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CHAPTER FIVE

Knowledge representation and transfer in
artificial grammar learning (AGL)

Martin Redington
University College London, UK

Nick Chater
University of Warwick, Coventry, UK

In this chapter we re-evaluate the implications that have been drawn from
the artificial grammar learning transfer paradigm and review the evidcnqe
on whether the knowledge acquired in artificial grammar learning (AGL) is
stored in terms of the original surface form or in an abstract, surface-
independent representation.

INTRODUCTION

Research on AGL (Reber, 1967, 1993) has been seen as having potentially
far-reaching implications for theories of cognition. These stud.ies have
appeared to provide evidence that people are able to learn “implicit” n:lles,
that is, they can learn sets of rules without, in some sense, consclious
awareness, and these rules can determine their behaviour. In consequence,
AGL research has attracted a great deal of excitement and controversy.

A typical AGL study proceeds as follows: Participants are asked‘ to
memorise strings that (unknown to them) have been generated by a finite-
state grammar, which dictates the permissible arrangements of letters. After
training, participants are told that the first set of stimuli was rule-gove_rned,
and are asked to indicate which of a second set of strings obey or violate
the rules. Half of these test strings are *“grammatical” according to the rules
that generated the first set of strings, and half are ungrammatical. In the
standard AGL paradigm, with typical materials, participants will get about
65-75% of these classifications correct.
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. Perhaps the most obvious inference to draw is that people have, to an
imperfect degree, learned the underlying rules that governed the strings.
And strong claims about the implicit or unconscious character of these
putative rules appear warranted, given that participants often declare that
they have no idea whatever what rules governed the stimuli. Indeed, if
presscd_ to make suggestions concerning this underlying structure tl;eir
suggestions, if any, tend to be partial and vague, and in any case insui,‘ﬁcient
to account for their performance.

It has, hovx_rever, become increasingly evident that results of this kind are
open to a \‘wde range of interpretations. For example, it could be that
people are simply memorising some of the original training items (Brooks &
Vokey, 1991), or perhaps that they are learning fragments of these items
such as letter pairs or triples (e.g. Perruchet & Pacteau, 1990; Redington &,
Chater, 1996). People could be judging the new strings with which they are
present_ed as “conforming to the rules” if they are similar either to specific
old strings that they were presented with or if they contain similar frag-
ments to those items. Straightforward analysis of typical AGL stimuli has
shown thaF methods of this kind could give rise to high levels of per-
formance in classifying new stimuli, and hence could explain human
transfer p_erirormance‘ These exemplar- or fragment-based models would
also exPlam immediately why people are able to say nothing about the rules
governing the stimuli that they originally learned. They cannot report the
Fules, not because rule-knowledge is implicit but because their performance
is not based on rule-learning at all.

Thz’tre is, however, a version of the AGL paradigm that does not appear
so easily open to alternative explanation by exemplar- and fragment-based
accounts. It is the interpretation of these ‘transfer” studies with which we
are concerned in this chapter.

WHAT IS TRANSFER?

In the trang;ft_:r paradigm, the surface form of the materials is changed
between training and test. For example, the training strings MXVVM and
VXMTM might become HIKKH and KJHLH, respectively. The new strings
follow the same underlying rules as the original strings, but are expressed in
tern:Es 'of a completely new set of letters. Despite this change in surface form
participants are still able to distinguish test strings that follow the underlyiné
rules from those that violate them at well above chance performance, and
above the level of the performance of untrained control subjects. ,
Transfer has been demonstrated repeatedly (Altmann, Dienes, & Goode
199§; Brooks & Vokey, 1991; Gomez & Schvaneveldt, 1994; Knowlton 8;
Squire, 1996; Manza & Reber, unpublished manuscript; Mathews, Buss
Stanley, Blanchard-Fields, Cho, & Druhan, 1989; Whittlesea & D,orken:
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1993; Shanks, Johnstone, & Staggs, 1997), and appears very robust. As well
as transfer across letter sets, transfer has also been demonstrated across
modalities (e.g. from sequences of letters to sequences of tones, and vice
versa; see Altmann et al., 1995).

Transfer effects tend to be small and with such small effects careful
control conditions are required (Redington & Chater, 1996). For example,
one useful control is to ask participants who were not exposed to the
original training stimuli to attempt to discriminate grammatical from
ungrammatical stimuli. It might appear that such participants can only
perform by chance guessing, and hence that such a condition is unnecessary
but, in fact, such control conditions can yield performance that is con-
sistently slightly above chance. This is possible because some aspects of the
structure of the strings can be learned “on-line” as the participant inspects
the test strings. After all, half of the strings are generated by the grammar
and the other half are only slightly corruptions of grammatical items, and
hence a good deal about the grammar can be learned as testing proceeds.
Such controls are not always run in transfer studies and the possibility
therefore remains that some apparently significant instances of transfer
from the original learning items can be explained away as examples of
learning during test. None the less, despite this and other methodological
issues that can be raised in relation to some of the AGL transfer studies
(Redington & Chater, 1996), the weight of evidence seems to strongly
suggest that transfer effects are not merely artifacts—it appears that they
genuinely reflect the application of some knowledge learned in memorising
the training stimuli.

WHY IS TRANSFER IMPORTANT?

As we have indicated, transfer studies have assumed a particular signifi-
cance in AGL research, in the light of the multiple interpretations available
for conventional AGL experiments. We will focus here on two specific
theoretical issues for which evidence from transfer has been viewed as
important. Both of these claims concern the nature of the knowledge that
people are acquiring when learning the training items.

