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Abstract

.
Neglecr dyslexia, a reading impairment acquired as a con-
sequence of brain injury, is paditionatly interpreted as a dis-
trhance of selective attention Patients with neglect dyslexia
may ignore the left side of an open book, the beginning words
of 2 line of text, or the beginning letters of a single word
These pateats provide a rich but sometimes contradictory
source of data regarding the focus of atentional selectivin We
have reconsidered the patient data within the framework of an
existing connectionist model of word recognition and spatial
atention We show that the effects of damage to the model
resemble the reading impairments obsenved in neglect dys-
lexia In simubkgion experiments, we accouwnt for a browd spec-
wum of behaviors including the following: (1) when wo
nonconsiguous stimuli are presented simulaneously, the con-

Neglect dyslexia, a reading impairment acquired as a
consequence of brain injury, is traditionally mterpreted
as a disturbance of selective auention Neglect dyslexia
patients may ignore the left side of an open book, the
beginning words of a line of text, or the beginning letters
of a single word, even when all the visual information
appeudrs in an intact region of their visual field (Bisiach
and Vallar 1988; Caplan 1987; Ellis et al 1987) Several
explanations hive been advanced in the neuropsychol-
ogical literature to account for the underiying deficit
One explanation argues that neglect arises from an im-
pairment in the level of arousal of the brain Following
a lesion, the damaged hemisphere is hypoaroused and
fails to process the incoming information adequately
(Heilman et al. 1985); alternatively, the equilibrium be-
rween the hemispheres is disrupted and attention gen-
erally shifis to the ipsitesional side (Kinshourne 1987).
A second explanation postulates a more specific deficit,
defined in terms of the elementary operations of spatial
attention On this account, the mechanism responsible
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walesional stimulus s neglected (extinction); (2) explicit in-
structions to the patient can reduce the severity of neglect;
(3) stimulus position in the visual feld affects reading purform-
ance; (4) words are read much beter than pronaunceable
nonwords; (5) the maure of error responses depends on the
morphemic compaosition of the stimulus; and (6) extinction
interacts with lexical knownledge Gf two words are presented
that form a compound, e g, cow and soy, the patient is more
likely 1o report both than in a control condition, e g, st arxl
mv) The convergence of findings from the neutupsy chologival
research and the computational modeding sheds light on the
ole of attention in normal visuospatial processing, supporting
a hybrid view of awentional selection tht has properties of
both early and late selection B

for selecting between competing inputs is dumaged, pro-
ducing systematic deficits in visuospatial functioning
{Posner 1988; Posner and Petersen 1989)

To understand the impact of the attentional deficic on
the processing of printed material, it is important to
appreciate the various roles that have been postulated
for auention in normal processing The most conspicu-
ous role of selective attention is to control the order of
processing so that words on a page are read from left to
right, top to bottom Attention may also be critical in
focusing on one or a small number of words at a time
to allocate limited processing resources and prevent
cross-talk in the system (Mozer 1988a; Shallice 1988) A
quite different function suggested for auention is that of
integrating the results of processing performed by in-
dependent subsystems (Treisman and Gelade 1980) In
reading, this function of attention may serve to tie letter
or word identities to Jocations (Ellis et al. 1987; Mozer
1989)

Although it is generally accepted that awtention plays a
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central role in reading, the locus of atentional selectivity
remgins controversial For nearly three decades, cogni-
tive psychologists have debated whether attentional se-
lection occurs early or late in the processing of visual
information  Early-selection views (Broadbent 1958;
LaBerge and Brown 1989; Treisman 1969) derive their
name from the assertion that selection occurs early in
the sequence of processing stages, prior to stimulus iden-
tification and semantic processing In contrast, iate-selec-
tion views (eg, Deutsch and Deutsch 1963; Norman
1968; Shiffrin and Schneider 1977) posit thae all stimuli
are processed at least 1o the stage of identification before
selection occurs Early selection generally assumes that
selection is based on low-level features such as location
or color, whereas late-selection is based on high-level
features such as stimulus identity or meaning (Pashler
and Badgio 1985) According 1o the early selection view,
disturbance of normal attentional functioning should re-
sult in the degradation or attenuation of low-level £ep-
resentations  According to the lute selection view, the
disturbance should come into play only after the stimulus
hus been processed to a high level

The fndings in the literature on neglect dyslexia pro-
vide a rich but seemingh contradicrory source of data
regarding the locus of the atentional deficit On the one
hand, neglect dyvslexia has been shown to occur with
respect 1o a retinal coordinate frame, as opposed to an
intrinsic object-centered frame ? For example, vertically
presented words are not subject to neglect; 180° rotation
of words leads 1o neglect with respect 1o the left of the
retinal frame, not the object-centered frame;? retinal lo-
cation of a word affects performance, even in the righe
vistal field—the further to the right a word is presented
relitive to Asation, the better it is reported (Behrmann
et al 1990; Ellis et al. 1987). These findings suggest an
atentional disruption occurring at an early stage of anal-
ysis for the following reason The inital encoding of the
visual world is certainly retinotopic, and one can argue
on computational grounds that object recognition re-
quires as a precondition a recoding of the perceptual
data into an object-centered representation (Hinton 1981;
Marr 1982} Thus, if artentional selection operates on a
retinotopic encoding, it must operate prior 10 object
recognition

On the other hand, there is contradictory evidence
indicating that the auentional disruption occurs at later
stages of analysis For example, neglect is less severe for
words than noawords (Brunn and Farah 1990; Sieroff et
al 1988); the nature of error responses depends on the
morphemic composition of the stimulus (Behrmann et
al 1990); and extinction interacts with higher order stim-
ulus properties—if two words are presented that form a
compound, eg, cow and sov, the patient is less likely
to neglect the left word than in a control condition, e g,
suN and riy (Behrmann et al 1990)

