language.

This section spells out our proposal for a restrictive HG learner that implements
the biases in (15) while gradually learning on the basis of positive target language
evidence. Section 3.1 begins with the initial state: the grammatical starting point that
instantiates the bias in its unadulterated form, before the influence of any language-
specific evidence. Section 3.2 describes the learning procedure itself: the HG-GLA
(Boersma and Pater 2007, 2008; Boersma and Weenink 2009). We then demon-
strate that the bias must be imposed continually throughout learning, and implement
this persistent bias through differences in constraint plasticity (how and why is the
province of Sect. 3.3). Finally, Sect. 3.4 draws together the results of this section, and
presents the details of the learner simulations that follow in Sect. 4.

3.1 The biased initial state in HG

As discussed in Sect. 2.2, restrictive constraint-based grammars require that, in
the absence of target language evidence to the contrary, Markedness constraints
have weights or rankings higher than those of IO-Faithfulness constraints (see
Smolensky 1996; Prince and Tesar 2004). Beyond coinciding with the require-
ments of restrictive adult grammars, this initial configuration of the constraints ac-
cords well with a wealth of evidence from children’s earliest productions. By and
large, early grammars tolerate much less markedness than their adult counterparts,
a fact that is implemented through MARKEDNESS > IO-FAITHFULNESS initial
states in the OT literature (see, among others, Curtin and Zuraw 2002; Demuth
1995; Gnanadesikan 2004; Hayes 2004; Kehoe and Stoel-Gammon 1997; Pater 1997;
Stampe 1973).3 In this paper, we have generalized this requirement, biasing all
Output-based constraints (OO-Faithfulness as well as Markedness) to have weights
greater than all I0-Faithfulness constraints in the initial state.*

3 An initial w(MARKEDNESS) > w(IO-FAITHFULNESS) bias to model this type of child data is suggested
for Maximum Entropy OT—a related weighted constraint system—by Goldwater and Johnson (2003) and
Jager (2007).

4Hale and Reiss (1998) argue that IO-Faithfulness constraints must outrank Markedness constraints in the
initial state of OT grammar learning. Under these assumptions, errors in children’s early productions are
attributed to performance factors rather than to the grammar per se. While it is true that young infants are
often able to perceive contrasts that are absent from the target language (e.g., Werker and Tees 1984), it
is not the case that children’s underlying representations consistently match those of adults (e.g., Macken
1980; Velleman 1988). Furthermore, it has been shown that constraint-based learners who can perceive
faithfully need not have equally-faithful production grammars (Smolensky 1996; Tesar 1997; Tesar and
Smolensky 1998, 2000; Pater 2004).
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A simple illustration of the effect of an initial w(OUTPUT-BASED) > w(INPUT-
OUTPUT-BASED) bias comes from a target language that includes a particularly
marked segment in its inventory—for example, the Modern Greek palatal fricative
[¢]. This is a relatively uncommon segment cross-linguistically (Ladefoged and Mad-
dieson 1996), and it is highly unlikely that a child acquiring such a language would
include it within his or her initial inventory, especially in contexts where it precedes
a non-front vowel. According a higher initial weight to the Markedness constraint *C
than to the IO-Faithfulness constraint IDENTPALATAL is a first step in capturing this
dispreference.

As Sect. 2.2 demonstrated, however, simply assigning higher weights to Marked-
ness constraints than to 10-Faithfulness constraints is inadequate to ensure that the
marked segment will be excluded in HG. The possibility of cumulative constraint in-
teraction makes it necessary to define the weighting conditions more precisely. Our
first question is thus: in the initial state, what should the constraint weights be?

There are two components to this answer, both of which come from the statement
of restrictiveness given in (15). To ensure that the grammar does not overgenerate,
Input-Output-based constraints must be weighted as low as possible. In the current
model, where constraint weights are limited to non-negative real numbers, this low-
est possible weight is zero. Output-based constraints, for their part, must have high
weights. Because there is no upper-limit on constraint weights, ‘high’ cannot be pre-
cisely defined. The specific value required in order to ensure that Output-based con-
straints that are never violated in the target language remain inviolable will depend
on a variety of factors, including the number and nature of the constraints that are
hypothesized to be part of CON. For the cases discussed in this paper, however, an
initial weight of 100 for Output-based constraints is adequate.

(16) Initial state: ~ w(OUTPUT-ORIENTED) e.g., w(*¢), w(*XI): 100
w(INPUT-OUTPUT-ORIENTED)  e.g., w(IDENTPALATAL): 0

Assuming that learners begin by attempting to faithfully reproduce observed sur-
face forms (cf. Smith 1973; Hayes 2004; Pater 1997),5 the Modern Greek learner
will have to contend with input forms like /¢éri/ ‘hand’ that contain palatal fricatives.
As (17) shows, the initial state from (16) will result in errors that place a priority
on Output-based (Markedness) pressures, as is generally seen in child language. The
target output is not consistently selected by this initial-state grammar; instead the two
candidates in this tableau are tied, with equal Harmony values. Faced with multiple
equally harmonic outputs, the speaker randomly selects and produces one of the win-
ners. As a result, the non-target-like velar form, i.e., /¢éri/ — *[xéri] (17.ii), will be
selected as optimal with .5 probability.®

SWe abstract away, here, from various complicating details; not least of all, what learners observe of
surface forms is only an acoustic signal, and not a full phonological representation (see Tesar 1997;
Boersma 1998; and Tesar and Smolensky 1998, 2000 for discussion).

6Application of noise to the constraint weights as in stochastic OT (Boersma 1998; Boersma and Hayes
2001) is an equally effective means by which the learner might choose between outputs in (17), and may
well have additional benefits for learning with more complex systems (Boersma and Pater 2008). For
the relatively simple cases discussed here, the random selection approach is adequate. For learning paths
similar to those in Sect. 4 simulated using the noisy HG-GLA, see Jesney and Tessier (2009).
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a7)

i
ii.

Initial-state treatment of Greek fricatives: Markedness determines the real-
ization of ¢/

*C

*XI

IDENTPAL

feeril 1 = 100|w = 100] w=0 H
1= ¢éri —1 —1 x 100 =—-100
&= xéri 1 - “1x100+—1x0=—100

Choosing the non-target-like output in (17) will lead us to learning in Sect. 3.2
below. This relies, however, on the initial-state grammar selecting an optimum based
solely on Output-based considerations. In (17), the IO-Faithfulness constraint IDENT-
PALATAL has an initial weight of zero and therefore cannot affect the outcome in any
way. The situation would be rather different if IO-Faithfulness did not begin with the
lowest possible weight. If IDENTPAL were weighted even at 1, it would be able to

gang up with *XI and cause the target palatal form to consistently surface.’

(18) Consequence of IDENTPAL weighted at 1: no errors
‘. *C *XI |IDENTPAL
feen/ ) 100w =100] w=1 H
eI —1 x 100 = —100
ji, | xer —1 —1_ [[Z1x100+ —1x 1=—-101

Given this alternative initial state where Input-Output-based constraints do not
have the lowest possible weight, the correct (but marked) output [¢éri] is selected
from the very beginning. This is an undesirable result for two reasons. First, the
child’s grammar is consistently producing output forms with the marked segment [¢],
contrary to the patterns generally observed in acquisition. Second, in the absence of
errors, no changes to the initial constraint weights are motivated. With the constraint
weights remaining unchanged, the adult grammar is clearly unrestrictive, allowing
velar fricatives to surface faithfully before front vowels, breaking the target pattern
of complementary distribution.

(19) Without learning: final grammar unrestrictive in the face of illicit velars
.. *C *XI |IDENTPAL
e/l 100w = 100] w=1 H
i céri -1 -1 —1x100+—-1x1=-101
i, [= xéri —1 —1x 100=—100

Restrictiveness in HG requires that the weights of Output-based constraints be
high while the weights of Input-Output-based constraints be kept as low as possible;
in the initial state, before any learning has occurred, this lowest possible weight for
Input-Output-based constraints is zero. As the contrast between (17) and (18) shows,
this initial weight of zero for Input-Output-based constraints is necessary to ensure

7A similar problem exists for error-driven OT learning algorithms that pool the marks of tied constraints
(see Jesney and Tessier 2007).
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that the productions of the beginning learner’s grammar are driven by Output-based
considerations.

3.2 The Gradual Learning Algorithm for HG

Because Harmonic Grammar is a weighted constraint system, it is natural to con-
sider a learning algorithm that will gradually adjust the weights of constraints on the
basis of the target language to which the learner is exposed. Here we adopt a ver-
sion of the Gradual Learning Algorithm (Boersma 1998; Boersma and Hayes 2001;
Boersma and Levelt 2003), which initially applied this type of approach to ranked
OT grammars, and has been more recently applied to Harmonic Grammars (Boersma
and Pater 2007, 2008; Boersma and Weenink 2009).

As Boersma and Levelt (2000, 2003) demonstrate with ranked constraints, the
GLA is sensitive to the frequency of different types of input-output pairs and can
replicate the stage-like development seen in child language (see also Curtin and Zu-
raw 2002). Like some other algorithms (notably Error-Driven Constraint Demotion—
Tesar and Smolensky 1998, 2000), the GLA responds to each piece of data as it is
encountered rather than waiting for all relevant data before altering the grammar. Fur-
thermore, the GLA does not require that mark-data pairs be stored for use in learning
over time; only the numerical constraint values are retained (cf. the BCDA of Prince
and Tesar 2004, and the LFCD algorithm of Hayes 2004). The combination of Har-
monic Grammar and the GLA presented here retains the benefits identified in earlier
work, and also converges in certain cases that are problematic with ranked constraints
(Boersma and Pater 2008; Pater 2008). We return to explicit comparisons in Sect. 5.

The GLA treats constraints as arrayed along a continuum like that in (20) below:

(20) Cl 2 C3
@ @ @
4.73 391 2.78

In a strict-domination OT system, these numerical values are converted to a ranking
on each application of EVAL; in a weighted constraint system, no conversion is nec-
essary. Instead, the numerical values associated with the constraints are simply taken
as their weights, and evaluation occurs as discussed in Sect. 2.1.

The assignment of numerical values to constraints allows for gradual adjustment
of the constraints’ relative importance in the grammar based on evidence from the
target language. In the GLA, this adjustment is error-driven, with learning triggered
whenever there is a mismatch between the forms found in the ambient language and
those produced by the learner’s current grammar—such as the /¢éri/ — *[xéri] map-
ping of the previous section. Learning occurs only in this type of mismatch scenario;
no negative evidence, implicit or explicit, is used.

To illustrate the workings of the GLA we return to the Greek example, where the
choice between two outputs in the initial state has resulted in the wrong fricative used
before front vowels:
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21 Initial-state treatment of Greek fricatives: making an error

L. *C *XI |IDENTPAL
feénil |l — 100 | w=100] w=0 H
L1V céri|| L—1 —1 x 100 = —100
i, [*= xéri W —1 W—-1 |[[-1x100+—1x0=—-100

Selection of a non-target form is an error from which learning can occur. We fol-
low Tesar and Smolensky (1998, 2000); Prince (2002); Becker (2009); and Potts et
al. (2010), in labelling the desired target form—[céri] in (21)—the winner; this label
reflects the fact that in the target grammar this form will win in competition against
all other candidates. It is marked in tableau with the symbol ‘v"’. Conversely, the non-
target form that the learner produces—[xéri] in (21)—is labelled the loser, since in
the target grammar this form will lose out to the winner. It is marked in tableaux with
the symbol ‘==, consistent with the fact that is the optimal output according to the
current grammar. Ws and Ls, indicating whether each constraint ‘prefers’ the winner
or loser, are added to the constraint violations (see Prince 2002 on this notation).

