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S1 Supplemental Discussion: Linguistic Formalism

Surface and underlying forms. The final pronounced form of a word is referred to as its surface form,
conventionally written between brackets, while intermediate forms such as entries in the lexicon are called
underlying forms and are written between slashes. For example, the English past tense of the word walk (i.e.
“walked”) has the surface form [wokt], but the underlying form /wokd/, which is built from the underlying
form of the past tense (i.e. /d/) and the underlying form of the stem for walk (i.e. /wok/). In the main text
we have adopted a simplified presentation where all (sequences of) phonemes are written between slashes.

Morphosyntax. In modern linguistic theories, the mapping between form and meaning is assumed to
be mediated by a central component called (morpho)syntax which contains information about the category
of constituents and how they combine. Thus, each linguistic constituent is described by a form-category-
meaning triple (f,c,m). In the present work, these components consist of:

1. Form: A specification of the sound structure of the constituent. In this work, we will use sequences of
phonemes described as phonetic feature vectors. For example, the English (EN) past tense verb form
walked is represented as [wokt]. This complex constituent consists of two smaller pieces, the past tense
suffix which is represented underlyingly as /d/ and the stem /wok/.

2. Morphosyntactic Category: A specification of the category of the constituent and how it combines
with other constituents. The category of walked is verb V. The past tense marker /d/ has category V\V
meaning that it must attach to a verb stem on it’s left to produce a verb. Analogously, a morpheme
that is prefixed (e.g., ‘re-’; as in ‘reanalyze’; ‘redo’, ...) would have the morphosyntactic category V/V.
In the main text, we used the more intuitive, less formal markers pfx, stem, sfx for V/V, V, V\V,
respectively.



3. Meaning: A specification of the meaning. In this work, we assume meanings are just sets of atomic
meaning features. So the meaning of walked is [stem:WALK;tense:PAST]. The meaning of the past
tense marker /d/ is [tense:PAST| and the meaning of the stem walk is [stem:WALK].

Thus, walked will be represented as ([wokt], V, [stem:WALK;tense:PAST|). A grammar G can be thought
of as a joint distribution on the set X of form-category-meaning triples: {f,c¢,m) € X and is specified by
four components G = (L, S, (), [-]).! First, there is a stored collection of primitive or atomic units known
as the lexicon L. Each lexical item is also a form-category-meaning triple. Lexical items are assembled into
more complex structures using an inventory of structure building operations S. In our model, S corresponds
to concatenation of morphemes. Finally, assembled morphosyntactic structures are mapped to surface sound
and meaning representations by a pair of functions called interface mappings which take syntactic objects
to sound structure () (phonology) and meaning structure [-] (semantics) respectively.

For example, in English, the stem for the verb walk is (/wok/,V, [stem:WALK]) € Lgy. In our model, we
adopt a single structure-building operation o(+,-) that operates on pairs of constituents concatenating their
form parts, algebraically canceling their category parts, and performing unification on their meaning. For
example, in English the past tense is marked regularly by the lexical item (/d/, V\V, [tense:PAST]). So the
past tense form walked can be constructed as

o({/wok/,V, [stem:WALK]), (/d/, V\V, [tense:PAST])) = ([wokd], V, [stem:WALK; tense:PAST])

Note that the output of o represents the underlying form /wokd/—on the surface the final /d/ is devoiced
in the context of the voiceless /k/; that is, it is pronounced [wokt]. The set of all possible underlying forms
is simply the closure of the lexicon L under o. We write Uy, for the set of all underlying forms in a language
with lexicon L—that is, the set of all structures derivable from L using o.

The interface function () is a set of ordered transduction (SPE-style) rules which map underlying to
surface forms. In the present work, we leave [-] as the identity function.

Using the formalism introduced above, the theory-induction objective corresponds to finding a set of
phonological transduction rules (-), semantic transduction rule [-] and lexicon L maximizing

H 1[(Fu) |u e UL A (u) = z.f A Ju] =2.m]| P(G|UG)
reX

which is equivalent to Eq. 1 in the main paper.

S2 Supplemental Figures

S2.1 Textbook problems

Figure S1-S3 illustrates grammars learned for additional textbook problems.

S2.2 Artificial grammar learning

Figure S4 shows learning curves for the model on artificial grammar learning experiments.

S2.3 Learned Fragment-Grammar meta-model

Fig. S5 shows our basic context free grammar over SPE-style rewrites, which defines a space of possible
programs for modelling phonological rules. In learning a meta-model, we build on top of this hand-coded
basis. Specifically, we learn by adding more context-free production rules to this basic grammar. This works
by learning additional commonly occurring fragments of rules (Fig. S6), which biases the model toward
reusing those fragments.

1In the main paper we factor grammars into rules T and lexicon, L. This section combines these two factors into a single
tuple, the grammar G, and also incorporates morphosyntactic category information in the observed data, which we elided from
the main text. Our system assumes every observed (form, meaning) pair has the same morphosyntactic category.
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Figure S1: Given dataset, highlighted in orange, system jointly infers both language-specific phonological
rules (“theory” box, labeled r1, r2, etc.) and dataset-specific lexicon, which include both stems and affixes
for each inflection. Together the theory and lexicon explain the orange data via a derivation where the
morphology output (prefix+stem+suffix) is transformed according to the ordered rules. The symbol e means

the empty string.
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Figure S2: Given dataset, highlighted in orange, system jointly infers both language-specific phonological
rules (“theory” box, labeled r1, 2, etc.) and dataset-specific lexicon, which include both stems and affixes
for each inflection. Together the theory and lexicon explain the orange data via a derivation where the

morphology output (prefix+stem+suffix) is transformed according to the ordered rules. The symbol e means
the empty string.
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Figure S3: Example failure modes for our system; illustration is analogous to Fig. S1-S2. Somali rule
system fails to explain 20% of the textbook problem, and many of the individual rules are implausible
upon inspection, such as the first copying rule r; — see the bottom of derivation of the singular form of
“mule.” Other rules are essentially correct, such as the spirantization process implemented by rule 75, or
the neutralization process in rg. Yowlumne rule system contains a redundant vowel rounding process, 74,
which acts in concert with r3 to repeatedly harmonize segments to /u/; see illustration of the derivation
of the non-future form of DRINK (bottom of observed data/unobserved derivation box). (“Yowlumne” was
formerly known as “Yawelmani” [1].)
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Figure S4: Learning curves artificial for grammar learning (compare with Fig. 6). The x-axis of each plot
varies the number of training words, each drawn from the ‘consistent’ grammar. The y-axis of each plot
compares the likelihood of test words from the consistent and inconsistent grammars according to the log odds
ratio log P(consistent|train)/P(inconsistent|train). Values greater than 0 indicate successful discrimination
between the consistent and inconsistent grammars. Curves show mean and standard deviation over n = 15
random test word pairs conforming to the (in)consistent grammars. Green: w/ syllabic representation. Red:
w/o syllabic representation. Source data are provided as a Source Data file.



Template for a single rule

Rule ::= Focus—Change / Trigger _ Trigger
Focus of rule, and what it can change into

Focus := @ insertion rule

Focus ::= FeatureMatrix
Change = © deletion rule
Change == Z copying rule: an integer
Change ::= aplace copy place from «, an integer
Change ::= FeatureMatrix

Every triggering environment with at most two feature matrices

Trigger::= empty conditioning (triggering) environment
Trigger::= FeatureMatrix a single feature matriz to the side of focus
Trigger::= FeatureMatrixg FeatureMatrix zero or more repeats of a feature matriz
Trigger::= FeatureMatrix FeatureMatrix

Trigger::= # end-of-string
Trigger::= FeatureMatrix #

Trigger::= FeatureMatrixg FeatureMatrix #

Trigger::= FeatureMatrix FeatureMatrix #

Trigger::= {#,FeatureMatrix} end-of-string or a feature matriz
Trigger::= FeatureMatrixy {#,FeatureMatrix}

Trigger::= FeatureMatrix {#,FeatureMatrix}

Build feature matrices from constant phoneme or sequence of +feature

FeatureMatrix ::= Phoneme
FeatureMatrix ::= [ ] empty feature matrix
FeatureMatrix ::= [+ Feature FeatureMatrix| +feature appended to matriz
FeatureMatrix ::= [- Feature FeatureMatrix] — feature appended to matriz
Phoneme := o |a|g| - a constant phoneme
Feature ::= voice | nasal | coronal | --- a phonological feature

integer indices are used for copying, see caption

Z:= —-2| —-1]1]2 copying target, an integer
an= 2] —1|1]2 place copy target, an integer

Figure S5: Context-free grammar generating phonological rules used by our system. Non-terminal symbols
begin with a capital letter, as well as Z and «. For increased tractability, we arbitrarily bound the size of
each FeatureMatrix to have had most three features, and as outlined in the above grammar over SPE rules,
each trigger may have at most two feature matrices, hence the maximum range of copying targets (Z/«)
of +2. Copying targets are expressed as integers indexing into the triggering environments. For example
the rule V.— V; / V,_CC is expressed using the above grammar as V — -1 / V_CC, while the rule V —
V; / C_CyV; would be expressed as V. — 2 / C_CyV.



Rule::=  FC — FC / Trigger_Trigger
Rule::= [ +vowel | — [ -highTone ] / _[ -vowel |* [ +highTone +vowel |
Rule::= [ -sonorant | — [ -voice | / _Trigger
Rule::= [ 4+nasal | — aplace / Trigger_|[ -vowel ]
Rule::= [ +vowel | — [ +highTone | / [ +highTone +vowel | [ -vowel |o_Trigger
Rule::= [ +vowel | — [ -back -low | / [ -back +vowel | FeatureMatrixg_
Rule::= [ -vowel | — [ 4voice | / _[ -sonorant +voice |
Rule::= FC — [ +continuant | / FeatureMatrix_[ +vowel |
Rule::= [ -sonorant | — FeatureMatrix / _[ -sonorant ]
Rule::= [ +voice | - FC / FeatureMatrix [ -vowel |_Trigger
Rule::= [ -voice | = [ +voice | / [ +nasal | [ -vowel Jo_
Trigger:= #
Trigger::= FeatureMatrix #
Trigger::= FeatureMatrixg FeatureMatrix #
Trigger::= FeatureMatrix FeatureMatrix #
Trigger::=  {#,FeatureMatrix}
Trigger::= FeatureMatrixy {#,FeatureMatrix}
Trigger::= FeatureMatrix {#,FeatureMatrix}
Trigger::=
Trigger::= FeatureMatrix
Trigger::= FeatureMatrix* FeatureMatrix
Trigger::= FeatureMatrix FeatureMatrix
Trigger::= [ -vowel |* [ +highTone +vowel |
FeatureMatrix::= +
FeatureMatrix::= Phoneme
FeatureMatrix::= [ -sonorant |
FeatureMatrix::= [ +vowel +highTone |
FeatureMatrix::= [ -vowel |
FeatureMatrix::= [ -voice ]
FeatureMatrix::= [ +vowel ]
FeatureMatrix::= [ -back +vowel ]
FeatureMatrix::= [ -sonorant +voice |
FeatureMatrix::= [ 4+nasal |
FeatureMatrix::= [ +voice ]
FeatureMatrix::= [ 4+continuant -high |
FCi:= ©
FC:= Z
FC:= aplace
FC::= FeatureMatrix

Figure S6: Symbolic structure of learned grammar over phonological rules. This grammar is estimated from
a training set of 30 textbook problems selected for representativeness and diversity, and captures typically
occurring motifs and schemas across grammars from the world’s languages. Nonterminal FC refers to either
the Focus or Change of a rule.



S3 Supplemental Methods

S3.1 Input data format

With the exception of allophony problems, each textbook problem consists of a matrix of surface forms,
where the columns correspond to different inflections, and the rows correspond to different stems. Matrix
entries can be empty (unspecified), either due to missing data, or due to a particular inflection not applying
to a particular stem (for example, there is no past tense form of a stem like “pineapple” because it is a noun
and not a verb). Slightly overloading notation used in the main manuscript, we refer to this matrix as X,
and can index the rows of X (lexemes) and the columns of X (inflections). For example, Figure STA shows
a paradigm matrix X for a basic problem from Russian. There are 2 inflections (nominative and genitive),
corresponding to the columns of the matrix, and 4 stems, corresponding to the rows of the matrix.

Allophony problems consist of a set of surface forms along with a set of pairs of phonemes, known as
‘allophones’; which we treat as a substitution on phonemes. Figure S7TB shows an allophony problem from
Mohawk.

A B (i) B (ii)
Nominative Genitive Surface form Allophones  Allophones
. . 1 2
wagon vagon vagona pigeon oli:de?
car avtomobill  avtomobilia hide it! (sg.) zahset b p
evening vetler vetlera stocking ga:lis d t
husband  muf muza tail odahsa g k
pencil karandaf karandafa five wisk
eye glas glaza two degeni
threshold  porok poroga Abraham aplam

Figure S7: A. An example paradigm matrix from Russian, which is a common format for the input data
X. Columns correspond to different inflections (nominative, genitive) while the rows correspond to different
stems (wagon, car, evening, ...). For example, [vagona] means wagon in the genitive form. B. Example
allophone problem (a subset of data from Mohawk). A set of surface forms are given (i) together with pairs
of possible allophones (ii), and the challenge is to find rule(s) which can predict one set of allophones from
the other. There are 3 allophone pairs in this example.

S3.2 Counter-Example Guided Inductive Synthesis

We adapted counter-example guided inductive synthesis (CEGIS: [2]) to our setting (‘CEGIS’ in Figure 5)
by maintaining (1) a ‘current’ theory, (2) a ‘covered’ set of rows of X for which there exists a stem such
that the the current theory is consistent with that row; and then repeatedly (3) searching for the next
counterexample, i.e. a row of X which is inconsistent with the current theory, and then using the Sketch
program synthesizer to (4) update the current theory to be the MAP estimate of the theory that explains
both this counterexample and the covered examples, and then (5) adding this most recent example to the
‘covered’ set. Because Sketch requires a finite program space we must also bound the number of rules
searched over during step (4). We allow Sketch to search over at most K + 1 rules, where K is the number
of rules in the most recent current theory.

