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Chapter 1

Introduction

A key property of the human language faculty is the capacity to produce and compre-

hend a large and indefinite number of different expressions which are assembled from a

fairly small inventory of memorized words. Natural language allows the combination of

words into phrases and clauses and these can be organized into hierarchically structured

complex sentences. In order to cope with this expressivity, language learners must be

capable of generalizing acquired linguistic knowledge beyond their immediate experi-

ence. Explaining the nature of such generalizations and how they can be accomplished

is a central endeavor for any theory of language acquisition.

1.1 Computational models in language acquisition

Theories of language acquisition are intimately tied to theories of language. Theories

of language characterize the acquirendum, the kind of linguistic property or knowledge

that is being learned and generalized. The processes of learning and generalization as

such are then investigated by theories of acquisition. The reliance of theories of ac-

quisition on theories of language is inevitable since a theory of acquisition needs to

be informed by a theory of language about which aspects of language are general pat-

terns and not merely rote forms. Thus, theories of language provide the conceptual

and theoretical scaffold in the very description of the learning and generalization tasks

studied by theories of acquisition.1 As a consequence, the study of language acquisi-

tion inherits many assumptions about the acquirendum and the nature of a learner’s

linguistic knowledge from theories of language. In English, for example, subject-auxil-

iary inversion occurs in a variety of utterance types such as yes/no-questions (Did they

win?), counterfactual conditionals (Had he left five minutes later, he would have missed

the train), exclamatives (Wow, does that taste good!), comparatives (He has ventured

further than have his contemporaries), and several others. Subject-auxiliary inversion

1As Pinker (1990) has put it succinctly, “to understand how X is learned, you first have to understand

what X is.”

1



2 Chapter 1. Introduction

is regarded as a purely syntactic generalization in approaches to language which em-

phasize the autonomy of syntax (Newmeyer, 2000). In constructivist approaches, on

the other hand, subject-auxiliary inversion is characterized as a grammatical category

held together by semantic and pragmatic functional similarity (Goldberg, 2006). In

the former framework, what must be explained by a theory of acquisition is how (and

whether) a single, all-encompassing grammatical movement rule can be induced from

linguistic input. According to the latter view, it must be explained how (and whether)

a grammatical category can be abstracted from lexically-specific patterns of inversion

by means of ‘functionally-based distributional analysis’ of the input (Tomasello, 2003).

Thus, both characterizations of the generalization task are shaped by assumptions from

distinct theories of language, and these assumptions enter into the formulation of ex-

perimental hypotheses and design, and often determine in a subtle way how behavioral

data should be interpreted.

In this way, language acquisition theory is strongly influenced by linguistic theory;

a theory of language isolates and describes properties of natural language that a learner

must come to know, a theory of acquisition collects behavioral data and evaluates the

stipulations of linguistic theory against this data.2 In the above example of subject-

auxiliary inversion, a movement-rule account might predict category-general knowl-

edge and the absence of errors in children’s data. Children, however, make inversion

mistakes and movement accounts need to be repaired by explaining errors in terms of

several rules and their occasional misapplication. Moreover, Rowland and Pine (2000)

found that children make lexically-specific errors in subject-auxiliary inversion which,

arguably, contradicts the idea of knowing a category-general movement rule. Their

analysis suggests that children learn subject-auxiliary inversion in wh-questions item

by item and develop more abstract generalizations later on. The functional-construc-

tivist approach to subject-auxiliary inversion, to which Rowland and Pine subscribe, is

consistent with their data. Conversely, the data is inconsistent with an acquirendum

posited by a specific theory of language—i.e., subject-auxiliary is governed by move-

ment rules—which might thus be rejected in this domain. An explanatory relationship

is established between a linguistic theory and acquisition data by this kind of analysis.

But this relationship is conceptual in nature, not causal. It does not answer the crucial

question how adult-like generalizations can be acquired based on linguistic experience.

It also does not answer whether the functionally defined category of inversion construc-

tions is psychologically real in language processing. Most importantly, a constructivist

characterization of the acquirendum by itself does not enable quantitative predictions

which could be tested independently.