These paradoxical results rule out simple early and
late selection views of atention The early-selection view

cannot explain why selection may depend on higher
order properties of the stimuli The late-selection view
is contrary to the finding that neglect depends on the
position and orientation of the word in the visual feld
The early- versus late-selection dichotomy has also
proven inadequate to account for the behavior of nor-
mals (Johnston and Dark 1986), and current theorizing
in the auentional literature leans roward hybrid views
that include features of both early and late selection
(Mozer 19881; Navon 1989; Pashler and Badgio 1985; van
der Heijden et al 1984) Perhaps the most explicit theory
is embodied in the computational framework of a con-
nectionist model of object recognition called MORSEL
(Mozer 1987, 19881, b) We have reconsidered the phe-
nomena of neglect dyslexia in light of MORSEL, and in
the remainder of the paper demonstrate that lesions to
MORSEL's attentional system produce the varied symp-
toms of neglect dyslexia

MORSEL

MORSEL is a connectionist model of two-dimensional
object recognition and spatial atention MORSEL was
originaliy developed with two goals in mind: (1) to build
a computational mechanism that could analyze several
visual objects simultaneously, and (2) w0 account for a
broad spectrum of psychological dag, including percep-
tual errors that occur when several objects appear si-
mulaneousty in the visual field, facilitatory effects of
context and redundant information, and attentional phe-
nomena The architecture and details of MORSEL arose
from constraints imposed by these two goals In this
section, we summarize the aspects of MORSEL that are
relevant to the task of word identification, but we refer
the interested reader to Mozer (1988b) for a more com-
plete description and justification of the model

MORSEL has three essential components (Figure 1)
The central component is a connectionist network called
BLIRNET that builds focation invariant representations of
visually presented letters and words BLIRNET has the
capacity to analyze mutdiple strings in parallel, but per-
ceptual interactions arise as the amount of information
to be processed increases. Consequently, two additional
components are required: a “clean up” mechanism that
constructs a consistent interpretation of the somewhat
noisy perceptual data provided by BLIRNET, called the
Dot ner, and an arentional mechanism (AM for
short) that guides the efforts of BLIRNET and prevents
BLIRNET from auempting to process too much infor-
mation at once

To illustrate the typical operation of the system, con-
sider a simple example in which MORSEL is shown a
display containing two words, pea and Boy These words
cause a pattern of activity on MOQRSEL's “retina,” which
serves as input 1o BLIRNET as well as to the AM The AM
then focuses on cne retinal region, say the location of
PEA Information from that region is processed by BLIR-
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NET, which activazes an orthographic representation sug-
gesting that the item is pes or possibly TEs, pEA, OF RER
The pull-out net then selects the most plausibie jnter-
pretation of BLIRNET's output, based partly on lexical
and semantic knowledge, in this case hopefully pea The
representation at this level of the system encodes the
identity of the word but not its retinal location Location
information is recovered from the AM, which indicates
the current location of focus Shape and location infor-
mation can then be bound together and stored ina visual
short-term memory or used however desired by higher
level systems Next, attention shifts to pon and this pro-
cess s repeated

Input to MORSEL

Presentation of a visual display causes a pavern of activity
on MORSEL's “retina " In the current implemeniation,
the reting is a feature naap arranged in a 36 X 6 spatjal
array, with detectors for five feature tvpes at each point
in the arvay (line segments at four orientations and line-
segment erminator detectors) Letters of the alphabet
are encoded as an activiny pattern over o 3 X 3 retinal
region. For instance, Figure 2 depicts the retinal repre-
senion of pea goy

The Letter and Word Recognition System
(BLIRNET)

BLIRNET was designed on computitioni! grounds 1o
achieve the greatest amoum ol processing power given
a limited amount of hardware BLIRNET's architecture
consists of a hicrarchy of processing tevels, starting ar
the lowest level with location-specific detectors for prim-
ithe visual features—ihe retinal representation—and
progressing to a level composed of location-independent
detectors for abstact letter identities Units &t intervening
kvels register successively higher order features over
increasinghy Larger regions of retnotopic space The ef-
fect of this architecture is that both location invariance
and featural complexity increase ar higher levels of the
svstem

Units in the output laver of BLIRNET ha e been trained
to detect the presence of particular sequences of letters
These letter-cluster wnits respond to local arrangements
of letters but are not sensithve to the larger context or
the absolute retinal location of the letters For example,
there might be a unit that detects the SEGUENCE MON; it
would become activaed by words like moxey of pia
MOND

The letter-cluster units respond o triples of letters in
four consecutive slots, either a sequence of three adja-
cent letrers, such as Mon, or o adjacent levters and one
neirby lener, such as mo_E or MNE, where the underbar
indlicates that any single lewer may appear in the corre-
sponding position. An asterisk is used o signify a blank
spice; for example, **a s an M with mo Spaces ity

_
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Figure 2. The 1op arrn shows the superitposed feature activations
for a sample inpur. rey oy, pusitivned on MORSEL s reting The re-
maAining arrms represemt the individual feature maps Ench characier
in o arrn represents the activin of a single unit A 7 indicares tnit
the unitis off A~ 4, . or "\ indicaes activity of the corresponding
unit in the €°, 45° 90°. 135° ling segment map. respectivel. and o”
indicires activiey in the line segment terminator map

left Presenttion of viongy should result in the activation
of the following leter-cluster units: "L 0,"M0,*_oN,
*M_N, MON, M_NE, MO..E, ONE, O..EY, ON_Y, NEY, NE_", N YY)
E-™, and ¥** The representation of words in the outpus
layer of BLIRNET is thus distr ibuted: aword corresponds
o @ pattern of activiny across the letter-cluster units

I most cases, the lerer-cluster coding scheme is faith-
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Jud (Smolensky 1987), meaning that the set of units as-
sociated with a word is unique to that word (bur see

Prince and Pinker 1988, for limitations to thi type of

scheme) The lener-cluster coding scheme also allows
for the faithful representation of multiple words in par-
allel, provided that the words are not wo similar (Mozer
19588:1)