Given an error from which to learn and a set of initial constraint weights, the Har-
monic Grammar version of the Gradual Learning Algorithm (the HG-GLA) adjusts
these weights until the target form and the form produced by the learner are identical.
This is accomplished by increasing the weight of constraints that prefer the winner,
and decreasing the weight of constraints that prefer the loser. For the error in (21),
this means increasing the weights of *XI and IDENTPALATAL, and decreasing the
weight of *C.

The precise formulation of the HG-GLA procedure is given in (22)—for discus-
sion, see especially Boersma and Pater (2008).2

(22) HG-GLA learning procedure °

a.  The learner is given an input form and a corresponding ‘winner’ output
form, W, from the ambient language.

b. The learner takes the input and feeds it to its grammar to determine
which output candidate the current grammar deems optimal.

c. If the output candidate selected by the current grammar is identical to
the observed output W, the grammar remains unchanged.

d. If the output candidate selected by the current grammar is not identical
to W (i.e., there is an error), then this output is deemed a ‘loser’ L, and
the weight w; of each constraint C; is adjusted by:

8The HG-GLA procedure differs from that applied to ranked constraints—i.e., the OT-GLA (Boersma
1998; Boersma and Hayes 2001; and also Boersma and Pater 2008)—in adjusting the constraint values
by an amount that varies based on the difference between the violation scores of the winner and the loser
(v; (W) — v;(L)). This is necessary because in HG multiple violations of a single lower-weighted con-
straint can gang up to overcome a single violation of a higher-weighted constraint, making the number
of violations of each constraint directly relevant. As Pater (2008) notes, the HG-GLA update rule is the
Perceptron update rule of Rosenblatt (1958). See Boersma and Pater (2008) for simulations and further
discussion.

IWe are grateful to an anonymous reviewer for careful improvement of this procedure.
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° subtracting the violation score of the loser, v; (L) from the viola-
tion score of the winner, v; (W);
multiplying the result by a plasticity value r, where r > 0;
adding the resulting product to the weight of the constraint:
i = w; M 4 r (ui (W) = vi (L),

In our current example the first constraint, *C, is violated once by the winner
and not at all by the loser; subtracting the violation score of the loser, 0, from the
violation score of the winner, —1, gives a value of —1. The same calculation for *XI
and IDENTPALATAL, each of which are violated once by the loser and not at all by
the winner, gives a value of +1.

(23) Grammar with non-target-like output selected

- *C *XI |IDENTPAL
feri/ w=100lw=100] w=0 H
i v ¢éri (winner) —1 —1x100=—-100
i = xéri (loser) —1 —1 —1x1004+ -1 x 0=-100
v(W) —v(L): —1 +1 +1

Multiplying these values by the plasticity r and adding the product to the initial con-
straint weights has the result of decreasing the value of *C and increasing the value
of *XI and IDENTPALATAL. This is the desired effect that we began with, and it
is the general GLA pattern: given an error, the HG-GLA consistently increases the
weights of winner-favoring constraints and decreases the weights of loser-favoring
constraints.

Assuming that r is small, a single application of the HG-GLA procedure changes
the output of the grammar very little, merely moving the Harmony scores of the win-
ner and loser slightly closer together. If inputs are consistently fed to the procedure
in (22) above, however, the accumulation of small adjustments will eventually bring
the grammar to the point where no new errors are made. When the target form and the
form produced by the learner are identical, constraint weights are no longer adjusted.
To simulate this full learning path, one more piece of the story is required: a precise
value for r. As Sect. 3.3 explains, it is through adjustments to this plasticity value
that we perpetuate the initial-state bias discussed in Sect. 3.1.

3.3 Biased plasticities in the HG-GLA

The HG-GLA procedure will alter the initial weights of the constraints based on pos-
itive evidence from the target language. Ensuring restrictiveness in the final gram-
mar according to the guidelines in (15), however, requires that the weights of Input-
Output-based constraints remain as low as possible, while the weights of unvio-
lated Output-based constraints remain high. We propose that this bias is perpetuated
through different plasticity values associated with the two types of constraints; in par-
ticular, the plasticity of Input-Output-based constraints must be smaller than that of
Output-based constraints, causing them to move only slowly from their initial weight
of zero. As we will show, this difference allows Input-Output-based constraints to
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retain relatively low weights even when they are crucially satisfied in the target lan-
guage, thereby preventing undesirable gang effects that threaten restrictiveness. (For
discussion of persistent biases in ranked-constraint learning, see Prince and Tesar
2004; Hayes 2004; Tessier 2007.)

To show the necessity of this persistent bias, we return to the previous English-
based example from Sect. 2.2. The target language here typically allows a place con-
trast between [t] and [k], but strictly disallows clusters composed of a coronal stop
followed by a lateral (*TL). With the constraints from Sect. 2, the target language
requires the weighting conditions in (24).

24) a. w(IDENT) > w(*K) ... dorsal (and coronal) place is generally
permitted.
b. w(*TL) > w(IDENT) + w(*K) ... except before laterals, where coronals are
disallowed.

For this target language, the learner’s errors in the initial state will come from
attempts to repair marked non-coronal place—e.g., /ka/ — [ta]. As illustrated below,
these errors are a consequence of the initial weight of the Markedness constraint
*K being greater than the initial weight of the conflicting IO-Faithfulness constraint
IDENTPLACE, counter to the target weighting condition (24.a).

(25) Errors result in w(*K) decreasing and w(ldentPlace) increasing

*TL *K IDENTPLACE
fkal w=100|w =100 w=0 H
i v ka L-1— —1 x 100 = —-100
i | ta «~ W -1 —1x0=0

Given the HG-GLA learning procedure, these errors result in the weight of the
loser-favoring constraint *K decreasing, indicated with ‘—’, and the weight of the
winner-favoring constraint IDENTPLACE increasing, indicated with ‘<-’. Because
no [tl] sequence is ever observed in the target language, *TL is not implicated in any
errors and its weight remains unchanged. Continuous adjustments to the weights of
*K and IDENTPLACE will eventually allow the weight of IDENTPLACE to overcome
the weight of *K, reflecting the pattern in (24.a) and causing learning to cease. This
leaves open the question, however, of whether this end state will be sufficiently re-
strictive when faced with input forms that contain illicit /tl/ sequences that were never
observed during the course of learning. In other words, will this end state also reflect
the pattern in (24.b)?

In fact, the desired restrictive result is only ensured if the weight of IDENTPLACE
remains low enough that it cannot gang up with *K to overcome the weight of the
Output-based constraint *TL that is never violated in the target language. Simply as-
signing different initial weights to Input-Output-based and Output-based constraints
is not adequate to ensure this; the low weight of Input-Output-based constraints must
be perpetuated. We model this by assigning a lower plasticity value to Input-Output-
based constraints than to Output-based constraints, thereby ensuring that the weights
of Input-Output-based constraints move away from zero relatively slowly. We will
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ask shortly exactly how much more slowly the weights of Input-Output-based con-
straints must change in order to ensure restrictiveness, but for now we will assign a
plasticity of rjo = 0.2 to Input-Output-based constraints and a plasticity of ro = 1.0
to Output-based constraints. These plasticities mean that every time the HG-GLA
learner processes the error in (25), the weight of *K will decrease by 5 times as
much as the weight of IDENTPLACE increases. A single error will therefore adjust
the grammar as in (26) below.

(26) Adjusted grammar with biased plasticities after one error

*TL *K IDENTPLACE
fkal w=100| w=99 w=0.2 H
i v ka L-1— —1 x99 =-99
ii. I ta «~ W —1 —1x02=-0.2

Repetition of this process will eventually bring the learner to a stable end state
with the representative constraint values in (27).10 No further errors are made at this
stage, so no further learning will occur.

27 End state with biased plasticities—correct output for observed data

*TL IDENTPLACE *K
Ikal w =100 w=16.8 w=16 H
i v ka -1 —1x16=-16
ii. ta —1 —1x16.8=-16.8

The crucial point now is the treatment of forms like /tla/ that are never encountered
during learning. As (28) shows, when such an illicit form is submitted to this grammar
it is properly rejected; the end-state grammar is appropriately restrictive.

(28)  End state with biased plasticities—restrictive

*TL |IDENTPLACE| *K
Mal N 100 w=168 |w=16 H
i V= kla —1 -1 ||-1x16.8+—1x16=-32.8
i, tla —1 —1x100=-100

This restrictive result is dependent upon the use of biased plasticities. To see this,
we can compare the situation above to the behavior of a learner where Output-based
and Input-Output-based constraints have identical plasticities—i.e., » = 1 for both
classes of constraints; this alternative learner will not be able to reproduce the pattern
in (28). For this second learner, the error in (25) still causes the weight of IDENT-
PLACE to increase until it becomes greater than the weight of *K, but the resulting
constraint weights are much higher than they were in the previous case.

10Comprehensive details of simulations in Praat (Boersma and Weenink 2009) are given in Sect. 3.4.
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(29) End state with r = 1.0 for all constraints—still correct output for observed

data
*TL IDENTPLACE *K
Ikal w =100 w=>51 w =49 H
i v ka -1 —1x49=-49
ii. ta —1 —1 x51=-51

As (29) shows, these weights work well for the observed data, but they do not treat
unobserved marked structures properly. When fed the novel input /tla/ as in (30),
outputs [kla] and *[tla] have equal Harmony scores. The result is a non-restrictive
grammar with free variation between [kl] and [t]] onsets. While the grammar learned
using the same plasticity value for all constraints selects the correct output for attested
forms, it is not restrictive enough to rule out faithful mappings for input forms with
unattested /tl/ onset sequences.

(30) End state with r = 1.0 for all constraints—unrestrictive

*TL |IDENTPLACE| *K
Mal 100 w=51 |w=49 H
i V™= kla -1 —1 ||[-1x51+—-1x%x49=-100
i, = ta -1 —1 x 100 = —-100

The general danger illustrated here is that Output-based constraints whose values
are unaffected by the learning process (like *TL) may not remain inviolable in the
face of gangs of constraints whose weights have been adjusted during the learning
process (like IDENTPLACE and *K in (30) above). The crucial element here is the
crossover point for winner- and loser-favoring constraints whose relative weighting
is reversed in the course of learning—here, the point at which the weight of IDENT-
PLACE exceeds that of *K. Assuming that these constraints are not implicated in any
other errors, it is at this point that the weights of these constraints stop changing. If
the sum of the weights of IDENTPLACE and *K at the crossover point is equal to or
greater than the unchanged weight of *TL, the end-state will not be sufficiently re-
strictive. When r = 1.0 for all constraints, the summed weights of IDENTPLACE and
*K at the crossover point is 100—the same weight as *TL—which leads to the unre-
strictive result seen in (30). If ro = 1.0 for Output-based constraints and rjo = 0.2 for
Input-Output-based constraints as in (28), however, the summed weights of IDENT-
PLACE and *K at the crossover point is 32.8; this is less than the weight of *TL, and
the result is appropriately restrictive.