Firstly, the transfer paradigm has been seen as evidence for the claim
that participants in AGL studies acquire rule-based knowledge. That is,
some theorists (e.g. Knowlton & Squire, 1996) have claimed that transfer
could only be explained by assuming that participants learn rules that
capture regularities in the items memorised during training. According to
this viewpoint, transfer results rule out theories of AGL that propose that
participants acquire knowledge of whole instances, or fragments of the
training materials, represented in terms of the original surface form of those
materials (e.g. Brooks & Vokey, 1991; Perruchet & Pacteau, 1990).



124 REDINGTON AND CHATER

Secondly, transfer has been commonly interpreted as evidence for the
claim that the knowledge acquired in AGL is represented not in terms of
the original surface form of the training materials but, instead, in terms of
an abstract “surface-independent” form (e.g. Mathews, 1990; Knowlton &
Squire, 1996). For example, participants might genuinely acquire a rep-
resentation of the finite-state grammar underlying the training items, with
the arcs between the nodes of the grammar marked with abstract symbols
that do not denote specific surface features but which can be bound to any
surface form. The logic underlying the claim that knowledge is represented
in a surface-independent form is that this knowledge can then be applied to
stimuli presented in any surface form, as shown in the transfer paradigm.

Thus, the claim is that transfer effects demonstrate that the knowledge
learned in encoding the training items is represented in terms of rules, and
that it is encoded in a surface-independent format. These claims, and others
that follow from them concerning conscious awareness, have given a
substantial impetus to the study of transfer in AGL. But, we shall argue,
neither of these putative implications of transfer is valid.

WHAT DOES TRANSFER REALLY SHOW?

We will first question the notion that transfer is evidence for rule-based
knowledge, and secondly that it is evidence for the acquisition of surface-
independent knowledge.

Transfer and rule-based knowledge

The key point here is that surface-independence and rule-based knowledge
are orthogonal concepts. Within the AGL literature, discussion has con-
centrated on three distinct kinds of representation: (1) knowledge of whole
exemplars (e.g. Brooks & Vokey, 1991); (2) knowledge of fragments of the
training items (e.g. Perruchet & Pacteau, 1990); (3) or rule-based knowledge
(e.g. Knowlton & Squire, 1996).

We argue that all three kinds of knowledge can, in principle, be tied to
particular surface forms or, alternatively, can discard information about
particular surface forms, resulting in a surface-independent representation.

Considering exemplar-based knowledge first, in Brooks and Vokey’s
(1991) account, participants’ knowledge consists of representations of entire
training items (such as the string MMTTVVX), with grammaticality
Judgements being based on the whole item similarity between the test items
and the memorised training items. In Brooks and Vokey’s account, the
representations of these exemplars are expressed in terms of the original
surface form, with transfer being accounted for by a process of “abstract
analogy” between different surface forms.
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In principle, one can conceive of an alternative exemplar-based mech-
anism, in which participants acquired representations of specific training
exemplars but discarded, abstracted away from, or simply forgot, the
particular surface features that were present during the training phase. Such
a mechanism might acquire representations such as [1[JO O AAY (where
0O, ¢, A, and ¥ are symbols that discard the original surface form [letters]
of the item, but retain distinctions between different letters).

If people possessed such a mechanism (and, for the sake of illustration,
its contents were accessible to verbal report), we might receive verbal
reports like “I can remember the item, but not the actual letters. I know
that it had three different letters, each repeated twice, and then a fourth
different letter”.

Similarly, fragment knowledge, as discussed in the AGL literature, is
generally held to be represented in terms of the surface form of the training
materials, concerning the occurrence and potentially frequency of occur-
rence of given fragments (such as VXX) within the training items. However,
a mechanism that acquired a similar kind of knowledge but discarded the
particular surface form of the relevant features is equally possible, a priori.
Such a system might learn that the fragment []1< ¢ occurred 10 times in
the training items, where [] and < have the same meaning as above.

Within the AGL literature, the exact nature of rule-based knowledge is
generally left rather vague. Two possible examples of rule-based knowledge
are a representation of the finite-state grammar that actually generated the
stimuli, and symbolic rules such as “All strings must begin with the letters
VX or MX”. Either kind of representation could be couched in terms of
surface symbols, or in terms of abstract symbols. For example, a surface-
independent symbolic rule might be expressed as something like “All strings
must begin with one of two specific letters” or “The second letter is always
the same™.

Within the broad classes of theory defined by the categories of exemp-
lars, fragments, and rules, and the orthogonal categorisation according to
whether this knowledge is tied to surface form, or surface-independent,
there is still room for a lot of variation and disagreement. For example, if
people acquire surface-independent knowledge of exemplars, they might
encode these in terms of the repetition patterns, discarding commonalities
occurring across strings, so that the training items MMTTVVX and
VTXXMYV might be encoded as (11O O AAY and 1O AAV]. Alter-
natively, the encoding might respect the identities of the original surface
form across training items, so that the items above might be encoded as
OO0COCAAY and AOVVOO.

Additionally, there are accounts that do not fit quite so neatly into the
division between exemplars, fragments, and rules, such as Dienes, Altmann,
and Gao’s (1999) connectionist model of transfer (although this could be
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argued to acquire knowledge that can be seen as similar in nature to
fragments, or rules, according to one’s theoretical perspective), as well as
“hybrid” accounts that posit more than one form of knowledge (e.g.
Knowlton & Squire, 1996; Meulemans & Van Der Linden, 1997).