The details of BLIRNET's architecture are not particu-
larly important; there are many possible implementations
of the same basic idea (e g, Uhr 1987; Zemel et al 1989)
The key aspect of BLIRNET is that although it can process
multiple letters and words simultaneously in principle,
it has resource limitations that cause 2 degradation in
the qualiny of analysis as the amount of information to
be processed increases Consequently, when one or
more words are presented o BLIRNET, appropriate ¢lus-
ters are not always fully activated and some “spurious”
clusters achieve partal activation These spurious clusters
are relared o the presented stimuli; they tend o be
clusters that would be approprioae if a letter of the stim-
ulus were substituted for a visually similar Jeter (e g,
Mov instead of sow), if 2 letter or wo were deleted from

or inserted into the stimulus {eg, onv or Mo_N), or if

adjwcent lewers in the stimulus were wansposed (eg,
ENy)

The Pull-out Network

The noisy pattern of lewer-cluster activity produced by
BHRNET is not abway s Casy o interpret iwerpretation is
further complicated when several words are processed
simultancousty because clusters of one word are entan-
gled with custers of another The pull-out network
(henceforth, PO nery has the sk of selecting a set of
clusters that represents a single item; it must “clean up”
the noise and “disentangle” the hodgepodge of activa-
tions from multiple words

The PO net contains 2 set of units in one-l-one cor-
respondence with the lerer-clusier units of BLIRNET
Each lewer-cluster unit excites its corresponding unit in
the PO neg; thus, the pattern of lerer-cluster activiny Is
copied to the PO net Couperative and competitive in-
teractions then take place within the PO net to activite a
set of leuer clusters thar exactly corresponds to a single
fetter string The resulting activiy pattern is taken as
MORSEL s response

The busic idea behind the PO net interactions is that
compatible clusters—ones likeh to appear together in a
letter string, e g, MoN and oxe—should excite one an-
other and incompatible clusters—ones unlikely to ap-
pear together, eg, moN and siov—should inhibit one
another Thus, the connection strengths are related to
how strongly one can predict the presence or absence
of one cluster given another cluster These predictions
serve as weak constraints on how the letter clusters miglt
be assembled to form valid strings The PO net attempts
to satisfy as many of these weak constraints as possible
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while maintaining consistency with the perceptual du
Details of the dynamics are described in Appendix |
Similar clean up mechanisms have proven useful for
recovering information from noisv signals in other con-
nectionist models (Hinton and Shallice 1989, Touretziy
and Hinton 1988)

The connections among leuer cluster units embodhy
syntactic knowledge about which pairs of clusters can
appear together in a letter string An adcditional source
of information can assist the PO nert selection process:
higher order knowledge about valid English words
Some form of lexical or semantic knowledge certainh
plavs a role in reading, as abundant evidence suggests
that lexical status has a significant effect on performance
(eg, Carr et al 1978; McCleland and Johnston 1977

The wiility of units representing semantic features
(hereafier, semantic HTits) is easiest to envision it word
meanings are represented locally, that is, if there is one
Semantic unit per word meaning For instance, suppose
there was a semantic unit representing the "wealth” sense
of yMoney It would be connected to ail clusters of MONEY
Activation of some clusters of moxey 'would result in
activation of the "wealth” semuntic unit, which in twumn
would reinforce these clusters and help activate the re-
maining ones Inhibitory interactions among the seman-
tic units are also necessary to prevent multiple meanings
from remaining simultaneously active The end result of
the pull-out process is then selection of ene internally
consistent spelling pattern in the lewer-cluster units arl
one word meaning in the semuntic units

The semantic units serve two critical computationat
roles First, because all interactions hews een leuner-cluster
units are pairwise, the semantic units are necessary w
provide a higher order linking of the leuer clusters This
linking helps clusters of a word to cohere. Indeed, witl
out the semantic units, the puli-out net has the strong
tendency to combine bits of information from different
stimuli. Second, the semantic units allow semantic aceess
to be performed within the pull-out net Semantic rep-
resentations are clearly needed by higher order pro-
cesses

These two computational benefits of semantic units
hold even with distributed semantic represestations In
the current implementation, the semantic unit represen-
tation is semidistributed: there are many senuntic units
corresponding to each word meaning, but each semantic
unit is associated with only one word meaning Thus, the
“semantic” units are actually a lexical representation, al-
beit a distributed representation, so to be honest we call
them semilex units However, the only reason for not
constructing a fully distributed semantic representition
is the difficulty of devising a complete set of semantic
fearures 4

On grounds of parsimony, we would like to believe
that an explicit lexical fepresentation is not necessary;
the semantic representation can serve the same function
in the pull-out process and is necessary in any case to
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represent word meanings Further, the architecture we
propose—direct associadon between orthographic and
semantic knowledge without mediation by a lexicon—is
entirely consistent with Hinton and Shallice’s (1989)
maodel of acquired dystexia

The Attentional Mechanism (AM)

MORSEL has an arentional mechanism, the AM, that con-
trols the amount and temporal order of information flos-
ing through BLIRNET The AM receives input about
where to focus from various sources, resolves conflicting
suggestons, and then constructs a “spottight” centered
on the selected region of the retina The atentionu
spotlight serves to enhance the activation of input fea-
res (such as those depicted in Figure 2) within its
bounds relative to those outside As activity is propagated
through BLIRNEY, the highlighted region mainiains s
enhinced statas, so that at the cuwput of BLIRNET, leter-
cluster units appropriate for the auended frem tend to
become most active as well Consequendy, the PO net
will choose the atended ftem Note thar atention causes
the preferential processing of certain items, but it does
not act as an all-ornone AGler Informatdon from the
unaitended regions of the reting undergoes some degree
of analysis by BLIRNET This partial processing of unat-
tended information distinguishes the AN from other
carly-selection filtering mechanisms that have been pro-
posed (e g, Koch and Ullman 1985; LaBerge and Brown
1989)

The attentionad system receives input about where w
focus from two sources First, attention can be guided in
& hotton-p nanner by stimulus information so as 1o
bias selection tonard locations where stimuli are actualiy
presert Second, higher levels of cognition can supph
top-down control on the basis of sk demuands For
instance, if the task instructions are to report the left ftem
in a multiitem dispiay first, selection can be biased to-
ward the left portion of the display initially; if the instruc-
tons are to read a page of text, a scanning mechanism
can bias selection toward the top-left corner initially, and
then advance left to right, top to botom (Buter 1987
argues for a similar distinction berween "reflex” and
“voluntan” control of atention in humans )