Assigning a lower plasticity value to Input-Output-based constraints than to
Output-based constraints systematically lowers the crossover point for conflicting
constraints, keeping the weights of Input-Output-based constraints low and reducing
the likelihood of undesirable gang effects. Insofar as we have been able to determine,
ensuring restrictiveness through this means requires two things. First, the crossover
point for any set of constraints must be low enough that even if all of the Input-
Output-based constraints were able to gang up with all of the violable Output-based
constraints they would not be able to overcome the weight of an inviolable Output-
based constraint. It is not possible to set a single crossover threshold, because the
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crucial comparison is between the weight of unviolated Output-based constraints and
the summed weight of all constraints that prefer an intended loser, which cannot be
determined a priori. The plasticity rio of Input-Output-based constraints must there-
fore be less than the plasticity ro of Output-based constraints divided by the product
of the number of Output-based constraints (np) and the number of Input-Output-
based constraints (r10).!!

3D Plasticity of Input-Output-based constraints required for restrictiveness
ro

ro<< ——m
nio X no

Second, the plasticity ro of Output-based constraints must be small enough rela-
tive to initial constraint weights to ensure that learning is gradual; an Output-based
constraint should only attain a weight less than the summed weight of all of the
Input-Output-based constraints after multiple learning trials.'? Given the number of
constraints used in our simulations, setting the plasticity to 1 for Output-based con-
straints and to 0.2 for Input-Output-based constraints ensures restrictiveness in all of
the cases discussed here.!?

3.4 Simulations and summary

The previous three sections presented the details of the learner that we use to model
the restrictive and gradual acquisition of Harmonic Grammars. Two classes of con-
straints are distinguished in this model: Output-based constraints and Input-Output-
based constraints. Restrictiveness in the end-state grammar requires that the weights
of Input-Output-based constraints be kept as low as possible and that the weights of
Output-based constraints that are never violated remain high. We implement this re-
quirement in two ways within the framework of the error-driven HG-GLA (Boersma
and Pater 2007, 2008; Boersma and Weenink 2009). First, the initial weights of the
two classes of constraints are distinguished: Input-Output-based constraints have an
initial weight of 0, while Output-based constraints have a high initial weight. Second,
the plasticity of Input-Output-based constraints is less than that of Output-based con-
straints, serving to keep the weights of Input-Output-based constraints relatively low
throughout learning.

The learning paths that we report in the rest of this paper are based on HG-GLA
simulations conducted in Praat (Boersma and Weenink 2009). We employ the ‘Lin-
earOT’ decision mode (cf. Keller 2000, 2006), which limits constraint weights to

1This assumes that constraint violations trade in a strictly one-to-one fashion. The addition of noise
introduces further complications that we do not address here.

2 Thanks to an anonymous reviewer for pointing out the importance of the relationship between the initial
constraint weights and the plasticity of Output-based constraints.

13 An alternative method of implementing this persistent bias, suggested to us by Adam Albright, is expo-
nential decay of constraint weights. On this account, constraint weights would be independently decreased
with each application of the learning procedure, on top of any adjustment accorded by the update rule
in (22). For independent discussion and related results, see Magri (2007); for a suggestion of how de-
cay might be used to handle outstanding issues relating to later morphophonological learning see Hayes
(2004:189) and Tessier (2007:281-283).
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values greater than or equal to zero (weights of less than zero are interpreted as zero
in this approach). With this decision mode, the HG-GLA procedure in (22) corre-
sponds to Praat’s ‘Symmetric All’ re-ranking strategy. In all of our simulations, plas-
ticity is set to 1.0 for Output-based constraints (Markedness and OO-Faithfulness)
and to 0.2 for Input-Output-based constraints (IO-Faithfulness); this plasticity is not
altered during the course of learning (‘Number of plasticities’ = 1). For simplic-
ity, no noise is added to the constraint weights (‘Evaluation noise’ = 0); as alluded
to earlier, however, a noisy version of Harmonic Grammar typically achieves re-
sults similar to those reported here (see Jesney and Tessier 2009 for an example).
Readers who wish to replicate these simulations, and those in Sect. 3.3, can do so
using the input files available at: http://www.ualberta.ca/~annemich/JesneyTessier_
GLACollections/.

4 Restrictive HG-GLA learning and intermediate stages in language
acquisition

The discussion in Sect. 3 focused on our means of implementing a gradual HG
learner that arrives at appropriately restrictive end-state grammars based on pos-
itive evidence alone. With this learner in hand, we can now also make predic-
tions about intermediate states—stages in a learner’s phonological development be-
tween the initial and final stages that show the influence of our implementation.
The primary goal of this section is to explore these predictions through case stud-
ies. We present three examples of developing L1 grammars reported in the litera-
ture, and in each case we demonstrate via simulations how our HG-GLA learner
passes through the attested stages as a result of its normal workings. These exam-
ples highlight the ease with which the learner proposed in Sect. 3 reaches these
intermediate stages without biases that distinguish between anything other than
Output-based and Input-Output-based constraints. The first case study focuses on
the interaction of Specific and General I0-Faithfulness constraints; ensuring re-
strictiveness when these constraints are involved has been notoriously problematic
for previous OT learners (for discussion see Hayes 2004; Prince and Tesar 2004;
Tessier 2007). The second and third case studies consider the effects of Output-
Output-Faithfulness constraints; our approach achieves results here that are similar
to those achieved in other frameworks, but without the need for biases that distin-
guish between OO-Faithfulness and Markedness constraints. We will return to overt
comparisons with other approaches in Sect. 5.

Before introducing the child data used in this and subsequent sections, a method-
ological and ideological waiver is in order. While the emergent stages discussed in
this paper are taken from the reported productions of real children, this paper is pri-
marily a learnability study, and as such it abstracts away from a series of poten-
tial confounds. Most importantly, we set aside the possibility that the intermediate
stages discussed here may be the result of extragrammatical articulatory or percep-
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tual difficulties rather than the structure of the grammar.'* Nonetheless, we take these
data as a good starting point for the investigation of potential developmental paths in
constraint-based error-driven learning and for the testing of predictions made by var-
ious models.

4.1 Specific vs. General I0-Faithfulness and the acquisition of marked structures

We begin by considering the effects of General and Specific 10-Faithfulness con-
straints in developing grammars, focusing particularly upon what Tessier (2007,
2009) labels Intermediate Faith (IF) stages. IF stages emerge during language ac-
quisition when the target language admits a given marked structure in all con-
texts, but the child’s developing grammar restricts that marked structure to a priv-
ileged position. Such stages are well-documented in the child language develop-
ment literature for a number of languages, with a range of prominent positions be-
ing targeted for the preservation of marked structures (see, e.g., Chambless 2006;
Goad and Rose 2004; Jesney and Tessier 2009; Kehoe 2000; Marshall et al. 2009;
Revithiadou and Tzakosta 2004; Rose 2000; Tessier 2007, 2009). In Harmonic Gram-
mar, IF stages can be modeled as scenarios where the summed weight of the relevant
General and Specific 10-Faithfulness constraints is sufficient to overcome Marked-
ness, but the weight of the General 10-Faithfulness constraint alone is not. This is
contrasted with the adult target language scenario, where the weight of the General
IO-Faithfulness constraint alone is greater than the weight of the conflicting Marked-
ness pressures.

(32) Weighting conditions of the child’s IF stage
w(MARKEDNESS) > w(GENERALFAITH) ... marked structures
are disallowed
w(GENERALFAITH) + w(SPECIFICFAITH) > w(MARKEDNESS) ... except as faithful
mappings in privileged

positions.
(33) Weighting conditions of the target grammar
w(GENERALFAITH) > w(MARKEDNESS) ... marked structures are allowed in all
contexts.

As an example of a naturally-emerging IF stage, we consider the production of
complex onset clusters by two children learning Québécois French, as reported by
Rose (2000). While French allows complex onsets in both stressed and unstressed
syllables, Rose (2000) documents an emergent stage for these two children where
complex onsets appear only in stressed syllables—a privileged context (Beckman
1998; Curtin 1999, 2001; see also Goad and Rose 2004).

(34) a. French IF stage
Stressed complex onsets retained: /CV/CCV/ — [CV./CCV]
Unstressed complex onsets reduced: /CCV./CV/—  [CV.CV], *[CCV./CV]

14 At least in the case of Amahl discussed in Sect. 4.2.2, there is strong evidence that articulatory dif-
ficulty cannot be responsible for this particular emergent pattern, although perceptual errors may re-
main a possibility (for discussion, see Dinnsen et al. 2001; Dinnsen and McGarrity 2004; Jesney 2005;
Macken 1980).
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b.  Data from IF stage: Théo at 2;05.29 - 2;11.29 (Rose 2000:134)

Stressed syllables: retained Unstressed syllables: reduced
/'gso/  ['gso]  ‘big’ /tyak. tees/ [ta./tce’] ‘tractor’
/'ty g [kye]  ‘train’ /gBy.jo/ kM. jo] ‘oatmeal’
/'Kkle/ ['kxi] ‘key’ Mty ve/ [ku.'Bi] ‘found’
/plees/  ['plee’]  ‘s/he cries’ | /kyem.gla./se/ ['kya’.ma.se] ‘ice cream’

Largely following Rose (2000) and Tessier (2007, 2009), we analyze this emer-
gent stage using a Markedness constraint *COMPLEXONSET that militates against
consonant-consonant sequences in the syllable onset, and two Faithfulness con-
straints militating against consonantal deletion—one general (MAX) and one spe-
cific to stressed syllables (MAX-'o). Given our initial stage assumptions, our learner
of French begins with *COMPLEXONSET weighted at 100, and both MAX and
MAX-'o constraints weighted at zero. With these weights, a clear pattern of clus-
ter reduction in all environments is predicted in the initial state. (Differences be-
tween target and child outputs other than the number of onset segments are ignored
here.)

35) French onset clusters are all reduced in the initial state
a. Stressed syllable

&/ “train’ *COMPLEX| MAX | MAX-'o o
w =100 w=0 w=0
LV kxe [L-1—> —1 x 100 = —100
i 1= ke <~ W-1|<W-1[|-1x0+—-1x0=0

b. Unstressed syllable

1 || *COMPLEX| MAX |MaAX- o
txu.ve/ ‘find w — 100 w =0 w =0 H
i LY kxu/Bi L-1— —1 x 100 =—-100
i, 1= ku/Bi <~ W -1 “1x0=0

Using the HG-GLA learning procedure, these initial-state errors cause the weights
of the IO-Faithfulness constraints MAX and MAX-'o to increase and the weight of
the Markedness constraint *COMPLEX to decrease. The weight of the general MAX
constraint changes more quickly than the weight of the specific MAX-'o constraint,
because MAX is implicated in both errors (35.a, b) whereas MAX-'o is implicated in
only (35.a).