These shortcomings result from the failure to specify the mechanisms and processes

subserving the acquisition and generalization of inversion. In other words, there can

be no satisfactory explanation growing out of a theory of acquisition plus developmen-

tal data, without an account of how the human language processor is affected by the

2Of course this picture is a dramatic oversimplification of the often intricate reciprocal relationship of

linguistic theory and theories of acquisition in natural language research.



1.1. Computational models in language acquisition 3

properties of the input language according to linguistic theory (e.g., the functional sim-

ilarity of inversion constructions), and how this processor causes the observed data.

This is, I believe, the main reason why we need to supplement theories of acquisition

with the study of learning and generalization in the framework of computational mod-

els (Figure 1.1). Computational mechanisms of learning and generalization can establish
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Figure 1.1: The role of computational models in the study of language acquisition.

an explanatory link between a theory of language and acquisition data by providing

answers to how questions. How do properties of natural language (according to linguis-

tic theory) affect the human processor and how does the processor cause the observed

behavior in acquisition? Rowland and Pine argue, for instance, that the error patterns

they observed in children are best explained by the frequency of inversion patterns in

the learning environment which give rise to lexically-specific knowledge. This claim is

difficult to test in a verbal theory of acquisition, but it could be tested in a computational

learning model which is sensitive to distributional properties of the input. Such a model

could help bridge the gap between input data and observed developmental data and thus

validate a specific theory of acquisition. Moreover, computational models are formally

precise, consistent theories themselves, which do not leave components unexplained or

underspecified (else the model could not produce any useful behavior). These properties

are particularly desirable when due to their inherent vagueness several verbal theories

appear to be in line with some acquisition data. On the downside, computational mod-

els are often highly simplifying and can not implement verbal theories precisely and in

every detail. Hence, they usually do not cover the full range of data explained by the-

ories of acquisition. Unlike such theories, however, computational models allow novel,

quantitative predictions which in turn can be tested in behavioral experiments and this

can help justify a particular theory of acquisition.3

3Models are not only heuristic tools in the justification of theories but also in their very discovery

(Gigerenzer, 2000).
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1.2 Why neural networks?

When motivating the use of neural networks over other kinds of architectures, fre-

quently the particular strengths of connectionist systems in modelling aspects of human

cognition are invoked. For instance, neural networks deal well with noisy input and lo-

cal malfunction, causing ‘graceful degradation’ instead of catastrophic failure. They

can learn graded category membership, attend to subtle statistical regularities, satisfy

multiple, conflicting constraints, and so forth. Although these properties clearly are ad-

vantageous in modelling language processing, there are other, more mundane reasons to

study syntactic development with neural networks: these models can learn from natural

language input and they develop syntactic representations in an autonomous, self-or-

ganizing manner. As was argued above, in verbal theories of language acquisition, it is

difficult to describe generalization tasks of a human learner without adopting a specific

theory of syntax to characterize the task itself. Statistical learning models such as neural

networks allow us to study the mechanisms of linguistic generalization in a less theory-

dependent way. This is because they learn from language corpora by domain-general

algorithms. No explicit, language-specific programming is required, the ‘program’ of

the model is found by adjusting its free parameters adaptively. Specifying the model’s

learning environment, input/output encoding, and learning procedures does not involve

theory-laden assumptions about the syntax underlying the target language. Neural net-

work models ‘find’ syntactic representations autonomously in the process of generating

a solution to a computational problem and these representations are not preconceived

by the experimenter nor do they necessarily map onto the syntactic categories postu-

lated by descriptive linguistics. Because of domain-general learning and the autonomy

of representations, neural network models prima facie are ideally suited for modelling

syntactic development and sentence processing.

