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Abstract

We propose a new view of word priming in attractor net-
works, which involves deepening the basins of attraction
for primed words. In a network that maps from ortho-
graphic to phonological word representations via seman-
tics, this view of priming leads to novel predictions about
the interactions between orthographically and/or seman-
tically similar primes and targets, when compared on an
orthographic versus a semantic retrieval task. We confirm
these predictions in computer simulations of long-term
priming in a word recognition network.

Connectionist models have strongly influenced cur-
rent thinking about the nature of human memory
storage and retrieval processes. One reason for their
appeal is that they can account for a wide range of hu-
man performance on tasks such as word recognition
(McClelland and Rumelhart, 1981), reading (Seiden-
berg and McClelland, 1989), and repetition priming
(McClelland and Rumelhart, 1986). Further, because
connectionist models make relatively specific assump-
tions about the mechanisms of cognitive processes,
they can lead to novel predictions about human per-
formance.

One of the most exciting developments in the last
decade of human memory research is the character-
ization of implicit memory (Graf & Schacter, 1985;
Schacter, 1985), a form of automatic, unconscious re-
trieval of previously encountered material. A widely
used experimental method for testing implicit mem-
ory is repetition priming, in which the accuracy or
speed of processing is measured on successive pre-
sentations of a target stimulus. Evidence of implicit
memory is observed when subjects are more accu-
rate or efficient in responding to previously studied
targets than to new targets. The priming literature
1s highly relevant to connectionist models of learn-
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ing and memory for two reasons: 1) Priming effects
can be extremely long-lasting, ranging from minutes
to many hours, or even months, and apparently re-
flect fundamental automatic (“unsupervised”) learn-
ing processes employed by the brain. 2) When the
prime and target are not identical, but have similar
input and/or semantic features, the priming effects
may range from facilitation to inhibition; these ef-
fects can shed light on the nature of human memory
organization, and provide constraints on the repre-
sentations employed in connectionist models.

In this paper, we first review the previous con-
nectionist accounts of priming. We then propose a
new view of word priming in attractor networks with
orthographic and semantic levels of representation,
which involves deepening the basins of attraction for
primed words. This leads to some novel predictions
about the interactions between primes and targets,
which we explore in computer simulations.

Short- and long-term priming

Many forms of priming have been studied (for re-
views, see Monsell (1985), Schacter (1987) and
Richardson-Klavehn and Bjork (1988)), and several
connectionist accounts of these phenomena have al-
ready been proposed. Short-term priming of a word
by a semantically related word or context can be ac-
counted for by Masson’s model (1991) in which resid-
ual activation from the previous input influences the
network’s response to subsequent input. Bavelier and
Jordan’s model (1993) employs transient changes in
baseline activity and threshold levels to account for a
range of facilitatory and inhibitory repetition priming
effects (repetition blindness, masked and unmasked
priming). These models provide plausible accounts
of many of the observed short-term priming effects.!
However, longer-term priming (which persists across

1Bavelier and Jordan proposed that long-term repetition
priming of a word is due to a long-term threshold reduction
for the appropriate word-detector unit. However, this does
not account for long-term form-priming.
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the presentation of many intervening stimuli) clearly
involves long-term changes in processing. It is this
class of phenomena with which the current paper is
concerned.

Long-term repetition priming

McClelland and Rumelhart (1986) proposed a mech-
anism for long-term repetition priming. In their dis-
tributed memory model, a recurrent network of units
learns via an error-correcting procedure to store a
set of training patterns and to perform pattern com-
pletion. Each learning step involves a large initial
change in each weight (in proportion to the error for
that weight), which rapidly decays down to a per-
manent or slowly decaying smaller change. Thus,
each weight must store a history of the changes it
has undergone as a function of each pattern it has re-
cently seen. The model accounts for priming by the
temporarily exaggerated weight changes on connec-
tions to units participating in recently-experienced
patterns, making those patterns more likely to be
completed in the near future. A similar mechanism
for priming was proposed by Plaut (1991) to model
perseveration effects in optic aphasia, using a combi-
nation of fast weights and slow weights (Hinton and
Plaut, 1987). Short term correlations between units
are stored by one-shot learning in the rapidly decay-
ing fast weights, while the long term knowledge of the
network is stored in the slow weights. 2