S3.3 Incremental synthesis of grammars

Our incremental approach to synthesizing phonological grammars combines and generalizes counterexample
guided synthesis with test-driven synthesis [3]. Similar to our CEGIS algorithm, we maintain a ‘current’
theory as well as a set of ‘covered’ examples, and repeatedly search for a (non-covered) counterexample to
the current theory. However, rather than resolve from scratch for a new theory accommodating both the
counterexample and the covered examples, we search only over those theories close in edit distance to the
most recent theory.



We define the edit distance, d(T;,Ts), between a pair of theories Ty, T by counting the number of
insertions, deletions, substitutions, and swaps that separate the sequences of rules for T; and Ts. Any
modification to a rule counts as a complete substitution, so entire rules are resynthesized wholesale rather
than, e.g., have individual feature matrices ‘edited’. This coarse-grained notion of edit distance has the
advantage that it can be easily encoded in a SAT solver, and we hypothesize it may be less prone to getting
trapped in local optima because it encourages larger search moves.

For each counterexample, we progressively increment the maximum edit distance until Sketch discovers a
satisfying solution. We furthermore ‘minibatch’ counterexamples, grouped by lexeme (row of X) and ordered
according to the textbook problem. We automatically set the number of lexemes in each batch differently
depending on the number of inflections (columns of X) such that the surface forms in a minibatch will
be no more than nine (ie, with 3 inflections, each minibatch will comprise 3 lexemes; with 4 inflections,
each minibatch will comprise 2 lexemes). We conjecture that larger batch size generally leads to better
convergence, because this exposes the SAT solver to more data at once, which on balance should lead to
less myopic search moves. Yet larger batch sizes increase compute requirements, both because the size of
the SAT problem grows linearly with batch size and because the search radius may need to grow larger with
increased batch size. Accordingly, for allophony alternation problems, we batch the entire problem at once,
because these problems are much easier. Our selection of a minibatch size of 9 was motivated by informal
pilot experiments suggesting that after around 9 new words the solver performance degraded severely; due
to the high compute cost of running these simulations, we did not perform a systematic hyperparameter
sweep, and the ‘optimal’ batch size may differ from the one used.?

As a concrete example, consider a data set of English verb inflections in infinitive and third-person plurals.

Suppose the batch size is two. If the first paradigm row is [mit] and [mits] (the pronunciations of the words
“meet” and “meets”), then these are the first two words that the system considers. Initially, Ty contains
no rules. So, these words serve as a counterexample, because the third-person-singular morphology, namely
that a suffix must be appended (and that in the lexicon this suffix is recorded as /s/) has not yet been
inferred. Running Sketch on this example would update the grammar to contain the third-person-singular
suffix /s/, and introduce no new phonological rules. Suppose that the next paradigm row is [it] and [its]
(the pronunciations of the words “eat” and “eats”). The system will find that the current grammar, when
supplemented with the stem /it/, explains this example, and so it does not serve as a counterexample, because
the morphophonology inferred from the first batch is consistent with this example. Suppose that the next
row of the paradigm is [nid] and [nidz] (pronunciations of the words “need” and “needs”). There is no stem
which can explain this paradigm row, given the current affixes and rules. Therefore it is a counterexample,
and in the next iteration the system will accommodate this counterexample by introducing a phonological
rule about explains the alternation between /s/ and /z/.
Parallelism. A naive implementation of this approach would encode the edit-distance constraint directly
into the Sketch system. A more efficient, parallelizable approach is to enumerate a finite set of theory
templates, where each template corresponds to a family of edits to the original theory. A theory template is
a list, where each list element is either a fixed rule or a new unknown rule that the Sketch solver will solve
for. The theory templates compatible with current rules {Tk}le is

TenpLaTes({ oy, D) = {0 Ly Yo Wy where d({ri 3L, {nb) = D

for all edits w/ edit distance D

and Vk' : 7’;/ =77 if ’I“;C/ ¢ {ri} i,

new rule, denoted 77

and VK 1 =1y if 7 € {r} i, } (1)

fixed rule

where we have followed the convention, from Sketch, of writing ?? for unknown parts of the program that
need to be synthesized. With this subroutine in hand we can define a constraint, Crgyprars, upon theories,

2Sketch requires further hyperparameters relating to converting an infinite program space to a finite one, such as an upper
bound on the number of loop iterations. We set such upper bounds automatically so that the system can handle the longest
surface form in the data: the loop iteration bound is the length of the longest surface form plus two, where 4+2 comes from a
+1 buffer and another +1 due to implementation details.
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datasets, and templates:
Cresprare (T, X, {ri ) = C(T,X) AVE : (r, # 7?7)=(ry = the k*® rule in T) (2)

where C' imposes the constraint that T explains X (Eq. 4 of main text). This constraint can be passed to
Sketch. We can now rewrite the incremental synthesis update equations from Eq. 6-7 of the main text to

Dy = min D, such that IHrp} B, € TEMPLATES(Ty, D) and Crpyprare(T, Xig1, {rs e y) (3)

Ty, 1 = argmax F (X1, T), such that 3{r}X_, € TEMPLATES(T;, Dy 11) and Crpyprars (T, Xep1, {76} oy)
T

(4)

This refactoring of our algorithm exposes an opportunity for parallelism: Given a specific value of {rk}szl
drawn from TEMPLATES(T,;, D) we can straightforwardly solve the above equations using Sketch, so we
simply loop over each such template and allocate a parallel worker to it. An outer loop monotonically
increases the search distance D, and a parallel inner loop checks if any D-distance template satisfies Crpyprare-
When we find a D with such templates we return the best satisfying T under F(X, ).

We used 40 CPUs in our experiments. Unfortunately, our method does not saturate the parallel compute
resources of many-core machines until the number of rules grows large. Therefore, we observe very little speed
up on easier problems. This is because the number of distinct templates is smaller when there are fewer rules.
For example, editing a theory with a single rule r; yields the templates {rj = 7?7} and {r} = ??,75, = ?7},
and so we only have two parallel jobs (other templates, such as {rj = r1,r, = 77}, are subsumed by the
latter template).

S3.4 Bayesian prior over grammars

As a baseline UG, we simply count the number of symbols present in the lexicon and rules; we heuristically
penalize insertions, deletions, and constant phonemes by counting them as two symbols:

P(L) x H exp (—length(f)), f a form in the lexicon

(f,e,m)EL
P(T) x H exp (—cost(r))
reT
cost(focus — change / left_right) = cost(focus) 4 cost(change) + cost(left) + cost(right)
cost(@) = 2
cost(k) = 2, k a constant phoneme
cost([tfeature; --- = feature,]) =1+n
cost(#) =1
cost({#,m}) = 1 4 cost(#) + cost(m)
cost(mg) = 1 + cost(m)
cost(uv) = cost(u) + cost(u), when w,v elements of a trigger

As a concrete example, the system solves the Russian problem in Fig. STA using one rule:

[ -son | — [ -voice | / _ # total cost 5
———— —_—— ~~~
cost=1+1 cost=1+1 cost=1

Therefore the total theory cost is 5, and the theory prior is P(T) o exp (—5). This is defined up to a constant
proportionality. The normalizing constant is guaranteed to be well-defined because Sketch only considers
finite program spaces, hence a finite number of possible rule sequences. Because we only care about the
relative probabilities of candidate grammars, we can ignore the normalizing constant.

In solving Fig. STA the system also constructs a lexicon, which participates in the prior probability
calculation. This contains affixes for the nominative and generative:

L D {(¢, pfx, NOMINATIVE), (¢, pfx, GENITIVE), (¢, sfx, NOMINATIVE), (a, sfx, GENITIVE) }

11



where € is the empty string. The total length of all affixes is 0+ 04 0 4+ 1 = 1, contributing a factor of e~!
to P(L). The latent stems also contribute factors to P(L), because they are members of L:

L D {(vagon, stem, WAGON), (avtomobill, stem, CAR), (vetler, stem, EVENING),
(muz, stem, HUSBAND), (karanda/, stem, PENCIL), (glaz, stem, EYE), (porog, stem, THRESHOLD) }

Above, the total length of the listed stems is 54+9+5+43+8+4+5=39, which contributes an additional factor
of €739 to P(L). If the Russian problem comprised only the data in Fig. S7A, then the prior probability of
lexicon would be P(L) o e3% ™!, the prior probability of the theory would be P(T) oc e~5, and the total
probability of the grammar would be P(L, T) ox e~ 3%~ le~>.

S3.5 Ablation studies

We studied several ablations® of our system; see Fig. 5. We found that basic representational concerns
matter most: one needs the right rule representation, which we think of as being part of universal grammar.
We studied the effect of changing the feature system, as well as the effect of ablating two key computational
mechanisms (having features at all, and having Kleene star).

e We first changed the feature system from so-called ‘articulatory’ features to ‘phonetic’ features. Typi-
cally introductory phonology courses start by introducing phonetic features (features of sounds). Later
one typically learns that these features can be more concisely and more generically expressed in terms of
features of the motor actions required to produce those sounds (‘articulation’). For example, fricative is
an phonetic feature which becomes deprecated by the articulatory feature of continuant. Concretely, we
took Odden’s text Introducing Phonology [4] and identified the features used in the first five chapters
as ‘phonetic’ features. Features in Chapter 6 onward we identify as ‘articulatory features’.

‘Articulatory’ features, as indicated by this textbook boundary, include: anterior, aspirated, back,
bilabial, continuant, coronal, delayedRelease, flap, glide, high, highTone, lateral, liquid, long, low,
lowTone, nasal, palatal, palletized, retroflex, risingTone, rounded, sibilant, sonorant, syllabic, tense,
trill, unreleased, voice, vowel.

‘Phonetic’ features, as indicated by this textbook boundary, include: affricate, alveolar, alveopalatal,
aspirated, back, bilabial, central, dental, flap, fricative, front, glide, high, highTone, labiodental, la-
ryngeal, lateral, liquid, long, low, lowTone, middle, nasal, palatal, palletized, pharyngeal, retroflex,
rounded, sonorant, stop, syllabic, tense, trill, unreleased, uvular, velar, voice, vowel.

e For a more drastic demonstration of the centrality of basic computational mechanisms, we further
ablate all phonological features. The system can still express rules in terms of specific phonemes,
but cannot generalize and analogize across phonemes. We also remove Kleene star, which means not
allowing the system to express rules whose triggers abstract over the number of times a phoneme
occurs. Recall that this is notated with a subscript ¢, thus all of our example rules with this subscript
are unexpressible by this ablation. In principle, this ablation can still learn rules whose behavior is
identical to the correct rules, simply by memorizing every phoneme for which a rule applies (due to
the ablation of features), and every sequence length for which a rule applies (due to the ablation of
Kleene star). In practice, the system no longer has the inductive bias to learn such generalizations;
and furthermore, search becomes harder because the programs become much longer due to the need
to memorize many specific cases.

S4  Full set of problems and model outputs

Allophony problems are given as a set of surface forms along with a set of pairs of phonemes. The goal
of the student (as well as the goal of the model) is to recover rule(s) which predicts which element of each
pair is the underlying form. Model outputs for alternation problems are of the form:

3 An ablation is a variant of a system with components removed entirely or changed to be less powerful. Ablations are studied
to understand the importance of the ablated components.
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Surface form UR

a given surface form  model’s predicted underlying form

The surface form... Is underlyingly...

a phoneme phoneme

Followed by a sequence of rules output by the model.

Non-allophony problems are given as a matrix of surface forms, where the columns range over different
inflections and the rows range over different stems. Missing data is notated with a dash (—). We show the
model’s predicted concatenative morphology in the first row of each such matrix. In the penultimate column
of each matrix we show the predicted underlying stems, and in the final column of each matrix we show the
ground truth annotations. After each such matrix we show the rules output by the model. For example,

stem stem+i | UR  UR

klup  klubi klub  klub
trup  trupi trup  trup

illustrates a problem with two inflections, where the input to the model is the data colored purple, from
which it synthesizes the morphology and stems in salmon, which should be compared with the ground truth
annotation in bold.

Manual rule grading: We evaluate the system’s predicted rules on 15 randomly sampled problems, which
are flagged with the text ‘This problem was manually graded’. Notes from the grading process are provided
for these problems. These notes specify the phonological processes (i.e. rules) that are deemed as ‘ground
truth’; which rules from the system correspond to those ground-truth processes; and which rules from the
system are not part of the ground-truth solution (i.e. spurious rules).
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FEuwe:

Rules:
[ +liquid | — [ +lateral ] /{{

Surface form UR

71D 7Zrd

nra nra

15 rd

kpla kpra
mlagoo mragoo
gblaa gbraa
lolo roro
wlu wru
pla Pra

STd ST
lakle rakre
hle hre

vlo vIo
atra atra
dru dru

fle fre
glamaa gramaa
litsa ritsa
dzre dzre
yla yra
xloloo Xroroo
tsro tsro
dle re
blema brema
dolele dorere
ylo ro

jre jre
adoglo adogro
kplu kpru
kpali kpari
klalo kraro
atrakpoe atrakpoe

The surface form...

Is underlyingly...