Learning based on these errors was simulated in Praat using the biased plasticities
discussed in Sect. 3.3. With an equal distribution of the two input forms, the first
change in the optimal output forms selected occurs after approximately 78 learning
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trials, with only minimal variation in the constraint values at this stage.!> A represen-
tative example of the weights is shown in (36), along with the effects of these weights
in the privileged and non-privileged environments.

(36) French IF stage—cluster simplification in unstressed syllables only
a. Stressed syllable

fxEl *COMPLEX MAX | Max-/o H
w=22 w=156 | w=7.6
BIGCEET —1 “1x22=-22
. "ke —1 —1 —1x15.64+—-1x7.6=-23.2

b. Unstressed syllable

Jxu.ve/ *COMPLEX | MAX [ MAX-o H
w =22 w=156 | w=7.6
i | v kxu/Bi|| L—-1— —1x22=-22
i = ku/pi < W1 “1x156=—15.6

This emergent pattern is precisely the one displayed by Théo in (34) above. Onset
clusters are preserved in stressed syllables but continue to be reduced elsewhere.
The crucial relations between the constraint weights that result in this IF pattern are
summarized in (37).

37 Weighting conditions for Théo’s IF stage
a.  w(*COMPLEX) > w(MAX)
i.e., w(MARKEDNESS) > w(GENERALFAITHFULNESS)

b.  w(MAX) 4+ w(MAX-"0) > w(*COMPLEX)
i.e., w(GENERALFAITHFULNESS) + w(SPECIFICFAITHFULNESS)
> w(MARKEDNESS)

Learning continues from this stage as the remaining error in (36.b) triggers fur-
ther increases to the weight of general MAX and further decreases to the weight of
*COMPLEX. MAX-'o is not implicated in this final error and so its weight remains
unchanged. The final stage is reached once the weight of MAX independently exceeds
that of *COMPLEX, allowing marked onset clusters to be realized even in unstressed
syllables. At this point, errors cease and the constraint weights are no longer adjusted.
For the case at hand, this occurs when the weight of MAX is 16.8 and the weight of
*COMPLEX is 16.

150n each learning trial, Praat randomly selects an input from the user-defined distribution; in all of our
simulations, each input is assigned equal probability. Variation in the number of trials required to reach a
particular stage and in the precise constraint weights after a set number of trials reflects differences in the
learner’s sampling from the input distribution in different simulations.
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(38) French onset clusters—the final state
a. Stressed syllable

~ MAX *COMPLEX | MAX-"&

/txel w=168| w=16 | w=76 H
i [™ Kxe 1 “Ix16=—16
ii. ke -1 -1 —1x1684+—-1x7.6=-24.4

b. Unstressed syllable
* 7

el | M4 [ TSN [ M i
i, | = kyu/Bi -1 —1x16=-16
ii. ku.Bi —1 —1x16.8=-16.8

The crucial point of the French example is that Harmonic Grammar’s additive
mode of constraint interaction ensures that IF stages emerge during the course of
development despite the lack of evidence for such a stage in the target language.
Observing target onset clusters in both stressed and unstressed syllables and adjust-
ing constraint values accordingly is sufficient to produce an emergent intermediate
stage where clusters are protected only in the privileged position. Even though this
stage relies on the Specific Faithfulness constraint MAX-'o, the specific-to-general
relationship between MAX-"o and MAX does not need to be known in advance or
calculated and stored by the HG-GLA learner. As noted at the beginning of this sec-
tion, IF stages of this type are well-documented in the child language development
literature. The HG-GLA’s ability to model such stages without additional stipulations
is thus a significant advantage to this approach.

This developmental result also reveals the mechanism by which restrictive end-
state grammars with similar positional restrictions are reached. If a grammar similar
to the French IF stage is the end-state target, errors and learning cease once weighting
conditions like those in (37) are achieved; no further adjustments from this point are
required.

By way of example, consider what would occur if, rather than acquiring French,
Théo were acquiring a target language that was generally like French but, like Théo’s
IF stage, admitted consonant clusters only in stressed syllables. Rose (2000:69)
cites data provided by Harris (1997:363) suggesting that Southeastern Brazilian
Portuguese is indeed such a language: [pra.tu], ‘plate’, [pa.tfi.nu], ‘small plate’;
[li.va], ‘book’, [li.vre.tu] ‘small book’. (See also Goad and Rose 2004.) As in the
child French case above, initial-state errors for the learner of this alternative language
will prompt an increase in the weights of the winner-favoring constraints MAX-'o
and MAX, and a decrease in the weight of the loser-favoring constraint *COMPLEX.
These adjustments will continue until the summed weight of the General and Specific
IO-Faithfulness constraints is greater than the weight of the Markedness constraint
alone. At this point, the end-state grammar will have been found. In the present sys-
tem the weight of MAX never individually surpasses that of *COMPLEX (see (36)
above). This is a desirable result; if forms containing clusters in unstressed syllables
are submitted to the final grammar, they are appropriately rejected (as in (36.b)).
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Again, this restrictive result is obtained without the learner needing to know or
calculate the specific-to-general relationship between MAX-"o and MAX in advance.
Section 5 explicitly compares this result to those obtained in OT models. First,
though, we consider additional predictions for emergent stages that are made by the
HG-GLA model.

4.2 Output-Output Faithfulness and the acquisition of marked sequences

This section turns to emergent stages driven by Output-Output Faithfulness con-
straints (Benua 1997)—i.e., intermediate stages in acquisition where a markedness-
driven process or restriction is circumvented just when failure to do so would cause
morphologically-derived forms to differ phonologically from their bases. As with the
IF stages discussed in Sect. 4.1, these stages arise despite the fact that the target lan-
guage provides no evidence for any crucial activity of the OO-Faithfulness constraints
in question.

Since the OO-Faithfulness patterns discussed here concern the phonology of
morphologically-derived words, we must make some assumptions about when mor-
phological relations are learned by children—i.e., when the notions of base and de-
rived form are incorporated into the developing phonology. It is only once the rela-
tionship between a base and its derivative is recognized that OO-Faithfulness con-
straints can be active in the grammar, because it is only then that the learner knows
which output forms to compel faithfulness between. Following previous work, we
assume that learners begin by acquiring the purely phonotactic restrictions of their
target language in the absence of morphological knowledge (see esp. Hayes 2004;
Jarosz Snover 2006; Tessier 2007: Chap. 5), and only later revise their phonology to
account for morphologically-sensitive patterns. There are thus two stages of phono-
logical development: first, a ‘morphology-free’ phonotactic period, where no mor-
phological relations are known and OO-Faithfulness constraints never assign viola-
tion marks or choose between candidates, and, later, a morphologically-aware stage
where OO-Faithfulness constraints assign violation marks and so contribute to can-
didate selection. The timing of these stages may well vary across children, but we
assume that all learners pass through a phonotactic learning stage before developing
morphological awareness. !¢

We begin with a simple but welcome result of the HG-GLA model that treats
all Output-based constraints—Markedness and OO-Faithfulness—as belonging to a
single constraint class. The pattern of interest is one where the high initial weight
of OO-Faithfulness results in an intermediate stage where a target marked structure
is admitted just in morphologically-derived contexts. As with the French IF stage
discussed in Sect. 4.1, this pattern emerges naturally and without evidence for crucial
activity of OO-Faithfulness in the target language.

16We do not assume, however, that phonotactic learning must be finished before morphological aware-
ness emerges; indeed, Amahl’s case is one where some morphological relations are discovered and OO-
Faithfulness becomes active before all of the target phonotactics are mastered. Similarly, we do not assume
that all base-derivative relationships are discovered simultaneously, only that the relationship between a
particular derived form and its base must have been recognized by the learner in order for OO-Faithfulness
to be active.
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The data come from Smith’s (1973) famous case study of Amahl’s acquisition of
English, and in particular Amahl’s treatment of pre-lateral coronals. As illustrated
in (39) below, Amahl passes through a stage that includes a regular process of pre-
lateral velarization where non-strident coronal stops and nasals are realized as velars
before target laterals. (All examples are from Smith 1973; page numbers are given in
parentheses.)

(39) Amahl’s pre-lateral velarization: applies in all morphologically-simple words
puddle [pagol] (240) sandal [teygol] (243)
butler [baklo] (216) gentle [depkal] (227)

This child-specific process in Amahl’s grammar can be understood as the ef-
fect of a Markedness constraint that prohibits sequences of non-continuant coronal
segments, *ToL, outweighing the 10-Faithfulness constraint demanding that input
coronal place be faithfully realized in the output (Dinnsen and McGarrity 2004;
Jesney 2005).!7 This is precisely what we expect in the initial state. As phono-
tactic learning progresses, errors cause the weight of Markedness to decrease and
the weight of 10-Faithfulness to increase, as has already begun in (40) below. As-
suming the learner initially analyzes all inputs as monomorphemic, violations of
OO-IDENTCORONAL are not assessed at this stage, and its weight remains un-
changed.

(40) Amahl’s grammar, partway through phonotactic learning—pre-lateral ve-

larization persists
OO-IDENTCOR| *ToL [IO-IDENTCOR
Aol 1 00 | w=40] w=12 H
i [V padol L-1— —1x40=-40
i, | pagol ~W-—1 —1x12=-12

The innovative OO-Faithfulness aspect of Amahl’s pattern is illustrated in (41)
below. At the same time as pre-lateral velarization affects simple words like puddle, it
fails to apply in complex words like those in (41.a)—words where the target coronal
segment is part of the base and the target lateral is part of an affix. Evidence that this
blocking effect is crucially tied to the segment’s realization in the base comes from
examples like (41.b); when the target coronal is velarized in the base, this velarization
persists in the derived form.

17+TL is a more general constraint than the *TL constraint of adult English (see Sect. 2). *TaL is violated
by any coronal stop + lateral sequence, regardless of syllabification or the presence of an intervening
schwa. Amahl’s process of pre-lateral velarization is part of the much-discussed “puzzle-puddle-pickle”
chain shift. Target non-strident coronals undergo pre-lateral velarization, yielding mappings like /padol/
— [pagol] (see (39)); target stridents, however, resist pre-lateral velarization even though they are realized
as stops in the output—i.e., /pazal/ — [padsl]. For various approaches to this aspect of the data, see
Dinnsen et al. (2001); Dinnsen and McGarrity (2004); Jesney (2005); Macken (1980); Smith (1973).
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41 Amahl’s pre-lateral velarization in complex words
a. ...blocked across base-affix boundary
hard ~ hardly  [ha:d] [ha:dli:] *[ha:gli] (228)
soft ~ softly [soft] [softli:]  *[sofkli:] (247)
tight ~ tightly  [tait] [taitli:]  *[taikli:] (256)
b. ... but not if velarization also occurs in the root
gentle ~ gently [depksl] [depkli:] *[dentli:] (227)

Having established a set of constraint values like those in (40), this pattern of
morphological blocking is predicted to arise once morphologically-complex words
are actively produced. As soon as Amahl becomes aware of the affix -Iy and its
role in grouping pairs of words like hard and hardly into the same paradigm, OO-
IDENTCORONAL can be assessed. The added weight of its violation is sufficient for
the OO-Faithfulness pattern to emerge.