As shown in Figure 1, the AM is a set of units in one-
to-one correspondence with the retnotopic feature maps
serving as input to BLIRNET Acrivity in an AM unit indi-
cates that awtention is focused on the corresponding ret-
inal location and serves to gate the flow of activity from
the input laver to the next layer of BEIRNET Specificaliy,
the activity level of an input unit in 2 given location is
wransmitted (o the next kner with o probubiliny that is
monotonically reluted 1o the activity of the AM unit in
the corresponding location However, the AM serves only
1o bias processing: it does not absolutely inhibit activa-
tions from unatended regions, but these activirions are
transmitted with a lower probabiliy

Each unit in the AM gets bouom-up input from the
corresponding location in all of the retinotopic feature
maps, as well as an unspecified wop-down input The
dyramics of the AM generate a single, contiguous region
of activity over the retinotopic space, with a bias toward
locations indicated by bottom-up and top-donn inputs
Details of the AM selection process are provided in Ap-
pendix 2

Key Properties of MORSEL

Many details of MORSEL (e g, the letwer-cluster represen-
tation, the operation of BLIRNET) are not critical in the
presert work. Consequently, we have no strong com-
mitment to the nus and bolts of MORSEL, only o the
framework that it provides In fact, if we have any com-
mitment @ all, it is o the belief that the nus and bols
are wrong The input representation is not rich enougly;
the AM dynamics are oo brittle; the PO net is not based
on @ rigorous computationad foundation (¢f Topfield
1982) Nonetheless, we experimented with a wide varien
of alternatives to the mechanisms and purameters re-
ported in this paper, and were pleased w discover tha
the quaditative behavior of the model wis rennnkably
insensitive w these dewdls

Four propertics of MORSEL, however, are essentid in
accounting for the behivior of neglect dyvsiesin pagiens

I Auentional selection by location cecurs early in the
course o processing With adl other things being equal,
there is o preference for locatons where stimuli appear

2 Auention attempts to select @ single tem In this
regard, an item s defined as a reladvely dense bundie
of features sepurated from other bundles by o relutively
sparse region This crude definidon does not always
suffice, but it allows for ewrly segmentation of the image
without higher order knowledge

3 Attention gates the How of activity through the ob-
ject recogaition system The activities of feanures cutside
the attended region are relwively attenuated but not
completely suppressed  Consequenty, unatended infor-
mation recebes some degree of analysis

4 After the recognition system hus processed the per-
ceptual data in a bottom-up fashion, a clean-up mecha-
nism acts on the resulting representation to recover
information that is orthographically and semanticaliy
meaningful. This clean-up mechanism can compensate
for noise and inaccuracy in the recognition system and
in the perceptual dam iwsell

Any model with these four properties should suffice
for the present purpose There is surely a large class of
models with these properties; MORSEL is not unique
The interesting thing about MORSEL is that it was devel-
oped o account for a variery of perceprual and auen-
rionad data in normal subjects, but, as we will show, it is
entirely consistent with the neglect dyslexia data as well
It would be dithcult to justifv the development of a
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simulation model as large as MORSEL for the present
purpose alote However, the details of MORSEL had been
worked out previously, except for a few mveaks and ex-
tensions o specily aspects of the model that were not
previoushy required (eg, the semlex unit representa-
tion) In this sense, the simulations we report are natural
predictions of the model

Damaging MORSEL to Produce Neglect
Dyslexia

We propose that neglect dystexia resuits when the bot-
tont-up connections to the AM from the input feature
maps are dumaged The damage is graded monotonically,
most severe at the left extreme of the reting and least
severe at the right (assuming a right hemisphere lesion,
as we have throughout the paper) This account may be
contrasted with one claiming that the damage w con-
nections in the left field is absolute and connections in
the right feld are entirely intct

The consequence of the damage is to affect the prob-
ahility that features present on the retinotopic input maps
are detected by the AM To the extent that features in a
given location are not detected, the AM will fail 1o focus
atention at that location Note that this is not a “percep-
wal” deficit, in the sense tha if somehow attention ¢
be mustered, feaures will be analyzed normally by
BLIRNET

To give the gist of our account, MORSEL and the hy-
puthesized deficit are compatible with the ewrdy, periph-
eral elfects absenved in negleet dyslexia because the
disruption directhy affects a low-level representation.
MORSEL is also compuible with the hue, higher order
effects in neglect dyvslexia: The PO net is able o recon-
struct the elements of a string that are avenuated by the
attentional system via fexical and semantic knowledge

Three Caveats Regarding MORSEL

We feel it somewhat premature to map the model, and
hence the locus of damage, to particular anatomical sites
in the brain Roughh speaking, the AM might be associ-
ared with the dorsal visual system and BLIRNET wich the
ventral {Ungerleider and Mishkin 1982), or in another
framework, the A might be associuted with the poste-
rior attention system and BLIRNET with the ventral-oc-
cipital word-form system (Posner and Peterson 1989,
Posner et al 1988} In either framework, the lesion to
the AM that we propose woukd correspond to parietal
damage

We have also deliberately avoided the issue of where
eve fixation rests with respect to MORSEL’s retinotopic
map, and, hence, which input information is processed
by which cerebral hemisphere The only strong claim
we wish to make is that, regardless of hemifield, the lefi-
right gradient of damage is present However, the abso-
lute severity of damage may show a sharp discontinuiry
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when crossing from one hemiheld o the other (Mesulam
1985), and the quantitative nature of the gradient and
discontinuity may differ from one patient 1o another

