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Ever since psychologists began to study
reading, many researchers have argued that
the identification of a word is mediated by
an analysis of its component letters (see
Huey, 1908; more recently, Estes, 1975;
Geyer, 1970; Gough, 1972; Henderson,
1975b; Johnston, 1978; McClelland, 1976).
Models of this kind (here called hierarchi-
cal models) are attractive partly because
they would simplify the task of learning to
read. If word identification were mediated
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by letter analysis, readers would have to
learn to identify each word only once, even
though type fonts and writing styles for
letters differ greatly. Indeed, the fact that
people can identify words learned in one
font when presented in another font
(McClelland 1976, 1977) suggests that hier-
archical models do capture at least one way
people can identify words. Nevertheless,
since the first experimental studies of the
reading process, many have argued that hi-
erarchical models are wrong, and that
words must be identified directly from their
visual configurations (Cattell, 1886; Cosky,
1976; Erdman & Dodge, cited in Huey,
1908; Johnson, 1975; Smith, 1971; Wood-
worth, 1938).

A major obstacle to acceptance of hierar-
chical models of word identification has
long been the existence of the Word-
Superiority Effect. As Cattell (1886) first
demonstrated, people viewing brief dis-
plays are more accurate in reporting letters
in words than letters in equally long strings
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of unrelated letters. This finding has posed
a paradox for hierarchical models: If per-
formance on unrelated-letter strings mea-
sures the accuracy of letter identification,
and letter identification provides the input
to word identification, how can the output
of the word identification process contain
more information about the stimulus than
the input?

Two attractive resolutions of this
paradox have been available for some time:

1) Redundancy. One can deny that the
output of the word identification process
contains more information than the input.
Although people are more accurate in re-
porting letters in words than in unrelated-
letter strings, letters in words might repre-
sent less stimulus information, since they
are partially redundant (Miller, Brunner, &
Postman, 1954), and hence more easily in-
ferred from partial cues.

2) Forgetting. One can deny that reports
of unrelated-letter strings provide a valid
measure of the number of identified letters
that serve as input to the word identifica-
tion process. People may fail to retain some
of the letters they have identified in
unrelated-letter strings until they can report
them (Baddeley, 1964).

Redundancy effects may well contribute
to the Word-Superiority Effect under some
conditions (e.g., Rumelhart & Siple, 1974;
Smith, 1969). However, Reicher (1969) ob-
tained a strong Word-Superiority Effect
using a paradigm intended to eliminate re-
dundancy effects. Reicher measured per-
formance with a forced-choice test between
two alternative letters, whose probability of
occurrence cannot be predicted from the
remaining letters in the string. For instance,
choice alternatives could be D’ vs “K”’
for testing the fourth letter in the word
‘“WORD”’ (where “WORK?”’ is equally
likely to have been the stimulus) and for
testing the fourth letter in the unrelated-
letter string ‘““OWRD’’ (where ““OWRK"’ is
equally likely to have been the stimulus).
Although the Reicher paradigm rules out
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guessing from context during the selection
of an overt response, it does not rule out the
use of redundancy during earlier perceptual
processing of stimulus information (Bjork
& Estes, 1973; Massaro, 1973; Rumelhart &
Siple, 1974; Smith, 1971; Thompson &
Massaro, 1973; Wheeler, 1970). Johnston
(1978) has devised a more comprehensive
experimental test for redundancy effects.
Johnston argues that if redundancy were
being used at any stage of processing it
should improve performance more for let-
ters that are highly predictable from context
than for letters that are not. Johnston (1978)
found no such trend under conditions (sim-
ilar to Reicher’s) that produced a strong
Word-Superiority Effect. Thus it appears
that redundancy does not provide a valid
way to reconcile hierarchical models with
the Word-Superiority Effect.