Overall, though, our claim stands: Evidence that knowledge is surface-
independent does not constrain that knowledge also to be rule-based.
Exemplar- and fragment-based knowledge can also be represented in
abstract terms, divorced from the original surface form of the training
materials.

Transfer and surface-independent knowledge

We now turn to consider the implications of transfer for the level of
abstraction of information that participants perform during training. In
particular, we shall argue that although transfer is compatible with the
hypothesis that knowledge is represented independent of surface form, it is
not direct evidence for that hypothesis. Rather, there are many accounts in
which participants’ knowledge is held to be surface-based that can explain
the phenomenon of transfer.

Before considering how surface-based knowledge might allow transfer,
let us first consider how surface-independent knowledge might support
transfer. This could happen in a number of ways.

In one possible account, both training and test items are encoded in a
common surface-independent form, and thus the representations of their
structure can be compared directly. In its purest form, this account requires
that the mapping from surface to abstract form can be computed inde-
pendently for each item, without possessing any knowledge about the other
items. The example given above, where exemplars are encoded in terms of
their repetition patterns falls into this category.

In another possible account, people initially acquire surface-independent
knowledge and, in the course of testing, learn to map from the surface-
independent form to the new surface form, or vice-versa, and thus exploit
their knowledge for the purpose of the categorisation task. Note that the
mapping between abstract and surface forms at test need not be consistent
across items, or even within a particular item—in Roussel and Mathews’
account of transfer (cited in Dienes & Berry, 1993), participants’ knowledge
consists of information concerning whether each letter is the same as, or
different from, the preceding letter. All that is required is that the mapping
is sufficient to provide some indication of the grammaticality of the test
items.

Now consider the case where participants’ knowledge is represented
purely in terms of the original surface form. Although intuitively such
knowledge would appear to be relatively useless for the purposes of
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transfer, a number of accounts of transfer have argued that participants’
knowledge is surface-based.

Brooks and Vokey (1991) argued that knowledge of training exemplars
could be applied to transfer test items by a process of “abstract analogy™™
The test item HHJJKKK is “similar” to the exemplar MMTTVVYV, in that
they share a common repetition pattern. While the underlying basis of
comparison is abstract and unrelated to surface form, Brooks and Vokey
are explicitly committed to the view that the knowledge acquired during
training is instance-based, and closely tied to the original surface form of
the training items. The abstraction that is required to support transfer takes
place between surface forms, at test.

Similarly, Redington and Chater (1996) proposed an idealised model of
transfer in which participants acquire knowledge of fragments of the
training items, expressed in terms of the original surface form. In the
transfer paradigm, test items are accepted as grammatical if there is a
consistent mapping between old and new surface forms (computed on an
item-by-item basis) such that the test item can constructed entirely from the
fragments seen during training.

Finally, Dienes et al. (1999) proposed a connectionist account of
transfer. The network is trained to produce responses that are specific to a
particular surface form. These responses are predictions about which letter
will occur next in the string—by comparing the predictions against the
actual next letter, the network produces a measure of the extent to which
the test item shares a common underlying structure with the training
materials. In the context of transfer, the network is effectively “re-trained”,
but its architecture allows a new input—output mapping to use some of the
same weights that were trained initially. With these “core” weights (whose
values are frozen) already trained, the learning problem collapses into
finding an appropriate mapping from the new input and output units to
and from the core weights. This process can be viewed as mapping knowl-
edge that is “bound” to one surface form to the new surface form.

In all three accounts, the knowledge acquired during training is bound to
the original surface form of the training items. At test, some form of
mapping between the old and new surface form allows this knowledge to be
applied to the new materials. Whether, or to what extent, any of these three
accounts can explain human performance in the AGL paradigm is open to
question. However, they show that theories positing the acquisition of
knowledge that is represented in terms of the original surface form are
viable, and compatible with the basic fact of transfer of knowledge to a new
surface form. This is especially true of the Dienes et al. (1999) and
Redington and Chater (1996) work, where computational models were
demonstrably able to perform the transfer task, fitting the details of the
human with varying degrees of accuracy.
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TABLE 5.1. g
Actual and possible accounts of transfer in AGL, categorised by the
kind of knowledge (rule, instance, or fragments) and whether that
knowledge is held to be surface-independent or surface-based.

Surface-independent Surface-based

Rules Reber (1969)
Instances Brooks & Vokey (1991)
Fragments Redington & Chater (1996)

KNOWLEDGE REPRESENTATION IN AGL

Accepting that transfer is not, of itself, evidence for the acquisition of rule-
based or surface-independent knowledge really opens up the field for
possible theories of transfer, and AGL in general. If one also accepts that
these concepts can be considered somewhat independently, then we can
categorise accounts of knowledge representation in AGL into six
categories, as shown in Table 5.1.

A note of explanation is required for our classification of the Dienes et al.
(1999) connectionist model as “fragment-based”, and exactly what we mean
by this term. We regard “fragment-based knowledge” as shorthand for
learning about simple local, distributional properties of the stimuli, such as
bigram statistics—the frequency with which a particular pair of adjacent
letters occurred in the training materials. “Localness is logically . . .” is
logically independent from the learning of distributional properties but, in
practice, most of these accounts propose that what is learnt is the distri-
butional relationships between adjacent or nearby elements of the stimuli
(e.g. letters in a string), which tallies with the observation that, with typical
AGL training materials, people are more sensitive to violations of local
dependencies between letters (e.g. Gomez & Schvaneveldt, 1994). This is the
kind of information that the Dienes et al. (1999) connectionist network
model acquires (see Chater & Conkey, 1993), and this kind of knowledge is
also captured by models that acquire knowledge of fragment occurrence, as
in the idealised models proposed by Redington and Chater (1996).