(42) Amahl’s OO-Faithfulness stage: (40), with morphologically-complex words

/ha:d+li:/ OO-IDENTCOR | *ToL | IO-IDENTCOR H
base [ha:d] w = 100 w =40 w=12
i v hadli: —1 —1 x40=—-40
i ha:gli: —1 —1 —1x1004+—1x 12=-112

Since the weight of *ToL decreased during the course of phonotactic learning
but the weight of OO-IDENTCORONAL was unaffected, this grammar levels para-
digms towards the faithful (but marked) form in derived words like hardly. Phono-
tactic learning remains incomplete, however, and so *TaL still forces unfaithfulness
in simple words like puddle where OO-Faithfulness is not assessed. The relevant in-
equalities for this stage are summarized in (43).

(43) Inequalities for OO-Faithfulness stage blocking child-specific process
a. w(OO-IDENTCORONAL) + w(IO-IDENTCORONAL) > w(*TsL)
i.e., w(OO-FAITHFULNESS) + w(IO-FAITHFULNESS)
> w(MARKEDNESS)
b. w(*TaL) > w(IO-IDENTCORONAL)
i.e., wW(MARKEDNESS) > w(IO-FAITHFULNESS)

At this stage, Amahl’s grammar allows coronal stop + lateral sequences in de-
rived words, but continues to make errors like (40) with simple words. These errors
force further decreases in the weight of *ToL and further increases in the weight of
IO-IDENTCORONAL, until the weight of [O-IDENTCORONAL exceeds that of *TaL,
and the final state is reached. This learning path illustrates an important prediction
of the current model: OO-Faithfulness stages that override child-specific phonologi-
cal processes like pre-lateral velarization can only arise if morphological awareness
emerges before phonotactic learning is complete. Amahl’s OO-Faithfulness stage
would not occur if morphological awareness arose after the weight of *ToL had de-
creased and the weight of IO-IDENTCORONAL had increased to the point that the
initial-state inequality was reversed—i.e., to the point where w(IO-IDENTCORONAL)
> w(*ToL).
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Unlike the other emergent stages we discuss, Amahl’s OO-Faithfulness stage does
not strictly rely on additive interaction. Examination of the intermediate stage tableau
in (42) reveals that the weight of OO-IDENTCOR alone (w = 100) is sufficient to
overcome the weight of *ToL (w = 40). In this case, the gang effect between 10-
IDENTCOR and OO-IDENTCOR is essentially incidental. Regardless, like the French
IF stage, this pattern emerges naturally in the HG-GLA without the need for any
biases other than those introduced in Sect. 3. The simple distinction between Output-
based constraints and Input-Output-based constraints is adequate.

4.3 Output-Output-Faithfulness and the acquisition of alternations

We now turn to a second type of emergent stage that relies on OO-Faithfulness.
Whereas Amahl’s pattern showed that OO-Faithfulness can allow marked structures
to emerge in morphologically-complex words before they are allowed throughout the
grammar, the example in this section shows that OO-Faithfulness can also cause the
learner to break a correctly-acquired phonotactic pattern once morphological aware-
ness emerges. As with the previous cases, this pattern arises naturally and without the
need for any biases other than those introduced in Sect. 3.

The data for this case comes from Kazazis’ (1969) report of Marina, a child learn-
ing the palatal-velar alternation of Modern Greek (see also Hayes 2004). As described
in Sect. 2.2, the target language displays a pattern of complementary distribution, with
palatal continuants appearing before front vowels and velar continuants appearing
elsewhere; this allophonic pattern trumps any OO-Faithfulness pressures for uniform
verbal paradigms in the adult language (see (11)). Adding OO-Faithfulness to the set
of Output-based constraints under consideration has no impact on the learner’s abil-
ity to acquire this pattern of complementary distribution; during initial phonotactic
learning the learner does not yet know that any two forms are morphologically re-
lated, and so a constraint like OO-IDENTPALATAL assesses no violation marks. On
the basis of errors like the one in (44) below (cf. (21)), the HG-GLA learning proce-
dure increases the weights of *XI and IO-IDENTPALATAL and decreases the weight
of *C.

(44) Palatal allophone before front vowels

./|| OO-IDENTPAL *XI * IO-IDENTPAL
feeri/ {1770 2100 | w =100 |w =100 w=0 H
i | céri L-1— —1 x 100 =—100
= xéri «~ W -1 ~W-1 —1x1004+—-1x0=-100

ii.

In the absence of morphological awareness, OO-IDENTPALATAL is vacuously
satisfied and so retains its initial weight of 100, with no effect upon the selection of
optima. As the hypothetical inputs in (45) show, the phonotactic grammar learned
selects the correct allophone regardless of input, in accordance with the principle of
Richness of the Base (Prince and Smolensky 1993).
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(45) Final state of pure phonotactic learning: w(OO-IDENTPAL) = 100, but
irrelevant
a. Palatal allophone before front vowels . ..

< *XI |OO-IDENTPAL| *C |IO-IDENTPAL
féxete 1y Z01] " w =100 |w=99]  w=0.2 H
i [/ écete —1 —1 —1x994+—-1x02=-99.2
i, éxete —1 —1 x 101 = —-101
b. ... velar allophone elsewhere
p *X1 OO-IDENTPAL *C IO-IDENTPAL

fégo/ w =101 w=100 | w=99|  w=02 A
i éco —1 —1x99=-99
i |V éxo —1 —1x02=-0.2

At this stage, the phonotactic pattern of Greek has been mastered, and the learner
makes no further errors. Kazazis (1969) reports that Marina reached the stage in (45)
at some point before age 4;7, with all of her fricative productions being target-like.
For a few weeks beginning at age 4;7, however, Marina began to produce a different
pattern, with velar fricatives appearing across the board in some verbal paradigms.

(46) Marina at 4;,7—paradigm leveling
Target Child
2pl.  ‘to have’ [écete] [éxete]

2pl.  ‘to leave’ [févjete] [févyete]

Kazazis (1969) describes this pattern as morphologically-specific under-application
of a phonological rule—the rule of Modern Greek that turns underlying velars into
palatals before front vowels.

For our HG-GLA learner, the emergence of Marina’s pattern in (46) is equated
with the onset of morphological awareness. Once the learner acquires enough in-
formation about the morphological relationship between the forms of the verbs in
question, it becomes possible for OO-IDENTPALATAL to be assessed, penalizing de-
rived forms that differ in palatal place of articulation with respect to their bases. The
resulting violations of OO-IDENTPALATAL contribute to the Harmony scores of the
candidates.

Assessment of OO-IDENTPAL is dependent upon the identification of a morpho-
logical base. This is a non-trivial problem, not least of all because in the current case
there is no uninflected member of the paradigm (cf. Benua 1997). While this is an
interesting issue for further exploration, for present purposes it is sufficient to assume
that the learner selects the unmarked first person singular (velar) form of the stem
(see Alderete 1999).'8 As shown in (47), once the velar fricative is chosen as the base

18 A consistent means of selecting a base that remains within the spirit of Benua’s (1997) original proposal
would be to select the stem allomorph that, context-independently, is most harmonic. In the present case,
[éc] violates *C, while [éx] violates no Markedness constraints; the velar allomorph would thus be deemed
the optimal base form against which OO-IDENTPAL is assessed. For alternative means of determining
bases in inflectional paradigms, see Albright (2005, 2008).
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segment against which OO-IDENTPAL is assessed, the grammar in (45) automatically
produces Marina’s emergent OO-Faithfulness stage.

47 Emergent Greek OO-Faithfulness stage at onset of morphological awareness
a. Target verb root-final palatals realized as velars under pressure of OO-

Faithfulness. ..
/éx+ete/ *X1 OO-IDENTPAL *C IO-IDENTPAL H
base /éx/ w =101 w =100 w =99 w=0.2
i | v ccete L-1— L-1— L-1— —1x 1004+ —1 x99
+—1x0.2=-199.2
i L= éxete || < W —I —1 x 101 =—-101
b. ... but target palatals still correctly produced in underived words
/¢éri/ *X1 OO-IDENTPAL *C IO-IDENTPAL H
underived w =101 w =100 w =99 w=0.2
i v e éri —1 —1x99=-99
i, xéri —1 —1 x 101 = —-101

The General Markedness constraint *C is central to this result. At the point
when OO-IDENTPAL begins to be assessed, phonotactic learning has already raised
the weight of *XI above the weight of *C. In underived contexts like (47.b), the
w(*XI) > w(*C) inequality holds sway and the target allophonic pattern results.
In derived contexts like (47.a), however, OO-IDENTPAL is able to gang up with
*C and force paradigm leveling. Because the weight of *XI has surpassed that of
OO-IDENTPAL during phonotactic learning, the Markedness constraint *C is cru-
cial to the equation; the weight of OO-IDENTPAL alone is insufficient to overcome
the weight of *XI. Thus, this type of emergent OO-Faithfulness stage, which over-
rides a target language pattern of complementary distribution, is possible only when
there is a General Markedness constraint for OO-Faithfulness to gang up with—
i.e., only when there is a constraint that has the same favoring relations as OO-
Faithfulness.

(48) Necessary inequalities for OO-Faithfulness stage overcoming target
allophony
a. wC*XD > w(*C)
i.e., W(SPECIFICMARKEDNESS) > w(GENERALMARKEDNESS)
b. w(OO-IDENTPALATAL) + w(*C) > w(*XI)
i.e., w(OO-FAITHFULNESS) + w(GENERALMARKEDNESS)
> w(SPECIFICMARKEDNESS)

Progression out of this intermediate stage comes via errors like that in (47.a).
These errors demonstrate to the learner that OO-Faithfulness is not decisive in the
target language and that its weight must be decreased; these errors also serve to in-
crease the difference between the weights of the Markedness constraints *XI and *C,
although this has no effect on the selection of optima for monomorphemic words.
Errors cease once constraint weights like those in (49) are reached.
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(49) Final stage: target palatals correctly realized as palatals in derived contexts

/éx+ete/ *X1 OO-IDENTPAL *C IO-IDENTPAL H
base /éx/ w =134 w =67 w = 66 w =0
i | V= Egete -1 —1 —1 —1x 67+ —1x66
+—1x0=-133
i, éxete —1 —1x134=-134

Like Amahl’s pattern from Sect. 4.2, this example shows how the emergence of
morphological awareness in concert with the assessment of OO-Faithfulness con-
straints can bring about innovative intermediate stages for an HG-GLA learner. These
patterns emerge without the need for any bias specific to OO-Faithfulness constraints;
OO-Faithfulness constraints in this model are treated on par with Markedness con-
straints. Within the HG-GLA model advanced here, the evidence available from the
child’s errors alone is sufficient to derive the attested effects. The patterns emerge
despite the lack of evidence for OO-Faithfulness activity in the target language.

5 Comparisons with emergent stages in OT learning

The HG-GLA model developed in this paper builds on previous work connecting
child language acquisition data and models of OT grammar learning. As such, the
current proposal retains a number of important attributes of this previous work—
including the OT-GLA’s ability to model gradual change between stages of develop-
ment and its sensitivity to input frequency. (For thorough discussion of the OT-GLA
and language acquisition, see Boersma and Levelt 2003.)