Forgetting has been shown to be sub-
stantial during reporting of letters from long
unrelated-letter strings (Baddeley, 1964).
Forgetting therefore doubtless plays a role
in some demonstrations of the Word-
Superiority Effect. Reicher (1969) however,
obtained the Word-Superiority Effect after
taking three precautions to minimize
forgetting: (1) use of short, 4-letter stimuli;
(2) use of a forced-choice test that probed
perception of only one letter in each string;
and (3) use of a single letter alone as a con-
trol condition, in addition to the usual
unrelated-letter-string control condition.
The first two measures, while helpful,
would hardly convince a determined
forgetting theorist that no residual problem
remained. However, Reicher’s finding that
performance can be better for a letter in a
word than for even a single letter alone (the
““Word-Letter Phenomenon,’’ Johnston &
McClelland, 1973) presents greater difficul-
ties. A forgetting theorist must argue that
people have difficulty remembering a single
identified letter for a second or so, when
they have nothing else they have to re-
member. This has not appeared to be an
attractive proposition to embrace.

Upon reflection, however, the problem
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which the Word—Letter Phenomenon
poses for a forgetting theorist can be seen to
depend on the assumption that an identified
letter is represented in short-term memory,
or something akin to it. It is possible, how-
ever, that an identified letter (or word) is
first represented in some more peripheral
form of storage, from which even one item
can be quickly ‘‘forgotten.’’ Relying on this
idea, we have recently proposed (Johnston,
1978; McClelland, 1976; McClelland &
Johnston, 1977) that a hierarchical model of
word identification can be formulated that
is consistent with what is presently known
about the Word—-Letter Phenomenon. The
purpose of this paper is to explore the via-
bility of this model. We will first explain the
model and show how it can account for the
Word—Letter Phenomenon, and then de-
rive some new predictions from the model
and test them.

THE HIERARCHICAL MODEL
Our model postulates a hierarchical net-
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work of detectors for features, letters, and
words (see Figure 1). We assume that a
word target is first preprocessed so that
each letter in it is allocated to a position-
specific letter-processing channel. Within
each of these channels, information is
analyzed for the presence of different letter
properties or features. We do not know the
features of letters for which detectors actu-
ally exist; plausible candidates include line
segments in appropriate orientations and
positions (Rumelhart, 1970). For instance, a
detector for a vertical bar at the left of a
character might be excited by presentation
of the letter “E.”’

The outputs of the feature detectors for a
given letter-channel serve as inputs to letter
detectors for that channel. An active fea-
ture detector will provide excitatory input
to detectors for all letters that are consis-
tent with the feature, and provide inhibitory
input to detectors for all letters that are in-
consistent with the feature. (In Figure 1 ex-
citatory inputs are represented by solid

REND REAL
/

READ

FiG. 1. Schematic diagram of a fragment of the detector network hypothesized to mediate word and
letter identification. A possible set of active detectors after presentation of target word READ is
circled. To guide overt responses, active detectors must be located by central attentional processes

(not shown).
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lines, and inhibitory inputs by dashed lines;
active detectors are circled.)

The output of letter detectors serves in
turn as input to word detectors. An active
letter detector excites detectors for words
consistent with that letter (in the appropri-
ate position), and inhibits detectors for
words inconsistent with that letter (in the
appropriate position). Thus activation of
the detector for ‘‘R’’ in the first position
would excite the detector for ““READ’’ and
inhibit the detector for ‘‘HEAD.”’ (Also in-
hibited would be detectors for words such
as ““DEAR,” that had an ‘R’ elsewhere
in the word but had some other letter in the
first position.)

Within our model, inhibitory input has a
more extreme effect than the mere absence
of excitatory input. In the absence of ex-
citatory input, an activated detector is as-
sumed to remain active for a considerable
period of time before decaying back to rest-
ing level. Inhibitory input, however, is as-
sumed to drive the activity in a detector
down rapidly. Thus an activated detector
will remain active longer when receiving no
input than when receiving inhibitory input.

Finally, we assume that mere momentary
activation of a detector is not sufficient for
production of an appropriate overt re-
sponse. Under most conditions further
processes are necessary to locate an active
detector and encode an appropriate repre-
sentation in a holding buffer, whose con-
tents are consulted during response selec-
tion. We will refer to these additional pro-
cesses as ‘‘central attentional processes,’’
but will not specify in detail how they oper-
ate. For present purposes it is only critical
that these processes be relatively slow, so
that there will be a substantial probability
that a detector activated for only a brief
interval (but sufficiently long to provide
substantial excitatory and inhibitory input
to the next level of detectors) will not be
located before its activity ceases.