Finally, we do not regard the AM as a compleie model
of human spatial atention, for the following reason A
fundamental question in studies of neglect has been the
frame of reference with respect to which neglect occurs:
viewer centered (including eyes, head, bedy), object cen-
tered, or environment centered That is, do patients ne-
glect objects on the left side of their visual field, objects
on the lefi side of their bodies, the left side of an object
no matter where it appears, or perhaps even all abjects
located in the left side of a room? Evidence suggests that
a viewer-centered representation is primary, but that
other frames of reference are involved (Calvanio et al
1987; Farah et al 1990; Gazzaniga and Ladavas, 1987)
Although the AM i capable of exphining effects that
occur in a viewer-centered frame, other mechanisms
need be postulated to account for effects that appear
be object or eavironmentally based A more absiract
scene-based encoding of object locations seems neces-
sary (e g, Hinton 1981; LaBerge and Brown 1989), and
might well correspond 10 the anterior atiention svstem
discussed by Posner and Peterson (1989) Fortunamely,
the data we consider below can be explained purely in
terms of a viewer-centered frame

SIMULATIONS OF NEGLECT DYSLEXIA

We now turn o o detailed description of e pesformance
of patients with neglect dyslexiz and  demenstrate
through simukution experiments how the lesioned ver-
sion of MORSEL can account for these behaviors The
patient descriptions and simulation resules are grouped
according o six basic phenomena The first three—ex-
tinction, modulation of attention by sk demands. and
the effect of retinal presentation position on accuracy-—
appeur to arise at an early stage of processing, while the
fast three—relative sparing of words versus nonwords,
distinctions in performance within the class of words,
and the influence of lexical status on extinction—appear
more compatible with a deficit localized @t later stages
of processing MORSEL provides a unifving framework
to accournt for these disparate behaviors

An important finding in neglect dyslexia, and in nevro-
psychology in general, is that there is great variabilin in
performance across paties Thus. we have not -
tempted to model every individual case of neglect dys-
lexin We have chosen a set of phenomena to model thit
seems relatively common and for which some agreement
is found in the literature Nonetheless, we believe tha
much of the observed heterogenein across patients can
be explained by parametric variation of the model's le-
ston—i e, adjusting the gradient and severity of damage
Although it is sensible to begin by modeling phenomena
that have been reliubly observed, we fully believe that
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understanding indivicual differences is likely to be of as
much interest as similarities in behavior

The Extinction Effect

A well-documented finding in the licerature on neglect
is that a patient who can detect a single contralesional
stimulus may fail to report that stimulus when a second
stimulus appears simultaneously in the ipsilesional space
This phenomenon, termed extinction, has been reported
to oceur with visual, tactile, and auditory stimuli and has
a direct analog in reading When mvo words are pre-
sented simultaneously in the two visual felds, patients
tend to neglect the contralesional stimulus Sieroff and
Michel (1987) demonstrated further thar with a single
word centered across the fovea and subtending the same
visual angle as the two noncontigucus words, extinction
of information in the contralesional hemifield is less
severe In a similar experiment, Behrmann et al (1990)
showed that a compound word (such as PEANLT) 15 read
better when the two component morphemes (pea and
NuT) are physically contiguous than when they are sep-
arated by a single blank space Further, when the two
words are separated by a pound sign (rragner ), perfor-
mance is still beter than in the spaced condition, despite
possible perceprual  complications introduced by the
pound sign, lending additonal support to the conclusion
that extinction is strongly dependent on the physical
sepuration between items in the display

The phenomenon of extinction is consistent with the
view that the visual auentional system artempns o select
one of multiple items in the visual fekd: in neglect pa-
tients, the selection is heavily bissed toward the right-
most item: An "item” here can simply be defined by the
physical adjucency of its components and physical dis-
tinctiveness from its neighbors (W conjecture that the
distinctiveness need not be one of physical separation;
any simply property such as color or texture boundaries
coukd suffice )

MORSEL's AM operates exactly in this manner In the
unlesioned model, when o three-letter words are pre-
sented to the AM, attention selects the left word on 41 3%

of trials and the right on 40 8%; some combination of

the two words is selected on the remaining 17 9% of
trials (See Appendix 3 for details of this and other sim-
ulations involving the AM ) In the lesioned model, the
right word is nearly always selected because the bottom-
up input to the AM from the retinotopic feature maps is
degraded for the left word, thereby weakening its sup-
port. Figure 3 illustrates the bottom-up input detected
by the lesioned AM upon presentation of two three-letter
words Two blobs of activity are apparent, corresponding
to the two words, but the left blob is weaker The con-
sequence of this lefi-sided degradation can be seen in
Figure 4, which shows activities of the AM units over
time arising from this input The AM sextles on the right
word

Table 1 shows the disuibution of awention in the le-
sioned model for displays conutining two three-lester
words Each row indicates the percentage of presenta-
tions in which a given combination of letters is selected,
"1," 2" and "3" are leuers of the left word, "4,” "5, and
6" letters of the right word The right word is selected
over 75% of the time, with the remainder of the pres-
entations imolving selection of the right word along with
the rightmost portions of the left, or selections of onl
the rightmost portions of the right word The AM clearly
demonstrates extinction of the left item when rwo words
are presented However, when a single item is presented,
either to the normal or the lesioned model, at least some
portion of the item will always be attended (as we discuss
in more deil below)

In the normal model, when two items are presented,
one will be selected arbitrarily If the AM is allowed to
refocus on the same stimulus displiy, it will select the
other item about half the time Thus, simply by reseuing
the AM and allowing it to seule again, possibly with a
stight inhibitory bias on the location fust selected, both
display items can be sampled In the lesioned model,
however, refocusing atenton s unlikely 10 alier the
selection As long as the right item is present, the left
ftem is prevented from awacting atention; this masking
does not oceur in the normal model

Because the AM serves only o bias processing in BLIR
NET toward the atterndded region, as opposed w com.
pletely filtering out the unattended information, MORSTI
will not necessarily fail to detect the unauended infor
mation This depends on the operation of the PO ne,
which attempts o combine the outputs of BLIRNET fino
a meaningful whole Thus, one cannot directly transtue
the distribution of awention inw a distribution of re-
sponses  Nonetheless, the strong right-sided bias will
surely affect responses, particulurly for simple stimuli
that cannot benefit from the PO net's application of
higher order knowledge For instance, in the task of
detecting a single or a pair of simultaneously presented
flashes of light, commonly used 1o test extinction, re-
sponses can be based only on the stimulus strength
following auenuation by the AM