T

[#-
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Ganda:

Surface form UR

kola kola
lwana lwana
buulira buulila
lja lja

luula luula
omugole omugole
lumonde lumonde
eddwaliro eddwalilo
oluganda oluganda
olulimi olulimi
wulira wulila
beera beela
jjukira jjukila
erjato eljato
omuliro omulilo
effirimbi effilimbi
emmeeri emmeeli
eraddu eladdu
wawaabira wawaabila
lagira lagila
ebendera ebendela
leerwe leelwe
luula luula
ssaffaali ssaffaali

The surface form... Is underlyingly...

r 1

Rules:
[ ]— -lateral ] /[ -back ]_
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Papago:

Surface form UR

bidsim bidim
td:pan td:pan
hidod hidod
tlikid tikid
gatwid gatwid
thaku tiku
dégsp ddgsp
téha téha
dstrki dukd
hiwgid hi’wgid
t/ihan tihany
t6ni t6ni
W{dut Wfdut
tartad tartad
kirtfud kirtud
dé:dom dé:dom
tartam tdrtam

The surface form...  Is underlyingly...

d3 d
tf t
Rules:
-nasal -anterior
ool | | e | /-1 e ]
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Proto—Bantu:

Surface form UR

Pale Bale
leme leme
tape tafe
pala pala
konde konle
Zo1go ZO1Y0
Beya Beya
Bembe BemfPe
limo limo
kanga kanya
yombe yomfe
lelo lelo
kiya kiya
yiye yiye
kulu kulu
oggo onyo
tende tenle
zala zala
Zoyu Zoyu
Pele Bele
lelu lelu
eyi eyi
kingo kigyo
nto nto

The surface form... Is underlyingly...

b B
d 1
9 Y
Rules:
—d/n_
{ ] — [ -continuant | / [ 4nasal |_[ ]
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Mohawk:

Surface form UR

olizde? olirte?
zahset zahset
gazlis ka:lis
odahsa otahsa
wisk wisk
degeni tekeni
aplam aplam
ojargala ojakala
ohjotsah ohjotsah
labahbet lapahpet
sduzha stutha
d3iks d3iks
desda’?n testa?n
derzeknw terzeknw

The surface form... Is underlyingly...

b p
d t
g k

Rules:
[ -continuant ] — [ +voice ] /7[ “+vowel }
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Quechua (Cuzco dialect):

Surface form UR

qori quri
tloylu thuylu
qomir qumir
nigri niyri
moqo muqu
hoqara huqara
ptulju pulju
Jujay Jujany
tulju tulju
api api
suti suti
ONQO] uyquj
tlilwi tfilwi
t/hitliy tPitSin
thangaj thanqaj
aNqosaj anqusaj
getuy git/uy
pisqo pisqu
musoy, musuy,
tlupka tlupka
Jjangang Jjangan
thulju tHulju
ghelja ghilja
geNqo ginqu
tleqay tliqan
qay qany
noqa nuqa
tlaxra tlaxra
tleynin tViynin
soyta suyta
ayna ayna
ljixlja ljixlja
qosa qusa
qara qara
alqo alqu
seNqa sinqa
karu karu
atoy atuy
qagkuna gagkuna
pusay, pusay,
teywaj tiywaj
tlaki tlaki
watey watiy
apgka apka
waytaj waytaj
haku haku
waqaj waqaj
kapka kagka
waxt/a waxtla
waley, waliy
thakaj thakaj
reysisqa riysisqa

The surface form... Is underlyingly...

e i
o u
N ]

19



Rules:

[ -continuant | =~/ _q
“+back

u—>0/7{ -high }

u—o/q_

i—e/ [ -palletized |_[ -anterior ]o [

-nasal
+back

)
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Lhasa Tibetan:

Surface form UR
angu agku
aptaa antaa
agba angpa
apsoo apsoo
amt/oo amt/oo
tuktiii tuktiii
amto amto
iyu iyu
imtli imt/i
uti uti
ufu ufu

ea ea
embo empo
vutsi vutsi
qa ka

qaa kaa
qapba kaypa
qamba kampa
qam kam
qamtoo kamtoo
qaafo kaafo
kikti kikti
kifu kifu
kiigguu kiigkuu
kik kik
kituu kituu
kucuu kucuu
kurii kurii
kiiyuu kiiyuu
ku ku
kupci kupci
kupcaa kupcaa
kenca kenca
kembo kempo
key6o key66
kerfa kerfa
qo ko
qomba kompa
qor kor
0000 koooo
tihea tiPea
t/h uyum t/h uyum
topcaa topcaa
t"066 t"oos
taaaa taaaa
tuyi tuyi
tunco tungo
neNgaa neygaa
paNGo pangoo
peefaa peefaa
simcaa simgaa

The surface form...

Is underlyingly...

QL oz o

21
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Rules:

. -sonorant -nasal
[ +high ] - [ -high ] /*[ ~+high
[ -coronal | — [ +voice | /[ -vowel ]_

b

+back
-high

}
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Kikurai:

Surface form  UR
afaanto afaanto
afamura afamura
amahiindi amahiinri
amakééndo amakéénro
efa efa

eengwé eepywé

eya eya
ekepwé ekefwé
hooré hooréd
iBiyuriafe iBiyurafe
ifirddngiuri  ifirddyyduri
uyusfri uyusfri
Bainu Béinu

Borjé Borjé
it/iipgéna it/iigyéna
itliggaripe itliigyaripe
yafa yapa
itliinguita itliinytta
Pereka PBerekd
iyitiimbe iyitidmpe
yuika yuika
rema rema
reentd reentd
ofoyddka ofoydaka
ofotééndééru  ofotéénrééru
okoyéémbd okoyéémpa
okoémbaéra okoémpBara
okofara okofara
okoondsya okoonriya
okordya okorjya
roma roma
teyetd teyetd

ukuimbuurjd  ukuimpBuurjd

uruyita

uruyita

The surface form...

Is underlyingly...

b
d

9

B

r
Y

Rules:
[ -sonorant ] — [ -continuant } / [ -vowel }7
r—d/n_
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Modern Greek:

Surface form UR

kano kano
kori kori
xano Xano
xori xori
xlino xino
kiino kino
krima krima
Xrima xrima
xufta xufta
kufeta kufeta
kali kali
xali xali
el xeli
Ideri keri
xeri xeri
oxi oxi

The surface form...  Is underlyingly...

xJ X

ki k
Rules:
. -back
[ +back | — [ +palletized ] /7[ +tense }

24



Farsi:

Surface form UR

aTtef ®Ttef
farsi farsi
qaedri qeedTi
tah Tah

Tast Tast

Tif Tif

ahaf ahaf
axaerl axael
haertowt heettowt
fit fit
ahari aharti
beefadeet baetadeet
tlera tleta
datid darid
bifzeng bifeeng
[ifini [itini

The surface form... Is underlyingly...

T T

Rules:
[ +liquid } — 71/ [ “+vowel }7[ +vowel }
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Osage:

Surface form UR

débri Jébri
a0ikhaza a0ikhaza
dat/pé Jat/pé
t/263e t263e
dak?é dak?é
Oéze déze
dali J4li

die die
dafta daftd
Bifki Bifki

The surface form... Is underlyingly...

d 3

Rules:
[ ] = [ -continuant | / _[ +low ] [ ]
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Ambharic:

Surface form UR

foros foros
tonosa tonosa
jeliflif joliflif
majet majot
gonzob gonzob
Jegna Jogna
non non
mowdod mowdad
monnosat monnosat
momkor momKkor
zele zole
jellom jollom
mot! mot/
mostat mostot
follogo follago
agonne agonno
tomot/t/e tomot/tlo
mokkero mokkoera
kazze kazzo
ZEMMOTo ZOMIMoro
lat/tle lat{tfo
affe affo
bokkolo bokkolo
Jemaggolo Jomoggelo

The surface form...  Is underlyingly...

€ 9

Rules:
-anterior
o— ¢/ | -liquid
-back
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Gen:

Surface form UR

agble agble
agoyglo agoyglo
anpoli anoli
akplo akplo
sabule sabule
sra sla

alo alo
atitrwe atitlwe
avlo avlo
blafogbe blafogbe
dre dle

edro edlb
exlo exlo
exle exle

hle hle

plo glo

t'r5 t'15

nra nla

klo klo

tre tle

viu viu

b b

mla mla
pleplelu pleplelu
wla wla

Zro zlo

esro eslo
etro etlo
enrd enl3
d3ro d3lo

The surface form... Is underlyingly...

r 1

Rules:
[ ] = [ -lateral | / [ +coronal |_
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Kishambaa:

Surface form UR

tagi tagi
kitabu kitabu
paalika paalika
ni ni
pombe gombe
matagi matagi
dodoa dodoa
gofa gofa
babu babu
ndimi ndimi
ngoto ngoto
mbeu mbeu
gthurnbii ntPumbii
pokMupguni ok unguni
mpPeho mp"eho

The surface form... Is underlyingly...

m m
n n

Rules:

[ ]— [ -voice ] /7[ I)Zsciiratcd ]
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Thai:

Surface form UR

bil bil
miiil miii
rak’ rak’
baa baa
loy loy
briii briii
haa haa
plaa p'laa
dii dii
tlaan tfaan
thee thee
tPruumeen tPruumeen
kPen khen
panjaa p'anjaa
1o0j looj
phjaa phjaa
liak™ liak”
klaay k'laay
t/hat” t/hat”
traa t'raa
riip’ riip’
20k’ 20k’
phree piree
kio k'io
kPwaa kMwaa
kee k'ee
draj draj
diiy diip
kan k’an
tluek” thuek”
phleey phleey
than than
staay staay
rap’ rap’
jiisip” jiisip”
phaa phaa
khaa kPaa
dam dam
raaj raaj
tit" tit”
sip” sip”
pen p'en

The surface form... Is underlyingly...

o

p p
k k
t t"

Rules:
[ ]—] -unreleased | / _[ ]
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Palauan:

Surface form UR

kodo kodo
boduk boduk
diak diak
diak Biak
mabtyod mabtyod
de:l de:l

de:l Be:l
dioso? diose?
dioso? Oioso?
dik aik

dik 0ik

kub ku
?0dinel ?odinel
koad koaf
eanof eanol
yorarada yorarado
bad bab
ied1?0dip iedl?0dip
kodeb kodeb
modoyei modayei
udoud udoud
oldak oldak

The surface form... Is underlyingly...

d 0

Rules:
[ +coronal | —d / #_
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Russian (in metatheory training set):

Rules:
[ -sonorant | — [ -voice ] /

[ vowel ] = [ voice ]/ _|

at+stem  Dbliztstem u+stem | UR UR
atrozi biizrézi urézi r6zi rézi
atali blizali uali ali ali
atkarévi  blizkarévi ukarévi | karévi karévi
adbaradi Dblizbaradi ubaradi | baradi baradi
atslistri  Dbisslistri  usfistri | lisitri  oistri

-sonorant
+voice

_ [ +anterior }

}
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Indonesian  (in metatheory training set):

stem mo+stem+i | UR UR
lempar  molempar lempar lempar
rasa morasa rasa rasa
wakil mowakili wakil wakil
jakin mojakini jakin jakin
masak momasak masak masak
nikah monikah nikah nikah
naco moyaco yaco yaco
nani mopani nani nani
hituy moyhituy ghituy hituy
gambar meygambar | ggambar gambar
kirim moyirim kirim kirim
dopar mondoyar ddoyar dokar
tulis monulis tulis tulis
bantu mombantu bbantu bantu
pukul momukul pukul pukul
d3ahit mond3ahit d3d3ahit  d3ahit
tlatat  meiitlatat | dStfatat  tfatat
ambil monambil gambil ambil
isi moyisi gisi isi
undar moyundar gunday unday

Rules:
[ +vowel | = @ /o[ -glide Jo_#

-sonorant
+voice

|2/

[ -sonorant ] — [ +nasal ] /o_
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Yokuts :

stem+it  stem+hin  stem+nit | UR UR
xatit xathin xatnit xat xat
gopit gophin gopnit gop gop
gijit gijhin  gimit | gij  gij
mutut muthun mutnut mut mut
saipit saphin sapnit saip saip
gozbit gobhin gobnit go:b go:b
mezkit mekhin meknit metk me:k
?ortut ?othun Potnut urort u?ort
panat panathin  panamit | pama: pana:
hojot hojo:hin hojormit ho:jor  hojo:
?tilet ?ilethin ?Pilemit Pile: Pile:
cujot cujothun  cujomut cujo: cujor
paxa:tit  paxathin  paxatnit | paxait paxa:it
Popoitit  ?Popothin  Popotnit | ?opo:t  ?Poport
hibezjit hibejhin hibejnit hibe:j  hibej
sudokut  sudokhun sudoknut | sudotk sudo:k
Rules:
-back
{Jrvowel}_)u/u[ }0*

[ ] - [ -long ] /,[ ] [ -vowel }

[ +vowel | — @ / {[ +vowel | #}_
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Turkish (in metatheory training set):

stem stem+un stem+lar stem+larin | UR  UR
ip ipin ipler iplerin ip ip
kiz kizin kizlar kizlarin kiz  kiz
jiz jlziin jlizler juzlerin jiz  juz
pul pulun pullar pullarin pul  pul
el elin eller ellerin el el
tlan  t/anin tlanlar t/anlarin tlan  tlan
kaj kojiin kojler kojlerin kéj  koj
son sonun sonlar sonlarin son  son

Rules:

-low +vowel

[ +vowel | - { -back } / [ -back } [ o

[ +voice | — [ -rounded | /[ -rounded | [ -vowel |_
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Turkish :

stem stem+k | UR UR

ip ipi ip ip

bit biti bit bit
sebep  sebebi sebib sebib
kanat  kanadi kanid kanid
Jeref Jerefi Jerif Jerif
kit/ kit/i kit/ kit/
pilot pilotu pilout pilot
demet  demeti demit demet
Jarap  [arabi Jarib Jarab
ahmet  ahmedi ahmeid ahmed
pabut!  pabuddu | pabud® pabud3
giit giidsii giids giids
sepet sepeti sepit sepet
sanat sanati sanit sanit
kep kepi keip kep
kurt kurdu kurud kurd
sat! satfi sait! sat!
renk rengi renig reng

Rules:
[ -sonorant | — [ -voice | / _#

[ J—=1 Ji/[ ]i[ -vowel ]_{[ +anterior ] #}

[ +high ] - @ / [ +sonorant |_[ -vowel |
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Bukusu (in metatheory training set):

stem+a Pa+stem+a  D+stem+a UR UR

tla Bat'a nd3a tf tf

tlexa Batlexa nd3exa tlex tlex
thatfuunga  Patfutiuugga  Adsut’uunga | tutluung  tutfuugg
talaanda PBatalaanda ndalaanda talaand talaand
teexa PBateexa ndeexa teex teex
tiira Patiira ndiira tiir tiir
piima Papiima mbiima piim piim
pakala Papakala mbakala pakal pakal
ketulula Baketulula pgetulula ketulul ketulul
kona Pakona pygona kon kon
kula Bakula pgula kul kul
kwa Bakwa ygwa kw kw

Rules:

[ -voice } — [ “+voice } / [ +nasal } [ -vowel ]07
) aplace

[ +nasal | — aplace / 7[ —vowel }

37



English  (in metatheory training set):

stem stem+d stem+z stem-y ‘ UR UR
1O rod roz roly ro ro

Jo Jod Joz Jouy Jo Jo
cal cald calz caluy cal cal
trn trnd trnz troy trn trn
graeeb  graebd graebz graebuy greeb  graeb
sim simd simz simuy sim sim
liv livd livz liviy liv liv
muv  movd muvz muoviy myv  mov
hog hogd hoagz haguy hag hag
luk lukt luks lukwy luk luk
ask askt aesks askiy aesk aesk
werk  werkt werks werkuy werk  werk
ks kst kisoz kusuy ks ks
ff fuft fifoz fufy fuf fif
kwiz  kwuzd kwizoz  kwiay kwiz  kwiz
baz bazd bazoz bazwy baz baz
wet wetod wets wetiy wet wet
wed  wedod wedz wediy wed  wed
nid nidad nidz nidiy nid nid
Ift Iuftod Ifts Lty Iuft Iuft