With respect to restrictiveness, the present HG-GLA model draws on the key ob-
servation from the OT literature that different classes of constraints must be biased
toward different rankings in order to ensure realistic intermediate stages and restric-
tiveness in end-state grammars. As motivated for OT by Demuth (1995); Gnanade-
sikan (2004); Pater (1997); and Smolensky (1996), the HG-GLA model discussed
here distinguishes between Markedness and 10-Faithfulness constraints, biasing the
first toward high weights, and the second toward the lowest possible weights. As
we have shown, the additive mode of constraint interaction in the HG-GLA allows
this two-way distinction to be generalized; OO-Faithfulness constraints are treated on
par with Markedness constraints, forming the class of Output-based constraints, and
Specific IO-Faithfulness constraints are treated on par with General I0-Faithfulness
constraints, forming the class of Input-Output-based constraints. Biases in the HG-
GLA need only refer to these two constraint classes. In OT, on the other hand, biases
must distinguish between four classes of constraints—Markedness, OO-Faithfulness,
General 10-Faithfulness, and Specific IO-Faithfulness—in order account for the same
data (see esp. Hayes 2004; Prince and Tesar 2004; Tessier 2007). In this section we
compare our HG-GLA learner to OT learning approaches discussed in the literature;
we focus in particular on the OT-GLA (Boersma 1998; Boersma and Hayes 2001;
Boersma and Levelt 2003), as it offers the closest comparison to the present HG-
GLA model. As we will see, in some cases our proposal provides an improvement on
existing accounts, and in others it performs equally.
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5.1 General and Specific IO-Faithfulness in OT learning vs. HG learning

The need for a SPECIFIC IO-FAITHFULNESS >»> GENERAL IO-FAITHFULNESS
bias in order to capture attested developmental patterns and end-state grammars
has been a concern in the OT learning literature (see esp. Hayes 2004; Tessier
2007; and also Prince and Tesar 2004—discussed further below). As we saw in
Sect. 4, the HG-GLA system developed here does not require any such bias; pat-
terns of positional restriction that require a SPECIFIC IO-FAITHFULNESS 3> GEN-
ERAL IO-FAITHFULNESS ranking in OT can be captured in HG through gang ef-
fects involving these two types of constraints. With respect to biases in the HG-
GLA, all IO-Faithfulness constraints—both General and Specific—are treated alike.
As the following discussion demonstrates, this proves to be a significant advan-
tage.

The importance of biases distinguishing between General and Specific 10-
Faithfulness constraints in OT learning is made clear by IF stages like that affect-
ing Théo’s onset clusters (see Sect. 4.1). Given a target language like French which
requires that the General I0-Faithfulness constraint MAX dominate the conflicting
Markedness constraint *COMPLEX, Théo’s IF stage is not predicted to emerge in a
basic OT-GLA system where the only bias is MARKEDNESS > IO-FAITHFULNESS.
The reason for this is quite simple: since General 10-Faithfulness constraints are
implicated in a proper superset of the errors that Specific 10-Faithfulness con-
straints are implicated in, their values increase more quickly, preventing the restric-
tive IF stage from ever emerging. From the initial state (50.a) where *COMPLEX
dominates MAX and MAX-'o, errors cause the learner to pass directly to the
French final state where the General 10-Faithfulness constraint Max dominates
*COMPLEX (50.c). Because the Specific 10-Faithfulness constraint is promoted
more slowly than the General 10-Faithfulness constraint, the learner never passes
through a stage with the MAX-'o 3> *COMPLEX > MAX ranking required for the
IF stage.

(50) a. OT-GLA French initial state—Markedness dominates 10-Faithfulness
*COMPLEX > MAX, MAX- o
b. Errors
/CV/CCV/— [CV/CV] triggers promotion of MAX and MAX-'o
/CCV./CV/— [CV./CV] triggers promotion of MAX
c. French final state—no IF stage emerges
MaAX > *COMPLEX > MAX-o

Similar problems emerge for the OT-GLA when restrictive final grammars are
considered. To see this, we can consider a target language where onset clusters are
only allowed in stressed syllables, i.e., [CV./CCV], *[CCV.’CV]. In such a language,
all cluster reduction errors will implicate both MAX and MAX-'o, and so the values of
the two IO-Faithfulness constraints will be adjusted at the same rate during learning.
The result is an unrestrictive final state where MAX, as well as MAX-"o, dominates
Markedness.
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(51)  a. OT-GLA initial state for target language allowing clusters only in
stressed syllables
*COMPLEX > MAX, MAX-'o
b. Errors
/CV/CCV/— [CV/CV] triggers promotion of MAX and MAX-'o
c. Final state—not restrictive; clusters allowed in all contexts
MAX, MAX-o > *COMPLEX

Based on these two illustrations, it is clear that the OT-GLA learner requires some-
thing like a SPECIFIC IO-FAITHFULNESS 3> GENERAL IO-FAITHFULNESS bias that
is imposed throughout learning. This bias must persist even when the distribution of
errors prefers that the General I0-Faithfulness constraint be promoted above the Spe-
cific IO-Faithfulness constraint (see Hayes and Londe 2006, especially Sect. 6.5, for
an example of how the OT-GLA without such a persistent bias fails to learn restric-
tively).

This issue is not unique to the OT-GLA; similar problems are encountered with
other error-driven OT learning algorithms, including Error Driven Constraint Demo-
tion (Tesar and Smolensky 1998, 2000). To address this, Prince and Tesar (2004;
see also Hayes 2004’s LFCD), propose the Biased Constraint Demotion Algorithm
(BCDA), which incorporates persistent biases.!® There is, however, a larger diffi-
culty with any bias that distinguishes between General and Specific IO-Faithfulness
constraints as is necessary in OT learning: specific-to-general relationships between
Faithfulness constraints can be language-specific (Prince and Tesar 2004; see also
Hayes 2004; Tessier 2007). Prince and Tesar (2004) illustrate this point with the ex-
ample of a language where word-initial syllables are always stressed, but non-initial
syllables can also bear stress in longer words. In this language Positional Faithfulness
constraints referring to stressed syllables (e.g., IDENT-'o) and to word initial posi-
tion (e.g., IDENT-INITIAL) in fact stand in a general-to-specific relationship; when-
ever IDENT-INITIAL applies, so too does IDENT-'o, but not vice versa. The nature
of this relationship, however, can only be determined on a language-specific basis, as
it is dependent upon the stress system of the language—and another language with
different stress patterns could show the reverse relation (see Prince and Tesar 2004
for details).

This inherent difficulty of biases that distinguish between Specific and General
IO-Faithfulness constraints has been addressed in two ways for non-GLA learners in
the OT literature. The first approach is to adopt different biases, based not on con-
straint definitions, but rather on constraint activity in observed errors, with the aim
of achieving the same effects as a Specific/General 10-Faithfulness bias. This is the
method of Prince and Tesar (2004), but their Appendix 3 already provides an example

19This may often prove adequate for cases where the end state instantiates a positional restriction. Prince
and Tesar (2004) are explicit, however, in stating that they do not intend for the BCDA to model inter-
mediate stages in language acquisition. It is thus not surprising that this approach encounters difficulties
when extended to such data. In the absence of target language evidence favoring the SPECIFIC I0-FAITH
>> MARKEDNESS > GENERAL IO-FAITH ranking required for the child’s IF stage, such patterns cannot
emerge. See Tessier (2007, 2009) for a gradual-learning adaptation of the BCDA approach that accounts
for IF stages like Théo’s in part by imposing a persistent SPECIFIC IO-FAITHFULNESS 3> GENERAL
IO-FAITHFULNESS bias.
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where this does not find the most restrictive grammar possible. The other approach is
to commit the learner to a continual search for specific/general relations between each
pair of contextually-sensitive IO-Faithfulness constraints. This is pursued in Tessier
(2007: Chap. 2, Sect. 6) and in Hayes (2004: fn. 31), but requires considerable repet-
itive analysis that must be redone throughout the course of acquisition. Both of these
techniques crucially rely on stored errors, which are not a component of the GLA;
such approaches therefore cannot be extended in any straightforward manner to the
OT-GLA.

This entire issue disappears in the HG-GLA system where, due to the reliance
on additive interaction, no distinction between General and Specific IO-Faithfulness
constraints is necessary. As we have seen, all IO-Faithfulness constraints begin with
an initial weight of 0 and their weights are gradually increased on the basis of posi-
tive evidence from the target language. As a logical necessity, any error that causes
the weight of a Specific IO-Faithfulness constraint to increase will cause the weight
of General I0-Faithfulness to increase as well. Restrictive IF stages of the type dis-
played by Théo result from a Specific IO-Faithfulness constraint and its general coun-
terpart ganging up to protect marked structures just in a specific environment. If the
target language enforces such a Positional Faithfulness requirement, learning will
cease there; if not, learning will continue until the weight of General 10-Faithfulness
alone is greater than the weight of Markedness. In both cases, general/specific ef-
fects emerge from target-language evidence and additive interaction. The emergence
of restrictive grammars is guaranteed for the HG-GLA learner precisely because a
superset-subset relationship holds between the constraints in question, though no
grammar-internal knowledge of general/specific relationships is necessary for this to
occur. While OT learners face considerable difficulty in addressing this type of data,
the HG-GLA learner does so without difficulty; we feel this represents a substantive
contribution to this area of the field.

Boersma (2006, 2008) proposes a rather different solution to the problem of po-
sitional restrictions in OT learning within a bidirectional framework where compre-
hension and production grammars are learned in parallel. This approach uses a set
of Faithfulness constraints that are all context-specific—e.g., where faithfulness to
consonant place is mediated by IDENTPLACE-ONSET and IDENTPLACE-CODA con-
straints. There are no General IO-Faithfulness constraints in this approach. With these
crucial assumptions, Boersma (2006, 2008) argues that a stochastic OT-GLA learner
can learn grammars where 10-Faithfulness constraints referencing privileged posi-
tions (such as onset) dominate those referencing non-privileged positions (such as
coda)—no biases within the class of IO-Faithfulness constraints are necessary. To
quote: “if faithfulness constraints are positional (i.e., are conditioned by syllable po-
sition), and auditory place cues are on average more reliable in onset than in coda,
then the learner will come to rank IDENTPLACE(onset) above IDENTPLACE(coda),
even if no such ranking is evident in the parents” (Boersma 2008:21).

This approach is necessarily quite different than our own, and to compare all
of its crucial differences would take us rather far afield. We can, however, com-
ment on one important point of divergence—namely, that in adopting constraints
like IDENTPLACE-CODA, rather than general IDENTPLACE, the set of languages
predicted by factorial typology is increased to include some unattested cases. As

@ Springer



Biases in Harmonic Grammar: the road to restrictive learning 285

Boersma (2008) notes, if the two Ident constraints are held in a fixed ranking of
IDENTPLACE-ONSET > IDENTPLACE-CODA, the patterns predicted are the same
as those predicted in a system with specific IDENTPLACE-ONSET and general
IDENTPLACE. Once this fixed ranking is given up, however, the unattested pattern
of place preservation only in coda position becomes available in principle. It is left
to the relative strength of the cues in different positions to block such a grammar
from emerging. Independent of whether this approach can guarantee that the learner
will never choose a pathological ranking, it is clear that this model gives up the goal
of a factorial typology that fully matches attested cross-linguistic patterns—a move
that may well have unforeseen effects (though cf. Alderete 2008). The HG-GLA ap-
proach does not need to adopt constraints like IDENTPLACE-CODA in order to cap-
ture positional effects, so it cannot produce the coda-preferential grammar even in
principle. Additive constraint interaction, along with a constraint set including Gen-
eral IO-Faithfulness constraints and Specific IO-Faithfulness constraints relativized
to privileged positions, is adequate to ensure restrictive intermediate stages and end-
state grammars.