Table 1. Distribution of Auention in the Lesioned AN
for Displays Containing Two Three-Letter Words

Relative [ikelibood

Letters Atteneled of Attentional State (%)

123 456 G6
23 456 97
3 456 01

4506 762
56 72
6 02

¥
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which there is no input

Modulation of Attention by Task Demands

The strong predominance of right-biased responses in
neglect patients can be modulaed under certain condi-
tions Butter (1987) has suggested that the righwvard
orientation of these patients is a reflexive or imoluntary
response but that atention fan be wiltfully deployed 1o
the lelt Karnath (1988) showed that patients always re-
ported the right-sided stimulus first w hen given the free
choice of order uf miming wwo biluerally presented stim-
uli- The lefisided stimulus was often neglected in these
cases When patents were instructed o repoit the left-
sided stimulus first, they were able 1o report both stimul
A similar result in the domain of teading was found by
Belumann ctal (1990) One of their patients with neglec
dyskexin (AH) reported the leti-sided word on only 49
of trials when two words wer presenied simultancousthy
When instracted 1o report the lefi-hand word Hest, Al
reported botly words correcthy on 56% of wials

An overt atentional shifi provided by cuing patienis to
astimulus on the left has been shown to overcome the
neglect deficit in other tasks too For example, Riddoch
and Humphreys (1983) placed a single fewer at each end
of & fine and instructed their patients to report the iden-
tin of the feters prior o bisecting the line The cdegree
of neglect on the line bisection task was significantly
reduced with the additional letter reporting task The
ahove fndings suggest that the distribution of atention
can be influenced by task instructions

n MORSEL, tv0 sousces of information can guide
atention: botom up and wp down These MO sources
simply add together to bias the selection of a location
In the lesioned model, the botom-up inputs for the lefi
portion of the reting are weakened, but the top-down
inputs are undamaged; hence, sufficiently strong top-
down “task driven” guicance can compensate for the
deficit in botom-up control of atention Simple sinu-
lation  experiments readily  demonstrate this resulr
(Mozer and Behrmann 1990)

This result makes the point that the deficit in MORSEL
is atrentional and not perceptual A true perceptual defici
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Figure 3. The bottom-up input detected by the fesioned AM on present
koeation indicates the relative strengih of the input ar thar location in the

ation of mo three-letier words 1he ared of a white square w g given
retinoiopic map The black dots indicare the locations in the aup for

would occur if, say, the connections within BLIRNET were
lesioned Qur account of neglect dyslexia places the fo-
cus of damage outside of the recognition system; further,
the effect of the damage on perception can be overcome
via alternative routes—the top-down inputs That negiect
is primarily an awentionat deficit is w wlely held in the
heuropsy chological lieerature (Heilman et al 1985; Kins-
bourne 1987, Mesulam 19815 Posner and Petersen 19539)

The Effect of Retinal Presentation Position
on Accuracy

One finding in the lierawure compatible with a detici at
an early stage of processing is thi performance changes
as a function of stimulus ocation Behrmann et al (1990)
presented words 10 a neglect dyslexia patient with their
left edge immediately rext w a central fisation point (the
Headr positiony or in the fourth character pasition o the
right of fixation (the fer positiony Words appearing in
the far position were still in the region of high acuin in
the patient’s ineact visual feld The words were three 1o
five fetters in tength The putient repasted only 28% of
the words correctly in the near position, but 44% in the
far position This finding was confirmed with 3 second
set of six and seven letter words in which 39% and 779
of the words were reported correctly from the near and
far positions, respecti ely Thus, performance improved
as the stimuli were displaced farther into ipsilesional
space This result is also obtained using a line bisection
task in which the severity of neglect decreased for lines
appearing further 10 the right (Butter er al. 1989)

The effect of presentation position argues that atten-
tion must be operaiing at least partially in :i'retinotopic
reference frame, as opposed 10 an object-centered frame
If neglect occurred with respect to an object-centered
frame, the left side of an jtem might be neglected relutive
to the right, but the stimulus position in the visual feid
would not matterS The evidence for auention operating
On 4 retinotopic frame Supports an early selection view,
ie, the auentional system chooses among stimuli based
on a low-level representation
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their left edge, and the probabilin: reached the 90%
ceiling by the sixth lewer position (21 pixels from the
left of the retina)

Simulation Methodology

Simulation experiments were conclucted for two simul-
taneous three-letter words and single five- to seven-letter
words, presented in the standard position or shified one
or two letter positions to the right For each simulation,
1000 replications were run On each replication, every
source of bowom-up input was considered indepen-
dently and was fed to the AM in accordance with the
probubilistic function Thus, on each replication the AM
detected a slightly different subset of the inputs

The AM was then allowed o run until equilibrium was
reached, that is, until all units settled on stble activation
values The total attention to each letter position was
then measured by averaging the activities of the nine AM
units in the region corresponding o a given lewer If this
averuge activity was greater than 03, the leter was con-
sidered to have been auended The atentional stue for
the stimulus was then determined by combining the
individual letter results By the 05 activity eriterion, there

were occasionil responses that did not fic into one of

the expected anentional stes, for example, auending to
positions 2 and 4-6 of a six-tewer word but not position
3 We placed such responses into the closest reasonable
category, here, the stte of atending to positions 2-6

APPENDIX 4: DETAILS OF BLIRNET AND
PO NET SIMULATIONS

Ahout 6000 letter-clusters are required to represent the
most common words of English However, running a
simulation with this number of clusters is computation-
ally infeasible If each cluster is connected 1o, say, 200
other clusters, the total number of connections will ex-
ceed 12 million, and this estimate completely ignores

the cost of the semlex units, which is a major factor if

the simulation includes many lexical items Constructing
a full-scale PO net is wasteful, 1oo: for a given stimulus,
most of the units will not come into play in determining
the PO net's response Thus, rather than constructing
one gigantic PO net to handle all simuiations, we con-
stucted a specialized PO net for each stimulus item This
smaller net contained only the letter-cluster and semlex
units that seemed relevant for the particular stimulus