Similarity-based Priming

In contrast to repetition priming, in which the prime
and target stimuli are identical, still more interest-
ing priming effects occur when the prime and target
stimuli differ, but are related along some dimension.
For example, in form-based priming (Forster, 1987),
the prime and target are similar in the input space
(sharing orthographic or phonological features) but
are otherwise unrelated. The models described in the
previous section provide fairly simple and plausible
accounts of repetition priming, in which the same in-
put pattern leads to more rapid or accurate responses
upon repeated presentations. However, they make no
specific predictions when the prime and target stimuli
may be related at different levels of representation, as

2Plaut’s model actually employed two different learning
mechanisms for the two sets of weights, a Hebb-like correla-
tional rule for the fast weights and a supervised error-correcting
rule for the slow weights.

in form-based priming versus semantic priming.3 In
this case, stronger assumptions must be made about
the nature of the representation and/or processing of
stimuli.

Most of the experimental work on form-based prim-
ing has examined short-term effects. Such effects
were first reported by Meyer et al., (1974) who found
faster lexical decision for words primed by ortho-
graphically and phonologically similar words. How-
ever, subsequent attempts to replicate these findings
have produced an array of apparently contradictory
results. Forster and Davis (1991) report that facil-
itatory form-priming occurs only when the prime is
heavily masked so that subjects cannot identify it.
Forster et al. (1987) found orthographic priming in
visual recognition of 8-letter but not 4-letter words,
although for 4-letter words with unusual spelling pat-
terns the effect was significant. The latter effect
was accounted for by assuming an interactive activa-
tion model of word recognition. Residual activation
from the prime presumably produces cross-activation
of the target representation if it shares letters, but
the prime also exerts inhibition on competing word
responses. The net effect is assumed to be more
strongly inhibitory for high frequency words, as they
have more competitors. Slowiaczek et al. (1992) only
found facilitatory auditory priming when the prime
and target shared one phonological feature, and found
interference if the overlap increased from one to two
features; like Forster et al., they interpreted these
findings in terms of an interactive activation model
of word recognition. In the latter case, lexical inter-
ference between mutually inhibitory word represen-
tations was assumed to occur.

In contrast to the above experiments which studied
short-term masked priming effects, long-term form-
based priming has been much less studied. Rueckl
(1990) has demonstrated long-term effects in tachis-
toscopic recognition of visually presented words,
when each word was primed by many orthograph-
ically similar words. These results were interpreted
using McClelland and Rumelhart’s incremental learn-
ing account of long-term repetition priming, com-
bined with the assumption that the amount of form-
priming should increase with the degree of ortho-
graphic similarity between prime and target. Rueckl
also reported better orthographic priming for words
than non-words; using a connectionist interpretation,

3But note that McClelland and Rumelahart did simulate a
form of similarity-based priming, by testing with noisy versions
of the stored patterns.
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this effect was attributed to enhanced activity in the
orthographic level of representation due to top-down
support from the semantic level.

Priming in attractor networks

To the extent that connectionist interpretations have
been invoked to account for priming effects, for the
most part they have been unimplemented, and based
on very simple network models with relatively con-
strained patterns of dynamic activity, such as Mc-
Clelland and Rumelhart’s (1981) interactive activa-
tion model of word recognition. These models pro-
vide reasonable accounts of basic repetition priming,
and facilitatory form-based priming (which presum-
ably occurs primarily at a pre-semantic level). How-
ever, to account for any potential interactions be-
tween semantic and lower level (perceptual or lexical)
processing, a more sophisticated word representation
is required which includes a semantic level.