Obviously, the categories in Table 5.1 are somewhat coarse, and there is
some scope for debate about their exact boundaries, or which category a
particular account belongs in, but generally they reflect the broad theor-
etical divisions that exist in the literature. Most accounts of implicit
learning can be placed into one of these categories. Where hybrid theories
propose more than one distinct type of knowledge, those types can them-
selves each be classified into the categories above. For example, Knowlton
and Squire (1996) and Meulemans and Van Der Linden (1997) both pro-
pose that that AGL standard and transfer phenomena can be accounted for

5. KNOWLEDGE REPRESENTATION AND TRANSFER IN AGL- 129

in terms of the acquisition of both surface-based fragment knowledge, and
surface-independent rule-based knowledge.

A division within the literature that is not reflected within the categories
above is on the issue of conscious awareness and accessibility of knowledge,
which has been a major source of debate within the AGL literature.

We will not focus directly on the question of conscious awareness here
because we believe that to a first approximation, how knowledge is rep-
resented can be considered independently from whether that representation,
or aspects of it, are available to conscious awareness or not (although we
concur with Dienes & Perner’s 1996 suggestion that some representational
forms might be more accessible or transparent to conscious awareness).
Indeed, addressing the question of how knowledge about the training items
is represented seems to be prior to addressing the question of whether such
knowledge is conscious or not. Thus, if knowledge is believed to be rep-
resented in terms of rules of a particular kind then we can test, experi-
mentally, whether people are aware of these rules; and if knowledge is
represented in terms of fragments, then we can test whether they are aware
of such fragments. But it seems to be inappropriate to attempt to address
the question of conscious awareness before at least some clarity has been
achieved concerning what kind of knowledge may or may not be con-
sciously available.

For the purposes of this chapter, we will also leave aside the question of
whether the knowledge acquired in AGL concerns exemplars, or fragments,
or is rule-based. Instead we will focus below on the question: Is the
knowledge acquired in AGL represented in terms of the original surface
form, or in a surface-independent terms?

SURFACE-INDEPENDENT AND SURFACE-BASED
REPRESENTATIONS

We have argued that the mere existence of transfer does not immediately
imply that the knowledge learned in AGL training is necessarily surface-
independent. This raises the question of how we can obtain evidence
concerning the level of abstraction of AGL knowledge.

We have previously (Redington & Chater, 1996) discussed this question
under the heading of the locus of abstraction in transfer—whether, in the
transfer paradigm, there was abstraction away from the original surface
form (resulting in a surface-independent representation), or whether (a
slightly different kind of) abstraction took place between surface forms at
test. Differentiating between these two possibilities is a specific instance of a
problem that arises whenever a task requires abstraction of some kind,
whether across training instances or away from a particular surface form.
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From performance on the task itself, it is not always possible to determine
logically whether participants acquired a representation in an appropriately
abstract form during training, or whether the necessary abstraction
occurred during testing, driven by the demands of the test procedure.

This does not mean that no evidence can be brought to bear. Redington
and Chater (1996) proposed that there were three potential lines of evidence
for surface-independent representations: (1) verbal report; (2) parsimony;
and (3) evidence from indirect tests.

Considering evidence from verbal report first, if it were the case that
participants in AGL studies clearly and unambiguously reported knowledge
of surface-independent properties of the training stimuli, then this would

provide some grounds for believing that participants’ knowledge was .

represented in a surface-independent form. Unfortunately in AGL, as we
have already noted, verbal reports are typically not very informative about
the extent and nature of participants’ knowledge (e.g. Reber & Allen, 1978),
and so the evidence from verbal report favours neither a surface-based or
surface-independent representation.

Turning to parsimony, all else being equal, it could be argued that
accounts positing a surface-independent representation, which allows train-
ing and test items to be compared directly, provide a simpler explanation of
transfer results than accounts that posit a process of abstraction between
surface forms at test. But such an appeal to parsimony is problematic in the
light of the consistent experimental findings that, given the same materials,
classification performance in the standard (same letter-set) AGL paradigm
is reliably higher than in the transfer case (e.g. Altmann et al., 1995; Manza
& Reber, 1994)—it appears that participants do retain at least some
information about surface form, and can take advantage of this for the
classification task. For example, in Manza and Reber’s (1994) account of
the differential performance between the standard and transfer cases,
participants acquire both surface-based knowledge and a subset of surface-
_ independent knowledge. It seems that some surface-based representation
will always be required to account for this difference.

Now, parsimony threatens to work against advocates of surface-
independent knowledge: Regardless of whether knowledge is represented
in surface-based or surface-independent terms, some process of “abstrac-
tion” operating either on the acquired representation, or the test item, or
both, is required at test to allow the existing knowledge to be applied to the
novel surface form. Given that surface-based knowledge has been shown to
be sufficient to account for transfer performance, and that some surface-
based knowledge is required to account for superior performance when the
surface form of the materials is unchanged between training and test,
accounts positing a single surface-based representation are arguably simpler
than accounts positing multiple representations.
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Redington and Chater’s (1996) idealised computational models of AGL
provide an existence proof for this kind of account, as does the connec-
tionist model of AGL presented by Dienes et al. (1999).

