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Abstract

Connectionist modeling is applied to issues in cognitive
rehabilitation, concerning the degree and speed of recov-
ery through retraining, the extent of generalization to un-
treated items, and how treated items are selected to max-
imize this generalization. A network previously used to
model impairments in mapping orthography to semantics
is retrained after damage. The degree of relearning and
generalization varies considerably for different lesion loca-
tions, and has interesting implications for understanding
the nature and variability of recovery in patients. In a
second simulation, retraining on words whose semantics
are atypical of their category yields more generalization
than retraining on more prototypical words, suggesting a
surprising strategy for selecting items in patient therapy
to maximize recovery.

Introduction

Cognitive neuropsychology aims to extend our under-
standing of normal cognitive mechanisms by study-
ing their pattern of breakdown following brain dam-
age in neurological patients. An underlying moti-
vation for many researchers is that a more detailed
analysis of the normal mechanism, and the way it
is impaired in particular patients, should lead to the
design of more effective therapy to remediate these
impairments (Howard & Hatfield, 1987). Significant
progress has been made in analyzing cognitive mech-
anisms and their impairments in terms of “box-and-
arrow” information-processing diagrams, particularly
in the domain of written language (Coltheart et al.,
1980, 1987; Patterson et al., 1985). However, rela-
tively few remediation studies have been based di-
rectly on these cognitive analyses, and while these

*1'd like to thank Marlene Behrmann and Geoff Hinton for
their help with the research described in this paper. All of the
simulations were run on a Silicon Graphics Iris-4D /2408 using
the Xerion simulator developed by Tony Plate. This research
is supported by grant 87-2-36 from the Alfred P. Sloan Foun-
dation, grant T89-01245-016 from the Pew Charitable Trusts,
and grant ASC-9109215 from the National Science Foundation.
Plaut (1992) presents an abstract of this work.

few have been fairly successful, the specific contribu-
tion of the analysis is often unclear (for examples and
general discussion, see Byng, 1988; Caramazza, 1989;
Seron & Deloche, 1989; Wilson & Patterson, 1990).
In large part the limited usefulness of box-and-arrow
diagrams in this regard may stem from the general
lack of attention paid to specifying the actual rep-
resentations and computations that perform a task

(Seidenberg, 1988).

Recently, a number of researchers employing con-
nectionist models have attempted to go beyond the
box-and-arrow approach by demonstrating that a
fully-specified implementation of the normal process,
when damaged, actually behaves like patients with
analogous brain damage (e.g. Farah & McClelland,
1991; Hinton & Shallice, 1991; Mozer & Behrmann,
1990; Patterson et al.; 1990; Plaut, 1991; Plaut &
Shallice, 1991a, 1991b, 1992). This paper attempts
to extend connectionist modeling in neuropsychology
to address issues in cognitive rehabilitation. These
issues concern degree and speed of recovery through
retraining, the extent of generalization to untreated
items, and how treated items can be selected to max-
imize this generalization.

The domain of investigation is impaired word read-
ing, known as “acquired dyslexia.” First, studies
on remediation in acquired dyslexia based on cog-
nitive models of normal reading are summarized, fo-
cusing on a study by Coltheart & Byng (1989) that
attempted to reestablish the mapping between writ-
ten words (orthography) and their meanings (seman-
tics). A set of simulation experiments are presented
in which a network, previously used to model im-
paired reading for meaning (Hinton & Shallice, 1991),
is retrained after different lesions in which a propor-
tion of the connections between groups of units are
removed. The amount of recovery and generaliza-
tion depends on the location of the lesion in the net-
work and has interesting implications for understand-
ing the effects seen in patients. The paper concludes
with a second simulation demonstrating that retrain-



ing on words whose semantics are atypical of their
category yields more generalization than retraining
on more prototypical words, suggesting a surprising
strategy for selecting items in patient therapy to max-
imize recovery.

