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Abstract 

Research is reviewed that addresses itself to human language learning by de- 
veloping precise, mechanistic models that are capable in principle of acquir- 
ing languages on the basis of exposure to linguistic data. Such research in- 
cludes theorems on language learnability from mathematical linguistics, com- 
puter models of language acquisition from cognitive simulation and artificial 
intelligence, and models of transformational grammar acquisition from theor- 
etical linguistics. It is argued that such research bears strongly on major issues 
in developmental psycholinguistics, in particular, nativism and empiricism, 
the role of semantics and pragmatics in language learning, cognitive devel- 
opment, and the importance of the simplified speech addressed to children. 

I. Introduction 

How children learn to speak is one of the most important problems in the 
cognitive sciences, a problem both inherently interesting and scientifically 
promising. It is interesting because it is a species of the puzzle of induction: 
how humans are capable of forming valid generalizations on the basis of a 
finite number of observations. In this case, the generalizations are those that 
allow one to speak and understand the language of one’s community, and are 
based on a finite amount of speech heard in the first few years of life. And 
language acquisition can claim to be a particularly promising example of this 
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II. Formal Models of Language 

In this section I define the elementary concepts of mathematical linguistics 
found in discussions of language learnability. More thorough accounts can be 
found in Gross (1972) and in Hopcroft and Ullman (1969). 

Languages and Grammars 
To describe a language in mathematical terms, one begins with a finite set 
of symbols, or a vocabulary. In the case of English, the symbols would be 
English words or morphemes. Any finite sequence of these symbols is called 
a string, and any finite or infinite collection of strings is called a language. 
Those strings in the language are called sentences; the strings not in the lan- 
guage are called non-sentences. 

Languages with a finite number of sentences can be exhaustively described 
simply by listing the sentences. However, it is a celebrated observation that 
natural and computer languages are infinite, even though they are used by 
beings with finite memory. Therefore the languages must have some finite 
characterization, such as a recipe or program for specifying which sentences 
are in a given language. A grammar, a set of rules that generates all the sen- 
tences in a language, but no non-sentences, is one such characterization. Any 
language that can be generated by a set of rules (that is, any language that is 
not completely arbitrary) is called a recursively enumerable language. 

A grammar has four parts. First of all, there is the vocabulary, which will 
now be called the terminal vocabulary to distinguish it from the second com- 
ponent of the grammar, called the auxiliary vocabulary. The auxiliary vocab- 
ulary consists of another finite set of symbols, which may not appear in 
sentences themselves, but which may act as stand-ins for groups of symbols, 
such as the English“noun”, “verb”, and “prepositional phrase”. The third 
component of the grammar is the finite set of rewrite rules, each of which 
replaces one sequence of symbols, whenever it occurs, by another sequence. 
For example, one rewrite rule in the grammar for English replaces the symbol 
“noun phrase” by the symbols “article noun”; another replaces the symbol 
“verb” by the symbol “grow”. Finally, there is a special symbol, called the 
start symbol, usually denoted S, which initiates the sequence of rule opera- 
tions that generate a sentence. If one of the rewrite rules can rewrite the “S” 
as another string of symbols it does so; then if any rule can replace part or 
all of that new string by yet another string, it follows suit. This procedure 
continues, one rule taking over from where another left off, until no auxiliary 
symbols remain, at which point a sentence has been generated. The language 
is simply the set of all strings that can be generated in this way. 
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Classes of Languages 
There is a natural way to subdivide grammars and the languages they gener- 
ate into classes. First, the grammars of different sorts of languages make use 
of different types of rewrite rules. Second, these different types of languages 
require different sorts of computational machinery to produce or recognize 
their sentences, using various amounts of working memory and various ways 
of accessing it. Finally, the theorems one can prove about language and gram- 
mars tend to apply to entire classes of languages, delineated in these ways. 
In particular, theorems on language learnability refer to such classes, so I will 
discuss them briefly. 

These classes fall into a hierarchy (sometimes called the Chomsky hierar- 
chy), each class properly containing the languages in the classes below it. I 
have already mentioned the largest class, the recursively enumerable languages, 
those that have grammars that generate all their member sentences. However, 
not all of these languages have a decision procedure, that is, a means of deter- 
mining whether or not a given string of symbols is a sentence in the language. 
Those that have decision procedures are called decidable or recursive lan- 
guages. Unfortunately, there is no general way of knowing whether a recur- 
sively enumerable language will turn out to be decidable or not. However, 
there is a very large subset of the decidable languages, called the primitive 
recursive languages, whose decidability is known. It is possible to enumerate 
this class of languages, that is, there exists a finite procedure called agram- 
mar-grammar capable of listing each grammar in the class, one at a time, 
without including any grammar not in the class. (It is not hard to see why 
this is impossible for the class of decidable languages: one can never be sure 
whether a given language is decidable or not.) 