This model is similar in spirit to models
described by Estes (1975) and LaBerge and
Samuels (1974). It differs from them, how-
ever, in stressing the importance of inhib-
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itory as well as excitatory connections be-
tween detector levels. Although such in-
hibitory connections have been hypothe-
sized in physiological models of hierarchical
feature detector systems (e.g., Hubel &
Weisel, 1963), they have rarely been postu-
lated in models of processes operating at
higher levels of analysis. The distinction
which we make between the rapid spread of
activation within a detector network and
slower encoding of information from the
network is shared by many recent cognitive
theories (e.g., Neisser, 1967; Posner &
Snyder, 1975; Schneider & Shiffrin, 1977;
Shiffrin & Schneider, 1977).

The model we have presented includes
only aspects of the word identification
process relevant to our interpretation of the
Word-Superiority Effect and the Word—
Letter Phenomenon. Aspects of word
identification not directly involved in these
phenomena (e.g., role of syntactic and
semantic context, Morton, 1969; semantic-
relatedness activation effects, Jacobson,
1973; Meyer & Schvaneveldt, 1976) will not
be considered. In addition, the role of sev-
eral other complicating aspects of word
processing has been minimized. These in-
clude: (1) the role of orhtographic structure
or pronounceability in perceptual encoding
(Baron & Thurston, 1973; Carr, Davidson,
& Hawkins, 1978; McClelland & Johnston,
1977; Spoehr & Smith, 1975); (2) positional
uncertainty at the feature and letter levels
(Estes, 1975); (3) possible ‘‘level-skipping’’
connections from features to words (La-
Berge, 1976; McClelland, 1977); and (4)
possible within-level interactions between
detectors (e.g., inhibition between detec-
tors for the same features in nearby loca-
tions; Bjork & Murray, 1977; Estes, 1972).
The last possibility will be considered ex-
plicitly in testing our experimental predic-
tions. It turns out, however, that our results
can be explained without regard to any of
these potential complications.

EXPLAINING THE WORD—LETTER
PHENOMENON

The way in which our hierarchical model
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explains the Word—Letter Phenomenon
will be presented at two levels. In this sec-
tion of the text a verbal explanation will be
provided. To demonstrate that no sleight of
hand is involved in this account, we present
in the Appendix a more specific version of
the model that can be demonstrated to
perform appropriately. The specific model
treats detectors as discrete two-state (on—
off) devices, a convenient theoretical
simplification. We argue in the Appendix
that this simplification should provide a
reasonable approximation under the visual
conditions used to obtain the Word—Let-
ter Phenomenon. We do not, however,
wish to tie the validity of our general model
to the validity of the special assumptions
made in the Appendix version. We have
therefore emphasized the more general ver-
sion of the model in the text of this paper.
Many readers may find that the Appendix
provides an easier introduction to the
model, because the simplifying assump-
tions allow a more concrete presentation,
including a state diagram (Figure 6).

Now to proceed to how our hierarchical
model explains the Word—Letter Phenom-
enon. We have already described in the
previous section how presentation of a
target letter or word activates appropriate
units in the detector network: feature de-
tectors corresponding to features present in
the target, letter detector(s) corresponding
to the target letter(s), and a word detector
corresponding to the target word (if any).
Our explanation of the Word—Letter Phe-
nomenon depends critically on how these
detectors are affected by presentation of a
patterned mask following the target.

Presentation of the mask is hypothesized
to propagate a new wave of activity up the
detector network. At the feature level, pre-
sentation of the mask results in the rapid
activation of detectors for features con-
tained in the mask, and the rapid deactiva-
tion of previously active detectors inconsis-
tent with mask features. Active detectors
for mask features then send excitation to
letter detectors consistent with those fea-
tures and inhibition to letter detectors in-
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consistent with those features. Patterned
masks are normally chosen to contain some
features inconsistent with each possible
letter (i.e., Reicher’s mask of overstruck X’s
and O’s), so any active letter detector should
receive some inhibition. We assume that
any inhibition has a powerful effect, so that
even if excitatory input is also received, in-
hibitory input will usually be decisive (cf.
Rumelhart & Siple, 1974) and the letter de-
tector will rapidly be deactivated. Thus
shortly after presentation of the mask, no
letter detectors at all should remain active.
Since word detectors receive input only from
letter detectors, and inactive letter detectors
send out no signals at all, any active word
detector will receive no inhibitory input. In
the absence of inhibition any word detector
already active will remain active for a rela-
tively long period of time (until passive
decay occurs). We have now arrived at our
explanation of the Word—Letter Phenome-
non: performance is better for a letter in a
word than for a letter alone because the
word is represented by an additional
higher-level detector that remains active
longer, and is therefore more likely to be
discovered by central attentional pro-
cesses.