Remediation of reading for meaning

Coltheart & Byng (1989) undertook a remediation
study with an acquired dyslexic, EE, a 40-year-old
left-handed postal worker who suffered left temporal-
parietal damage from a fall. On the basis of a
number of preliminary tests administered about 6
months later, they determined that EE had a spe-
cific deficit in deriving semantics from orthography.
To improve the patient’s word reading ability, Colt-
heart & Byng designed a study involving words con-
taining the spelling pattern -OUGH (e.g. THROUGH,
COUGH, BOUGH), which have highly irregular pronun-
ciations and, thus, are difficult to read without se-
mantics. EE was retrained on 12 of 24 such words, in
which he studied the written words augmented with
mnemonic pictures for their meaning (e.g. a picture
of a tree drawn on the word BouGH). Prior to ther-
apy, four of the treated words were read correctly;
after therapy, all 12 were read correctly. In addition,
the untreated words also improved, from one correct
prior to therapy, to seven correct after therapy. Thus,
the improvement in the untreated set (6 words) was
75% as large as the improvement in the set that was
actually treated (8 words). This generalization to
untreated words is surprising because a word and its
meaning are arbitrarily related—there is no intuitive
reason why relearning the meanings of some words
should help reestablish performance on other words
with unrelated meanings.

In a second study, EE was given the 485 highest
frequency words for oral reading. The 54 words he
misread were divided in half randomly into treated
and untreated sets. EE again learned to read the
treated words by studying cards of the written words
augmented with mnemonics for their meanings. As a
result, his reading performance on the treated words
improved from 44% to 100% correct. Once again,
the untreated words also improved, from 44% to 85%
correct (73% generalization). This improvement was
not due to “spontaneous recovery” nor to other non-
specific effects because performance on the words was
stable both before therapy and after therapy.

Thus, in at least one patient, retraining the map-
ping from orthography to semantics for some words
can generalize to other words. However, it should
be noted that such improvement and generaliza-
tion does not always occur. Some patients learn
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Figure 1: The network used by Hinton & Shallice (1991).
Arrows in bold represent sets of connections that are le-
sioned in the present study.

the treated items but show no generalization to un-
treated items. Others show generalization within but
not between modalities. Still others may have dif-
ficulty learning the treated items themselves. For
instance, Behrmann (1987) found no generalization
from treated to untreated homophonic word pairs
(e.g. RIGHT and WRITE) in the writing of acquired
dysgraphic CCM, although the writing of 75 irregular
words did improve significantly. Scott & Byng (1988)
found that retraining the reading of homophonic word
pairs of an acquired dyslexic, JB, generalized to read-
ing untreated pairs but not to his writing of either
treated or untreated pairs.

Why some patients improve while others do not is
not at all clear. An explanation of the effects seen
in patient therapy in this domain should account not
only for the occurrence of generalization in some pa-
tients and conditions, but also for its absence in oth-
ers. Connectionist networks are proving useful in un-
derstanding the nature of impaired word reading—
can they provide insight into the nature and variabil-
ity of its recovery?

Modeling impaired reading for meaning

Hinton & Shallice (1991) have put forward a con-
nectionist account of the process of accessing seman-
tics from orthography, and the pattern of errors this
process exhibits under damage. Based on previous
work by Hinton & Sejnowski (1986), they trained a
recurrent back-propagation network to map from the
orthography of 40 three- or four-letter words to a sim-
plified representation of their semantics, described in
terms of 68 predetermined semantic features. The
architecture of the network they used, shown in Fig-
ure 1, has two main pathways: (1) a “direct” path-
way, from 28 orthographic units to 68 semantic units
via 40 intermediate units, and (2) a “clean-up” path-
way, from the semantic units to 40 clean-up units
and back to the semantic units. The direct path-
way generates initial semantic activity from visual
(orthographic) input, while the clean-up pathway it-
eratively refines this initial activity into the exact cor-



rect semantics of the word.