In this Appendix, we describe the proceclure used to
select letter-cluster and semlex units for inclusion in the
PO net simulation, the rules used for determining the
BLIRNET activation levels of these units, and finally, the
PO net simulation methodology:

Selection of Alternative Responses

For each sumulus, we genermted a set of alternative
responses—sirings that had enough in common with the
stimulus to be plausible responses For the single word
stinuli, the alternative responses included

* the stimulus word itseif (e g, pawst),

* all right segments and left segments of the stimulus
with three or more letgers (e £, ARISH, PAIUS, RISH, PAR],
ISH, PAR);

* all words in the Kugera and Francis (1967) corpus
ending with the last three letters of the stimuius and
having the same length as the stimulus, plus or minus
one letter (e g, ENGLISH, BRITISH, JEWISH, FINISH, SPANISH,
FURNISH, IRiSH, POLISH, FOOLISH, TURKISH, ABOIISH, AN-
GUISH, DANISH, RADISH, RELISH) If more than 15 such
words existed, the 15 with the highest word fi CUency
counts nere selected

* all words in the Kucera and Francis corpus beginning
with the first three letters of the stimulus and having
the same length as the stimulus, plus or minus one
letter (€ g, PARTY, PARTS, PARENTS, PARKER, PARTIES, PARTLY,
PARKED, PARTNER, PARKING, PARADE, PARKS, PARLOR, PARENT,
PARTIALY If more than 15 such words exisied, the 15
with the highest word frequency counts were selected

* six pseudowords having the same final thiee Jeuers
and overal! length as the stimulus (e g, senisin, cowsi,
PEAISH, OFFISH, INKISII, BARISH)

For the svo-word stimuli used in the extinction experi-
ment, the alermtive responses were determined n
combining the two words into a single string (eg, st~
and 1y to sUsAyY) and using the above criteriy, in addi-
tion 1o

the individual three-letter stimali (e g, sun, 1y )

« all three-letter words in the Kucera and Francis COIPUS
ending with the last tmo letters of either stimulus (e g.
RUN, GUN, FUN, HUN, NUN, BUN, PUN, SLY, PLY);

+ all three-letter words beginning with the frst two let

ters of either stimulus (e £, SUM, SUE, SUB, FL3, F1U)

The net constructed for a given stimulus included all
letter-cluster units composing each of the alternative re-
sponses as well as a set of semlex units for each alter-
native response that was an English word This allowed
the PO net to potentially read out any of the alernative
responses On average, about 35 alternative responses
were generated for each stimulus; these responses re-
quired about 350 lewter cluster units, 300 semles units,
and 17,000 interconnections

Rules for Determining BLIRNET Activations

Once the set of letter cluster units has been selected for
a given stimulus, the BLIRNET activation of each unit
must be determined. As we explained in the text, we did
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not actually simulate BLIRNET Instead, we used a simple
algorithm to obwin activations similar to what BLIRNET
would have produced had a full-scale simulation been
conducted Given an input stimulus and a focus of aten-
tion produced by the AM, this algorithm worked as fol-
lows for a particular letter-cluster

The lener-cluster is compared to every subsequence
of the stimulus by aligning the cluster in every possible
way with the stimulus For a given alignment, each of the
three characters of the cluster (i e, letters or delimiters—
the “don't care” underscores were ignored) is matched
against the corresponding character of the stimulus If
the cluster characier is a leter, the match score is ap; if
the character is a delimiter, the match score is
1-a(1—p) « is the level of attention to the correspond-
ing character of the stimulus; o is 1 if the character is
aended or 0368 if unagended p lies in the range {01}
and is & measure of the featural similarity of the stimulus
and cluster characters If the characters are identical--a
perfect match, pis 1; 1o the extent tha the characters are
physically similar (as measured by the dot product of
their feature vectors), p is greater than zero Thus, the
physical appearance of the leters comes tte play in
determining BLIRNET activations

To summarize, the mateh will be close to 1 for a leuer
of a cluster if the corresponding stimulus leter is at-
tended and is physically similar o the cluster’s fetter For
delimiters of the cluster, however, the maich will be close
1o 1 either if the corresponding stimulus position con-
wins a blank space (p is 1) or if the corresponding
stimulus position is unagended (a 5 st} The reason
for the second condition is that if the position is unat-
tended, few fearures are transmitted through BLIRNET,
consequently, it will appear as il the position is blank

A cluster character is not only matched against the
corresponding stimulus character but also against the Jeft
and right neighbors of the stimulus character The scores
obuined for the neighbor maches are mutltiplied by 05,
and the largest of these two scores and the originai match
score is selected as the overall character match The
reason for maching neighbors is that BLIRNET confuses
exact letter positions and often produces partiai activa-
tions of clusters with letters in a slightly incorrect order

The geometric mean of the overall character matches
is computed to obuwin an overall cluster match, ie,
(mymams)"?, where m; is the maech for character /. Char-
acter matches involving a delimiter in the cluster and a
blank space in the stimulus are ignored in computing
overall clusier match This overall cluster match is com-
puted for each possible alignment of the cluster and the
stimulus, and the activation level of the cluster s simply
e sum of the overall cluster matches over all align-
ments

What this procedure boils down to s simply that a
cluster is assigned an activity level of 10 if the cluster is
contained in the atiended portion of the word; the cluster
is assigned an activity level of 005 (=0368Y if it is
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contained in the unatended portion; the cluster is as-
signed an activity level intermediate berween 005 and
10 if it crosses the boundary between the unattended
and auended portions 1f a cluster does not match the
stimulus exactly because some letters are different or the
letters are in a slightly different order, the cluster still
atains some degree of activation

To obiain different responses o each run, guaussian
noise with mean zero and standard deviation 010 was
added to the activity level of each cluster, and the activ-
ities were thresholded to lie in the range [0,1}

