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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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Figure 4. Activities of the AM
units ar several points in time

as the right word is selected

By ftermtion 20, activities within

the AM have reached equilib-

rium

Tteration 1

Iteration 3

lteration 15

Iteration 20

Although this conclusion is clearly consistent with the
architecture of MORSEL, it requires a bit of explanation
to see how MORSEL accounts for the effect of presenta-

tion position on accuracy We begin with an overview of

the account Consider first the normal model being
shown a single word Independent of word lengh, if the
letters are arranged sulficienty close o each other, the
AM will always select the region of retinotopic space
corresponding to the entire word In the lesioned model,
however, the input sirength of the left side of the word

is less than the right side, ofien causing the left side to
be suppressed in the AM selection process Conse-
quently, BLIRNET analyzes the word with a relative de-
gradation of the left side This degradation propagates
through BLIRNET, and 10 the extent that it prevents the
PO net from reconstructing the word's identity, accuracy
will be higher in the normal mode} than in the lesioned
model The same reasoning applies with the lesioned
model alone when considering presentation of a word
on the relative right versus the left The farther to the
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right the word appears, the stronger and more homo-
geneous its bottom-up input to the AM, and the Tess likely
the AM will be o neglect the lefimost letters Conse-
quently, accuracy will be higher

Figure 5 illustrates three examples of the AM suppress-
ing the left side of a six-lewter word: in the wp row, the
rightmost five letter positions are attended; in the middle
row, four leners are atended; and in the botom row,
three letters are atended Table 2 sumnurizes the dis-
tribution of attention for a six-letter word presented to
the AM in each of three retinal positions The "standard”
position refers to the presenttion position used in Fig-
ure 3; the shifted positions refer to moving the word one
or two letter positions (3 or 6 pixels) to the right of the
standard position As expected, when the word is moved
farther o the right, the AM is more likely to focus on its
initlal leters

The attentional focus produced by the AM affects BLIR-
NET's processing of a word and, ultimately, the accuracy

of report Although we are interested in the accuracy of

report, we have chosen not to simulate the detiled
operation of BLIRNET for two reasons First, the version
of BLIRNET implemented by Mozer (19884) was wrained
o recognize a relatively small set of lener clusters—
about 600 of the approximately 6500 needed 1o represent
most English words The present simulutions require
much furger set of lewer clusters, and the training pro-
cedure is quite computation intensive Second, the exact
activity levels produced by BLIRNET are not critical for
the present modeling efforg, and, in fact, simulation of a
farge nerwork like BLIRNET obscures the essential prop-

erties that are responsible for interesting behaviors Con-
sequently, rather than simulating BLIRNET, we have
incorporated its essential properties into a simple algo-
rithm that determines letter-ciuster activations for a par-
ticular input stimulus and auentional state (see Appenclix
4 for further demils)

In Figure 6, one can see the simulated activations ol
various leger cluster units in response o the stimulus
patiss on a trial where the AM has successfully focused
on ail six letwers of the word Activiny levels range from
zero to one The activity of a cluster is indicated by the
area of the black square above it The letter clusters of
parisH (fArst row of Rgure) are highly active In addition,
clusters with letters visually simifa to the stimulus word
are partially activated, for example, RTS, PA_T, RA_L and
pis, as are clusters that would be appropriate were ferers
of the stimujus slightly rearranged, for example, ar_t and
1_s* Finally, a bit of noise is thrown into the activation
process, which creates random fluctuations in the activity
pattern

If only the last three lewers of parist are attended, the
resulting pattern of letter-cluster activity fooks quite dil-
ferent (Figure 7) Clusters representing the Biitial seg-
ment of the word are fess active than in Figure 6 Further,
because the initial segment is suppressed, ¢lusters such
as **1oand **_s will become more active, as if sirowis
presented instead of pasi

The next stage in processing the stimulus s o feed
the output of BLIRNET to the PO ney, allow the PO nat
to sette, and then determine which of @ set of alternative
responses best matches the final PO net activity pattein

Rotoms-Up Input to AM

Quigat of AM

Figure 5. The botom-up input t the lesioned AM and the resulting AM equilibrium staze for three different presenudions of a six-lener word
In the top row, the rightmost five letter positions are awended; in the middle row, four letters are attended; and in the bottom row, three leters

are attended
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Table 2. Distribution of Atteation in the

Lesioned AM for Displays Containing One Six-Letter Word

Retative Likelibood of Attenttional Stare

Steardetred Position Shifted Rigin Shiftect Right

Letters Attenelecd (%) Onie Posion (%) Two Positions (%
123456 81 82 372
23456 146 245 3t9
3456 301 337 258
4506 330 200 5.0
56 139 36 01
6 03 G0 00

{The procedure for selecting aliernative responses—and
which letter clusters to include in the PO net simuli-
tivn—is explained in Appendix 4) In the case of the
fully attended pagisi ¢ Figure 6), the PO net almost alwiny
reads our the correct resppnse in the case of the partially

atterded »

ARISH (Figure 7), the PO net ofien is able o

reconstruct the original word; other times it Fabricates
Iuft side, reading out instead ranisii or POLISHE O RELISH;

and occasi

onally it just reads out the anended portion,

s, although the influence of the semlex unity acty
against the read out of nonw ords

To wst 1

he effect of stimulus presentrion position in

MORSEL, we conducted a simulation using six six-leuer

words: e

RISH,  BEGGAR, FOSTER,  SHIAVER, MORSEL,  and

stabow Although the obs jous Wiy to st MORSEL is to
present asstimulus on the reting, aliow the AM 1o seude,

determine

the resulting BLIRNET actiy ations, feed these

to the PO net, and read out a response, we hine decou-
pled the AM and PO net simulations o reduce the com-
putational burden Running a simulation of the AM alone

on 4 six-let
of the AM

ter stimulus, we can determine the probability
selecting a particular combination of leters