The primitive recursive languages can be further broken down by restrict- 
ing the form of the rewrite rules that the grammars are permitted to use. 
Context-sensitive grammars contain rules that replace a single auxiliary sym- 
bol by a string of symbols whenever that symbol is flanked by certain neigh- 
boring symbols. Context-free grammars have rules that replace a single auxil- 
iary symbol by a string of symbols regardless of where that symbol occurs. 
The rules of finite state grammars may replace a single auxiliary symbol only 
by another auxiliary symbol plus a terminal symbol; these auxiliary symbols 
are often called states in discussions of the corresponding sentence-producing 
machines. Finally, there are grammars that have no auxiliary symbols, and 
hence these grammars can generate only a finite number of strings altogether. 
Thus they are called finite cardinality grammars. This hierarchy is summarized 
in Table 1, which lists the classes of languages from most to least inclusive. 
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Table 1. Classes of Languages 

Class 

Recursively Enumerable 

Decidable (Recursive) 

Primitive Recursive 

Context-Sensitive 

Context-Free 

Finite State 

Finite Cardinality 

Learnable from 

an informant? 

Learnable from Contains natural 

a text? languages? 

no 
no 

yes 

yes 

yes 

yes 

yes 

no 

no 

no 

no 

yes* 
? 

? 

? 

no 

no 

yes 

no 

no 

no 

*by assumption. 

Natural Languages 
Almost all theorems on language learnability, and much of the research on 
computer simulations of language learning, make reference to classes in the 
Chomsky hierarchy. However, unless we know where natural languages fall in 
the classification, it is obviously of little psychological interest. Clearly, 
natural languages are not of finite cardinality; one can always produce a new 
sentence by adding, say, “he insists that” to the beginning of an old sentence. 
It is also not very difficult to show that natural languages are not finite state: 
as Chomsky (1957) has demonstrated, finite state grammars cannot generate 
sentences with an arbitrary number of embeddings, which natural languages 
permit (e.g., “he works”, “either he works or he plays”, “if either he works 
or he plays, then he tires”, “since if either he...“, etc.). It is more difficult, 
though not impossible, to show that natural languages are not context-free 
(Gross, 1972; Postal, 1964). Unfortunately, it is not clear how much higher 
in the hierarchy one must go to accomodate natural languages. Chomsky and 
most other linguists (including his opponents of the “generative semantics” 
school) use transformational grammars of various sorts to describe natural 
languages. These grammars generate bracketed strings called deep structures, 
usually by means of a context-free grammar, and then, by means of rewrite 
rules called transformations, permute, delete, or copy elements of the deep 
structures to produce sentences. Since transformational grammars are con- 
structed and evaluated by a variety of criteria, and not just by the ability to 
generate the sentences of a language, their place in the hierarchy is uncertain. 
Although the matter is by no means settled, Peters and Ritchie (1973) have 
persuasively argued that the species of transformational grammar necessary 
for generating natural languages can be placed in the context-sensitive class, as 
Chomsky conjectured earlier (1965, p. 61). Accordingly, in the sections fol- 
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lowing, I will treat the set of all existing and possible human languages as a 
subset of the context-sensitive class. 

III. Grammatical Induction: Gold’s Theorems 

Language Learning as Grammatical Induction 
Since people presumably do not consult an internal list of the sentences of 
their language when they speak, knowing a particular language corresponds 
to knowing a particular set of rules of some sort capable of producing and 
recognizing the sentences of that language. Therefore learning a language 
consists of inducing that set of rules, using the language behavior of the com- 
munity as evidence of what the rules must be. In the paragraphs following I 
will treat such a set of rules as a grammar. This should not imply the belief 
that humans mentally execute rewrite rules one by one before uttering a sen- 
tence. Since every grammar can be translated into a left-to-right sentence 
producer or recognizer, “inducing a grammar” can be taken as shorthand for 
acquiring the ability to produce and recognize just those sentences that the 
grammar generates. The advantage of talking about the grammar is that it 
allows us to focus on the process by which a particular language is learned 
(i.e., as opposed to some other language), requiring no commitment as to 
the detailed nature of the production or comprehension process in general 
(i.e., the features common to producers or recognizers for all languages). 