5.2 OO-Faithfulness in OT learning vs. HG learning

The discussion of Specific and General 10-Faithfulness constraints in the previ-
ous section demonstrated that the HG-GLA learner offers a straightforward solu-
tion to important issues in constraint-based grammar learning. The HG-GLA learner
does not resolve any crucial outstanding issues with respect to OO-Faithfulness con-
straints; it does, however, attain the same level of data coverage as OT learning ap-
proaches in the literature, and it does this without the need for any bias distinguishing
between OO-Faithfulness and Markedness constraints.

On the basis of acquisition data like Marina’s, it has been argued that a restric-
tive OT learner must begin with OO-Faithfulness constraints undominated, ranked
above even Markedness constraints (Hayes 2004; Tessier 2006, 2007; see also Mc-
Carthy’s 1998 Richness of the Base argument for an OO-FAITHFULNESS > 10-
FAITHFULNESS bias). As compared to the Specific [O-Faithfulness vs. General 10-
Faithfulness bias discussed in the previous section, this bias is reasonably simple to
implement, given that the class of OO-Faithfulness constraints can be identified in a
straightforward fashion and is not subject to language-particular vagaries. Nonethe-
less, implementation of this bias is not necessarily easy for the OT-GLA learner, as
it must be enforced in a persistent fashion throughout learning. Visible effects of
OO0-Faithfulness in OT often require that OO-Faithfulness outrank Markedness, and
that Markedness outrank [O-Faithfulness. In a case like that of Marina, discussed in
Sect. 4.3, the necessary OT ranking is OO-FAITH > *XI > *C > IO-FAITH. As
that section showed, however, during the course of GLA-based phonotactic learning
the value of the Markedness constraint *XI increases even as the value of OO-Faith
remains unchanged (see (46)). Under HG evaluation Marina’s OO-Faithfulness stage
emerges regardless, due to the additive interaction of OO-FAITH and *C. An OT
learner, on the other hand, requires a strict ranking of OO-FAITH >> *XI to create Ma-
rina’s pattern. To ensure this, the OT-GLA learner will therefore require a persistent
bias, in which OO-Faithfulness constraints are moved up in tandem with Markedness
constraints even in the absence of positive evidence.
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Our HG-GLA learner requires no bias distinguishing between OO-Faithfulness
and Markedness constraints. The restrictive developmental stages discussed in
Sects. 4.2 and 4.3 emerge either from additive interaction, as OO-Faithfulness gangs
up with additional constraints that favor the leveled paradigm, or from the simple fact
that the weights of conflicting constraints have decreased even as the initial weight
of OO-Faithfulness remains unchanged. The HG-GLA learner is thus able to achieve
empirical coverage comparable to existing OT approaches while relying on fewer
classes of constraints in its biases—a simplification of the overall system.

6 Conclusion

This paper has demonstrated that restrictive phonological learning can be modeled
with biases that distinguish between only two classes of constraints—OQutput-based
constraints and Input-Output-based constraints—when the mode of constraint inter-
action is additive as in Harmonic Grammar and learning is gradual as in the GLA.
Here these biases were implemented through differences in the initial weights of the
two classes of constraints, and through differences in the rates at which the weights
of the two classes of constraints are adjusted.

(52)  Two classes of constraints distinguished for restrictiveness in the HG-GLA
a. Output-based constraints should be weighted high—high enough to re-
main inviolable if necessary.
b. Input-Output-based constraints should be weighted as low as possible.

The HG-GLA approach presented here both allows restrictive end-state grammars
to be learned on the basis of positive evidence, and predicts the natural emergence
of a range of attested intermediate stages. These effects are largely the result of ad-
ditive constraint interaction. Emergent IF stages, where a marked structure is real-
ized faithfully just in a privileged context, are the result of General and Specific 10-
Faithfulness constraints ganging up to overcome the weight of a conflicting Marked-
ness constraint. End-state grammars with similar positional restrictions are accounted
for through the same type of weighting conditions. Importantly, this approach avoids
the need to compute language-particular general/specific relationships.

Emergent effects involving OO-Faithfulness are more varied in nature, though they
too can rely on additive interaction. Patterns like Amahl’s OO-Faithfulness stage,
where a child-specific process is blocked just in derived words, are a consequence
of the persistent high weight assigned to OO-Faithfulness. Even as the weights of
other constraints change during the course of learning, the high initial weight of OO-
Faithfulness remains unaltered in the absence of evidence to the contrary—as with
all other unviolated Output-based constraints. Patterns like Marina’s OO-Faithfulness
stage, where a target language process is blocked in the child’s language, rely on
this high weight of OO-Faithfulness as well, but also depend upon OO-Faithfulness
ganging up with a general Markedness constraint.

That an HG-GLA system need only distinguish between Output-based and Input-
Output-based constraints is a significant advantage of this approach. Distinguishing
between fewer classes of constraints allows the learner to make fewer a priori de-
cisions about the nature of the language being learned—e.g., which constraints are
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general vs. specific. Furthermore, fewer constraint classes means that fewer initial
and persistent differences in constraint weights/rankings need be implemented. At the
same time, the HG-GLA model retains the advantages of the OT-GLA, with learning
being gradual, error-driven, and sensitive to the nature of the target language data.

There remains much scope for further research into the HG-GLA model. As one
example, different means of persistently implementing high weights for Output-based
constraints vs. lowest possible weights for Input-Output-based constraints should be
considered and compared with the plasticity-based approach adopted here. The range
and nature of emergent restrictiveness effects in acquisition is similarly in need of fur-
ther exploration, with many empirical questions remaining to be answered. Nonethe-
less, it is clear that a combination of additive constraint interaction with a gradual
on-line learning algorithm offers considerable advantages, providing novel support
for the Harmonic Grammar model and for constraint weighting more generally.

References

ROA = Rutgers Optimality Archive. http://roa.rutgers.edu.

Albright, Adam. 2005. The morphological basis of paradigm leveling. In Paradigms in phonological the-
ory, eds. Laura Downing, Tracy Alan Hall, and Renate Raffelsiefen. Oxford: Oxford University
Press.

Albright, Adam. 2008. Inflectional paradigms have bases too: arguments from Yiddish. In The bases of
inflectional identity, eds. Asaf Bachrach and Andrew Nevins. Oxford: Oxford University Press.
Alderete, John. 1999. Morphologically-governed accent in optimality theory. Amherst, MA: UMass

Amherst dissertation [ROA-309].

Alderete, John. 2008. Using learnability as a filter on computable functions: a new approach to Anderson
and Browne’s generalization. Lingua 118: 1177-1220.

Becker, Michael. 2009. Phonological trends in the lexicon: the role of constraints. Amherst, MA: UMass
Ambherst dissertation.

Beckman, Jill. 1998. Positional faithfulness. Amherst, MA: UMass Ambherst dissertation.

Benua, Laura. 1997. Transderivational identity: phonological relations between words. Amherst, MA:
UMass Ambherst dissertation.

Boersma, Paul. 1998. Functional phonology: formalizing the interactions between articulatory and percep-
tual drives. University of Amsterdam dissertation.

Boersma, Paul. 2006. The acquisition and evolution of faithfulness rankings. Paper presented at
Manchester Phonology Meeting 14, May 2006.

Boersma, Paul. 2008. Emergent ranking of faithfulness explains markedness and licensing by cue. Manu-
script, University of Amsterdam [ROA-954].

Boersma, Paul, and Bruce Hayes. 2001. Empirical tests of the Gradual Learning Algorithm. Linguistic
Inquiry 32(1): 45-86 [ROA-348]

Boersma, Paul, and Claartje Levelt. 2000. Gradual constraint-ranking learning algorithm predicts acqui-
sition order. In Proceedings of the 30th child language research forum, ed. Eve V. Clark, 229-237.
Stanford: CSLI [ROA-361].

Boersma, Paul, and Claartje Levelt. 2003. Optimality Theory and phonological acquisition. Annual Review
of Language Acquisition 3: 1-50.

Boersma, Paul, and Joe Pater. 2007. Gradual learning of phonotactic constraints. Manuscript, University of
Amsterdam & UMass Amherst. Paper presented at 38th meeting of the North East Linguistic Society,
October, 2007.

Boersma, Paul, and Joe Pater. 2008. Convergence properties of a gradual learning algorithm for Harmonic
Grammar. Manuscript, University of Amsterdam & University of Massachusetts Amherst [ROA-
970].

Boersma, Paul, and David Weenink. 2009. Praat: doing phonetics by computer. www.praat.org.

Chambless, Della. 2006. Asymmetries in consonant cluster acquisition. Amherst, MA: UMass Amherst
dissertation.

@ Springer


http://roa.rutgers.edu
http://www.praat.org

288 K. Jesney, A.-M. Tessier

Curtin, Suzanne. 1999. Positional prominence in the acquisition of prosodic structure. In Proceedings of
the annual meeting of the Canadian Linguistics Society, 89—100.

Curtin, Suzanne. 2001. Representational richness in phonological development. Los Angeles, CA: Univer-
sity of Southern California dissertation.

Curtin, Suzanne and Kie Zuraw. 2002. Explaining constraint demotion in a developing system. In BUCLD
26: Proceedings of the 26th annual Boston University conference on language development, eds.
Anna H.-J. Do, Laura Dominguez, and Aimee Johansen. Somerville: Cascadilla Press.

Demuth, Katherine. 1995. Markedness and the development of prosodic structure. In Proceedings of the
25th meeting of the North East Linguistic Society, ed. Jill Beckman. Amherst: Graduate Linguistic
Student Association [ROA-50].

Dinnsen, Daniel A., and Laura W. McGarrity. 2004. On the nature of alternations in phonological acquisi-
tion. Studies in Phonetics, Phonology and Morphology 10: 23-41.

Dinnsen, Daniel A., Kathleen M. O’Connor, and Judith A. Gierut. 2001. The puzzle-puddle-pickle problem
and the Duke-of-York gambit in acquisition. Journal of Linguistics 37: 503-525.

Gnanadesikan, Amalia. 2004. Markedness and faithfulness in child phonology. In Fixing Priorities: Con-
straints in Phonological Acquisition, eds. René Kager, Joe Pater, and Wim Zonneveld, 73—108. Cam-
bridge: Cambridge University Press [ROA-67].

Goad, Heather, and Yvan Rose. 2004. Input elaboration, head faithfulness and evidence for representa-
tion in the acquisition of left-edge clusters in West Germanic. In Fixing priorities: constraints in
phonological acquisition, eds. René Kager, Joe Pater, and Wim Zonneveld, 109—-157. Cambridge:
Cambridge University Press [ROA-448].

Goldwater, Sharon, and Mark Johnson. 2003. Learning OT constraint rankings using a Maximum Entropy
model. In Proceedings of the workshop on variation within Optimality Theory, 111-120. Stockholm:
Stockholm University.