{the artentional stare, see Table 2) Independently, the
PO net simulation can be run in its entirery for each
possible attentional state The probubilin of being in

atentiong)

state 4, p (state 1), can then be combined with

the probabilisy of the PO net responding correctly given
a particular attentional state, D (conect | state i), to vield

an overall

probabiliny of correct response:

Pleorrect) = 3, p(state i) p (correct | state 1)
I

Table 3

presents the results of the PO net simulation

on our collection of six words, each line showing the
dceuracy in a particular attention state These figures are
averaged across the six words and 100 replications of
exch word The replications are necessary to obtain
< reliable measure of accuracy because noise introduced
by BURNET can cause different responses on each trial

(See Appe

ndix 4 for further details of the simulation

methodology ) The tble indicates that performance
drops as fener letters of the word are atended Even
with onlv one leter auended, the residual accuracy is
quite high, no doubt due o the partial activition of
unattended  information Combining the conditional
probabilitics of Tuble 3 with the marginal probabilities
of being in a given aentional sute of Tuble 2, one
obtains an overall probability of correct response: 49%
for words presented in the standhird position, 63% for
words one position to the right, and 79% for words mo
positions to the right

Thus, the peripheral lesion in MORSE} cloes resul in
@ retinotopic deficit as measured by rewding perform.
ance Performance is better than would be expeced by
eximining the distribution of atention alone, due o the
reconstruction ability of the PO net Although the entire
word is attended only 8% of wius (for the standard
position), the word is correctly reported far more fre-
quenth—49% of trials Nonetheless, the retingl position
of the stimulus does come into play; the PO net is not
50 effective that accuracy is absolute

Not surprisingly, when MORSEL does produce an er-
ror, the error generally occurs on the teft side of a word
For example, with pamisy, the alternative responses in-
chude lefe-sided completions such as pouisH or musi and
right-sided completions such as PARKER Or PARTS, ver the
PO net alwmys prefers the lefr-sided completions Figure
8 shows a graph of activity over time for the stimulus
PaRISH on a trial where the AM has selected just the right
side—ist1 On this trial, the PO net eventuath reads out
POLISH

The account provided by MORSEL suggests that ne-
glect—the difficulty in reading single words—goes hand
in hand with extinction—the difficulty in selecting one
of mo items Both behaviors are caused by the same
underlying deficit This does not imply, however, that the
wo behaviors must necessarily cooceur With a milder
gradient of damage than the one we have simulmed,
MORSEL shows minimal neglect in reading words due
to the compensating action of the PO net, yet even a
slight right-sided bias leads 1o extinction This is consis-
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Table 3. Performance of Lesioned MORSEL on
Displays Contining One Six-Leter Word

Letters Correct Responses

Attenicled Given Attentional Steate (%)
123456 100
23456 85
3450 51
456 33
56 17
6 18

tent with reports in the literature: Neglect and extinction
generally coccur, and on the path to recovery, neglect
diminishes in severity, leaving extinction as the only man-
ifestation of the brain damage (Kolb and Whishaw 1983)
Al present, there are no data in the domain of reading
that challenge MORSEL’s claim that both neglect and
extinction of words are caused by the same deficit; how-
ever, several studies from the general hemispatial neglect
literazure find a double dissociation (Bisiach et al 1986;
Ogden 1985)

The deficit in MORSEL occurs with respect to a retin-
otopic reference frame, but irrespective of the retinal
position of a word, the left part of the word tends to be
reported more poorly than the right due to the atten-
tional gradient. Consequently, one could easily interpret
the deficit as occurring with respect to an object-based
frame Indeed, Baxter and Warrington (1983), in finding
neglect errors for short as well as long words, suggest
that the phenomenon is due to the “faulty distribution
of attention to the central representation of a word”
MORSEL allows the data to be interpreted from a differ-
ent perspective, one in which a deficit that produces a
retinotopic gradient can lead to a relative difference be-
tween the left and right components of an object, inde-
pendent of the object’s size and position.

Relative Sparing of Words versus Nonwords

A general finding in the neglect dyslexia literature is that
the reading of words is less affected by neglect than the
reading of nonwords For example, Sieroff et al (1988)
demonstrated that their patients with right parietal le-
sions showed superior overall performance on words
compared 10 nonpronounceable nonwords In addition,
these patients also exhibited a more marked asymmetry

POLISH

P e == = e B o e e |

Eo

“ ijett'er'C]uster Units

Figure 8. Activity in the PO net as a function of time for the stimulus ramsit on 2 triat where the AM has selected the last three letters of the
word The PO net eventually reads out rousk The lefk graph summarizes activations of the semlex units over time, and the right graph

activations of the letier cluster units Each trace represents apggregae activ

iy of a particular response and is labeled with a single digit or lener

simbol Traces corresponding 1o the sume word in the mo graphs use the same symbol The 10 most active respenses in the leter cluster
graph are shown on the far right, roughly next o the corresponding trace The apgregae semlex acivity of a response is simply the average
activity of its semlex units The aggregate lener cluster activiy of a response Is a measure of the activity of the target clusters relative o
nontarget clusters (see Appendix 4) Note that due to the distributed word representatons, there will always be pardal activity of response

ahernatives similar to the chosen one
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(right side beter than the left) for nonwords than for
words The relative superiorin of words over nonwords
was observed both under brief uchistoscopic presenti-
tion of the stimuii and under unlimited exposure dura-

ton This difference in performance as a function of

lexical status has also been replicated in several other
stucies, using pronounceable nonwords ( also called
pseudowordsy as well as nonpronounceable nonwords
(Behrmann et al 1990; Brunn and Farah 1990; Sieroff
1990)