Rules:
@ —o /[ +sibilant |_z

-continuant
& — o/ | -sonorant d

+coronal

[ -vowel | — [ -voice | / [ -voice |_#
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Lithuanian (in metatheory training set):

at+stem+ti  ap+stem+ti | UR  UR
ateiti - ei ei
atimti - im im
atnefti - nef nef
atleisti - leis leis
atlikti - lik lik
atkorpti - komp komp
atprafiti - prafii  prafi
atkurti - kur kur
apeiti el ei
apiefkorti iefkor  iefko:
- apakti ak ak
- apmorkirti mozki:  morkiz
- aptemdi:ti temdi:  temdi:
- apfaukti Jauk Jauk
adbekti - bek bek
adgauti - gau gau
adbukti - buk buk
adgimti - gim gim
abgauti gau gau
abglureti slure  Fure
- abzelti zel zel
- abdauzi:ti dauzi:  daugi:
- abdraski:ti draski:  draski:

Rules:

R - t
[ -vowel | — [ +voice ] /7[ jggi(f:n }
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Armenian  (in metatheory training set):

k+stem4am | UR UR
kertPam erth ert?
kasiem asi asi
kaniem ani ani
kakaniem akani akani
koxniem oxni oxni
kurriem urri urri
kotam kt t
kokienam okien kien
gobozzam gbozz bozz
golam gl 1
gozeram gzor Zor
kothuojniem | kPtPuejni  t"uojni
khotPapliem | kPtMhaphi tMaphi
ghobliefiem g"blibhFi  bhiafi
gloghuom g"ghu ghu
ghed”Pieviem | gPd”Mavi  d*Mavi

Rules:
[ +vowel | =0 /u_

[ -vowel | — [ -vowel |; / #_[ -vowel J;
[ -vowel | = o/ [ -vowel |_[ -vowel |

[ ]—)e/iﬁ
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Azininca Campa :

stem no+stem+ti | UR UR
toniro  notoniroti toniro  toniro
jaarato nojaaratoti | jaarato jaarato
kanari  nojanariti kanari  kanari
kosiri nojosiriti kosiri kosiri
pisiro nowisiroti pisiro pisiro
porita  noworitati porita  porita

Rules:

k=i/[ ]

p—w/[ ]_

This problem was manually graded:

e [-cor] — [~cons,+cont,+voi] / V_V (or possibly [-cor,~son]). The data is pathological in that the only place where these C’s aren’t
V_V is word-initial, and it’s cheaper to write “non-initial”. Implemented by rules 1 and 2.

No spurious rules.
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Kikuyu :

ko+stem+a | UR UR

yotepera teger  teper
yokuua kuu kuu
yokoora koor  koor
koruya ruy ruy
kooria ori ori
komepa men  men
kohota hot hot
yotfina tin tlin
koyeera yeer  yeer
koina in in
yot'uuka thuuk  thuuk
yokaja kaj kaj
koyaja yaj yaj

Rules:

[ -vowel | =y /#_[ ] [ —i;;vivce ]

[ -vowel | — [ 4voice | /7[ -sonorant }

+voice

This problem was manually graded:

e More complex version, expressed as 2 rules: k — [+voi] / _V[-voi,—cont] followed by [+dor,+voi,~son]—[+cont] (because the data has
no g, only y). Or, more simply (with narrower coverage): k — y / _V][-voi,~cont]. This is implemented by the first model output rule.
Model rule 1 “incorrectly” changes all C’s to y, because there’s no other data. Can’t really fault it for that.

Rule 2 is spurious.

42



Korean (in metatheory training set):

stem+o stem+ko | UR  UR
ipo ipko ip ip
kupo kupko kup  kup
kap"a  kapko kap"  kap"
cipPa cipko cip®  cip®
tata tatko tat tat
put"o putko put"  puth
moko mokko mok  mok
tluko tIukko thuk  tluk
iko ikko ik ik
taka takko tak tak
kaka kakko kak  kak
soko sokko sok sok

Rules:
[ -sonorant | — [ -aspirated | / _[ -sonorant |

[ ~+voice } — [ +low L/ [ +low }i [ -vowel }7
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Yowlumne :

stem+hin  stem+ka stem+al stem+it | UR UR

xathin xatka xatal xatit xat xat
dubhun dubka dubal dubut dib deb
xilhin xilka xilal xilit xil xil
ko?hin ko?ko ko?ol ko?it ko? ko?
doshin dosko dozsol dozsit do:s do:s
saphin sapka sarpal saipit saip saip
lanhin lanka lamnal lanit lamn lamn
mekhin mekka me:kal mezkit me:k me:k
wonhin wonko wo:mol wormit womn wom

paxathin  paxatka  paxaital paxaitit | paxait paxait
hiwethin hiwetka  hiwertal hiwe:tit | hiwe:t  hiwert
Popothin  Popotko  ?opo:rtol  ?Popo:tit | Poport  ?opo:t
jawalhin jawalka  jawailal  jawa:lit | jawa:l jawa:l
pa?ithin  pa?itka  paZtal pa?tit pa?t pa?t/pa?it
?ilikhin ?ilikka tilkal ?ilkit ?ilk ?ilik/?ilk
logiwhin logiwka  logwol logwit logw logiw /logw
fugunhun  ?ugunka  ?ugnal Pugnut | Pugn  ?ugun/?ugn
lihimhin lihimka  lihmal lihmit lihm lihm/lihim
?ajijhin Pajijka Pajjal Pajjit ?ajj ?ajj/?ajij
tojixhin tojixka tojxol tojxit tojx tojix/tojx
lukulhun  lukulka  luklal luklut lukl lukl/lukul
sornilhin somilka  sonlol sonlit somnl somil/somnl
Parmilhin ~ Pammilka  Pamlal Tamlit Parml  ?ammil/?amml
mozjinhin  mozjinka  mojnol mojnit moijn  mo:jn/mo:jin
sa:likhin sa:likka salkal salkit sa:lk sailk/sailik

Rules:
@ —i/ ] -vowel |_[ -vowel ] [ -vowel |

+rounded

a0/ [ o ] [ —vowel Jo_

-back
+vowel

}ﬁu/u[ Jo_

[ ]—=u/ { jigi(f:m ] [ -voice Jo_[ -continuant |

[ ]—=1-long ]/ _[ -vowel ] [ -vowel |
This problem was manually graded:

e vowel epenthesis: @ — i / C_CC (must precede rounding harmony, must precede vowel shortening). Model implements this with rule
1

e rounding harmony: [« high] — [3 round] / [« high, 8 round] Co_ (must follow epenthesis) (high vowels match preceding high in
rounding (dub-hin—dubhun), non-high match preceding non-high in rounding (do:s-al—dozsol). Model gets these with rules 2 and 3

(model: front becomes round, not falsified because data has no examples of uCoe)
e vowel shortening: Vi — V / _CC. Model implements this with rule 5

Rule 4 is spurious.
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Hungarian (in metatheory training set):

stem stem+ban  stem+to:l  stem+nak | UR UR
kalap kalabban kalapto:l kalapnak kalap kalap
ku:t ku:dban ku:tto:l kurtnak ku:t ku:t
zatk zaigban zatktorl zatknak zatk zatk
re:s rerzben re:sto:l resnek re:s re:s
Jro:f Jro:vban Jro:fto:l Jro:fnak Jro:f Jro:f
laka:[  laka:zban laka:fto:l  laka:nak | laka:[  laka:f
ketret® ketred”’ben  ketret®t6:l  ketret®nek | ketret® ketrat®
test tezdben testto:l testnek tezt test
rab rabban rapto:l rabnak rab rab
ka:d ka:dban kaztto:l ka:dnak ka:d ka:d
meleg  melegben melekto:l  melegnek | melag melag
viiz virzben visto:l virznek viiz viiz
varaz  vara;zban  varaifto:l  varagnak | varaiz = vara:sg
axg! arg'ban aldto:l arg'nak axg! aig!
sem semben semto:l semnek sem sem
biin biinben biinto:l biinnek biin biin
toron  toronban toronto:l  torofnak | toron toron
fal falban falto:l falnak fal fal
O Oirben Oirto:l Oirnek o O
saj sajban sazjto:l saijnak saj sazj

Rules:

[ +vowel } — { _E)a;k } / [ fjcc)i{vel ] [ }O,

[ vomel ] = [ 4voie ] /[ onorat |

[ -sonorant | — [ -voice | / _[ -voice |
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Kikuria (in metatheory training set):

stem+a stem+-era UR UR
suraanga —suraapgera | suraarg —suraang
taangata taapgatera | taangat taapgat
baamba baambera | baamb baamb
reenda reendera riend reend
rema remera rem rem
hoora hoorera hoor hoor
roma romera rom rom
sooka sookera sook sook
tat/ora tat/orera tat/or tat/or
siika seekera sitk sitk
tiga tegera tig tig
ruga rogera rug rug
suka sokera suk suk
huuta hootera huut huut
riinga reengera riing riing
siinda seendera siind siind

Rules:
[ +vowel } — [ -high } /7[ -liquid ]0 e
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Farsi :

Rules:
[ -vowel | = @ /e #

This problem was manually graded:

stem stem+-an UR UR
zeen zéeenan zéen zéen
laeb laeban laeb laeb
haesud haesudan haesud haesud
baeradeser  beeradseran | baerader  beaeradeer
bozorg bozorgan bozorg bozorg
mealeke malekean meeleke meeleke
valede valedean valede valede
keebire kaebirean kaebire kaebire
ahu ahuan ahu ahu
hamele hamelean hamele hamele
bat/t'e bat/t'egan | bat'tleg  bat/tleg
setare setaregan setareg setareg
beende bezendegan | beendeg  baendeg
azade azadegan azadeg azadeg
divane divanegan | divaneg  divaneg

o g-deletion: g — & / V_# (or e_#). Model rule 1 implements this process.

No spurious rules.
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Tibetan (in metatheory training set):

stem bd3u+stem stem+bd3u ‘ UR UR

ddu — - bd3u  bd3u
ddig  d3ugdsig - gdsig  gd3ig
Ji d3ubfi [ibd3u bfi bfi
gu d3urgu gubd3u rgu rgu
pa d3upa pabd3u pa pa

Rules:
[ -vowel | = @ [/ #_[ -vowel ]
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Makonde (in metatheory training set):

stem+anga stem-+ile stem+a | UR  UR
amanga amile ama am  am
tavanga tavile tava tav  tav
akénga akile 4ka ak 4k
patanga patile péta pét  poét
tatanga tatile téta tot  tét
dabdagga dabile déba déb  déb
avanga avile 6va ov ov
amanga amile oma 6om  ém
tapapga tapﬂe tépa tép  tép
patdgga patﬂe péta pét  pét
avanga avile éva év év
babdnga babile béba béb  béb
utanga utile ita at at
lukdnga lukile lika luk  luk
luméyga lumile lima lim  lim
ungénga ugile unga ung ung
ivagga ivile iva iv iv
pitdagga pitﬂe pita pft pft
imbanga imbile {mba fmb  {mb
liménga limile lima lim  lim
Rules:
+continuant +stress
{ -high ] —~a/ *[ -vowel } [ “+vowel ]

+stress

[ +vowel | — [ -stress | / _[ -vowel ]o { +vowel

|
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North Saamsi :

stem stem+-in UR UR
varit varihin varih varih
oahpis oahpisin oahpis oahpis
tloarvuf tYoarvufin t'oarvuf tloarvuf
lottaaf lottaad3in lottaads3 lottaad3
tluoivvat tluoivvagin tIuoivvag tluoivvag
ahhkut ahhkubin ahhkub ahhkub
suohkat suohkadin suohkad suohkad
heed3of heed3od3in heed3od3 heed3od3
aad3d3ut aad3d3ubin aad3d3ub aad3d3ub
bissobeahtset bissobeahtsehin bissobeahtseh bissobeahtseh
t/eahtsit tleahtsibin t/eahtsib tleahtsib
jaa?min jaa?mimin jaa?mim jaa?mim
tluoivat tIuoivagin tIuoivag tIuoivag
laage[ laaged3in laaged3 laaged?
gahpir gahpirin gahpir gahpir
gaauhtsis gaauhtsisin gaauhtsis gaauhtsis
aaslat aaslagin aaslag aaslag
badoofgaattset  badoofgaattsebin | badoofgaattseb  badoofgaattseb
ahhkit ahhkidin ahhkid ahhkid
bahaanaalat bahaanaalagin bahaanaalag bahaanaalag
beftor beftorin beftor beftor
heevemeahhtun heevemeahhtunin | heevemeahhtun heevemeahhtun
beed3ot beed3ohin beed3oh beed3oh
bissomeahtun bissomeahtumin bissomeahtum bissomeahtum
ladas ladasin ladas ladas
heaijusmielat heaijusmielagin heaijusmielag heaijusmielag
heapkkan heankkanin heapkkan heankkan
jaman jamanin jaman jaman

Rules:

[ -liquid

-nasal =t/ _#
| -sibilant

[ -vowel } — [ +coronal } ] _#

-sonorant
+voice

I/ _#

This problem was manually graded:

o coda place neutralization: [-syl] — [+cor| / _#

e final devoicing: [-son] — [-voi] / _# (possibly also intervocalic voicing: [-son,~cont] — [+voi] / V_V; but perhaps redundant with

final devoicing)

e coda manner neutralization: [-son,astrid] — [acont] / _#. i.e. stridents— s,[, non-stridents—t (could be two rules)

According to grader, the model’s outputs simulate the above processes, modulo differences in the feature system and lack of variable binding

on features. No spurious rules.
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Kerewe (in metatheory training set):

ku+ ku+ ku+ ku+ kutii+ kuki+ kutii+ kukit+ X
stem stem stem stem stem stem stem stem UR UR
+a +ana +ila, +ilana +a +a +ila, +ila

kubala  kubalana  kubalila  kubalilana  kuttbdla kukibala  kutdbdlila  kukitbalila | bal  bal
kugaja  kugajana  kugajila  kugajilana  kutigdja kukfgéja kutugdjila kuki/tlig ajila | gaj gaj
kugula  kugulana  kugulila  kugulilana  kutigila kukfgl’lla kutugulila kukftﬁgulila gul gul
kubdla  kubédléna kubalila kubdlilana kutdbsla  kukibdla kutdbdlila  kukitdbalila | bal — bal
kulima kuliména kulimila kulimilana kutdlima kukilima kutdlimila kukitdlumila | lim  ldm
kustna kusindna kustnila kustnilana kutdsina kukistna kutdstnila  kukitdsunila | stn  stn
kuldba  kulabdna  kuldbila  kuldbilana  kutdlaba kukiliba kutildbila  kukitilabila | ldb  lab

Rules:

[ +voice ] = [ -highTone ] / [ +highTone ] [ -vowel |_

[ +vowel | — [ +highTone | / [

+highTone
+vowel

o1

] [ -vowel Jo_[ -vowel |



Polish :

stem stem+i | UR UR

klup klubi klub klub
trup trupi trup trup
dom domi dom dom
snop  snopi snop  snop
swup  3wobi swob  3wob
trut trudi trud trud
dzvon dzvoni | dzvon dzvon
kot koti kot kot
lut lodi lod lod
grus gruzi gruz gruz
nos nosi nos nos
vus vozi voz voz
wuk wugi wug wug
wuk wuki wuk wuk
sok soki sok sok
ruk rogi rog rog
bur bori bor bor
vuw vowi VoW VoW
sul soli sol sol
buj boji boj boj
Jum Jumi Jum Jum
ur zuri ur 3ur
Rules:
-nasal
[ +vowel } — u/i[ Lvoice } #

[ -sonorant | — [ -voice | / _#

This problem was manually graded:
e o-raising: o — [+high| / _[+voi,nas|# (ordered before final devoicing). Model implements this with rule 1.
o Final devoicing: [-son] — [-voi] / _# (ordered after o-raising). Model implements this with rule 2.