In Redington and Chater’s (1996) models, knowledge was represented as
knowledge of the fragments (letter pairs and triples) that occurred in the
training items, and this knowledge could be applied either directly to the
test items (in the standard AGL paradigm) or by a simple process of finding
correspondences between each test item and the training items (in the
transfer paradigm). These models were able to capture the basic facts of
transfer performance, and superior standard (non-transfer) performance,
utilising only a single, surface-based representation.

Of course, parsimony might provide an a priori reason to favour one
account over another, but empirical evidence provides a much more
powerful argument. Redington and Chater (1996) suggested that indirect,
or incidental, tests of performance, which avoided placing demands on
participants that might lead to abstraction during the test phase, could
provide evidence for an abstract representation, but failed to identify any
converging evidence in the literature. This appears to leave the question of
the level of abstraction of knowledge in AGL entirely unresolved.

EMPIRICAL EVIDENCE

There is, however, an early implicit learning study performed by Reber
(1969) that does appear to provide strong evidence for the acquisition of
surface-independent knowledge.! We first describe Reber’s study, before
considering why it provides a better test of the level of abstraction of AGL
knowledge than later transfer studies.

In Reber’s (1969) study, in contrast to later transfer studies, there was no
test phase where participants classified test items as conforming to or
violating the rules underlying the training items. Instead, performance in
Reber’s study was measured by the number of recall errors that participants
made while memorising sets of training items. Each set (of three training
items) was presented until the participant successfully recalled all the items
on a single trial. The “test phase” of the study consisted of memorisation of
a second set of training items. If participants were acquiring knowledge of
the underlying structure of the materials during the first phase of the study,
then this should help them to memorise items generated by the same

! Whittlesea and Wright (1997, pp. 190-191) similarly identify Reber’s (1969) study as a
crucial piece of evidence in favour of the acquisition of surface-independent knowledge, using a
similar argument to that outlined here.
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grammar in the second phase, providing a “memorisation advantage” for
learning these new items.

Reber manipulated the relationship between the training items used in the
first and second phases of the study: Whether or not they were generated by
the same underlying grammar or not, and whether or not the items were
expressed in terms of the same surface form. These factors were varied
independently, to produce four experimental groups: same-grammar/same-
letters, same-grammar/different-letters, different-grammar/same-letters, and
different-grammar/different-letters.

As in previous studies (Miller, 1958; Reber, 1967), participants in the
same-grammar group showed a memorisation advantage (made fewer
errors when memorising the second set of items) over the different-grammar
groups. The crucial result in Reber’s (1969) study is that this advantage was
maintained even when the surface form of the second set of items was
different to that of the first set.

In the same-letter set case, this finding has been explained in terms of an
encoding used for the first set of items being available to encode the second
set of items, leading to more efficient memorisation (Miller, 1958; Reber,
1967). Reber’s (1969) result indicates, as do the transfer results in the
context of the classification task, that this encoding can be applied inde-
pendently of surface form. However, Reber’s study differs significantly
from the grammaticality judgement studies in that participants in Reber’s
study knew nothing about the underlying structure of the training items
throughout the experiment. Specifically, they did not know that any of the
items were generated by a set of rules, or that the second set of items might
bear any relationship to the first set.

Participants’ naivety as to the letter set change is a critical difference.
Accounts of transfer that do not posit a surface-independent representation
(e.g. Brooks & Vokey, 1991; Redington & Chater, 1996) propose that a
process of abstraction between surface forms takes place at test, and within
these accounts this is typically seen as driven by the knowledge that there is
a given relationship between training and test items. In the Dienes et al.
(1999) model, for example, a set of “core weights” is set during training,
but during the classification phase, the values of these core weights are
frozen and used to constrain the training of a set of mapping weights
(allowing the utilisation of the knowledge embodied in the core weights
with the new surface form). In the context of this model, knowledge of the
relationship between the training and test items can be seen as the signal to
freeze the core weights and start the mapping process. Similarly, in
Redington and Chater’s (1996) idealised models, a process of mapping
occurs at the test phase but there is no process for exploiting knowledge to
a different surface form during the training (memorisation) phase. While
these accounts are a priori compatible with the memorisation advantage in
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the same-letter set case, they cannot account for the Reber (1969) finding
across different letter sets.

Surprisingly, although often cited, the Reber (1969) study has rarely
been discussed in detail in the literature. While the reliability of the transfer
effect itself has been questioned (Perruchet, 1994), and subsequently proved
to be robust, no replications of the Reber (1969) effect have ever been
reported.

We recently (Redington & Chater, unpublished data) performed two
studies that replicate the underlying logic of the Reber (1969) study. In our
first experiment, participants memorised sets of 18 strings in each phase. As
in Reber’s study, the grammar used to generate the strings and the letter set
in which they were instantiated were varied between phases. Within each
phase, the strings were presented in groups of three and participants had to
correctly recall all three strings in a single trial before proceeding to the next
group. The grammars that were used to generate the materials were not
exactly the same as those used by Reber (1969) but were similar in nature
and complexity (Figure 5.1), and had been constructed to minimise the
sharing of repetition patterns between grammars: Of the 43 strings of length
8 or less that each grammar could generate, only 6 shared a common
repetition pattern with the strings from the other grammar.

Participants in all four groups showed a statistically reliable improve-
ment, both in terms of the number of presentations that they took to reach
criterion for each group of three strings, within each phase of the study, and
between the first and second phases. A reliable interaction indicated that
the improvement over presentations (groups of three strings) was greater
during the first phase of the study.