Sieroff and Posner (1988) reproduced this effect in
normil subjects by modulating attention to foveally pre-
sented words They instructed their subjects to report
the identisy of a cue prior o reading the rget; the cue
was a single digit appearing to the immediate left or right
of the target As in the case of neglect dyslexia, perform-
ance on words is significanthy beter than on nonwords

The locus of this word superiorin effect is controver-
sial One popular explanation is that sord reading is
attention free because the orthographic string muakes
direct contact with irs existing exicat entry (LaBerge and
Samuels 1974; Sieroff et al 1988) Such a view affords
privileged processing statas to words Nonwords, on the
other hand, do not bhenefit from this mode of lexical
access and are subject o atendonal controb The impli-
cation of such a view is tat two distines mades of proe-
essing exist 1t is not clear, however, where the two paths
diverge-—at an early level prior o the encoding of the
integraed “word form™ (Warrington and Shallice 1984)
or as a means for sequential readout of informuation into
phonological or semantic codes (Mewhort et ab 1984).

An alternative interpretion, which has been used 1o
account for the perceptual advantage of letters in words
over leters in nonwords, is that feters in words are
supported by an existing lexical representation (Mc-
Clelland and Rumelhart 1981; Rumelhart and McCleliand
1982) Such suppoit does nat benefit nonpronounceable
nonwords On this account. lewer strings are processed
thraugh the same channel independent of lexical sttus
This account carr explain the word advantage in neglect
dyslexiz The superiorin of words is obained from the
fact that partally encoded contralesional information
may be enhanced by lexical support in the case of words

but not in the case of nonwords (Brunn and Faraly 1990;
Sierofl et al 1988)

This later account is embodied in MORSEL Specif-
ically, the PO net acts o recover the portion of a leter
string suppressed by the AM using both orthographic
knowledge (the connections among letter-cluster units)
and semanticZlexical knowledge (the connections be-
tween leter-cluster and semiex units) This gives words
an advanmge over pseadowords, which lack the support
of semantic lexical knowledge, and a double advanuge
over ponpronounceable nonsvords, which lack the sup-
port of orthographic, lexical, and semantic knowledge

We conducted a simulation study using the lestoned
version of MORSEL w compare perfornuance on 12 five-
fener words and 12 fve-leter pseudowords The mo
conditions differ in that the words have an associated
representation in the semlex units whereas the pseudo-
words do not In the first stage of the simulation, we
measured the likelihood of the AM auending to a given
portion of a five-leter stimulus swing (second column
of Table 4) Then, the PO net simubition was run for 160
replications of each stimulus in exch attentional state o
obtain the probabitity of a correct response for a ghven
stimulus type ina given attentional state (third and fourth
columns of Table 4) Combining the AM and PO net
simulation results as described for the previous simula-
tion, we obtain an overall probability of correct response:
the lesioned MORSEL correatly reported 39% of words
bug enhy 7% of pseadowords In camparison, the neglect
dhvslexin patient HR studied by Behrmann eo af (1990)
correcthy reparted 66% of words and 5% of pseudowords
for stimuli of four 1o six lewers 9

To sumnurize the implications of the current simula-
tion, MORSEL provides a mechanisim by which lexical or
semantic knowledge can help compensate for noisy sen-
sory duta This results in differential performance for
words versus pseudowords because pseudowords do not
benefit from such knowledge MORSEL's account does
not require the assumption that words and nonwords
are pracessed along separate channels, or that the pro-
cessing of nords somehiow bypasses the atentional sys-
tem In MORSEL, the muentional system and the
recognition svstem operate identically for words and

Table 4. Performance of Lesioned MORSEL Word/Pseudoword Experiment

Relative Likelibood

Correct Respornses
Given Attentionel State

Letters of Attentional State
Atteneled %) Words £95) Psettdoords (9%
123453 8 160 81
2345 21 79 0
345 35 19 0
45 32 19 0
g 3 21 0
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Table 5. Disuibuton of Responses on Word Reading Task

Neglect Dyslexia Patient”

Near Conclition

Fenr Condition

REM Woreds

Response Type {eg, Pewet) (%)

Control Words
(el parivi) (9%

REA Words
{eg, pEaNtT) (%)

Controf Words
(eg, rannsir) (%

Correct response 43
Neglect error 39
Other error 18

40

¢

49
56

79 76
13 4
9 20

“From Behemann et al (1990)

Simulation of Lesioned MORSEL

Near Condition

Fer Condlition

REM Worels

Response Type (eg, rEaNet) (%)

Control Words
(eg, Parist) {%

Control Words
feg, raisin) (%

REM Woreds
(ey, PEANLT) (%

Coriect response 3
Neglecr error 32
Other error 29

44
0
56

75 76
9 0
16 24

nonwords Uliimaiely, however, words are less affecied
by the distribution of attention because of the compen-
sating action of the PO net