After training the network, Hinton & Shallice sys-
tematically lesioned it by removing proportions of
units or connections, or by adding noise to the
weights. They found that the damaged network oc-
casionally settled into a pattern of semantic activity
that satisfied the response criteria for a word other
than the one presented. These errors were more of-
ten semantically and/or visually similar to presented
stimuli than would be expected by chance. While the
network showed a greater tendency to produce visual
errors (e.g. CAT = “cot”) with lesions near the input
layer and semantic errors (e.g. CAT = “dog”) with
lesions near the output layer, both types of error oc-
curred for almost all sites of damage. This pattern of
errors is similar to that of patients with deep dyslexia
(Coltheart et al., 1980).

More recently, Plaut & Shallice (1991a, 1991b)
have extended these initial findings in two ways.
First, they established the generality of the co-
occurrence of semantic, visual, and mixed visual-and-
semantic errors by showing that it does not depend
on peculiar characteristics of the network architec-
ture, the learning procedure, or the way responses
are generated from semantic activity. Second, they
extended the approach to account for many of the
remaining characteristics of deep dyslexia, including
the effects of concreteness/imageability and their in-
teraction with visual errors, the occurrence of visual-
then-semantic errors, greater confidence in visual as
compared with semantic errors, relatively preserved
lexical decision with impaired naming, and the exis-
tence of different subvarieties of deep dyslexia.

The replication of the diverse set of symptoms of
deep dyslexia through unitary lesions of the network
strongly suggests that the underlying computational
principles of the network capture important aspects
of the process of mapping orthography to semantics
in humans. Extending this claim further, we would
expect relearning in the lesioned network to show sim-
ilar effects to those observed in rehabilitation studies
with analogous neurological patients. The following
experiments test this claim.

Experiments in relearning after damage

A version of the Hinton & Shallice network was
trained without momentum until it could read all 40
words perfectly (see Plaut, 1991, for details). The ef-
fects of lesions near orthography (orthography = in-
termediate connections) were compared with those of
lesions within semantics (clean-up = semantics con-
nections). For each of these two sets of connections,
a severity of lesion was selected which lowered cor-

rect performance to near 20% (30% of orthography
= intermediate connections, and 50% of clean-up =
semantics connections).

For a given instance of a lesion, the responses to the
40 words were categorized as correct or incorrect. A
response was considered correct if the proximity (i.e.
normalized dot-product) of the semantics generated
by the network was within 0.8 of the correct semantics
of the presented word, and the proximity of the next
best word was at least 0.05 further. Half of the correct
words and half of the incorrect words were randomly
selected and placed in the “treated” set; the remain-
ing words were placed in the “untreated” set. Thus,
both the treated and untreated sets always contained
20 words and were balanced for correct performance.

The lesioned network was then retrained for 50
sweeps on the treated words only. Performance was
measured at each sweep during relearning separately
for the treated and untreated word sets, in terms of
the average percentage of words read correctly us-
ing the response criteria. The two sets were then
exchanged and the retraining was repeated, starting
from the same initial (lesioned) set of weights. Fi-
nally, the weights were again reinitialized and the le-
sioned network was retrained on all 40 words.

Figure 2 presents the retraining results for both lo-
cations of lesion, averaged over all 20 lesion instances
and over exchanges of the treated and untreated word
sets. First consider lesions within semantics (left of
the figure). The treated words are quickly relearned
by the network, with performance improving from
near 20% to over 90% correct in under 20 sweeps
through the word set. In addition, there is consid-
erable generalization from the treated to untreated
word sets (mean generalization 0.61, #(39) = 28.1,
p < .001). Correct performance on the untreated
words improves from 20% to 68% even though these
words are never presented to the lesioned network.
In fact, relearning on all of the words is quite dra-
matic, with performance recovering completely after
50 sweeps. These results replicate earlier findings
on relearning and generalization in connectionist net-
works after corrupting weights with noise (Hinton &
Plaut, 1987; Hinton & Sejnowski, 1986).