No spurious rules.
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Ancient Greek (in metatheory training set):

Rules:
+anterior
+coronal

[ -sonorant ] — [

stem+s  stem-os stem-+i stem+si | UR UR

hals halos hali halsi hal hal

ojs ojos oji ojsi 0j 0j

sus SU0S sui susi su su
klo:ps klozpos klo:pi klo:psi klo:p klo:p
p"le:ps p"letbos pllebi pllepsi p"le:b plle:b
katedlips  kate:lipPos  kate:dlip"i  kateilipsi | katedlip?  kate:dlip"
ptulaks  pPulakos prulaki ptulaksi | phulak prulak
ajks ajgos ajgi ajksi ajg ajg
salpipks  salpingos  salpingi  salpipksi | salping  salping
onuks onuklos onukhi onuksi onuk® onuk™
thers thertos therti thersi thert thert

kM aris kMaritos khariti kharisi kharit kharit
elpis elpidos elpidi elpisi elpid elpid
korus korut"os korut"i korusi korut" korut®
ris rimos rimi risi rim rim
delptizs  delpPimos  delpPimi  delplizsi | delptimn  delp"im

-aspirated
-voice

] S o[ -vowd |

} /[ -sonorant |
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Catalan  (in metatheory training set):

stem stem+-o UR UR
okelj okeljo okelj okelj
mal malo mal mal
sipil sipilo sipil sipil
askerp oskerpo askerp askerp
Jop Jopa Jop Jop
sek seko sek sek
aspes 9spES ospes aspes
gros groso gros gros
baf bafo baf baf
kof kofo kof kof

tot toto tot tot
brut bruto brut brut
pok poko pok pok
prosis prosizo prosiz prosiz
fronses fronsezo fronsez fronsez
gris grizo griz griz
kozat kozado kozad kozad
bwit bwido bwid bwid
rot! 039 rod3 rod3
bot! boze bod3 bod3
orp orPo orb orb
ljark ljaryo ljarg ljarg
sek seyo seg seg
fofuk fofuye fofug fofug
grok groyo grog grog
puruk puruyo purug purug
kandit kandide kandid kandid
fret frede fred fred
soyu soyuro soyur soyur
du duro dur dur
soyado soyodora sogador soyador
kla klaro klar klar
nu nuo nu nu

kru kruo kru kru
flond3u  flond3e flond3u flond3u
dropu dropo dropu dropu
ogzakto  ogzakto ogzakto agzakto
olfi olfino olfin olBin
sa sano san san
pla plano plan plan
bo bono bon bon
sore SOreno soren soren
suflim suflimo suflim suflim
al alto alt alt

for forte fort fort
kur kurto kurt kurt
sor sordo sord sord
ber berdo berd berd
san santo sant sant
kolen kolento kolent kolent
prufun prufunde | prufund  prufund
fokun fokundo fokund fokund
dosen dosento dosent dosent
dulen dulento dulent dulent
ostudian ostudianto | estudiant ostudiant
blay blapko blagr blapk
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Rules:
[ -sonorant | — [ -voice | / _#

t— 0/ [ -vowel |_#

{ :iﬁ?;:m ] — [ +continuant } / [ -nasal }7[ +vowel ]
-lateral

+sonorant | — @ / _#
+coronal

[ —

+vowel | — @ / [ -sonorant ]_o

[ “nasal } —k/ [ -vowel ]7
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Serbo—Croatian  (in metatheory training set):

stem stem+a  stem4o stem+i stem+em stem+] stem-+la  stem+16 | UR UR
krizan  krizana  krizano  krizani = — - - - krizan krizan
sunt'an sunt/ana sunt'ano suntfani - - - - sunt/an  sunt/an
svetlan  svetlana  svet'ano  svetlani svetlan  svet/an
bogat bogata bogato bogati - - - - bogat bogat
rapav rapava rapavo rapavi - - - - rapav rapav
mlad mladd mladé mlad{ - - - - mldd mlad
tip tupé tup6 tupi - - - - tap tap
blag blaga blagé blagf blag blag
grib grubd grubd grubf - - - - grub grib
béo beld beld beli - - - - bél bél
veseo vesela veselo veseli - - - - vesel vesel
debéo debeld debeld debeli - - - - débél debél
mio mila milé mil{ mil mil
zelén zelend zeleno zeleni - - - - zélen zelén
kradén kradend kradené kradeni — - - - kradén  kradén
dalék dalekd dalek6 daleki - - - - dalek dalék
visék  visokd  visoké  visoki visék  visék
dubék  dubokd  duboké  duboki - - - - dibék  dubodk
jasan jasna jasno j asni - - - - jasn jasn
vazan vazna vazno vazni - - - - vazn Vazn
sitan sitnd sitné sitni sitn sitn
ledan ledna ledno ledni - - - - ledn ledn
tanak  tankd tanké tanki - - - - tank tank
kratak  kratka kratko kratki - - - - kratk kratk
blizak  blisk4 bliské bliski -~ - - - blizk  blizk
tzak uska uskd uski - - - - uzk uzk
débar dobra dobré dobri - - - - débr débr
6ftar oftré oftré oftri - - - - 6ftr oftr
bodar bodra bodro bodri - - - - bodr bodr
ustao ustala ustalo ustali - - - - ustal ustal
mukao  mukld muklé mukli - - - - mukl mukl
6bao obla obld obli - - - - 6bl 6bl
podao podla podlé podli - - - - pédl podl
- - - — tepém tépao tepla tepld tép tép
- - - - skubém skiibao  skubld skublo skub zkib
- - - - tresém trésao  tresld treslo trés trés
vezém vézao vezla vezld véz véz
Rules:
+stress

[ +vowel | — [ +stress |/ [

[ “+vowel } — [ -stress ] /7[ -vowel }0 {

+vowel

@ —a /| -vowel |_[ -vowel | #

[ -sonorant | — [ -voice | /

l—so/_#

[T

+stress
+vowel

_ [ -sonorant ]
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Russian (in metatheory training set):

Rules:
[ -sonorant ] — [ -voice ] / _#

stem stem+-a UR UR
vagon vagona vagon vagon
avtomobill  avtomobilia | avtomobill avtomobil
vetler vetlera vetler vetler
muf muza muz musz
karandaf karandafa karandaf karandaf
glas glaza glaz glaz
golos golosa golos golos
ras raza raz raz
les lesa les les
porok poroga porog porog
vrak vraga vrag vrag
urok uroka urok urok
porok poroka porok porok
tSvet tSveta tSvet tSvet
prut pruda prud prud
soldat soldata soldat soldat
zavot zavoda zavod zavod
xlep xleba xleb xleb
grip griba grib grib
trup trupa trup trup
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Finnish :

stem stem+-a UR UR
aamu aamua aamu aamu
hopea hopeaa hopea hopea
katto kattoa katto katto
kello kelloa kello kello
kirja kirjaa kirja kirja
kiilmae kiillmaeae kiilmae kiilmae
koulu koulua koulu koulu
lintu lintua lintu lintu
hilli hiilliiee hilli hilli
kémpelo  kompeloae | kompelo  kompelo
nako nakoae nakd nako
joki jokea joke joke
kivi kivese kive kive
muuri muuria muuri muuri
naapuri  naapuria nagpuri nasepuri
nimi nimeae nime nime
kaappi kaappia kaappi kaappi
kaikki kaikkea kaikke kaikke
kiirehti kiirehtise kiirehti kiirehti
lehti lehteae lehte lehte
maeki meaekese meeke meeke
ovi ovea ove ove
posti postia posti posti
tukki tukkia tukki tukki
aeiti aeitise aeiti aeiti
englanti  englantia | englanti englanti
jeervi jeerveee jeerve jeerve
koski koskea koske koske
reki rekeae reke reke
veeki vackease vaeke vaeke

Rules:
: ]%[—back ]/t

+vowel

ae%a/{#back } [ o

+tense

e—1/_#
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Kerewe (in metatheory training set):

ku+stem+a m-stem+a atstemta stem+a | UR UR
kupaamba mpaamba apaamba paamba | paamb paamb
kupaanga mpaayga apaanga paanga | paayg — paang
kupima mpima apima pima pim pim
kupuupa mpuupa apuupa puupa puup puup
kupeket/a mpeket/a apeket/a peket'a | peket!  peket!
kupiinda mpiinda apiinda piinda piind piind
kuhiiga mpiiga ahiiga hiiga hiig hiig
kuheeka mpeeka aheeka heeka heek heek
kuhaanga mpaanga ahaanga haanga | haang  haang
kuheeba mpeeba aheeba heeba heeb heeb
kuhiima mpiima ahiima hiima hiim hiim
kuhuuha mpuuha ahuuha huuha huuh huuh

Rules:
[ -voice | = p /[ -vowel |_
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English  (in metatheory training set):

stem+s | UR UR

keeps keep keep
keets kaet keet
kaks kak kak
pruwfs | pruwf pruwf
kaebz kaeb kaeb
keedz keed kaed
kagz kag kag
hovz hov hov
flijz lij flij
pleewz | pleew  plew
pjrez pjre  pjre
kleemz | kleem  kleem

keenz keen keen
karz kar kar
golz gol gol
slaeps slaep sleep
hits ht it

powks powk  powk
staebz staeb  staeb

hajdz hajd  hajd

dvgz dig dug

leefs leef leef
ps pwo puo
sleemz sleem  sleem
keenz keen keen

heeyz heey heey
Orajvz | Orajv  Orajv
bejoz bejo bejo
flajz flaj flaj

Rules:
[ -vowel | — [ +voice | / [ +voice |_#
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Jita (in metatheory training set):

oku+ oku+ oku+ oku+ okimui+ okumui+ okut!i+ oktt/i+ .

stem stem stem stem stem stem stem stem UR UR

+a +ira +ana +irana +a +ira +a +ira
okufuma okupumira okufumana okufumirana okumufima okumufimira okut/ipima okut/ifimira | pum Pum
okusifa okusifira okusifana okusifirana okumusifa okumusifira okut/isipa okut{isipira sip sip
okulima  okulumira okulumdna okulumirana lim  ldm
okukifa  okukufira okukuBdna  okukufirana - - - - kap  kap
Rules:

. +highTone

[ +vowel ] = [ ~highTone | / [ vowel [ -vowel Jo_[ -vowel ]

[ +vowel | — [ -highTone | / _[ -vowel ]q [

This problem was manually graded:

~+highTone
+vowel

e Move a high tone one syllable to the right. Rules 1 and 2 interact to effect this change and no other change.