Neural networks are often advertised for their neurobiological plausibility. These

models are an attempt at emulating information processing in the human central ner-

vous system. It should be pointed out, however, that the artificial systems studied in

this thesis are perhaps no more neurobiologically accurate models of the brain than

the Dutch telephone system, or the World Wide Web with its ‘highly interconnected’

computing units and ‘massively parallel’ flow of information. This is because artificial

neurons and their connection weights do not adequately model the biochemical and

bioelectric properties of living neurons and their synaptic connectivity (see also Section

2.3.3); nor do they reflect the variety of cell types in the nervous system. But compu-

tational models should not seek to replicate reality in all its vast complexity. Rather

they should make helpful abstractions and reasonable simplifications to isolate critical

aspects of reality. One such aspect is the way in which information is processed concur-

rently by simple computational units through activation spread and signal transforma-

tion, without central control, and without manipulating explicit data structures. Control

is achieved through communication and coordination between individual cells. This bi-

ological ‘model of computation’, although implemented in networks of highly simplified

neurons, I believe, captures the essence of computational processes in the human brain.
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Yet, whether abstracting away from a myriad of other, more specific properties of real

neurons and how they exchange information is appropriate for artificial networks to

yield cognitively plausible linguistic behavior is an entirely different question. It is one

that can only be addressed experimentally, and the present thesis hopefully contributes

to investigating this issue.

While neural networks are widely considered suitable models for ‘low-level’ cog-

nitive functions (such as memory, attention, perception, recognition, category learning,

and motor control), they are also widely considered ill-suited for modelling ‘representa-

tionally-intense’ cognitive functions such as language processing, reasoning and deci-

sion-making. In the literature, neural networks have been heavily criticized specifically

for their inability to generalize linguistic knowledge in human ways—due to, e.g., the

nature of their syntactic representations (Fodor and Pylyshyn, 1988), their overreliance

on statistical information (Marcus, 1998, Marcus et al., 1999), and their failure to be be-

have systematically (Hadley, 1994, 2004, Fodor and McLaughlin, 1990). Furthermore, it

has been argued that neural networks generalize in empirically incorrect ways (Pinker

and Prince, 1988) and that they are downright unsuitable for explaining syntactic gen-

eralization, because they do not represent syntax at all.4 The present thesis partially

grew out of my dissatisfaction with these negative verdicts which are often based on

specific neural network models and might not extend to all connectionist systems. I

aim to show that the Dual-path model, studied in this work, displays interesting gen-

eralization behavior which makes it a suitable computational platform for investigating

human syntactic development and sentence processing.

1.3 Thesis outline

This manuscript is organized as follows. In Chapter 2, I begin giving a brief overview

of results that characterize the properties of neural networks as mathematical objects.

By identifying their computational capacities these models can be related to the formal

complexity of artificial string languages. The issue of learning such languages from

finite data will be considered before I turn to studies which replaced string languages

with more naturalistic input. In both domains I focus mainly on work with the sim-

ple-recurrent network model of Elman (1990, 1991) which has been used extensively in

studying the acquisition of complex sentence structure, although other models will be

discussed too. In particular, I will review the seminal approach of Christiansen (1994)

and Christiansen and Chater (1999b), to provide a neural network account of recursion

in human performance. The chapter serves to map out the conceptual landscape in

which the current work is located.

Although the simple-recurrent network model yielded important insights into how

complex syntactic structure could be learned from temporally extended data, I will ar-

gue that the model is limited in a number of ways. The construction and use of meaning

4Harald Clahsen in personal correspondence, June 2007.
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is essential in child language acquisition and adult processing and neural network mod-

els need to incorporate this dimension of human linguistic behavior. Enriching such

models with semantic information transforms the computational learning problem from

grammar induction into meaning-form transduction. The Dual-path model is a model

of sentence production and syntactic development which is able to represent sentence

meaning and incrementally map it onto a sentence form (Chang, 2002; Chang, Dell, and

Bock, 2006). It learns from exposure to sentences paired with their meaning. I explain

the architecture of the Dual-path model in Chapter 3, motivate critical assumptions be-

hind its design, and discuss past research using this model.

Chapter 4 describes and compares several extensions of the basic Dual-path model

to accommodate the processing of multi-clause utterances. These extensions are eval-

uated against computational desiderata, such as good learning and generalization per-

formance and the parsimony of input representations. A single-best solution to encod-

ing the meaning of complex sentences with restrictive relative clauses will be isolated,

which forms the basis for all subsequent simulations. This chapter should be viewed as

establishing necessary architectural preliminaries rather than containing novel insights

into human sentence processing.