In contrast, retraining after lesions near orthogra-
phy results in a quite different pattern of performance
(see the right of Figure 2) . Relearning the treated
words proceeds more slowly, with over 40 sweeps re-
quired to raise performance above 90%. Relearning
all 40 words is even slower and more erratic. More
importantly, there is no evidence of generalization
to the untreated words—if anything, average correct
performance on these words shows a trend towards
getting slightly worse (mean generalization: —0.024,
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Figure 2: Retraining performance after clean-up = semantics lesions (left) and orthography = intermediate lesions
(right). The solid horizontal lines represent the levels of performance at the onset of retraining.

#(39) = 1.17, p = .25).

Why does retraining after lesions within semantics
yield rapid relearning and considerable generalization
while retraining after lesions near orthography pro-
duces much worse relearning and no generalization?
The degree of relearning and generalization depends
on the consistency of the weight changes (i.e. direc-
tions of movement in “weight space”) that would be
optimal for individual words. While this is typically
described in terms of the degree of overlap in the dis-
tributed representations of words, it depends more
precisely on the consistency or structure in the map-
ping from input to output. Viewed as an abstract
task, there is no systematic structure in mapping or-
thographic strings onto their semantics—input sim-
ilarity is unrelated to output similarity. However,
when instantiated in a network, the task is broken
down by the learning procedure into a number of
separate transformations involving intermediate rep-
resentations carried out by different parts of the net-
work. These transformations constitute “subtasks”
that may differ considerably in their degree of struc-
ture. For example, the subtask of the clean-up =
semantics connections is to refine the initial semantic
activity generated by the direct pathway into the ex-
act correct semantics of the presented word. Since se-
mantically similar words require similar clean-up, this
subtask is highly structured. In contrast, the subtask
of the orthographic = intermediate connections is to
generate intermediate layer representations that are
as semantically organized as possible from visually or-
ganized inputs. Since semantic similarity is unrelated

to visual similarity, there is no structure in this sub-
task. However, to the extent that the orthographic
= intermediate connections succeed in generating se-
mantically organized representations, the subtask of
the intermediate = semantics connections becomes
(semantically) structured. Consistent with this in-
terpretation, relearning after lesions to these connec-
tions yields moderate but significant generalization
(24%; see Plaut, 1991). Thus, the effectiveness of re-
learning after a lesion to a set of connections reflects
the degree to which the mapping those connections
carry out is structured.

As described above, studies of cognitive rehabilita-
tion of acquired dyslexics in the domain of reading
for meaning have demonstrated considerable relearn-
ing of treated items and (often) improvement on un-
treated but related items. Relearning after lesions to
a network that operates in the same domain results
in similar qualitative effects for lesions within seman-
tics but not for lesions near orthography. Thus, at a
general level, the cause of rapid relearning and gener-
alization in the network—distributed representations
and structure in subtasks—may provide an explana-
tion for the nature of recovery, and lack of recovery,
in these patients.

A specific hypothesis that comes out of the relearn-
ing simulations relates to the systematic differences
observed in the degree of relearning and generaliza-
tion as a function of lesion location. The simulations
predict that a patient with a functional impairment
close to or within semantics should show considerable
generalization, while one with an impairment close to



orthography should show little or none. Conversely,
the degree of generalization observed in a patient can
be used to predict the fine-grained location of their
functional impairment within the mapping from or-
thography to semantics.

Designing therapy to maximize gener-
alization

Ideally, we would like to use our understanding of
the impairment in a particular patient to lead to
the design of a rehabilitation strategy that maxi-
mizes recovery. The previous simulation clarifies the
conditions under which retraining yields generaliza-
tion. Under these conditions, how can items be se-
lected for retraining so as to maximize this general-
ization? A critical variable in semantic representa-
tion is prototypicality—how close a concept is to the
central tendency of its category (Rosch, 1975). The
question is, is it better to retrain on prototypical or
non-prototypical words?