However, we found no evidence for the effect observer by Reber (1969).
In Reber’s study, the rank ordering of the performance of the experimental
groups in the second phase of the study was as follows:

same-grammar/same-letters > same-grammar/different-letters >
different-grammar/different-letters > different-grammar/same-letters

In our study, the rank ordering of the groups was markedly different:

same-grammar/same-letters > different-grammar/different-letters >
same-grammar/different-letters > different-grammar/same-letters

The only reliable differences in memorisation advantage between the
groups in our study were between the same-grammar/same-letters group
and the other groups. Participants who studied items from the same
grammar in both phases but instantiated in different letter sets, showed no
memorisation advantage relative to the other groups.
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Figure 5.1. The two finite-state grammars in Redington and Chater’s unpublished
replication of Reber (1969). The strings are generated by beginning at the “start” state and
following arrows through the diagram to the “end” state. Traversing an arrow corresponds
to generating a symbol.

In a second study, we again presented participants with a memorisation
task in two distinct phases, with the underlying grammar and surface form
of the training strings varying across phases, as before. The procedure we
used in this study was based on that of Miller (1958): Within each phase,
the stimuli consisted of a list of nine strings—one set was generated by the
grammar used by Miller (1958) and the other set was generated by a

3
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grammar of similar complexity. Two different sets of nine strings were
chosen from each grammar selected so as to be representative of the
grammar, and so that their repetition patterns did not overlap with those of
the strings selected from the other grammar. On each trial, all nine strings
from the appropriate set were presented, in a random order, and the
participants’ task was to correctly recall as many of the items as possible.
Each phase of the study consisted of ten trials, with the dependent variable
being the number of correct responses on each trial.

As before, participants’ performance improved reliably over trials and
between the first and second phases of the study, with the improvement
over trials being greatest during the first phase. The manipulations of
grammar and surface form resulted in same rank ordering of the groups as
our previous study:

same-grammar/same-letters > different-grammar/different-letters >
same-grammar/different-letters > different-grammar/same-letters

Once again, the differences between the same-grammar/same-letters
group and the same-grammar/different-letters and different-grammar/same-
letters groups were reliable, although the difference between the same-
grammar/same-letters group and the different-grammar/different-letters
group was not.

Hence, we failed to find any evidence in support of Reber’s (1969) effect:
There was no memorisation advantage for materials generated using the
same grammar when the surface form was altered, relative to materials
generated by a different grammar.

Of course, it is possible that the use of different stimuli could explain our
failure to replicate Reber’s (1969) findings, although other implicit learning
effects, such as classification in the standard and transfer AGL tasks, are
usually robust in the face of the kind of variation this introduced.

If our results are valid, it seems that the reliability of Reber’s (1969)
finding is at least open to question and that under “normal” AGL learning
conditions, with adult participants, given straightforward memorisation
instructions and a moderately complex set of rules governing the materials,
the empirical evidence appears to be consistent with the acquisition of a
representation that is tied to the original surface form, and does not favour
a surface-independent representation.

This conclusion is further reinforced by a more recent transfer study
reported by Whittlesea and Wright (1997, Experiment 4). As in a normal
transfer study, participants were required to memorise a set of training
strings and then, after being informed of the rule-governed nature of the
materials, and that the training and test materials shared a common set of
underlying rules, they performed a classification test on items that were
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instantiated either in a different letter set, or as sequences of coloured
patches (with each colour corresponding to one of the letters in the original
stimuli). Prior to being informed about the nature of the materials and
performing the classification task, participants were asked to judge each of
a set of test items, instantiated in the same form as the items on the
classification task they were about to perform, as being pleasant or dull.

Whittlesea and Wright (1997) chose the pleasantness judgement because
of its use as a measure of the mere exposure effect (Zajonc, 1968): Stimuli
to which people have been previously exposed are judged as more pleasant
than novel stimuli. With standard (non-transfer) AGL materials, Gordon
and Holyoak (1983) found that participants were likely to rate grammatical
test items as more pleasant than non-grammatical test items.

Just as in the memorisation task used by Reber (1969), the pleasantness
judgement task does not require participants to be aware, or informed, that
the stimuli are rule-governed, or of the relationship between the training
and test stimuli. This decreases the possibility that abstraction to a new
surface form is driven by the demands of, and occurs during, the test phase,
allowing a reasonable test of the hypothesis that participants’ knowledge is
represented in surface-independent terms. Participants acquiring surface-
independent knowledge should show effects of grammaticality on both the
pleasantness and classification tasks under transfer conditions. On the other
hand, if people possess only surface-based knowledge then they can use this
knowledge to obtain better-than-chance levels of performance in the
transfer classification task, by using abstraction at test, but there should be
no transfer effects on pleasantness judgements.

The latter pattern of results was observed. Whittlesea and Wright (1997)
reported that their participants were able to classify items as grammatical
or non-grammatical at above-chance levels when the surface form of the

test items was instantiated in a different letter set to that used in training, or

as a series of colour patches. However, on the pleasantness task, parti-
cipants who were presented with sequences of coloured patches at test
showed no sensitivity to the grammaticality of the test items, suggesting
that they were not exploiting surface-independent knowledge when
performing the pleasantness task.