One such model of word recognition was proposed
by Hinton and Shallice (1991) to account for symp-
toms of reading impairment (dyslexia) under dam-
age. The network was trained with the recurrent
back-propagation learning procedure to map ortho-
graphic representations of words onto distributed se-
mantic representations via a layer of hidden units,
with the help of semantic “cleanup units”. There
were feed-forward connections from orthographic to
hidden units, and reciprocal feedback connections be-
tween the hidden and semantic units, the cleanup and
semantic units, as well as within the semantic layer.
Using this architecture, Hinton and Shallice proposed
arather novel view of the mechanism underlying word
recognition: when a word is presented to the network
as an orthographic pattern, the network gradually
settles into a stable semantic representation (an at-
tractor state) once it has recognized a word. The cur-
rent state vector of the input units can be thought of
as a single point in a high-dimensional orthographic
space, having dimensionality equal to the number of
input units. Likewise, the current state vector of the
semantic units can be thought of as a single point in
semantic space. Because there is no systematic cor-
respondence between orthographic and semantic fea-
tures, the network must learn to map points which are
nearby in the input state space onto much more dis-
tant points in the semantic state space. In contrast,
semantically related words are typically represented
by distant points in orthographic space, but nearby
points in semantic space because they share many se-
mantic features. When the network is damaged (by

removing connections or adding noise to the weights),
the reading pattern associated with deep dyslexia is
observed: not only are visually similar words occa-
sionally confused, but substitution errors involving
semantically related words are also observed.

Adopting the Hinton-Shallice view of word recogni-
tion leads us to conceptualize the process of priming
rather differently. When a word is presented to the
network and its orthographic representation is acti-
vated, the network settles into a semantic attractor.
Assuming Rumelhart and McClelland’s view of long-
term priming is correct, all the connections partic-
ipating in the entire pathway between active pairs
of neurons should be strengthened. This should in-
crease the probability that the network will produce
the same response when given the same input pattern
in the future (even if the pattern is noisy or incom-
plete), by deepening the attractorfor this pattern. Be-
cause the shape of the attractor basin has now been
altered, the network’s responses to other patterns
should also be affected. Small perturbations in the
input or semantic state of the network in the vicinity
of this attractor should be pulled more strongly back
to the attractor state. Attractors for semantically
similar words should also be deepened, if they over-
lap with the prime along many dimensions. Likewise,
at a pre-semantic level, a word primed by an ortho-
graphically related word should be recognized more
quickly since its basin of attraction in orthographic
space should also be deepened. On the other hand,
priming with an orthographically similar word (with
very different semantics) might impede the network’s
ability to retrieve the correct semantic representation
for the target word; the mapping between orthogra-
phy to semantics having been altered by priming, the
network’s state trajectory into the semantic attrac-
tor for the target word should be distorted so that
there is now a stronger competing pull by the se-
mantic attractor for the prime. We would therefore
predict more errors in retrieving the correct seman-
tics in the latter condition, and that correct retrieval
should take longer for the target.

The present simulations were conducted to test two
hypotheses. First, form-priming should produce both
facilitation in (pre-semantic) word recognition and
inhibitory priming on a task involving semantic re-
trieval. Although the latter effect has not been ex-
amined in human experiments, it is a novel prediction
generated by our view of priming, and if it were to
hold in computer simulations, would merit further in-
vestigation in the laboratory. Second, although long-
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Figure 1: The architecture of the network. Arrows in-
dicate full connectivity amongst units within or between
groups. There were 40 units in each hidden layer, 28 or-
thographic units, 38 phonological units, and 68 semantic
units.

term semantic priming has not been found on pur-
ported “pre-semantic tasks” such as lexical decision,
our model predicts that when the prime and target
words have highly overlapping semantics, on a se-
mantic retrieval task, positive priming should be ob-
served.