Unfortunately, the limited size and complexity of
the original training set precludes a reasonable com-
parison. Accordingly, a second simulation study was
carried out, analogous to the first except that it in-
volved 100 “words” whose orthographic and semantic
representations were artificially generated. First, a
single semantic “prototype” was created by randomly
setting each of 50 semantic features to be present
with probability p = 0.2. Two sets of 50 word mean-
ings were generated from this prototype using differ-
ent levels of random distortion (Chauvin, 1988). A
“prototypical” set consisted of small distortions of the
prototype (each feature of a word had a probability
d = 0.1 of being randomly regenerated with p = 0.2).
A “nonprototypical” set consisted of large distortions
(d = 0.5). Orthography was represented as random
patterns of activity (p = 0.2) over 20 input features.
Using the same architecture and learning procedure
as in the first study, a network was trained to gener-
ate the appropriate semantic features from each or-
thographic pattern. We investigated relearning after
lesions to the intermediate = semantics connections
because they yielded only moderate generalization.
Seventy instances of lesions of severity 0.25 reduced
overall correct performance to 35.6% on average.

After each lesion, words were divided into pro-
totypical and non-prototypical groups as described
above, and then one group was further divided in
half (balanced for correct performance). One of these
halves formed the treated set, while the other formed
one untreated set, and the words of the opposite type
formed a second untreated set. The network was then
retrained for 50 presentations of the treated set. Fig-
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Figure 3: Generalization from prototypical or non-
prototypical treated sets, to prototypical or non-

prototypical untreated sets.

ure 3 presents the average generalization (i.e. ratio of
untreated to treated improvement in correct perfor-
mance, using a simple best-match criterion) from pro-
totypical and non-prototypical treated sets to proto-
typical and non-prototypical untreated sets. Overall,
retraining on non-prototypical words produces more
generalization than retraining on prototypical words
(F(1,69) = 3374, p < .001). The figure shows that
this effect is due primarily to the fact that retrain-
ing on prototypical words significantly reduces per-
formance on untreated non-prototypical words.

We can understand this effect by analogy with a
set of randomly distributed points, where each point
represents the effects of training on a particular word.
The average of the outliers (non-prototypical words)
may well-approximate the central points (prototypi-
cal words), but the average of the central points is
still quite far from the outliers.

Summary

Theoretical analyses of cognitive impairments follow-
ing brain damage should lead to the design of more
effective strategies for rehabilitation. Simulations in
this paper extend the relevance of connectionist mod-
eling in neuropsychology to address issues in rehabil-



itation.

Attempts at cognitive rehabilitation of the map-
ping between orthography and semantics in patients
have resulted in considerable improvement in perfor-
mance on treated words, as well as significant gen-
eralization to untreated but related words, although
the degree of recovery can vary considerably. The de-
gree of relearning and generalization after damage in
a network that performs the analogous task depends
considerably on the location of lesion. These differ-
ences can be understood in terms of the amount of
structure in the subtasks performed by parts of the
network. The differences also provide a possible ex-
planation for the variability in recovery observed in
patients, and generate hypotheses about the specific
location of their underlying functional impairment.

A potential benefit of connectionist modeling in
neuropsychological rehabilitation is that it provides
a framework for investigating the relative effective-
ness of alternative rehabilitation strategies. A second
simulation found that retraining on less prototypical
words produced more generalization that retraining
on more prototypical words, suggesting a surprising
strategy for selecting items in patient therapy to max-
imize recovery.

Overall, the results demonstrate that investigations
of relearning after damage in connectionist networks
can provide an account of the general nature of re-
learning and generalization in patients and can gen-
erate interesting hypotheses about the design of ef-
fective patient therapy.
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