Participants who were presented with strings of letters (instantiated in a
different letter set) were reliably more likely to classify grammatical items as
more pleasant than non-grammatical items. Whittlesea and Wright (1997)
suggest that this does provide evidence that memory is “directly sensitive to
the deep structure [surface-independent properties] of the environment™ (p.
194). However, it should be noted that the effect is rather small. Only 53% of
pleasant or dull classifications corresponded with the items’ grammaticality
or non-grammaticality (where 50% would be expected by chance). In con-
trast, their grammaticality judgement score was 60.1%. Additionally, the

5. KNOWLEDGE REPRESENTATION AND TRANSFER IN AGL 137

comparison of participants’ performance was against chance rather than, for
example, against a control group, leaving open the possibility that at least
some of the observed effect was due to participants’ pre-existing biases,
rather than exposure to the training materials (see Redington & Chater,
1996, for a discussion of this and other possible biases in AGL). Whittlesea
and Wright also tested an untrained group, whose pleasantness task per-
formance was also above chance, although not reliably so, but did not
compare the performance of the experimental groups against this control.

To summarise, although Reber’s (1969) results (which showed a mem-
orisation advantage for participants who had been exposed to stimuli with
the same underlying structure but with a different surface form) suggest
that people do acquire surface-independent knowledge, we were unable to
replicate this finding. Our results indicated that once the surface form of the
materials is changed, any memorisation advantage for previous exposure to
the grammar disappears. Whittlesea and Wright’s (1997) results, using a
similarly indirect method to detect the influence of surface-independent
knowledge, also show no effect of such knowledge in the case where the
surface form of the stimuli was changed from letters to colours, and only a
very small (and potentially questionable) effect for letter—letter transfer. All
in all, there appears to be little empirical evidence for the acquisition of
surface-independent knowledge in adults, in conditions typical of the arti-
ficial grammar learning studies: Straightforward memorisation of moder-
ately complex sequential materials.

EVIDENCE FOR THE ACQUISITION OF SURFACE-
INDEPENDENT KNOWLEDGE

Although adults might not acquire surface-independent knowledge in
“normal” implicit learning conditions, Whittlesea and Dorken (1993) pro-
vide some evidence that they can acquire surface-independent representa-
tions in some circumstances. Another intriguing line of evidence (Gomez &
Gerken, 1999; Marcus Vijayan, Bandi Rao, & Vishton, 1999) suggests that
young infants could acquire surface-independent representations, even if
adults do not.

In the Whittlesea and Dorken (1993, Experiment 5) study, participants
were trained and tested in the standard and transfer AGL paradigms, with a.
learning phase consisting of exposure to the training materials, making
grammaticality judgements about novel strings during the test phase. The
important experimental manipulation was in the nature of the training,
which was intended to influence the way that participants processed the
training items. One group of participants (the incidental repetition group)
was told that the training items were distractors in a digit repetition task—
they had to repeat a series of letters (i.e. a training item) between presentation
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and recall of a three-digit number. In the incidental analysis condition,
participants’ training consisted of a “repetition-detection” task during
training: A letter of the training item would be underlined and the task was to
indicate whether that letter occurred at any other location in the test item, as
quickly as possible. A third group (the memorise group), performed a
straightforward memorisation task.

Whittlesea and Dorken found that classification (grammaticality judge-
ment) performance in the standard (non-transfer) conditions was lowest for
the incidental repetition and incidental analysis groups, with the memorisa-
tion group performing reliably better. In transfer test conditions, the
performance of the incidental analysis group, whose training task focused
attention on the repetition patterns of the training items, reliably exceeded
that of the memorisation task.

The superior transfer performance of the group trained to detect
repetition patterns in the training items suggests that, under these training
conditions, participants might have acquired surface-independent knowl-
edge during training. It seems unlikely that such a training regime, if it
resulted in knowledge that was completely tied to surface form, could lead
to improved transfer performance at test. However, the training regime
used here is very different to straightforward memorisation: Given that the
task directed participants to attend to the repetition patterns of the training
items, it is hardly surprising that they acquired some knowledge of these
patterns—the implications of this finding for artificial grammar learning
occurring under “normal” conditions are limited.

However, recent studies reported by Gomez and Gerken (1999) and
Marcus et al. (1999) suggest that even under “passive” learning conditions,
human infants can acquire knowledge of surface-independent structure.

The Gomez and Gerken (1999) and Marcus et al. (1999) studies both
utilised the Head Turn Preference Procedure (Kemler-Nelson, Jusczyk,
Mandel, Turk, & Gerken, 1995). Infants sit on a parent’s lap in a three-
sided booth. Stimuli are played through speakers on either side of the
booth, and the infants’ tendency to attend to one side or the other, as
indicated by head-turning or looking times, is used as a measure of their
ability to distinguish between the stimuli.

This procedure allows an almost exact analogue of the adult artificial
grammar learning studies to be performed with infant participants. Saffran,
Aslin, and Newport (1996), reported a study on the acquisition of word
segmentation, where 8-month-old infants were exposed to a continuous
speech stream of four trisyllabic nonsense words presented in random
order. Using the head-turn procedure, Saffran et al. showed that the infants
could subsequently distinguish between words and part-words or non-
words, as indicated by a novelty preference in their looking behaviour when
the test stimuli were played.
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Gomez and Gerken (1999) and Marcus et al. (1999) performed very
similar studies to Saffran’s, except that in their studies the surface form of
the training materials was switched between the training and test phases of
the study. Nevertheless, infants (7-month-olds in the Marcus et al. study,
and 11-month-olds in the Gomez & Gerken study) showed some sensitivity
to the underlying structure of the training materials. In the Marcus et al.
study, infants showed a novelty preference, attending more to stimuli with
the same underlying structure as the training materials. In the Gomez and
Gerken study, infants preferred to listen to items that shared a repetition
pattern with the training materials. The actual direction of the effects is
unimportant to the argument presented here—in each case, infants were
able to distinguish between items that shared the same underlying structure
as the training items and those test items that did not.