No spurious rules.
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Koasati (in metatheory training set):

Rules:
[ +nasal | — aplace / 7[

aplace
-vowel

stem am-+-stem UR UR
apaht!/4 amapaht/4 apaht!/4 apaht/4
asikt/i amasikt/i asikt/i asikt/{
ilkané amilkand ilkané ilkané
ifa amifd ifd ifa

aipé ama:pé arpd aipé
iski amiski iskd iski
pat/ okkdka ampat/ okkdka pat/ okkdka pat’ okkdka
towa antowa towd towa
kasté apkasté kasté kasto
bajama ambajdina bajama bajama
téta anta:ta té:ta tata
tlofkoni afit'ofkoni tofkoni tfofkoni
kititka apkititkd kititka kititka
toni antoni toni toni

}
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Korean (in metatheory training set):

stem+o stem+ninta | UR UR

ana anninta an an
kama kamninta kam kam
sino sinninta sin sin
t'atimo  t'atimninta | t'atim t'atim
noma nomninta nom nom
nama namninta nam nam
tfama  tMamninta | t'am  tPam
ipo imninta ip ip
kupo kumninta kup kup
topo t'omninta tlop top
tata tanninta tat tat
putPs punninta put®  puth
tlot/ha, tlonninta tlot/P tlot/P
moko moyninta mok mok
sok’o sopninta sok” sok’
tak’a tagninta tak’ tak’
tluko tluyninta tluk thuk
iko igninta ik ik

Rules:
[ +voice | = [ +low |; / [ +low ]; [ -vowel |_#

[ -voice | — [ +masal | / _[ -vowel |

[ J—oa/th_
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Samoan (in metatheory training set):

stem stem-+ia UR UR

olo oloia olo olo

lafo lafoia lafo lafo
ana anaia ana ana
usu usuia usu usu

tau tauia tau tau
taui tauia taui taui
sax?ili sa:?ilia sa:?ili sa:?ili
vapai vayaia vapai vayai
pari paria pari pari
naumati naumatia | naumati naumati
sauni sarunia saruni saruni
sepi sepia seni sepi
lele lelea lele lele
sute su?ea su?e sure
ta?e tatea tarte tate
tafe tafea tafe tafe
tarupule tamupulea | taiupule tarupule
palepale palepalea | palepale palepale
tur tuzlia tuzl tuzl
tau taulia taul taul
?alo ?alofia ?alof ?alof
080 osofia osof osof
sao saofia saof saof
asu asunia asuy asury
pole polenia poley poley
ifo ifoyia ifoy ifoy

ula ulagia ulay ulay
milo milosia milos milos
valu valusia valus valus
vela velasia velas velas
api apitia apit apit
e?e eretia eret efet
lava: lava:tia lava:t lava:t
u urtia wt urt
puni punitia punit punit
si?o si?omia si?om si?om
palo palomia palom palom
SOpo sopo?ia sopo? sopo?
au aulia aul aul
matau  martaulia | martaul  maztaul
ili ilifia ilif ilif

ulu ulufia uluf uluf
tago tayofia tagof tagof
soa soapia soary soary
fesili fesilinia fesiliy fesiliy
?ote Potenia ?oter Toten
tofu tofupia tofuy tofuy
la?a la?asia la?as la?as
tani tayisia tapis tayis
motu motusia motus motus
mata?u  mata?utia | mata?ut mata?ut
sau sautia saut saut
o?o o?otia o?ot 0?0t

ufi ufitia ufit ufit
tanu tanumia tanum tanum
mo?o mo?omia | mo?om  mo?om
tao taomia taom taom
fana fana?ia fana? fana?
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Rules:
{ -back } S [

+vowel

[ -vowel | — @ [ _#

-back
+vowel

-
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Palauan :

Rules:

[ +voice | =0/ [ ][ -vowel |_[ -vowel | #

[ +vowel | = o/ _[ -vowel o [

mé+stem  stem+4ll  stem+1 | UR UR
modéageb  denyebdll  deydbl | ddyéb  danob
moté?eb  toPoball  to?ibl | té?b  te?ib
monétom  potomdll potéml | pétém ypetom
motabok tobokall tobdkl | tdbdk  tabak
mo?arom  Poromall  Poréml | ?arém  ?arom
mosésob sasobdll sos6bl | séséb  sesob

+stress
+vowel
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Tunica (in metatheory training set):

stem stem+?ubki stem+?oki stem+hk?aki | UR UR

pé p6?uhki p62oki pohkraki po pé
pi pi?uhki piveki pihk?aki pi pi
ja ja?uhki jaraki jdhk?aki ja ja
t'i  tfa?ubki tha2oki t'ihk?aki it

hara  har?uhki har?aki héarahk?aki hard héra
hipu  hip?ubki hip?oki hipuhk?aki | hipu hipu
nafi  naf?uhki naf eki nafihk?aki nafi  ndfi

Rules:
[ +voice | =&/ [ -back | [ -vowel ]_[ -sonorant |

{ +continuant

“high ] —a /4 -vowel |_

[ “+voice } -/ [ } [ -vowel ]7?

This problem was manually graded:

e vowel harmony: same backness and lowness as VC_: [~high,~low] — [alow,3bk] / [alow,Sbk]C_ (ordered before V deletion). Model
rules 1 and 2 implement this process but restrict the context in a way that’s allowed because the data contains a pathologically tiny
of front vowels, so the rule that it posits happens to work

e vowel deletion: V. — @ / V["?]_CV. Model rule 3 applies only to C?_CV is fine. Application to [+voice] rather than V is allowed by
such limited data, so that’s OK

No spurious rules.
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German (in metatheory training set):

stem stem+-o stem+en stem+or | UR UR
tak tage - - tag tag
volk volko — - volk volk
poriskop  poriskopo  — - poriskop  poriskop
hof hofo - - - hof
wok Wogo - - wog wog
108 T0S0 - - TOS TOs
raup - raubon - raub raub
loit - loidon - loid loid
lop loben lob lob
lant landon land land
rat - raton - rat rat
grois groizes - - groiz groiz
braf — - braver brav brav

Rules:

[ -sonorant | — [ -voice | / _#
-sonorant

[ -vowel | — [ +voice ] /7[ voice

)

[ “+voice } —s/ [ +high } [ -vowel ]7#

-sonorant .
e/ { voice ]7[ -voice |
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Zoque (in metatheory training set):

stem p+stem UR UR
pama mbama pama pama
tatah ndatah tatah tatah
kwarto pgwarto kwarto kwarto
plato mblato plato plato
trama ndrama trama trama
disko ndisko disko disko
gaju pgaju gaju gaju
tlo?ngoja pdo?ngoja | t'o?ngoja  t/o?nkoja/t'o?ngoja
tsima ndzima tsima tsima
sak sak sak sak
faha faha faha faha
Japun Japun Japun Japun
Rules:
-+continuant
[ +nasal | - @/ #f{ high }
o aplace
[ +nasal | — aplace / #7{ “vowel ]

[ -voice } — [ “+voice } / [ +nasal } [ -vowel ]07

This problem was manually graded:
o nasal deletion: [+nas] — @& / _[4cont]. Model gets this with rule 1
e nasal place assimilation: [+nas] — [« place] / _[a place,—syll]. Model gets this with rule 2.

o postnasal voicing: [-son] — [+voi] / [+nas]_. Model gets this with rule 3 (looks funny to allow voicing ts—dz, which should have been
transcribed as a single segment)

No spurious rules.

69



Lumasaaba (in metatheory training set):

ig+stem  xa+stem ‘ UR UR

ipjele xagele cele cele
igga:fu  xaxa:fu xa:fu  xaifu
imbefa  xafefa BeBa  BePa
iggoxo xakoxo koxo  koxo
iggwe xakwe kwe  kwe
indali xatali tali tali

imboko  xafoko poko  Poko

Rules:
-continuant
[ -sonorant | — [ voice ] / [ -vowel |_

aplace
-vowel
This problem was also manually graded:

[ +nasal | — aplace / 7[

o Post-nasal hardening: [-son] — [-cont] / [+nas|_. Model implements this process in first rule

o Post-nasal voicing: [-son] — [+voice] / [+nas]_. Model implements this process in first rule (according to manual grader: “nothing
wrong with combining” the first and second processes into a single rule)

e Nasal place agreement: [+nas] — [« place] / _[« place,—syll]. Model implements this process in second rule.

Model outputs no spurious rules.
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Russian :

stem+d  stem+l stem+la stem+DPia | UR UR

viirni viirndl  viirndla  virndabi viirnd  vlirnd
vria vral vrald vrali vra vra
staju stajal stajala stajalli staja  staja
plikd pidk piikla pikli piok pidk
izt vids viizla Vighi vidz
magu mék magla mag Ut - mabg
moéknu  mdk mokla mokli - mokn

Rules:

[ +voice | — { iitor;j } /| -stress | [ -vowel |_[ -vowel ]o {{ fjgxl;el },#}
. +stres +st

[ +vowel | =i/ {{ +i§;§ ],#} [ -vowel |_[ -vowel ]q [ +i;§: }

[ 5o/ { “continuant ] { -lateral

-high -low ]*{[ +vowel }’#}
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Japanese :

stem+ru  stem+anai stem-+itai stem+tda stem+joo ‘ UR UR
neru nenai netai neta nejoo ne ne
miru minai mitai mita mijoo mi mi
Jinu [inanai [initai [inda [inoo fin  [in
jomu jomanai jomitai jonda jomoo jom jom
jobu jobanai jobitai jonda joboo job  job
kat®u katanai kat(itai katta katoo kat!  kat®
kasu kasanai kafitai kafita kasoo - kas
waku wakanai wakitai waita wakoo - wak
tSugu tSuganai tSugitai tSuida t*ugoo - tSug
karu karanai karitai katta karoo - kar
kau kawanai kaitai katta kaoo - kaw

Rules:

—

-anterior
-low

} —t°/ [ +vowel |_[ -vowel |

+voice | = n /[ +vowel |_[ -continuant |

-vowel | = @ / [ +vowel | [ -vowel |_

-sonorant | — t / { -rounded }7[ -high |

-nasal

72



Swahili :

u+stem  stem ma+stem | UR UR
ubale mbale - bale bale
udago ndago - dago dago
ugimbi I_Jgimbi - gimbi gimbi
udiia pd3ia - dia d3ia
upad’a  pPad’a mapadsa | p"ad’a  pPadsa
upamba pPamba — ptamba pPamba
utunzo  t"unzo  matunzo | t'yzo thunzo
utunda  thunda - thyda tPunda
ukelele  kPelele  makelele | kPelele  k'elele
ukumbi  kPumbi  — k" mbi kPumbi
utfoma  tPoma  mat'oma | tMoma  tPoma
ut’ango  tPango tlhango  ttango
ufuasi fuasi mafuasi fuasi fuasi
ufuko fuko - fkho fuko
uvufo vufo mavufo vfo vufo
uvumbi  vumbi - vybi vumbi
usiku siku masiku siku siku
usira sira sira sira
ufono Jono majfono Jono Jono
ufanga  fanga - Janga  [anga
uwingu  mbiggu — bwinggu  biggu
uwili mbili - bwili wili
ulimi ndimi - dlimi limi
urefu ndefu - drefu refu
umio mio — mmio mio
wimbo  pimbo - nigbo imbo
wembe  pembe  — nembe  embe
wakati nakati akati
ufi nufi ufi
Joka - majfoka - Joka
tunda - matunda | — tunda
kafa - makafa - kafa
Rules:
-back
o -back
-sibilant | — @ / # | ]7{ +sonorant ]
-tense
-sonorant
o —m/ #7{ voice ] [ +vowel |
[ +nasal | — aplace / 7[ _O:]I;l‘;gf }

@ —u/ [ -sonorant |_[ -vowel ]
[ -vowel | — [ -aspirated | /[ ]_

[ +vowel | = w /#_[ +vowel |
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Russian (in metatheory training set):

stem+a stem stem+¢ stem+i | UR  UR
lund Iin lunié Iini Iin  lun

dird dir dirlé diri div  dir
travéa traf travi¢ travi trav  trav
plils piil plili¢ piili pil  pifl/pil
valnd véln valnié v6lni voln
galavd  galésf  galavié¢  gélavi gélov
sillizd 3iliés  gillizié 3éVizi - 3élioz
3ind 30n 3inlé 36ni - z0n
zmiija zmiéj  zmlijé zmi &ji — zmiéj
miéna mién miénii miéni - mién
pilind  pliién piilinié pibini | — plilén
biisiéda  blisiét  bislédli  blislédi | - bliséd
biid4 bi¢t blidi¢ blédi - bled
plita pat  plitié pliti - pat
stiing stién  sthindé  stiéni | - sten/stien
rlikd ¢k vikl¢ vékii - vek/rek
sluga slhak slug’¢ shig'i - slug
blaxa blox blaxié bléxii — blox

Rules:
[ -sonorant | — [ -voice | / _#

[ -vowel | — [ +palatalized | /7[ -back

[ “+vowel } — [ -stress ] /7[ -vowel }0 {

+vowel

|

+stress
+vowel

This problem was manually graded. The textbook problem statement specifies that the rules governing stress are not to be found by the
student; the system makes little headway because it gets stuck trying to explain the stress patterns.

e There are some rules for stress, but they’re complicated and not easy (or possible?) to state in this formalism. This can’t be solved
with this data, in this model. A couple pieces that come close: suffix stress: delete in the context of a stem stress. stress: initial if no
other stress (but there are exceptions, because it isn’t really right).

e vowel reduction: stressless o—a. Model misses this process.

e vowel reduction: stressless e—i. Model misses this process.

palatalization: C — C / _[-back]. Model implements this with rule 2.
final devoicing: [-son] — [~voi] / _#. Model implements this with rule 1.

vowel reduction: stressless V. — i / 3_. Model misses this process.

Third rule (which moves stresses) is spurious, and occurs because the model is trying to explain stress patterns when the problem states

that stress patterns do not need to be explained.

74



Finnish :

stem+n  stem stem+t  stem+lta stem—+kna | UR UR
kanadan kanada kanadat kanadalta kanadana | kanada kanada
kirjan kirja kirjat kirjalta kirjana kirja kirja
aamun aamu aamut aamulta aamuna aamu aamu
talon talo talot talolta talona talo talo
koiran koira koirat koiralta koirana koira koira
hiiveen hiivee hiiveet hiiveeltae hiiveenae hiivee hiivee
kuvan kuva kuvat kuvalta kuvana kuva kuva
lain laki lait lailta lakina laki laki
naelen nxelke  neelet nalelte naelkense | nelke neelkae
jalan jalka jalat jalalta jalkana jalka jalka
leuan leuka leuat leualta leukana leuka leuka
paran parka parat paralta parkana parka parka
reigen reikae reiset reizelte reikeenae reikee reikae
nahan nahka nahat nahalta nahkana nahka nahka
vihon vihko vihot viholta vihkona vihko vihko
laihan laiha laihat laihalta laihana laiha laiha
avun apu avut avulta apuna apu apu
halvan halpa halvat halvalta halpana halpa halpa
orvon orpo orvot orvolta orpona orpo orpo
leiveen leipae leiveet leiveeltae leipaenae leipae leipae
pxiveen  paeivee  peeiveet  paiveeltae  peaeiveense | paeiva paiva
kilvan kilpa kilvat kilvalta kilpana kilpa kilpa
kiilviin kiilpii kiilviit kiilviiltae kiilpiinee kiilpii kiilpii
tavan tapa tavat tavalta tapana tapa tapa
korvan korva korvat korvalta korvana korva korva
@idin aiti idit idilte itine ®iti iti
kodin koti kodit kodilta kotina koti koti
muodon muoto  muodot muodolta  muotona muoto  muoto
taedin taeti taedit teediltae taetinae taeti taeti
kadun katu kadut kadulta katuna katu katu
maidon maito maidot maidolta maitona maito maito
polideen  poiitee  poideet  polideeltee  politeense | poiita potitee
tehdiin tehtii tehdiit tehdiiltee tehtiinae tehtii tehtii
leemmén  leemp6  leemmot  leemmoltee leemponee | leemp6  leempo
laggan lagka lagpat lagpalta lapkana lagka lapka
seenyiin seepkii  seegyiit seeppiiltee seepkiine | seepki  seepki
hinnan hinta hinnat hinnalta hintana hinta hinta
linnun lintu linnut linnulta lintuna lintu lintu
opinnon  opinto  opinnot  opinnolta  opintona - opinto
rannan ranta rannat rannalta rantana ranta ranta
luonnon  luonto  luonnot  luonnolta  luontona luonto  luonto
punnan punta punnat punnalta puntana punta punta
tunnin tunti tunnit tunnilta tuntina tunti tunti
kunnon kunto kunnot kunnolta kuntona kunto kunto
kannun kannu kannut kannulta kannuna - kannu
linnan linna linnat linnalta linnana - linna
tumman tumma tummat tummalta tummana | — tumma
auripggon aurigko auriggot aurigpolta aurigkona | aurigko auripko
reyyin repki renpit renyiltee repkinae - repgki
vaypin vaygki vaypit vayyilta vapkina vapki vapki
kellon kello kellot kellolta kellona kello kello
kellan kelta kellat kellalta keltana kelta
sillan silta sillat sillalta siltana - silta
kullan kulta kullat kullalta kultana - kulta
virran virta virrat virralta virtana - virta
parran parta parrat parralta partana - parta
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Rules:
[ +vowel | — [ -back ] /ii [ -vowel ]o_

pv/[ ][ ][ +coronal ]
t— [ 4voice | /[ ][ ][ 4coronal |
[ +vowel | = [ -back | /2 [ Jo_