Priming experiments
The network

Our experiments were conducted using a slightly
more elaborate version of Hinton and Shallice’s net-
work, pre-trained on the same set of forty words.
Plaut (1991) extended the Hinton-Shallice model by
adding a phonological output layer to the network.
Plaut also showed that a network having a simpler
architecture (omitting the cleanup units but adding
more feedback connections) shown in Figure 1 could
produce qualitatively similar behaviour when trained
with the deterministic Boltzmann machine (DBM)
learning procedure (Peterson and Anderson, 1987)
rather than with back-propagation. For our experi-
ments, we used essentially the same network as Plaut
(Figure 1), except that each unit in the orthographic
and phonological groups had a self-link (in addition
to within-group links to each other unit). In order
to be able to study the network’s pre-semantic re-
sponse time, we also used a slightly different mode of
pattern presentation. Instead of presenting a pattern
to the network by “hard-clamping” the states of the
orthographic units and allowing the rest of the net-
work to settle, we used a “soft-clamping procedure”
in which the input value for each orthographic unit
was treated as an activation on an extra incoming
connection, multiplied by a fixed weight of 2.0. The
input units were thereby permitted to settle to stable
states along with the rest of the network.

The training set consisted of the same forty three-

and four-letter words used by Hinton and Shallice
(1991). There were 28 orthographic input units, one
for each possible letter-position combination. Simi-
larly, Plaut’s phonological output representation con-
sisted of 33 word-position-specific phonemic features.
Words were grouped into five categories: indoor ob-
jects, animals, body parts, foods and outdoor ob-
jects. The Hinton-Shallice semantic features were
chosen so that words in the same category had con-
siderably greater overlap of semantic features than
words in different categories. The network was first
trained for 2000 iterations exactly as described by
Plaut (1991) using the DBM learning procedure,
with hard-clamping. The network was then trained
an additional 1500 iterations using soft-clamping in
the negative phase, with noise added to the inputs
(with mean zero and standard deviation 0.05), and
a smaller learning rate of 0.005 / fanin (the aver-
age number of incoming connections to each unit)
until it learned to produce the correct semantic and
phonological representations in response to each or-
thographic input pattern. Units used the hyperbolic
tangent non-linearity, and had real-valued continuous
activations ranging from -1 to 1. No priming effects
were simulated during the training phase.

Simulations

Priming was simulated as proposed by Plaut (1991)
using an extra set of correlational “fast weights” (Hin-
ton and Plaut, 1987). Each fast weight was stored as
an extra value on the same connection as the corre-
sponding slow weight, and their values were added
together to produce a single “net weight” on the con-
nection for the purpose of state updates. Upon pre-
sentation of each prime, the network was permitted
to settle to a stable state, after which each fast weight
was set to the product of the pre- and post-synaptic
activities, multiplied by a constant of 0.0003. The
network was then presented with a test pattern, and
again permitted to settle under the combined influ-
ence of both the fast and slow weights. To avoid
cross-talk between trials, the fast weights were set
to zero after each trial. Thus, the learning rule for
setting the amount of priming on each connection is
exactly the same rule employed in the positive phase
of DBM learning, except that it is applied to the fast
weights, and its effect decays to zero between prim-
ing trials. The fast and slow weights can be thought
of, respectively, as relatively fast-decaying and more
permanent components of the same memory trace (al-
though for simplicity, we fixed the slow weights dur-
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ing priming trials).

The priming trials were divided into four condi-
tions: 1) Identity, 2) Form&Semantic, 3) Semantic,
and 4) Form-based priming. In condition 1) the prime
and target were identical (repetition priming), and
in the latter three they were orthographically sim-
ilar (sharing two or more letters) and/or semanti-
cally similar (i.e., they were drawn from the same
semantic category). Each of the forty words was
tested when primed with every other orthographically

and/or semantically similar word, and with itself. -2.

Additionally, in order to compute word baseline prim-
ing scores, each word was primed with eight unrelated
words (two from every other category). Each prime-
target combination was repeated ten times, with dif-
ferent noise vectors (uncorrelated noise with mean
zero and standard deviation of 0.01) added to the in-
put. On each priming trial, two measures were taken:
1) a pre-semantic word recognition task: how quickly
the orthographic input units reached equilibrium, and
2) a semantic retrieval task: how quickly the seman-
tic units reached equilibrium. A group of units was
considered to have reached equilibrium when no unit
changed its state by more than 0.005. Reaction times
to respond to targets were measured as percentages of
average word baseline scores, according to the equa-
tion RT = (Cy—Cp)*100/Cy, where C is the number
of cycles to reach equilibrium, p subscripts denote
post-priming scores, and bs denote baseline scores.
Error rates were also recorded.?