Why is this result evidence for the acquisition of a surface-independent
representation, when adult studies of transfer are not? Given the age of the
infants, no meaningful instructions as to the rule-governed nature of the
stimuli and the relationship between the training and test materials could be
given. The infant participants were necessarily completely naive, providing
an indirect test of the knowledge that they acquired during training.

One caveat to this conclusion is that, in the Marcus et al. (1999) studies,
the stimuli were generated from two grammars that generated three-syllable
words, all of which had the repetition structure ABB (in one grammar), or
ABA (in the other grammar), and the 16 stimuli were each repeated three
times in the course of a 2-minute training session. With such a simple
structure, in adults at least, it would not be surprising if participants
acquired explicit (in the sense of being readily verbalisable) knowledge of
this repetition pattern, and exploited this in the test phase, and it seems
plausible that a similar process of explicit learning (at some level) could
take place in infants. However, the Gomez and Gerken (1999) materials
were much more akin to the relatively complex materials used in adult
studies, providing a more convincing case for the kind of implicit pro-
cessing that is seen in adults (although in the case of infants this also seems
to encompass surface-independent knowledge).

DISCUSSION

We have seen that the literature of AGL and related paradigms have not yet
provided decisive evidence concerning the level of abstraction of information
learned during training. Although the existence of transfer in AGL studies
has sometimes been interpreted as unequivocal evidence for surface-
independent representations, an alternative hypothesis remains open: That
“abstraction” away from the surface representation occurs only at test,
triggered by the knowledge that there is common structure between the
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training and test items. Studies in which participants are ignorant of the
relationship between training and test items provide a means of distin-
guishing between these rival hypotheses. Reber (1969) described such a study,
which appeared to show evidence for transfer, in a memorisation paradigm
where people were unaware that the strings that they were asked to learn were
governed by rules, let alone that these rules were in some cases analogous
to rules governing previously learned items (the “transfer” condition, in
Reber’s study). But two attempts to replicate this result led to the opposite
conclusion—that there is no evidence for transfer, and hence no evidence for
surface-independent learning. Using a different design, Whittlesea and
Wright (1997) provided evidence consistent with these results, finding no
evidence of transfer for a pleasantness rating task where participants were
ignorant of the relationship between training and test items.

However, it appears plausible that when the training task requires par-
ticipants to attend to the repetition structure of the training materials, as in
Whittlesea and Dorken’s (1993) study, people will acquire a surface-
independent representation. The evidence provided by Gomez and Gerken
(1999) and Marcus et al. (1999) suggests that young infants might acquire
surface-independent representations, even under passive learning condi-
tions, with speech-like materials.

The debate concerning levels of abstraction in AGL can be viewed as an
aspect of a much broader theoretical debate in cognitive science: to what
extent is human learning “lazy” or “eager”? (Aha, 1997; Hahn & Chater,
1997, 1998.)

Lazy learning involves storing input material in a relatively unprocessed
form; the cognitive work required to transfer this knowledge to some new
context (e.g. generalising past experiences to a new situation) is applied only
when this work needs to be done. This style of learning is “lazy” because
cognitive work is done only when strictly necessary—otherwise, the learn-
ing items are simply stored. In cognitive science, lazy learning is exemplified
by exemplar models of categorisation (e.g. Medin & Schaffer, 1978;
Nosofsky, 1986), memory (Hintzmann, 1986), case-based reasoning (e.g.
Kolodner, 1993), and analogy-based models of reading (Glushko, 1979)
and morphological processing (Nakisa & Hahn, 1996).

By contrast, eager learning involves actively attempting to extract
regularities from new items, as they are encountered. The model of the
regularities that has been extracted can then straightforwardly be applied to
new items, as they are encountered. Eager learning methods vary between
methods that involve the attempt to seek symbolic rules with which to
model the incoming data (Lavrac & Dzeroski, 1993; Thagard, 1988),
and those that attempt to fit incoming data to some kind of probabilistic
model (e.g. a mixture of Gaussians, as in the decision-bound model of
categorisation, Ashby, 1992).
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It seems likely that the cognitive system uses some mixture of lazy and
eager learning processes. For example, given the creativity of language use,
it seems at best highly unlikely that the syntactic structure of a language can
be learned using purely lazy learning. Instead, it seems possible to learn
syntactic rules, which can then be used in ways that can be different from
the contexts in which they were learned. But conversely, there is consider-
able evidence that the surface properties of learned items have a substantial
effect on later memory and processing, in studies of categorisation,
memory, and reasoning (e.g., Gick & Holyoak, 1980; Hintzmann, 1986;
Posner & Keele, 1970).

To the extent that both lazy and eager processes might be operating in
the cognitive system, it also seems plausible that both types of processing
can be engaged in AGL studies. It might be that the abstractness and
unfamiliarity of AGL stimuli, and the regularities defined over them, tends
to block the application of eager learning methods. It might be that by
using more natural, speech-like materials, as in the infant studies reported
earlier, the cognitive system might be able to find abstract regularities
during training. Alternatively it could be that learning styles shift during
development, so that in the case of repetition structure, infant sensitivity to
repetition structure is lost at some point during development.

The difference between the types of material, and experimental task, in
which lazy or eager styles of cognitive processing are favoured, is a poten-
tially important direction for future research, and AGL could be a valuable
tool for investigating these questions.
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