Hale, Mark, and Charles Reiss. 1998. Formal and empirical arguments concerning phonological acquisi-
tion. Linguistic Inquiry 29(4): 656-683.

Harris, John. 1997. Licensing inheritance: an integrated theory of neutralisation. Phonology 14: 315-370.

Hayes, Bruce. 2004. Phonological acquisition in Optimality Theory: the early stages. In Fixing priorities:
constraints in phonological acquisition, eds. René Kager, Joe Pater, and Wim Zonneveld, 158-203.
Cambridge: Cambridge University Press [ROA-327].

Hayes, Bruce, and Zsuzsa Londe. 2006. Stochastic phonological knowledge: the case of Hungarian vowel
harmony. Phonology 23: 59-104.

Hayes, Bruce, and Colin Wilson. 2008. A maximum entropy model of phonotactics and phonotactic learn-
ing. Linguistic Inquiry 39: 379-440 [ROA-858].

Jager, Gerhard. 2007. Maximum entropy models and stochastic Optimality Theory. In Architectures, rules,
and preferences: a festschrift for Joan Bresnan, eds. Jane Grimshaw, Joan Maling, Chris Manning,
Jane Simpson, and Annie Zaenen, 467-479. Stanford: CSLI.

Jarosz Snover, Gaja. 2006. Rich lexicons and restrictive grammars—maximum likelihood learning in Op-
timality Theory. Baltimore, MD: Johns Hopkins University dissertation [ROA-884].

Jesney, Karen. 2005. Chain shift in phonological acquisition. Calgary, AB: University of Calgary MA
Thesis. http://people.umass.edu/kjesney/Jesney2005SMA.pdf.

Jesney, Karen, and Anne-Michelle Tessier. 2007. Restrictiveness in gradual learning of Harmonic Gram-
mar. Manuscript UMass Amherst & University of Alberta. Paper presented at the North East compu-
tational phonology circle (NecPhon 1), November, 2007.

Jesney, Karen, and Anne-Michelle Tessier. 2009. Gradual learning and faithfulness: consequences of
ranked vs. weighted constraints. In Proceedings of the North East Linguistic Society 38, eds. Anisa
Schardl, Martin Walkow, and Muhammad Abdurrahman, 375-388. Amherst: GLSA.

Kazazis, Kostas. 1969. Possible evidence for (near-)underlying forms in the speech of a child. In Papers
[from the fifth regional meeting of the Chicago Linguistic Society (CLS 5), eds. Robert I. Binnick, Alice
Davison, Georgia McGreen, and Jerry L. Morgan, 382-388. Chicago: Chicago Linguistic Society.

Kazazis, Kostas. 1972. Some remarks on palatalization in Modern Greek. Research on Language & Social
Interaction 5(2): 330-332.

Kehoe, Margaret. 2000. Truncation without shape constraints: the latter stages of prosodic acquisition.
Language Acquisition 8(1): 23-67.

Kehoe, Margaret, and Carol Stoel-Gammon. 1997. Truncation patterns in English-speaking children’s
word productions. Journal of Speech, Language, and Hearing Research 40: 526-541.

Keller, Frank. 2000. Gradience in grammar: experimental and computational aspects of degrees of gram-
maticality. Edinburgh: University of Edinburgh dissertation.

@ Springer


http://people.umass.edu/kjesney/Jesney2005MA.pdf

Biases in Harmonic Grammar: the road to restrictive learning 289

Keller, Frank. 2006. Linear Optimality Theory as a model of gradience in grammar. In Gradience in
grammar: generative perspectives, eds. Gisbert Fanselow, Caroline Féry, Ralph Vogel, and Matthias
Schlesewsky. Oxford: Oxford University Press.

Ladefoged, Peter, and Ian Maddieson. 1996. The sounds of the world’s languages. Oxtord: Blackwell.

Legendre, Géraldine, Yoshiro Miyata, and Paul Smolensky. 1990. Harmonic Grammar—a formal multi-
level connectionist theory of linguistic wellformedness: an application. In Proceedings of the twelfth
annual conference of the Cognitive Science Society, 884—891. Cambridge: Lawrence Erlbaum.

Macken, Marlys A. 1980. The child’s lexical representation: the ‘puzzle-puddle-pickle’ evidence. Journal
of Linguistics 16: 1-17.

Magri, Giorgio. 2007. The subset problem in Optimality Theory. Manuscript, MIT.

Marshall, Chloe R., and Heather, K.J. van der Lely. 2009. Effects of word position and stress and onset
cluster production: evidence from typical development, specific language impairment, and dyslexia.
Language 85: 39-57.

McCarthy, John J. 1998. Morpheme structure constraints and paradigm occultation. In Papers from the
thirty-second regional meeting of the Chicago Linguistic Society (CLS 32), part 2: the panels, eds.
M. Catherine Gruber, Derrick Higgins, Kenneth Olsen, and Tamra Wysocki, 123-150. Chicago:
Chicago Linguistic Society.

McCarthy, John J. 2002. A thematic guide to optimality theory. Cambridge: Cambridge University Press.

McCarthy, John J., and Alan Prince. 1995. Faithfulness and reduplicative identity. In Papers in optimality
theory: university of Massachusetts occasional papers, Vol. 18, 249-384. Amherst: GLSA [ROA-
60].

Moreton, Elliott. 2000. Phonological grammar in speech perception. Amherst, MA: UMass Ambherst dis-
sertation.

Moreton, Elliott. 2002. Structural constraints in the perception of English stop-sonorant clusters. Cognition
84: 55-71.

Pater, Joe. 1997. Minimal violation in phonological development. Language Acquisition 6(3): 201-253.

Pater, Joe. 2004. Bridging the gap between perception and production with minimally violable constraints.
In Fixing priorities: constraints in phonological acquisition, eds. René Kager, Joe Pater, and Wim
Zonneveld, 219-244. Cambridge: Cambridge University Press.

Pater, Joe. 2008. Gradual learning and convergence. Linguistic Inquiry 39(2): 334-345.

Pater, Joe. 2009. Weighed constraints in generative linguistics. Cognitive Science 33: 999-1035.

Pater, Joe, Chris Potts, and Rajesh Bhatt. 2007. Linguistic Optimization. Manuscript, University of Massa-
chusetts Amherst [ROA-872].

Potts, Christopher, Joe Pater, Karen Jesney, Rajesh Bhatt, and Michael Becker. 2010. Harmonic Gram-
mar with linear programming: from linear systems to linguistic typology. Phonology 27(1): 77-117
[ROA-984].

Prince, Alan. 2002. Arguing optimality. In Papers in optimality theory II, eds. Andries Coetzee, Angela
Carpenter, and Paul de Lacy, Amherst: GLSA.

Prince, Alan. 2003. Anything goes. In New century of phonology and phonological theory, eds. Takeru
Honma, Masao Okazaki, Toshiyuki Tabata, and Shinichi Tanaka, 66-90. Tokyo: Kaitakusha [ROA-
536].

Prince, Alan, and Paul Smolensky. 1993. Optimality Theory: constraint interaction in generative grammar.
Technical Report, Rutgers University and University of Colorado at Boulder, 1993. Revised version
published by Blackwell, 2004 [ROA-537].

Prince, Alan, and Bruce Tesar. 2004. Learning phonotactic distributions. In Fixing priorities: constraints
in phonological acquisition, eds. René Kager, Joe Pater, and Wim Zonneveld, 245-291. Cambridge:
Cambridge University Press [ROA-353].

Revithiadou, Anthi, and Marina Tzakosta. 2004. Markedness hierarchies vs. positional faithfulness and the
role of multiple grammars in the acquisition of Greek. In Proceedings of generative approaches to
language acquisition (GALA). Utrecht: LOT Occasional Series.

Rose, Yvan. 2000. Headedness and prosodic licensing in the L1 acquisition of phonology. Montreal, PQ:
McGill University dissertation.

Rosenblatt, Frank. 1958. The Perceptron: a probabilistic model for information storage and organization
in the brain. Psychological Review 65: 386—408.

Smith, Jennifer L. 2000. Positional faithfulness and learnability in Optimality Theory. In Proceedings of
ESCOL 99, eds. Rebecca Daly and Anastasia Riehl, 203-214. Ithaca: CLC.

Smith, Neilson V. 1973. The acquisition of phonology: a case study. Cambridge: Cambridge University
Press.

@ Springer



290 K. Jesney, A.-M. Tessier

Smolensky, Paul. 1996. On the comprehension/production dilemma in child language. Linguistic Inquiry
21: 720-731.

Smolensky, Paul, and Géraldine Legendre. 2006. The harmonic mind: from neural computation to
optimality-theoretic grammar. Cambridge: MIT Press.

Stampe, David. 1973. A dissertation in natural phonology. Chicago, IL: University of Chicago dissertation.

Tesar, Bruce. 1997. An iterative strategy for learning metrical stress in Optimality Theory. In Proceed-
ings of the twenty-first annual Boston University conference on language acquisition, eds. Elizabeth
Hughes, Mary Hughes, and Annabel Greenhill, 615-626. Somerville: Cascadilla.

Tesar, Bruce, and Paul Smolensky. 1998. Learnability in Optimality Theory. Linguistic Inquiry 29(2):
229-268.

Tesar, Bruce, and Paul Smolensky. 2000. Learnability in Optimality Theory. Cambridge: MIT Press.

Tessier, Anne-Michelle. 2006. Testing for OO-Faithfulness in artificial phonological acquisition. In Pro-
ceedings of the 30th annual Boston University conference on language development, eds. David
Bamman, Tatiana Magnitskaia, and Colleen Zaller, 619-639. Somerville: Cascadilla [ROA-817].

Tessier, Anne-Michelle. 2007. Biases and stages in phonological acquisition. Amherst, MA: University of
Massachusetts Amherst dissertation [ROA-883].

Tessier, Anne-Michelle. 2009. Frequency of violation and constraint-based phonological learning. Lingua
119(1): 6-38.

Velleman, Shelley L. 1988. The role of perception in later phonological development. Applied Psycholin-
guistics 9: 221-236.

Werker, Janet, and Richard Tees. 1984. Cross-language speech perception: evidence for perceptual reor-
ganization during the first year of life. Infant Behaviour and Development 7: 49-63.

Wilson, Colin. 2006. Learning phonology with substantive bias: an experimental and computational study
of velar palatalization. Cognitive Science 30: 945-982.

@ Springer



	Biases in Harmonic Grammar: the road to restrictive learning
	Abstract
	Introduction
	Harmonic Grammar
	The grammar model
	Restrictiveness in Harmonic Grammar

	Learning a restrictive Harmonic Grammar with the GLA
	The biased initial state in HG
	The Gradual Learning Algorithm for HG
	Biased plasticities in the HG-GLA
	Simulations and summary

	Restrictive HG-GLA learning and intermediate stages in language acquisition
	Specific vs. General IO-Faithfulness and the acquisition of marked structures
	Output-Output Faithfulness and the acquisition of marked sequences
	Output-Output-Faithfulness and the acquisition of alternations

	Comparisons with emergent stages in OT learning
	General and Specific IO-Faithfulness in OT learning vs. HG learning
	OO-Faithfulness in OT learning vs. HG learning

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