Distinctions in Performance within the
Class of Words

Swadies examining the lexical status of a leter string have
shown a dilference in accuraey between words and non-
words, but recent work has found o more subtle influ-
ence of psvcholinguistic variables on  performance
Behrmann et al (1990) compared perfermance on words
that have a morpheme embedded on the right side—for
example, peanuT, which contains the morpheme v, and
triancLe, which comaing anGLe—and words having no
right-embedded morphemes—for example, pariset and
Trisusal Although the patient studied by Behrmann et
al showed no difference in accuracy for the two stimulus
oy pes, a distinction was found in the nature of the errors
produced The upper portion of Table 5 sumemarizes the
responses of the patient for words that conwin right-
embedded morphemes (herealter, REV words) and
words that do not {contro! words) Words were pre-
sented in two positions, either immediately 1o the right
of Axation (the near condition) or severai letter spaces
further to the right (the far condition). Responses were
classified imo three categories: correct responses, neglect
ervors, in which the right morpheme or its s llabie con-
ol is reported—nut for PEANLUT or 1si for partsk, and all
other errors The other errors consist mainh of responses
in which the rightmost letters have been reported cor-
rectly but alternative letters have been substituted on the
left to form an English word—for example, mst or ro-
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List for pagisti (these errors have been termed beackteard
completions) In both near and far conditions, overadl
accuriey s comprrable for REM and control words, but
neglect errors are the predominant error response for
REM waords and backward completions for control words
Sieroff er al (1988) have also siudied compound words
and found no significant difference in overall accuracy
hetween compound and noncompound words However,
they provide no information about the distribution of
EITOr [ESPONsSes

Our simuladon study used 12 compound words amd
12 control words—haif six letters and half seven—ifrom
the stimulus set of Behrmann et al {1990) As in our
earlier simulatons, the PO net simulation was conducted
for each auentional state to obtain the probability of
correct and neglect responses for REM and control words
conditional on the atentional state These conditional
probabilities were then combined with the probabilin
of being in each attentional state (measured separateh
for six- and seven-letter words) to generate the distri-
bution of responses shown in the lower portion of Table
5. Comparing the upper and lower portions of the wble,
it is evident that the model produces the same pattern
of results as the patient The difference in accuracy be-
tween near and far conditions confirms the previous
finding concerning the effect of retinal presentation po-
sition Overall accuracy is about the same for REM and
control words Neglect errors are frequent for REM
words, whereas backward completion errors (the pri-
mary error npe in the “other error” caegory for the
simalation as well as the patieny) are most common for
control words

The difference in performance for the o word
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classes is explained by the action of the semlex units
These units support neglect responses for REM words
but not control words The same effect was responsible
for the basic word advaniage in the word/pseudoword
simulations However, in the present simulation, the in-
fluence of semlex units acts not 1o increase the accuriacy
of report for one stimulus type but to bias the nerwork
toward one type of error response over another when
the perceptual data are not strong enough o aliow the
PO net to reconstruct the trget

The only discrepancies between the patient and sim-
ulation data in Table 5 are that the model produces about
a 5% lower neglect error rate uniformly across all con-
ditions and a slight accuracy advantage for control words
The accuracy advantage for control words can be elimi-
nated by adjusting parameters of the model, but, in truth,
the advantage is present for most paramerer settings. It
is not difficult to see why this is so Consider the behavior
of the PO net when the AM has selected the last three
tetters of either peanti or parisit With peanuT, the pre-
dominunt response of the PO net is NuT because the
clusters of NUT receive strong support from the semlex
units With parist, however, the semlex units do not
support st but instead finor paiist or one of the aler-
native backward completions I the number of hackwid
completions is relatively small, pawsir s more likely o
e read correctly than pEastr Such behavior is at vari-
ance with the patient data

We have an escape from this dilemma Our imple-
mentition of the PO net atilizes only a limited number
of altermative responses for a given stimulus This was
necessiry o make simulatons computationally feasible,
yet by cutting down on the number of alternative re-
sponses, it raises the likelihood of the PO net producing
the correct response simply by guessing Such guessing
behavior occurs when the combination of perceptual
data and semlex biases does not strongly agree on a
candidate response—the case of Parisi when oniy ISH is
auended In support of this argument, our pilot simula-
tions used even fewer alternative responses, and the
advantage of control words over REM words was even
further exaggerated

The Influence of Lexical Status on
Extinction
The Tast two sections presented experimental results that
were explained by MORSEL in terms of an interaction
between attentional selection and higher order stimulus
properties. However, the ie to atentional selection is
somewhat indirect because the stimuli were single words
or pseudowords and awention is generally thought of as
Selecting between two competing items, not setecting
berween portions of a single item

Using the extinction paradigm, Behrmann et al (1990)
have been able w0 show that the abitity of a neglect
dystexia patient to select the lefimost of two words is

indeed influenced by the relation between the wores
When the patient was shown pairs of semantically un-
reluted three-letter words separated by a space, e g, sun
and Fy, and was asked to read both words, the left word
was reported on only 12% of trials; when the two words
could be joined to form a compound word, eg, cow
and BoY, the left word was read on 28% of trials (On all
trials where the left word was reported, the right word
was also reported ) Thus, it would seem that the opera-
tion of atention to select among stimuli interacts with
higher order stimulus properties

One natural interpretation of this interaction is that
the atentional system is directly influenced by semantic
or lexical knowledge, as proposed by late-selection the-
ories of attenzion MORSEL provides an alternative ac-
count in which attention operates at an eurly stage, but
because unawended information is partially processed,
fater stages can aler the material selected Thus, one
need not posit a direct influence of higher order knowl-
edge on awentional selection to obtain behavior in w hich
the mwo interact