The most straightforward solution to this induction problem would be to 
find some algorithm that produces a grammar for a language given a sample 
of its sentences, and then to attribute some version of this algorithm to the 
child. This would also be the most gerzeral conceivable solution. It would not 
be necessary to attribute to the child any a priori knowledge about the par- 
ticular type of language that he is to learn (except perhaps that it falls into 
one of the classes in the Chomsky hierarchy, which could correspond to some 
putative memory or processing limitation). We would not even have to attri- 
bute to the child a special language acquisition faculty. Since a grammar is 
simply one way of talking about a computational procedure or set of rules, 
an algorithm that could produce a grammar for a language from a sample of 
sentences could also presumably produce a set of rules for a different sort of 
data (appropriately encoded), such as rules that correctly classify the exem- 
plars and non-exemplars in a laboratory concept attainment task. In that 
case it could be argued that the child learned language via a general induction 
procedure, one that simply “captured regularity” in the form of computa- 
tional rules from the environment. 
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Unfortunately, the algorithm that we need does not exist. An elementary 
theorem of mathematical linguistics states that there are an infinite number 
of different grammars that can generate any finite set of strings. Each gram- 
mar will make different predictions about the strings not in the set. Consider 
the sample consisting of the single sentence “the dog barks”. It could have 
been taken from the language consisting of: 1) all three-word strings; 2) all 
article-noun-verb sequences; 3) all sentences with a noun phrase; 4) that sen- 
tence alone; 5) that sentence plus all those in the July 4, 1976 edition of the 
New York Times; as well as 6) all English sentences. When the sample consists 
of more than one sentence, the class of possible languages is reduced but is 
still infinitely large, as long as the number of sentences in the sample is finite. 
Therefore it is impossible for any learner to observe a finite sample of sen- 
tences of a language and always produce a correct grammar for the language. 

Language Identification in the Limit 
Gold (1967) solved this problem with a paradigm he called language identifi- 
cation in the limit. The paradigm works as follows: time is divided into 
discrete trials with a definite starting point. The teacher or environment 
“chooses” a language (called the target language) from a predetermined class 
in the hierarchy. At each trial, the learner has access to a single string. In one 
version of the paradigm, the learner has access sooner or later to all the sen- 
tences in the language. This sample can be called a text, or positive informa- 
tion presentation. Alternately, the learner can have access to both grammat- 
ical sentences and ungrammatical strings, each appropriately labelled. Because 
this is equivalent to allowing the learner to receive feedback from a native 
informant as to whether or not a given string is an acceptable sentence, it 
can be called informant or complete information presentation. Each time the 
learner views a string, he must guess what the target grammar is. This process 
continues forever, with the learner allowed to change his mind at any time. 
If, after a finite amount of time, the learner always guesses the same gram- 
mar, and if that grammar correctly generates the target language, he is said to 
have identified the language in. the limit. Is is noteworthy that by this defini- 
tion the learner can never know when or even whether he has succeeded. 
This is because he can never be sure that future strings will not force him to 
change his mind. 

Gold, in effect, asked: How well can a completely general learner do in 
this situation? That is, are there any classes of languages in the hierarchy 
whose members can all be identified in the limit? He was able to prove that 
language learnability depends on the information available: if both sentences 
and non-sentences are available to a learner (informant presentation), the 
class of primitive recursive languages, and all its subclasses (which include the 
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natural languages) are learnable. But if only sentences are available (text pre- 
sentation), no class of languages other than the finite cardinality languages is 
learnable. 

The proofs of these theorems are straightforward. The learner can use a 
maximally general strategy: he enumerates every grammar of the class, one 
at a time, rejecting one grammar and moving on to the next whenever the 
grammar is inconsistent with any of the sample strings (see Figure 1). With 
informant presentation, any incorrect’ grammar will eventually be rejected 
when it is unable to generate a sentence in the language, or when it generates 
a string that the informant indicates is not in the language. Since the correct 
grammar, whatever it-is, has a definite position in the enumeration of gram- 
mars, it will be hypothesized after a finite amount of time and there will 
never again be any reason to change the hypothesis. The class of primitive 
recursive languages is the highest learnable class because it is the highest class 
whose languages are decidable, and whose grammars and decision procedures 
can be enumerated, both necessary properties for the procedure to work. 

The situation is different under text presentation. Here, finite cardinality 
languages are trivially learnable - the learner can simply guess that the lan- 
guage is the set of sentences that have appeared in the sample so far, and 
when every sentence in the language has appeared at least once, the learner 
will be correct. But say the class contains all finite languages and at least one 
infinite language (as do classes higher than finite cardinality). If the learner 
guesses that the language is just the set of sentences in the sample, then when 
the target language is infinite the learner will have to change his mind an infi- 
nite number of times. But if the learner guesses only infinite languages, then 
when the target language is finite he will guess an incorrect language and will 
never be forced to change his mind. If non-sentences were also available, any 
overgeneral grammar would have been rejected when a sentence that it was 
capable of generating appeared, marked as a non-sentence. As Gold put it, 
“the problem with text is that if you guess too large a language, the sample 
will never tell you you’re wrong”. 

Implication of Gold’s theorems 
Do children learn from a text or an informant? What evidence we have 
strongly suggests that children are not usually corrected when they speak 
ungrammatically, and when they are corrected they take little notice (Braine, 
1971; Brown and Hanlon, 1970; McNeill, 1966). Nor does the child seem to 
have access to more indirect evidence about what is not a sentence. Brown 
and Hanlon (1970) were unable to discern any differences in how parents 
responded to the grammatical versus the ungrammatical sentences of their 
children. Thus the child seems to be in a text situation, in which Gold’s 