Results

The error rates were 3% for Identical primes, 31% for
Form&Semantic primes, 12% for Semantic primes,
and 32% for Form primes. The mean percentage
changes in reaction times and corresponding standard
errors on correct trials for all conditions are shown in
Figure 2. The main effects of prime type and test type
were both highly significant (p < 0.0001). Repetition
primes (identical primes and targets) had by far the
largest effect: there was consistently strong positive
priming on both the pre-semantic and semantic tests.
In the former case priming produced on average a 7%
reduction in response time, and in the latter case a

4Trials on which either the network settled to the wrong
attractor, or on which the raw reaction time scores were beyond
two standard deviations of the mean unprimed pre-semantic or
semantic reaction times (averaged over words, with ten noisy
presentations of each unprimed word), were treated as errors
and were not included in the priming measures.

O pre-samantc tes!

O semantic test I
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1: Identity 2 :Form&Sem 3 : Semantic 4: Form
Figure 2: Mean RT (with standard error bars) versus
prime type. RT is averaged across trials, and is measured
as a percentage change from baseline. A positive mean
RT reflects a decrease in settling time.

16% reduction.

The interaction between prime and test type was
also highly significant (p < 0.0001). Post-hoc
Newman-Keuls comparisons of the means revealed
that for the first three prime types, there was sig-
nificantly greater priming on the semantic than the
pre-semantic test (p < 0.001). For Form primes, the
reverse pattern was seen: mean priming on the se-
mantic test was negative, with significantly greater
mean (positive) priming on the pre-semantic test
(p < 0.001). Significantly less priming was found for
Formé&Semantic primes compared to purely Seman-
tic primes on both tasks, and in fact in the former
case, priming on the pre-semantic task was actually
negative.

Discussion and conclusions

As predicted, priming with an orthographically sim-
ilar word was found to produce an advantage on the
pre-semantic test relative to the semantic test on cor-
rect trials. The reverse effect was seen for the other
three prime types: when the prime was identical to
or semantically related to the target, positive prim-
ing effects were greater on the semantic test. The
much larger overall error rates for Form primes and
Formé&:Semantic primes indicate that form-priming
impedes the network’s ability to map to the correct
semantic attractor.

Somewhat counter-intuitively, when the prime was
related to the target word in both form and seman-
tics, there was much less semantic priming than for
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purely semantic primes, and in fact there was neg-
ative priming on the pre-semantic task in the for-
mer case. We conjectured that the network would
have difficulty mapping words which are similar at
the input level onto correct semantic attractors; fur-
ther, the priming manipulation might have exacer-
bated this difficulty by bringing the target word’s or-
thographic attractor even closer to that of the prime.
If the network’s initial conditions in semantic space
were now closer to a blend of two competing seman-
tic attractors, it should take longer to settle. This
explanation also accounts for the high overall error
rates for both Form&Semantic and Form primes.

Our network has the ability to map not only from
orthography to semantics to phonology, but also to do
the reverse mapping; in future work, this will allow us
to investigate whether there is cross-modal transfer in
the various priming effects we have described.

Our simulations make some novel predictions
about human performance under the various prim-
ing conditions. We are currently investigating the
question of whether human subjects would exhibit
qualitatively similar interaction effects of test type
and prime type.

Previous connectionist accounts of priming have
relied almost solely upon the interactive activation
model of word perception (McClelland and Rumel-
hart, 1981) to explain inhibitory priming effects (as-
suming mutual inhibition between competing word
detectors). We have proposed a different view of
priming, based on the Hinton-Shallice model of word
recognition as a process of settling into an attractor
in semantic space. We have added to this model the
ability to simultaneously settle to a stable interpre-
tation in orthographic space. This combined model
appears to have predictive power, and warrants fur-
ther investigation.
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