To describe how MORSEL can account for e inter-
action, we hegin with a description of the Tesioned mod-
el's behavior anc then twirn o simulwion resultss When
o dtems are presented o the Jesioned AM usually the
right word is sclecied (Tabie 1) Conseeuently, BLIRNET
strongly activates the clusters of soy when cow Boy s
presented, partially activates the clusters of cow, and,
because BLIRNET has some ditficuity keeping track of
the precise ordering of feuwers, weikly activites clusters
representing a slight rearrangement of the stimulus let-
ters, own and wiLy These latter clusters support the
word cownoy The overall pattern of letter cluster actis ity
is thus consistent with cownoy as well as oy Because
both words receive support from the semlex units, de
PO net can potentially read out either; thus, in the case
of cownoy, the left moarpheme is read out along with the
right When the two morphemes cannot be combined o
form a word, however, the semlex units do not support
the joined-morpheme response, and the PO net is un-
likely to read the two morphemes out together

There is another avenue by which the left morpheme
may be read out: the patient may be able to shift attention
t the feft and reprocess the display In the experiment
of Behrmann et al , this seems a likely possibility because
all trials contained two words and the patient’s task was
to report the entire display contents Although the patient
was not explicitly told that two words were present, the
observation of both words on even a few trigls may have
provided sufficient incentive to try reporting more than
one word per trial The patient may therefore have had
a top-down conuol strategy 1o shift attention lefrward
MORSEL is likewise able to refocus attention to the lek
on some trials using top-down control (see simulations
reported in Mozer and Behrmann 1990) This will cause
an increase in reports of the lefr morpheme both for
related and unrelated stimulus pairs
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Twelve word pairs were used in the stimulation; six
were related morpbenies, which can be joined to form a
compound word, and six were wnrelated morphenes,
which do not combine in this manner As with previous
simulations, each stimulus was presented 100 times in
each attention state 1w obin a probabilin of reporting
the joined morpheme (e g, CONBOY or SUNFLY) condi-
tonal on the attentional state These conditional proba-
hilities were then combined witl: the probability of being
in a given attentional state (Table 1) to obtain overail
response raies The left morpheme was reported on
14 1% of wials for retated morphemes but only 2 8% for
unreluted morphemes Thus, the strength of lexical/se-
mantic knowledge is sufficient o recover the extin-
guished information on the left for twvo morphemes that
can be combined to form a word Figure 9 shows a graph
of activin’ over time for cow Boy on a trial where the
AM has focused atention only on oy Nonetheiess, the
semiex units of cownoy and the partial activations from
the Jeft morpheme converge 1o eventally cause the PO
net to read out COWBOY

Assuming that top-down control of the AM allows
MORSEL 1o shiflt atention to the left and reprocess the
display on, say, 10% of wials, the totad percentage of tials
in which the left morpheme is reported rises to 241%
for related morphemes and 128% for unrelued mor-
phemes These results are in line with the patient dat
ohtitined by Behrmann et al —28 and 12%

Interestingly, on trinls in which just the right mor-
pheme is reported, MORSEL occasionally produces left

neglect errors, for example, reporting ROY for bov Behr-
mann et al s patiens produced similar errors Thus, both
lefi-item extinciion and leftsided neglect can be ob-
served on a single trial

MORSEL makes further predictions concerning the fac-
tors that influence extinction for morpheme pairs We
mention here three such factors that have vet to receive
thorough testing on neglect patients First, the plhysical
separation berween the o morphemes is importunt:
the further apart the morphemes are, the less activation
BLIRNET will produce for the internal clusters of the
joined morpheme—e g, owB and w_ov of cowno This
will reduce the likelihood of the PO net reading out
cowpoy Patients have been shown to perform betier
when there is no space between two morphemes than
when there is a fixed space (Behrmann et al 1500, Sieroff
and Michel 1987), but these studies have not manipulated
spacing as a continuous variable  Inter-item spacing
could explain the result of Sieroff e al (1988) that pet-
formance on cow Bovy (with fuwo spaces bemween the
words) is no better than on BOY COW, in apparent con-
tradiction to the effect of reluted morphemes obtained
by Behrmann et al The second factor that may influence
extinction is semantic relatedness of the two morphemes
The particular effect we have simulued depends not on
the two morphemes being semantically related, but on
the fact that they can be joined o form a lexical item
Semantic relatedness alone may atfow for a reduction in
extinction, but it would not be by exactly the same mech-
anism ~ Third, task instructions should ajter behavior be-

050
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Lr:]

COWBOY

COWDBOYS

Lexical /Semantic Units

Letter Cluster Unils *

Figure 9. Activity in the PO net as 3 unction of time for the stimulus cow oy on a trial where the AM has focused atention onhy on soy The

PO net eveniualhy reids oot covnon
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cause top-down guidince to the AM cun affect the
distribution of anention Thus, in the case where two
related morphemes appear with a space between them,
MORSEL predicts that performance will differ depending
on whether patients are instructed that the display con-
tains two unrelated morphemes or a single word with a
space in the middle In the laner case, patients should
attempt to spread attention broadly, and thereby obtain
stronger activations for the left morpheme Experimental
work is currently underway using the Sieroff and Posner
(1988) cuing paradigm to simulate neglect in normals
and examine these three prediciions of MORSEL

DISCUSSION

MORSEL was originally developed to explain a variety of

psychological phenomena observed in normal subjects
We have demonstrated that damaging the model leads
to behuviors observed in neurological patients with ne-
glect dyslexia A single Jusion—ao the connections that
help draw auention to objects in the visu feld—is
sufficient to account for @ remarkable range of behaviors,
sonwe of which are compatible with a deficit at an early
stage of processing and others of which might naterally
be interpreted as arising av later stages of the system
The faet that MORSEL, in i3 lesioned sune, performs in
a manner comparable w neglect dyslesin patients s a
fusther, compelling validation of the original model We
are currently examining how dilferent lesions o MORSEL
might produce other acquired reading disorders, includ-
ing wentional. verbal, and literad dyvslexia (Mozer and
Behrmann 1990)