PO Net Simulation Methodology

To obtain reliable simulation resuits, each srimulus was
tested with alternative sets of semlex unit connections
and random fluctuations in the BLIRNET activities To
elaborate, for each stimulus we reconstructed the PO net
10 times, each time with the semiex units connected
4 different random subset of their associusted letter-clus-
ters For each version of the network thus constructed,
we allowed the net o settie 10 times, each time surting
with a different pattern of noise added o the BLIRNET
activations In total, then, every stimulus item was pre-
seried 100 times

A measure of the strength of a particular response was
computed according to the formuly

11 ¢
pength == | —+ =
strength = 3 {” 7_]

where ¢ is the summed activity of target clusters—those
composing the response, # is the number of wrget clus-
ters, ancl T s the summed activity of all clusters Claster
activities were thresholded 10 lie in the range [0,1] The
first term in the formula represents the average activity
of the target clusters and approaches 1 as the clusters of
the response increase in activity The second term fep-
resents the activity of the target clusters relative to non-
trget clusters The strength ranges from 0 0 1 and
reaches 1 only if all target clusters are fully active and
no nontarget cluster is active

On each run, the PO net was allowed to run until it
reached equilibrium (usually within 50 processing iter-
ations) and the response with the greatest strength was
tken as MORSEL's selection Generally, this response
had strength 1 It was necessary to use only the letter-
cluster activity in determining MORSEL's selection; use
of the semlex units would have precluded nonword re-
sponses.

This simulation procedure was carried out for each
stimulus and each attentional state. The individual stim-
ulus resuits were then averaged to produce a distribution
of responses conditional on a particular attentional state
These conditional probabilities could then be combined
with the relative probabilities of different auentional
states to obtain an overall distribution of responses
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Notes

1 All descriptions in this paper refer 1o feftsided neglec,
which resulis from tight-hemisphere damage, because extra.
personal neglect appears © occur mare frequenty and be
more severe following lesions o the right hemisphere than to
the left (Black et al 1990; De Renzi 1987, but sce Ogden 1985,
for evidence o the coniran )

Kinsbourne (1977, 1987) suggests one explanation for the
predominance of left-sided neglect based on the role of the
left hemisphere in language processing When the leh hemi-
sphere is engaged for verhal utsks, the enhanced hemispheric
activation causes a slight oricniion bias 1ow ard the right This
effeer combines with righe hensisphers damage o form a strong
rightward wendeney According 1o this view, ks imvohing ver.
bat maerials should show strong leftsicled neglea
2 We use the wem retinal coorduiete Jrame Jooseh 1o de-
scribe a reference frame depends on head andror bodhy
position of the observer, nor just vie position See Ladinas
1987y andd Fazah et al (1990) for further discussion of possible
refurence franes used in spatial iention
3 Howeser, sce Barbut and Guzzaniga (1987) and Hillis and
Caramazzs (1989) for an ahiernati e concepirlizuion
G Temight scem implasibie th o disttibuted orthographic
representition could have any systematic reluionship w g dis-
tributed semantic represencuion, but Hinton and Shatlice
(969) hane demonsuated otherwise in o model that leirns
orthographic-semantic ussocitions
5 Although eye movements have not been carefully contofled
for in these swdics, the possibiliy of eve movenents canno
fundimentally alwr our conclusion cancerning the rofe of the
reenotopic frame, for e following reason 1t patients were
able w foveaie on the stimuli then, independent of presentation
position. all tems would be anahyzed inapproximately the
same retinal position To explain the effect of presentition
position on performance, one would need o postulite tha 4t
is easier o move the eyes o # given location than to 4 location
on its relative lefi Because eve movements and attention shifts
are intertwined, this is mnamount w clhiming that atention
operales in 4 retinotopic frame as well
6 HR's dat are used for compitrison ©© MORSEL in all simu-
fadons We took liule effort w obtain quantitative fits o HR's
ditta for three reasons First, the dum we report are self-conus-
dictory: HR performs quite well in one experiment but then
poorly with similar stimulus materials in another This is be-
cause the experiments were conducted sometimes weeks apart,
and therefore reflect different stages of recovery of the patient
and different overall levels of arousal and motivation Second,
the parameter values used o fit the dat of one paient at a
pacticular stage of recoveny can hardly be expeced 1o apply 1o
other patients with somewhar different brain lesions Thied,
given the number of free parameters of the model—tu s,
parameters not required in earlier work on MORSEL (eg,
connections imolving semiex unis, the nature of the atren-
tional deficit}—relative to the smail number of dara points in
this and subsequent simulations, a precise fir should not be
considered terribly impressive The important fact abor pa-

muneter seiings is that the qualitiive behasior of the modet is
remirkably insensitive to the specific paramerer values

7 1f the o morphemes are semanticathy retued bu do not
combine 0 form a compound word, eg, oy and v, one
mechanism whereby one morpheme could affect the readout
of the other morpheme involves priming of the semantic units
That is, activation of the semantic units of M will support the
related word noy 1o some extent This accouwn requires gn
elaboration of temporal processing in MORSEL which has not
been necessary in the presem work

8 We should note that many other Harmany functions would
suffice equally well if not betwer thun the one we devised In
fact, we experimenied with several different functions, and the
qualitittive sysiem behayvior was unaffected by the denils of the
Harmony function

9 To follow the objective Runcrion exactly, the third werm
should actually be vero if thy 18 currenty inactive. However,
including this term at all times prevents oscillation in the net-
work and does not otherw ise appear w affea the qualin of the
solution

10 Such an input seems of eritical importance in determining
the focus of attention Auention should turn 1o changes in the
Visual environment, not homogeneous regions

11 Note that by including only alternative responses thar had
approximately the same length as the stimulus, we artficially
timited the model responses that presene stimulus word
lengihy Negleer dyslexia paticnis do in fict show a presenation
ol word lengh (Behraann o ab 1990, Elis o1 ol 1987y,
cearhy not because afl the words they knew are of the samwe
kength as the stimulus We belicve that a fulles dmplementiion
of MORSEL should include o processing module similu 1o
BLIRNET that computes word shape: informution fnstead of
word identin information The word shape and ideatiny infor.
mation could then be inegred by the PO net w select re-
sponses that were consistent with buth, therehy allowing a
presenation of word fength even in neglect dyslexia patients
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