After determining suitable semantic representations for complex events which al-

low the Dual-path model to produce sentences with embedded clauses, I analyze the

model’s learning dynamics in detail in Chapter 5. In the first part of this chapter, I

examine the model’s differential performance on distinct structures in the input. Syn-

tactic alternations prove to be particularly difficult to learn because they complicate the

meaning-to-form mapping the model has to acquire. In the second part, I probe the

internal representations the model has developed in learning the target language. By

inspecting activation patterns at individual layers during processing, it can be demon-

strated that the model induces grammatical categories over word sequences, and assigns

thematic roles to sentence constituents incrementally. I also investigate whether the

model represents phrase structure, verb argument structure, and the clausal structure

of complex utterances. It is argued that traditional phrasal categories are not detectable

but that the model acquired the argument structure of the construction types in its input

language. Furthermore, it is shown that the Dual-path model represents the hierarchical

organization of distinct multi-clause utterances.

The juice of this dissertation is contained in Chapters 6–8. In Chapter 6, the Dual-

path model’s generalization capacities are put to the test in a variety of tasks. First, I

show that the model’s syntactic representations allow the transfer of knowledge be-

tween clauses, which is a precondition for generalizing basic constructions to more

complex constructions. The artificial language and corresponding meaning represen-

tations are extended to sentences with up to four nested relative clauses. I demonstrate

that the Dual-path model can assemble novel multi-clause utterances with several em-

beddings from experience of simpler structures. In other words, the model generalizes

structurally. Semantic similarities in the conceptual structure between novel and famil-

iar sentence types play a critical role in this task. It is an important human capacity

to learn words in one syntactic/semantic context and use them in another. The Dual-
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path model is able to generalize familiar lexical items to novel thematic roles, in novel

constructions, at novel levels of embedding. Since most of these constructions are not

experienced in learning, this property might be called super-strong semantic systemati-

city (Hadley, 1994). Humans can also comprehend and produce utterances with a novel

hierarchical organization, they are recursively productive. According to Hauser et al.

(2002), recursion is a core capacity of the human language faculty. I identify learn-

ing conditions under which the Dual-path model displays recursive productivity. It is

shown that the model’s behavior is consistent with human behavior in that production

accuracy degrades with depth of embedding, and right-branching recursion is easier for

the model than self-embedding recursion.

A central issue in language acquisition concerns the question which syntactic con-

structions can be learned from experience and which require some kind of biological

endowment. Complex polar interrogatives—yes/no-questions with relative clauses—

occupy a prominent place in this nature versus nurture controversy. They appear to

be largely absent from child-directed speech and therefore necessitate innate structure-

dependent principles for their learnability. In Chapter 7, I address this issue in the

framework of the Dual-path model. I show that the model can induce the syntax of

complex polar interrogatives piecemeal from simpler and similar structures which are

warranted in a child’s linguistic environment. In the absence of positive exemplars of

the target structure in the input, both lexical and structural generalization are critical

features of the Dual-path model in this task. The model’s errors are compared with

child language data and I argue that the model does not entertain erroneous syntac-

tic hypotheses which would require overt correction or an innate learning bias. As a

consequence, the orthodox formulation of the learning problem that children suppos-

edly face might be ill-conceived. Since the model does not implement a traditional kind

of language-specific universal grammar, these results are relevant to the poverty of the

stimulus debate.

English relative clause constructions give rise to similar orderings of differential pro-

cessing in adult comprehension (Keenan and Hawkins, 1987) and language production

in development (Diessel and Tomasello, 2005). This pattern matches the typological

universal called the noun phrase accessibility hierarchy. I propose an input-based ex-

planation of this data in Chapter 8. The Dual-path model displayed the ordering of the

hierarchy in syntactic development when exposed to plausible input distributions. But

it was possible to manipulate and completely remove this ordering by varying proper-

ties of the input from which the model learned. This indicates, I argue, that patterns of

interference and facilitation among input structures can explain the accessibility hierar-

chy in processing and development when all structures are simultaneously learned and

represented over a single set of connection weights in a neural network model.

In Chapter 9, finally, I draw conclusions from this work, address some unanswered

questions, and give a brief outlook how this research might be continued. An abstract

precedes each chapter to help the reader keep track of the agenda.