The predominant theoretical paradigm in cognitive
neuropsychology has been o utitize models of normal
cognitive processing for anahzing the locus of the func
tional lesion in subjects with impaired performance
These models npically comsist of box-and-arrow flow
dingrams with the underlying assumption that discrete
and selective damage may affect a single subsystem with-
out influencing the functioning of other components
Information derived from experiments with brain-dam-
aged subjects is then used o guide and constrain the
development of models of normal cognition According
to Seidenberg (1988), models of this sort are limited
because they do not incorporate specific proposals aboug
knowledge representation or processing mechanisms
These types of models represent a descriptive, first-order
decomposition of tasks such as reading and spelling and
thus tend to serve as recharacterizations of empirical
data Compurational models, in which explicit assump-
tions about processing are made, provide an alternative,
more constructive paracigm for examining normal cog-
nition and its breakdown. Examples of this type of re-
search are stagting 1o infiltrate the literature Simulations
of deep dyslexia, with emphasis on mixed semantic and
visual errors and category specific presen ation (Finton
and Shallice 1989), and surface dyvslexia (Paterson et al

1989} have yielded interesting, counterintuitive results
that chailenge the more traditional box-and-arrow mod-
els

The common finding associated with these studies, as
well as our own, is that complex interactions berwveen
the processing subcomponents are observed These non-
transparent interactions are often difficult 1o account for
in the context of box-and-arrow Row dingrams bur are
more eusily explicable in the dynamic framework pro-
vided by a working computational model While MORSFL
is made up of a set of discrete and relatively simple
components {not o dissimitar from the box-and-arrow,
Fodorian modules), damage at one point may have ram-
ifications for the rest of the system Thus, analyzing each
component in isolation provides a restricted view of the
overull system. Analyzing the operation of the system in
its entirery is far more informarive since the net effect of
4 lesion on behavior is complicated by interactions
among the components

This wholistic perspective serves as 2 solid foundation
on which the mechanisms underlying neglect dyslexia
can be examined Previous neuropsychological studies
of the phenomenon have advanced disparate explana-
tions of the deficis For example, the fact that stimulus
position, orientation, and physical features are important
determinants of performunce has been tken as support
for the fact that the anentional deficit arises at peripheral
stages of processing (Behrmann et al 1990; Ehlis et ol
1957) This interpretation is incomplete, however, since
it dous not exphin why lexical and morphemic effects
also play an imporsant role in performance A second
group of explanations has been proposed to account for
the superiority of words over nonwords and for the role
of morphemic composition in reading One theory fall-
ing into this latter group postulates that reading of words
is automaic and atention-free and is thus immune from
awentional deficits (LuBerge and Samuels 1974: Sieroff et
al 1988), whereas nonwords are subject to such deficits
because they necessarily require attention Clearly, these
o nypes of explanations draw on entirely different the-
oretical perspectives with little in common

Although researchers have recognized the need for a
unified explanation that can ke into account both early
and later stages of processing, MORSEL provides the frst
explicit, computational proposal According to MORSEL,
it is critical to consider interactions berween attention
and higher order knowledge: the primary deficit indeed
arises at an early stage of processing, but higher order
knowledge at later stages may compensate for the pe-
ripheral dysfunction This explanation allows interpre-
ttions that previously appeared contradictory to be
brought into alignment

MORSEL's framework not only helps to explain the
mechanisms of neglect dyslexia, but it also suggests a
more modern conceprualization of selective atention
The theory of antention embodied in MORSEL cannot be
characterized as either early or late selection; MORSE]
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shows properties of both The AM performs a type of
early selection by location or simple physical attributes
(which we did not describe because it was not relevant
o the present work) Despite its name, the AM does not
have exclusive title over atentional selection; the PO net
also serves as a distinct selectional mechanism-—one that,
for example, prefers words over nonwords In fact, PO
net units can be primed by external inputs in exactly the
same manner as the AM to bias PO net selection toward
items with particular orthographic, lexical, or semantic
properties Thus, attention is not a single, localizible
component of MORSEL Selection operates at tho distinct
stages, and, as we have demonstrated, these stages can
interact with one another in rather counterintuitive ways
Wi eagerly await future resenrch in cognitive neurosci-
ence and neuropsychology that further examines the
notion of asentional selection occurring at multiple
stages in the human information processing system

APPENDIX 1: PO NET DYNAMICS

The task of the PO net is o select a set of leteer cluster
units that can be assembled o form aunigue leter string
and that is consistent with the activations produced by
BLIRNET I the fetter string read out by the PO net is an
English word, the PO net must also select aset of semlex
anits that represents the semanticZlexical entny

Letter-Cluster Unit Connections

Two lewer clusters are said to be weighbors it they can
be aligned so as to overlyp on two letters or delimiters
(*") Some examples of neighbors are Moy and ONE
{overlap on 0 and N), **» and "MO (* and M), M_NE and
v_nE (8 oand ), and £ and ¢ (7 and *3 Two neigh-
bors are said 1o be compatible if, when aligned, they do
not conflict in any letter position The first tno examples
above are compatibie, the second mo incomparible