[ -vowel ] — [ +nasal | /[ 4nasal ]_][

koo/[ ][ ][ -high ]

] [ -back }
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Korean :

(note: the data is shown transposed because otherwise it does not fit on the PDF page)

stem+

man pamman summan pamman pamman namman namman namman pamman

stem+-

mank"im | pammank"im summapkPm pammapkPim pammank"™im nammapk"im nammapk"im nammapkPim pammank"im

stem+

narim pamnarim sumnarim pamnarim pannarim nannarim nannarim nannarim pannarim

stem+- pap sup pam pat nat nat nat pan

stem+

tero paptero suptero pamtero pattero nattero nattero nattero pantero

stem—+

kwa papkwa supkwa pamkwa pakkwa nakkwa nakkwa nakkwa pagkwa

stem+

pota pappota suppota pampota pappota nappota nappota nappota pampota

stem+-

kat!i papkat/i supkat/i pamkat/i pakkat/i nakkat/i nakkat/i nakkat/i pankat/i

stem+

i papi sup™ pami pat/ti nasi nat/i nat/i pani

stem+-

in papin sup"in pamin patPin nasin natfin nat/Min panin

stem+

e pape sup”e pame pathe nase natle nat/Me pane

stem+

ita papita suplita pamita pat/tita nasita natlita nat/Mita panita

stem+

iro papiro supPiro pamiro patPiro nasiro natliro nat/Piro paniro

UR pap sup pam - - - - -

UR pap sup” pam pat? nas nat/ nat/™® pan
Rules:

[ -voice } — [ +nasal } /7[ +nasal ]

[ -vowel | — ph /u_[ +vowel ]
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Sakha (Yakut) :

stem stem+lar stem-lin UR UR
aya ayalar ayaliin aya aya
paarta paartalar paartaliin paarta paarta
tia tialar tialiin tia tia
kinige kinigeler kinigeliin kinige kinige
Jie [ieler [ieliin [ie [ie

ije ijeler ijeliin ije ije
kini kiniler kiniliin kini kini
bie bieler bieliin bie bie
oyo oyolor oyoluun oyo oyo
yopto yoptolor yoptoluun xopto xopto
boro borolor boroliiiin boro boro
tial tiallar tialliin tial tial

ial iallar alliin ial ial
kuul kuullar kuulluun kuul kuul
at attar attiin at at
balik baliktar baliktiin balik balik
iskaap iskaaptar iskaaptiin iskaap iskaap
oyus oyustar oyustuun oyis oyis
kus kustar kustuun kus kus
tinniik  tinnikter tiinniiktiiiin tiinnik tiinnik
sep septer septiin sep sep

et etter ettiin et et

oriis Oriister oriistiiiin orus orus
tiis tiister tiistiin tiis tiis
soroy, soroytor soroytuun soroy, Soroy,
oy, oytor oytuun oy, oy,
oloppos  oloppostor  oloppostuun | olappos  olappos
otoy Otoytor Otoytiliin Otoy Otoy
ubaj ubajdar ubajdiin ubaj ubaj
saraj sarajdar sarajdiin saraj saraj
tij tijdar tijdiin t1j ti
atiir atiirdar atiirdiin atiir atiir
ojuur ojuurdar ojuurduun ojiur ojiur
iithiigej  iitfiigejder iitliigejdiin iithugaj  iit'ugaj
efiij efiijder efiijdiin efiij efiij
tomtor tomtordor tomtorduun tomtor tomtor
moyotoj moyotojdor moyotojduun | moyotoj moyotoj
kotor kotordor kotordiitin koter koter
bolksj bolkojdor bolksjdiiin bolkdj bolkoj
yatiy yatignar yatigniin yatiy atiy
aan aannar aanniin aan aan
tiiy tiigner tiigniin tiiy tiiy
sordory sordognor sordognuun sordony sordor
olom olomnor olomnuun olom olom
oron oronnor oronnuun oron oron
b6doy b6déynor bodoyniiiin bodey bodey
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Rules:

-tense

1>d/ [ -lateral ]7

[ -vowel | — [ -voice | / [ -voice |_

[ +vowel } — [

+continuant
-high

[ +vowel | — {

+voice

{ -sonorant ]
—

“+rounded ] / [ +rounded ] [ -low }07

— [ -rounded | /u [ -vowel Jo_
-back / -back [ }
-low +vowel 0—

[ +nasal | / [ +nasal |_
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Sadzava Ukrainian :

stem stem+4a stem+i  stem stem stem stem stem UR UR
plast plasta, plasikli  — - - - - plast plast
skorux  skoruxa skorusii - - - - - skorux  skorux
yirix yirlixa yirisli - - - - - yirix yrix
pastux  pastuxa pastusli — - - - - pastux  pastux
minfux  minfuxa minfusi  — - - - - minfux  mniux
pluy pluya pluzii - - - - - - pluy
stiiy stoya stoz'i - - - - - - stoy
sak saka satsli - - - - - - sak
bek boka botsli bek
lest losta los'k/i lest
lest lesta les’kii - - - - - lest lest
pilit plota plokii - - - - - - plot
simirid smroda  smrogli - - B - - - smrod
flist fosta fosikii - - - - - - fost
miist mosta mosikii - - - - - most
Bid leedu lodu — — — — - - lod
dirit drota droki - - - - - - drot
miid maedu modu - - - - - - maed
viil vola volli vol
viiz voza vozli voz
ser sera serli - - - - - - ser
sinlip snopa snop'i - - - - - - snop
yreb yroba yrobli - - - - - - yreb
laeblid leboda  lwbogli  — - - - - - leebeed
beerily  beeroya  beerozli - - - - - - beeraey
parliy poroya porozi - - - - - - poroy
porliy poroya porozii  — - - - - - poroy
bollek  boleka  bolatsli - - - - - - boliek
vorliy voroya vorozii - - - - - - voroy
konok konoka konots'i konok
potiik  potoka  pototsii potok
thik toka tots'i - - - - - - tok
Kkiil kola kolii - - - - - - kol
- - - kovall kovalie kovale - - - kovall
- - - dsmiil dsmiibe dsmiile - - - dmill
- - - kil kiriilie kiriile - - - krild
- - - utletoll utletolio utletolo - - - utfetoll
graeblini graebendo  graebena graebeen]
olon’ olonis olono olon’
- - - jatfimiind  jat'meenio  jat'meeno - - jat/maen
- - - jasiind jasondo jasono - - - jaeseen)
- - - Zekd Zekdo Zeto — - - Zet!
- - - - - - mas’k! masto - mast?
- - - - - - smiirlkd  smeerto | — smeert
viisikd viisto vist!
raglis'’k!  radoste radost]
- - - - - - slill solo - soll
- - - - - - pofiisik!  pofeste | — pojest!
- - - - - - zamlikl  zamoto | — zameet!
- - - - - - skator’k!  skatorto | — skatort!
- - - - - - kiisiki kosto - kost!

Rules:

[ -voice | — I /,[

[ -voice | = s /[ +vowel |_[ +high ]

-back

+vowel

}
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Standard Ukrainian :

stem stem+am stem+-ovii stem+i stem+-ovii stem+o stem+a stem+u stem+i stem | UR UR
zub zubam zubovii zubi - - - - - - zub zub
sviit sviitam sviitovii sviitii - - - - - - sviit sviit
Zat! Zatiam Zatevii - Zatevii - - — - - Zat! Zat!
koIl kofeliam kofelevii kofelii - - - - - - kofiill kofiell
zlodij zloddijam zlodiijevii - zloddijevii - - - - - zlodij zlodlij/zlo«
miislar’ I miisglar® Jam  miislatSevii  miislars i - - - - - miislars I mlislar® J
korovaj korovajam korovajevli  korovaji - - - - - - korovaj korovaj
kamJind kameniam kamenevii kamen’i - - - - - - kamiin/ kamien
miidi miidiam miidevii miidii mid mid
xPiw xPivam xPivovii xlivii xliv xliv/xliv
holub holubam holubovii holub/i - - - - - - holub holub
slin slinam slinovli slinfi - - - - - - sin sin/slin
leblidi lebed'am lebedevii lebedii - - - - - - Vebiid! lebled!
susiid suslidam sustidovii — sustidovii - - - - - susid sustid
tloloviik  tloloviikam  tloloviikovii — tloloviikovii  — - - - - tloloviik  tloloviik
lid ledam ledovii led)i Vid Ved
bill bollam bolevii bolii boll boll
riw rovam rovovii rovii - - - - - - rov rov
stiw stolam stolovii stolli - - - - - - stol stol
diid diidam diidovii - diidovii - - - - - did diid
liit liotam Votovli lotli - - - - - - ot lot
mist mostam mostovii mostii - — — — — - most most
vet/ir vetloram vetlorovii vetlorii - - - - - - vietlor vetlor
tiilo thila thilu i tiw | il il
koleso  kolesa  kolesu  koles'i  koliis | kolid kolies

- - - - - 0zero ozera. ozeru ozer'i  odir | ozlor ozler
- - - - - selo sela. selu selli siw | - slel
- - - - - pole polia poliu polii pili - poli
- - - - - slovo slova slovu slovii sliw slov slov
- — - — - more moria moriu morli mird - mor’

Rules:

[ ] = e/ [ +palatalized |_[ +voice | [ ]

. -back
[ -vowel } — [ +palatalized } /7[ vowel }

-glide ] — [ -palatalized ] / _e

+continuant
-palatalized

—

] —w/ [ -sibilant } [ “+vowel }7#
o — i/i[ -vowel }0 [ -vowel } #

-sonorant

+coronal +sibilant /x| Jo_

+continuant
] S
-voice

—

This problem was manually graded:

e v — w /_# (or: coda). Model has a /w/ rule, it’s just not quite right; half credit for rule 4.

C palatalization: C — CJ / _i (ordered after mid vowel raising). Model gets this with rule 2.

depalatalization: C? — C / _e. Model gets this with rule 3.

o fronting: o — [-back] / _CCo# (ordered before mid vowel raising). Model does fronting and raising in one fell swoop (rule 5),
missing the opportunity to let the intermediate e trigger depalatalization. Half credit.

mid vowel raising: e — i / _final syllable (ordered after C palatalization). Don’t see anything the model does that’s doing this for /e/.
The model gets /o/ to i compiled into one rule, but we need raising for /e/ too: Ved—lid.

Rules 1 and 6 are spurious; 2 half-credit counts as one extra spurious for a total of three spurious rules.
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Somali (in metatheory training set):

stem stem-+ta stem4o stem+aj stem+taj stem4naj UR UR
daar daarta daaro - - - daar daar
gees geesta geeso - - - gees gees
laf lafta lafo - - - laf laf
lug lugta luyo - - - lug lug
naag naagta naayo - - - naag naag
tib tibta tifo - - - tib tib
sab sabta saflo - - - sab sab
bad bada bado - - - bad bad
Jid [ida [ido Jid Jid
feed feeda feero feed feed
Tiir (iirta Tiiro - - - Ciir Ciir
?ul ?ufa ?ulo - - - ?ul ?ul
bil bifa bilo - - - bil bil
meel meefa meelo - - - meel meel
kaliil kaliifa kaliilo - - - kaliil kaliil
najl najfa najlo - - - najl najl
sun sunta sumo - - - sum sum
laan laanta laamo - - - laam laam
sin sinta simo sim sim
dan danta dano dan dan
daan daanta daano - - - daan daan
saan saanta saano - - - saan saan
nirig nirigta nirgo - - - nirlg nirg
jirid jirida jirdo - - - jirld jird
hoyol  hoyofa hoglo - - - hogll hogl
gafad gaPada  gabdo - - - gabld  gabd
bayal  bayafa baglo - - - bagll bagl
wahar waharta waharo - - - wahar  wahar
irbad irbada irbado - - - irbad irbad
kefed kefeda kefedo kefed kefed
[ilin [ilinta Jilino [ilin Jilin
bohol  bohofa boholo - - - bohol  bohol
Paajad ?aajada  ?aajado — - - ?aajad ?aajad
gafan gafanta gafmo  — - - gaflm  gafm
?inan  ?inanta  ?inano = — - - ?inan  ?inan
— - - suyaj sugtaj sugnaj sug sug
- - - kaPaj kabtaj kabnaj kab kab
- - - sidaj sidaj sidnaj sid sid
- - - dilaj difaj dillaj - dil
- - - ganaj gantaj gannaj gan gan
tumaj tuntaj tunnaj tum
argaj aragtaj aragnaj arg
- - - gudbaj gudubtaj gudubnaj | — gudb
- - - qoslaj qosofaj qosollaj - qosl
- - - hadlaj hadafaj hadallaj - hadl

Rules:
[ -vowel | — [ i/ Ji [ -vowel |_[ -vowel | {[ -vowel |#}

[ -sonorant | — [ +continuant | / [ +vowel |_[ +vowel |
-continuant

[ -voice | - @/ | -nasal
+coronal

[ -voice | = [/1_

1= @/ _[ -vowel |

[ +nasal | - n/ _{[ -vowel ],#}
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This problem was manually graded:
o t-deletion: [-son,—cont,+cor] — & / [-son,~cont,+cor]_. Rule 3 implements this process.

e 1t coalescence: Implement in one of two ways. First way (not what model did): [+lat] — [+strid,—ant] / _[-son,—cont] (lt—[t) and
[-son,—cont,+cor] — @ / [+strid,—ant]_ (t deletes, ordered second). Second way (what model did): [-son,+cor] — [+strid,—ant] / [+lat]_
(It—1) and [+lat] = @ / _[+strid,~ant] ( deletes, ordered second). Rules 4 and 5 implement this process.

e V epenthesis: & — [a high, 8 low, v bk] / [-syll, @ high, 8 low, v bk]C_C#, must occur before spirantization. Model misses this
process (and instead introduces the spurious first rule)

Intervocalic spirantization: [-son] — [+cont] / [+syl]_[+syl] (ordered after epenthesis). Second rule implements this process.

lateralization: [+nas,+cor] — [+lat] / [+lat]_ (In—1l). Model misses this process.