Based on this classification of compatible and incom-
patible neighbors, four fpes of connections between
fetter-cluster units are warranted: (1) excitatory--—be-
meen compatible neighbors; (2) inhibitory—between
incompatible neighbors; (3) *-excitatory—a speciul case
of an excitatory connection where both leter clusters
contain delimiters and the presence of one cluster ne-
cessitates the presence of another, e g, *Mo implies M
and **_o Note that these connections are not symimetric:
neither **a nor **_o alone implies *Mo (4) *-inbibi-
tory—a special case of an inhibitory connection where
both letter clusters contain delimiters. For these pairs,
the presence of one clusier precludes the presence of
the other, e g, *Mo and **_ay™* and ** These connec-
tions are symimetric

Each connection type has associated with it a different
weight The excitatory connections hase positihve weights,
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inhibitory negative The *-connections have weights of it
greater magnitude The values used in our simulations,
as well as other weight parameters of the PO net de-
scribed below, are listed in Table 6

Semlex Unit Connections

As stated in the text, the semiex representation is in-
tended to be a distributed encoding of word meanings
Because of the difficulty in devising a complete distrib-
uted semantic representation, the PO net instead uses a
semidistributed  representation in which each word
meaning is associated with a distinct pool of units These
units are not shared by different words In our simula-
tions, this is effectively equivalent to a fexical represen-
rwion because simulations involved few if any synonyms

The number of semlex unis associated with each ard
in MORSEL's lexicon was twice the number of letiers in
e word Each of these units was connected to five
randomly selecred letter clusters of the word, with the
restriction that all letter clusters had approximately the
same number of semiex connections Beeause the num-
ber of letter clusters in an Heter word is 37 4 2 and the
ol number of semlex-ener cluster connections is 10/,
cach letter cluster unit of i word s on average connected
to slightly over three of the word's semlex units This
particular scheme was selected beeause, unlile other
schemes we considered, it made the PO net fairky neutral
with regard 0 word length; there wis 0o bins toward
either shorter or jonger words

The connections bemeen leter cluster wnd semlex
units are symmetric and excitawory In - addition, each
semlex unit slighthy inhibits all letter-cluster units 1o
which it is not connected Semlex units also inhibit all
semlex units that are associated with different words It

Table 6. PO Net Connection Swrengths

Corntection Tipe Vetlree
Excitaion 006
Inhibitory -0 18
*.excittory 024
*-inhibitory —0 24
Leter-cluster 1o semlex 016
Semlex o lener-cluster excitatory 010
Semlex o letter-cluseer inhibitory ~-0.001
Semiex to semiex inhibitory -005
Feedforward {wy) 000065
Glohal suppeession (wg) -0 14
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is this inhibition that forces the PO net to select a pattern
of activity in the semiex units corresponding o a single
word {See Table 6 for values of these parameters )

PO Net Activation Function

Initially, the PO net receives feedforward excimsion from
the letter clusier units of BLIRNET Internctions then take
place within the PO aet and it gradually kerates toward
a stble state PO units were given the same dynamic
properties as units in McClellund and Rumelhart's (1981)
interactive-activation model Units are continuous valued
in the range [—~02, 10] Information coming in to each
unit is summed algebraically, weighted by the connection
strengths, to yield “net input™
net, = 2 wyp, + o), + wep
JE
ACTIHE

where ACTIVE is the set of all PO units with positive
activity ag the current time, ey is the strength of connec-
tion 1o PO uait 4 from PO unit/, p; is the activity of PO
unit 7, b, is the activiey of letter-cluster unit 7 of BLIRNET
(if 7 is a semlex unil, then b s zero), and we is the
strength of feedforwird connections from BLIRNET 10
the PO net The final termy, waf, applies only o the leger-
cluster units and s explained below

The activation value of each PO unit is updated by the
net input according 1o the rule

_ Jnet[10 - p
A= { netlp, — (~02)]

If the net iaput is positive, activaton is pushed toward
the maximum alue of 10 if negative, activaton is
pushed toward the minimum value of ~02 The effect
of the net input is scaled down as the unit approaches
s maximum or minimum activation level

The nervork as described thus far is inadequate The
problem is as follows. Many leter-clusters compete and
cooperate directly with one another, in particular, the
clusters representing ends of words and the clusters
sharing letters Often, however, these interactions are not
enough For instance, suppose two words are presented,
LNE and eact, and that clusters of LiNg are more active
initially Clusters like **+ and c1* of racr experience
direct competition from the cotresponding clusters of
UNE, and are therefore suppressed, but the inner clusters
of ract such as rac and ¥_ct do not The puli-out process
thus yields tine along with the inner clusters of Fact To
get around this problem, some type of "global inhibition”
is useful

The mechanism we opted for inhibits each letter-clus-
ter unit in proportion to the average activiry of all clusters
above threshold, which can be computed as follows:

if ret, > 0
otherwise

-
P=TacrE] 2 P
ACTIVE;

where ACTIVE, is the set of all letter cluster units with
positive activity at the current time The equation for szet;
incorporates this term, weighted by the parameter wg
This scheme allows the set of letter-cluster units whose
activity grows the fastest to shut off the other units Ac-
tivity grows fastest for units that have many active com-
patible neighbors

APPENDIX 2: AM DYNAMICS

The goal of the AM is to construct a “"spotlight” of activiey
that highlights a single item appearing on MORSEL's
retina Defining an item to be a set of features in close
proximiry, the spotlight should form contigrious region
on the retina consistent with the bottom-up and top-
down inputs to the AM

In connectionism, the standard method of ransform-
ing this description of the wrget beluwior of the AM intw
a network architecture is to view the AM's task as an
optimizeation problem: to what activity value should each
unit in the AM be set to best satisfi a number of possibly
conflicting constraints? The two primary constraints here
are that the AM should focus on focations suggested Iy
the botom-up and top-down inputs, and the AM should
focus on a single item

The first step in tackling such an optimization problem
is o detine a Hearmony function (Smolensky 1986) that
computes the goodness of a given pattern of activity over
the entire AM (the AM siare) This goodness is a scalar
quantity indicating how well the AM state sutisfies the
optimization problem The maxima of the Harmony func-
ton correspond to desired sties of the AM

Given a Harmony function, M, one can ask how the
activity of the AM unit at a retinal location (x,17), denoted
ty, should be updated over time t increase Harmony
and eventually reach states of maximal Harmony The
simplest rule, called steepest ascernt, is to update €ty in
proportion to the derivative 9H/da,, If 8H/da, is positive,
then increasing ay will increase H; thus a,, should be
increased If dH/day, is negative, then decreasing ay, will
increase H; thus gy, should be decreased

Returning to the problem faced by the AM, devising a
Harmony function that computes whether the pattern of
activity is contiguous is quite difficult Instead of con-
structing a function that explicitly rewards contiguiry, we
have combined several heuristics that together generally
achieve convex, contiguous patterns of activity ® The Har-
mony function we use is

H= 2 XLy “% 2 2 {ay — ﬁ\j‘)z

) )y G
AL EALL VEIGH
e — ]
+ E E (Yﬁ - a\:r)”
(N3 )E

ACTIVE
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where AZL is the set of all retinal locations, exty is the
net external (bottom-up and top-down) activity to ithe
AM at location (x37), NEIGH,y is the set of eight locations
immediately adjacent o {x,y)the neighbors, ACTIVE is
the set of locations of all units with positive activity, @ s
the mean activity of all units with positive activiy—

1
d=r—omy & O
|ACTIVE| (e ?
ACTIVE

and g, 8, and y are weighting parameters

The first term encourages each unit o be consistent
with the external bins The second term encourages each
unit to be as close as possible to its neighbors (so that
if a unit is off and the neighbors are on, the unit will
tend to turn on, and vice versa) The third term encour-
ages units below the mean activity in the network to shut
off, and units above the mean activity 1o tum on The
constant y senes as a discounting factor: with + less than
1, units need not be quite as active as the mean to be
supported Instead of using the average activity over all
units, it is necessary to compute the average over the
active units Otherwise, the effect of the third term is o
limit the total activity in the newwork, i e, the number of
units that ean wen on atonce This is not suitable because
we wish to allow large or smali spotlights depending on
the external input (The same type of scheme was used
to limit activiny in the PO net, as described in Appendix
1)

The update rule for ay is

off —
Aay = ety * & (ay—dg)—0(yd— ay)
Oty UNE
NEIGH

Further, ay, is prevented from going ousside the range
(0,1] by capping activity at these limits The activation
function is essentially the same as described in Mozer
(1588hL), changing @ O represent average activity of only
the active units®

To explain the activation function intuitively, consider
the time course of activikion Initially, the activiny of ali
AM units is reset to zero Activation then feeds into each
unit in proportion o its external bias (first term in the
activation function) Units with active neighbors will
grow the fastest because of neighborhood support {sec-
ond term) As activiny progresses, high-support neigh-
borhoods wili have activity above the mean; they wiil
therefore be pushed even higher, while low-support
nelghborhoods will experience the opposite tendency
(third term)

In all simulations, k. was fixed at ¥, B ta and yut
0 11 times the total external input
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APPENDIX 3: DETAILS OF AM
SIMULATIONS

In this Appendix, we describe the stimuli used as input
to the AM and the simulation methodology

Input Assumptions

In the font we have designed, leters presenied on MOR-
SEL's retina each occupy a 3 X 3 region of the input
map Letters within a word are presented in haorizontally
adjacenst positions Thus, a three-letrer word subtends a
3 x 9 retinal region Two three-letter words, with a single
space between them (a3 X 3 gap), subtend a 3 X 21
region

The featural activations arising on MORSEL's retina at
a given location serve as the botom-up input o the
corresponding location of the AM The input is thus
nonzero only at locations where letters are present To
simplify our simulations, rather than presenting read
words on MORSEL's retina and using the resulting feu
tural activations as input to the AM, we assumed, for a
stimulus string occupying a given retinal region, a uni-
form distribution of input within that region-—an exter-
nal input of 001 at each location Wo oassumed an
additional input of 001 along the outer border of the
region, representing an input from 2 houndary contour
system (e g, Grossberg and Mingolla 1985) ™ Finally, we
assumed a bit of blurring: Euch retinud activation pro-
vided not only bottom-up input o the corresponding
location in the AM but also to the horizontally, vertically,
and disgonally neighboring locations This acthation
strength was only 00002, much smaller than the direct
input

With the input as described, two three-letter words
presented simultaneously produce exactly the same -
tern of bottom-up input Without some degree of ran-
domness, the AM has no means of breaking symmety
and selecting one word or the other. Thus, for simulas-
tions of the normal model, we assumed that each bouom-
up input is transmitted to the AM with only 90% probi-
biliy This causes the strength of a word to vary from
one trial to the next

The basic claim of MORSEL is that neglect dyslexia
results from graded damage to the bottom-up AM inputs,
most severe on the left and least on the right One way
of expressing this damage s in terms of the probability
of wansmitting an input to the AM Rather than a uniform
probability close to 1, we assumed in the damaged model
that the probubility varies with luteral retinal position: at
the left edge of the retina, the probuability was 48% and
increased by 2% for each successive pixel location to the
right, with a2 maximum of 90%. Thus, words presented
in the “standard” position (starting 6 pixels from the left
end of the retina; this was the position used in most
simulations) had a transmission probubility of 60% for

Volume 2, Number 2




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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