Nasal coda place neutralization: [+nas] — [+cor] / _$ (before syllable boundary, or before {C,#1}). SPE didn’t have ‘syllable boundary’,
so {C,#} is a common context. Rule 6 implements this process.

Rule 1 is spurious.
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Latin  (in metatheory training set):

stem+-s stem-+is stem+i: | UR UR
arks arkis - ark ark
duks dukis - duk duk
daps dapis - dap dap
re:ks re:gis - reig re:g
falanks falangis - falang falang
filiks filikis - filik filik
lapis lapidis - lapid lapid
lizs littis - litt litt
fraws frawdis frawd frawd
noks noktis nokt nokt
frons frontis - front front
frons frondis - frond frond
inku:s inku:dis - inku:d inku:d
sors sortis - sort sort
fuir fuiris - furr fuir
murmur — murmuris = — murmur — murmur
augur auguris - augur augur
arbor arboris - arbor arbor
pugil pugilis pugil pugil
sal salis sal sal
adeps adipis - adep adep
apeks apikis - apek apek
primnkeps  primkipis = — brimnkep  primkep
ekwes ekwitis - ekwet ekwet
miles militis - milet milet
nommen no:minis - noimen nommen
karmen karminis - karmen karmen
lurmen lwminis - lurmen lwimen
wenter wentris - wente wentr
pater patris pate patr
kadarwer  kadarweris kadarwer kadarwer
tuber tuzberis - tutbee tutber
piper piperis - piper piper
karker karkeris - karker karker
die:s - dieziz diex die:
lizber - lizberi: lizbea lizber
miser — miseri: miser miser
ager - agri: age agr
sinister - sinistri: | siniste sinistr
liber - libriz libe libr

as assis as ass

0s ossis 0s 0ss

far farris - far farr
mel mellis - - mell
o:s orris - - os
flozs flo:ris - - flozs
mus mu:ris - - mus
cruzs cru:ris - - kruzs
kinis kineris - - kinis
pulvis pulveris - - pulvis
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Rules:
+continuant
{ -high ] /e
[ +voice | — [ +high | /[ ] [ -vowel ]_[ -continuant ] [ +vowel ]

~+sonorant #
+coronal |~

[ -vowel | = &/ [
[ -sonorant | — [ -voice | / _[ -vowel ]
[ +coronal | — @ / _[ -vowel | #

e—r/_[ +vowel ]

+continuant +continuant +continuant -back
Jirunr | B ety

g [ -high -high -high Fvowel
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Turkish :

stem stem+si stem+ja stem+dan stem+lar UR UR
oda odast odaja odadan odalar oda oda
dere deresi dereje dereden dereler dere dere
uti utisi utiije titiiden ttiiler uti uti
balo balosu baloja balodan balolar balo balo
ari arisi arija aridan arilar ari ari

laz lazsi lazja lazdan lazlar laz laz
bina: binazsi bina:ja bina:dan binazlar bina:  bina:
imla: imlazsi imlazja imla:dan imlazlar imla: imlaz
be: be:si beije be:den be:ler be: be:
kep kepi kepe kepten kepler kep kep

at ati ata attan atlar at at

ek eki eke ekten ekler ek ek

ok oku oka oktan oklar ok ok
giit! gudsi giidse giit'ten giit'ler giit! gud3
ahmet ahmedi ahmede ahmetten ahmetler | ahmet ahmed
kurt kurdu kurda kurttan kurtlar kurt kurd
tiirk tirkd tiirke tiirkten tiirkler tiirk tirk
gentj' gentfi gentI e gentI ten gen‘cI ler ge.[tI gentI
halk halki halka halktan halklar halk halk
iist usti liste tstten istler list st
sarp sarpt sarpa sarptan sarplar sarp sarp
harp harbi harba harptan harplar harb harb
alt alti alta alttan altlar alt alt
renk rengi renge renkten renkler refg reng
his hissi hisse histen hisler hiss
hiir hiirri hiirre hiirden hiirler - hiirr
mahal  mahalli mahalla mahaldan mahallar | — mahall
hak hakki hakka haktan haklar - hakk
zam zammi  zamma  zamdan zamlar - zamm
af affi affa aftan aflar - aff
arap arabi araba araptan araplar arab arab
kojun kojunu  kojuna kojundan  kojunlar kojuf  kojun
pilot pilotu pilota pilottan pilotlar - pilot
kitap kitabi kitaba kitaptan kitaplar - kitap
domuz domuzu domuza domuzdan domuzlar domuz
davul davulu davula davuldan  davullar davul
bajir bajiri bajira bajirdan bajirlar - bajir
somun  somunu somuna somundan somunlar | somuf somun
fikir fikri fikre fikirden fikirler - fikr
isim ismi isme isimden isimler - ism
bojun  bojnu bojna bojundan  bojunlar | — bojn
tlevir tlevri tlevre tlevirden tlevirler tlevr
devir devri devre devirden devirler devr
kojun kojnu kojna kojundan  kojunlar - kojn
karin karni karna karindan karinlar - kam
burun  burnu burna burundan  burunlar | — burn
akil akli akla akildan akillar - akl
[ehir Jehri Jehre Jehirden [ehirler - Jehr
namaz namazi namaza namazdan namazlar | — namaz
zaman zamaini zamama zamandan zamanlar | — zamam
harap hara:bi  haratba  haraptan haraplar - hara:b
itkaz irkazi itkaza itkazdan irkazlar - itkaz
hajat haja:ti hajaita  hajattan hajatlar haja:t
ispat ispati ispa:ta ispattan ispatlar ispazt
inek inei inee inekten inekler - inek
mantik mantit mantia mantiktan mantiklar | — mantik
ajak ajai ajaa ajaktan ajaklar - ajak
tabuk  t'abuu t'abua tlabuktan  t/abuklar | — tlabuk
dakik dakii dakie dakikten dakikler - dakik
merak  meraki meratka meraktan  meraklar | — merazk
tebrik  tebrizki  tebritke  tebrikten tebrikler tebrik
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hukuk  hukuku  huku:ka

hukuktan

hukuklar

huku:k

Rules:
[ -vowel | — @ / [ -sonorant |_[ | #

i—u /[ +rounded | [ -vowel Jo_

-continuant
+coronal

[ -sonorant | — [ -voice | / _{[ -vowel ],#}

-low +vowel

[ +vowel | = [ -back } / [ -back ] [ -nasal Jo_

J = [ +nasal |

[ -sonorant ] — [ -voice ] / [ -voice ]7

] — [ +voice | /[ -low ] [ +voice |_
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Kera :

stem+en stem+em stem+i stem+u stem+a stem+ey UR UR
haman hamam himi himu hama hamar him ham
semen semem simi simu sema semer) sim  semn
kolon kolom kuli kulu kola kolory kul kol
girdin girdim gixdi gi:du giwdi gi:dip gitd  gid
ciirin ciirim ciri cuiru ciri ciiriy - ciir
gunun gunum guni gunu guni gunuy - gun
bilan bilam bili bilu bila bilay - bal
pifan pifam pifi pifu pifa pifay - paf
Pasan Pasam ?isi ?isu Pasa Pasay ?as
Papan Papam ?ipi ?ipu Papa Papary ?ap
haran haram hiri hiru hara haray - har
balnan balnam bilni bilnu balna balnay - baln
pafnan pafnam pifni pifnu pafna pafnar - pafn

Rules:

[ |- [ j;l‘;gh ] / | -sonorant |_

+continuant
[ ]—e/_[ -vowl | [ oo ]

{ +continuant

“high ] — o/ [ -anterior |_[ -vowel |

{ +continuant

high ] —a/ [ -coronal }7[ ~+nasal ]

This problem was manually graded:
e V epenthesis: @ — [ahigh, Slow, ybk] / [-syll, ahigh, Slow, ybk]C_C#. Missed by model.
o Height harmony: [-syl] — [+high] / _[+high]. Missed by model.

e a-raising: a — [+high] / [+high]+_ (raise a—t in a suffix after a high vowel). Missed by model.

o V deletion: V. — @ / _V (ordered after a-raising). Missed by model.

All model rule predictions are spurious.
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Lardil :

stem stem-in stem-+par stem-+ur UR UR
kentapal kentapalin kentapalpar kentapalur kentapal kentapal
ketar ketarin ketarpar ketarur ketar ketar

mijar mijarin mijarpar mijarur mijar mijar

jupur jupurin jupurpar jupurur jupur jupur
tagur tagurin tapurpar tapurur tagur tapur
jaraman jaramanin jaramanar jaramankur jaraman  jaraman
maan maanin maanar maankur maan maan
pirpgen pirpenin pirpenar pirgenkur pirpgen pirgen
mela melan melanar melar mela mela

tawa tawan tawanar tawar tawa tawa
wanka wankan wankanar wankar wanka wanka
kupka kupkan kugkanar kupkar kupka kupka
tarpka targkan tarpkanar tarpkar tarpka targka
yuka pukun gukugar pukur yuku puku

jura jurun purunar purur puru juru

kata katun katupar katur katu katu

muna munun mununar munur munu munu

pawa yawun pawunar pawur pawu pawu

kente kentin kentinar kentiwur kenti
tjimpe tjimpin tjimpipar tjimpiwur tjimpi

pine yinin piningar piniwur - yini

pape papin papipar papiwur - papi
tjempe tjempen tjempepar tjemper - tjempe
wite witen witepar witer - wite

wanal wanalkin wanalkar wanalkur - warnalk
menjel menjelkin menjelkar menjelkur - menjelk
makar makarkin makarkar makarkur - makark
jalul jalulun jalulugar jalulur - jalulu
majar majaran majaranar majarar - majara
talkur talkuran talkurayar talkurar talkura
wiwal wiwalan wiwalanar wiwalar wiwala
karikar karikarin karikaripar karikariwur - karikari
jilijil jilijilin jilijilipar jilijiliwur - jilijili

jukar jukarpan jukarpanar jukarpar - jukarpa
pulpar pulgarpan pulparpagar pulparpar - pulparpa
wulun wulunkan wulunkanar wulunkar - wulunka
wutal wutaltjin wutaltjipar wutaltjiwur - wutaltji
kantukan  kantukantun kantukantunar kantukantur - kantukantu
karwakar  karwakarwan karwakarwanar karwakarwar - karwakarwa
turara turaranin turarapar turarapkur - turararg
palu palukin palukar palukur paluk
kurka kurkanin kurkapar kurkapkur kurkay
tagku tapgkupin tagkuyar tapkupkur - tapgkuy
kurpuru kurpuruyin kurpurunar kurpurupkur - kurpuruy
putu putukan putukanar putukar - putuka
maali maalijan maalijagar maalijar - maalija
tjintirpu tjintirpuwan tjintirpuwanar tjintirpuwar - tjintirpuwa
pukatji pukatjijan pukatjijagar pukatjijar - pukatjija
murkuni murkuniman murkunimanar murkunimar - murkunima
pawuna jawunawun pawuyawunar pawuyawur - pawunawa
tipiti tipitipin tipitipinar tipitipiwur - tipitipi
tapu taputjin taputjigar taputjiwur taputji
mupgkumu  mupkumupgkun ~ mupkumupkupar  mugkumupkur | - mugkumuygku
tjumputju tjumputjumpun tjumputjumpupar tjumputjumpur | — tjumputjumpu
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Rules:
[ +nasal | - @ / [ +nasal |_

[ +vowel | = @ /[ +vowel |_[ +coronal ]
[ +voice | =a /[ ][ -vowel |_#

o —=k/ [ _Jrhigﬁtinuant } [ +nasal |_| ] [ -sonorant |
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Dutch :

stem+to | UR  UR
klapto klap  klap
krabdo krab  krab
redo Te red
visto Vs Vs
razdo raz raz
zeto 7€ zet
mafto maf  maf
klovde klov  klov
leyde ley ley
laxto lax lax
rumdoe rum  rum
zundo zun  zun
mendo mey  mer
rurdo rur rur
roldo ol rol
ajdo aj aj
skida ski ski

Rules:

[ -vowel | — [ +voice ] / [ -anterior | [ 4voice |_[ +vowel ]

91



Icelandic :

stem+ur stem stem+ri stem = stem+0um stem UR UR
dagur dag - - - - dag dag
stadur stad  — - st6dum - stad  stad
hestur hest - - - - hest hest
beer bae - - - - bae bae
leeknir lekni  — - - - leekni  leekni
lifur - lifri - - - lif lif
akur - agri - Skrum - - ak
aldur - aldri - 6ldrum - - ald
lifur lif liifs lifjum lifja liifurj
biilur biil biils biiljum biilja bilj
songur song  — songs  songvum songva | — songv
barn - - - bornum - - born
baggi - - - béggull - - bégyg
jaki - - - jokull - - jok
fagga - - - 06gull - - 06g
kalla - - - kollum - - koll

Rules:

[ 1= a/,{ -sonorant ] [ -vowel ]

+voice

[ +voice | = @/ [ +vowel |_[ -vowel ]
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Anziang :

stem  stem+ior | UR UR
tie tietior tiet tiet
mian mianmior | mianm mian
tai taitor tai tai
pau  pauper pau pau
ke kekor ke ke
fa fafor fa fa
o oor o o
ti titior tit ti
tin tintior tint tin
phu phuphor phu phu
txj txjtxjor txtx txj

Rules:

[ -vowel | — @ /[ -back |_#

-back +continuant
{ +vowel } ~a/ [ +vowel }*[ -high ]
. +continuant
g — [ -vowel ]i / # [ -vowel ]; [ -anterior ]07[ -tense } [ “high }

[ ]=i/x
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