In our earlier discussion about how to re-
concile hierarchical models of word iden-
tification with the Word-Superiority Effect
and Word—Letter Phenomenon, we noted
that reconciliations tended to rely on one of
two principles: redundancy or forgetting.
Our model can be considered to be an exotic
forgetting model: we are suggesting how
people can, after all, ‘‘forget’’ one identified
letter before it can guide overt responses.
However, we are proposing what is essen-
tially a distributed processing system; letter
identities are lost from the detector network
rather than from short-term memory (which
they have never reached). Thus we do not
need to make the dubious assumption that
forgetting from short-term memory is the
problem for one letter—an assumption that
would deviate dramatically from the usual
capacity estimates for such a store (e.g.,
Miller, 1956).
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In the model presented here, the pat-
terned masking display clearly plays a key
role in producing the Word—Letter Phe-
nomenon: it activates feature detectors
which in turn inhibit detectors for letters
but not for words. For our purposes the im-
portant property of the masking display is
that it contains some letter features that are
inconsistent with any letters activated by the
. target. Of the reported experiments showing
a clear Word—Letter Phenomenon (Haw-
kins, Reicher, Rogers, & Patterson, 1976;
Holender, 1979; Johnston, 1978; Johnston
& McClelland, 1973, 1974; McClelland &
Johnston, 1977, Reicher, 1969; Taylor &
Chabot, 1978; Thompson & Massaro, 1973;
Wheeler, 1970) all but one (Wheeler, 1970)
have used masks that meet our requirements
(overstruck X’s and O’s, other overstruck
letter combinations, haphazard patterns of
line segments, or a collage of letter frag-
ments). Wheeler (1970) has reported an ad-
vantage for a letter in a word over a single
letter using a mask containing only random
arrays of dots. Excluding one condition of
this experiment, whose results Wheeler at-
tributed to an apparent-movement artifact,
only a small Word—Letter Phenomenon was
obtained (5 vs 16% for Johnston & McClel-
land, 1973). Furthermore, even Wheeler’s
dot masks may have frequently produced
effective contours that activated detectors
for some letter features (letters made of
small numbers of dots can, after all, be
rapidly identified).

If a patterned posttarget mask is omitted,
then there should be no new mask input to
inhibit detectors for either letters or words.
If target letters or words were displayed at
the same duration and intensity as in
patterned-masking experiments, we assume
that detectors would remain active for a
substantial period of time, and central at-
tentional processes would have little or no
trouble encoding information from them.
(In fact, when patterned masks are omitted,
either the duration or the intensity of the
target must be drastically reduced before
any substantial number of errors are made;

JOHNSTON AND MCCLELLAND

cf. Johnston & McClelland, 1973.) Without
a patterned mask, our model provides no
reason why activity in word detectors
should persist longer than activity in letter
detectors. Thus, according to our model,
the main cause of the Word—Letter Phe-
nomenon should be absent when patterned
masking is omitted.! To our knowledge only
four studies have attempted to measure the
Word—Letter Phenomenon, omitting the
patterned mask (Johnston & McClelland,
1973; Juola, Leavitt, & Choe, 1974; Mas-
saro & Klitzke, 1979; Taylor & Chabot,
1978). All four found a small advantage for
single letters over letters in words, reversing
the usual Word—Letter Phenomenon. The
more traditional Word-Superiority Effect,
using a letter in a UL string rather than a
single letter as a control for a letter in a
word, has been demonstrated without a
patterned mask (e.g., Rumelhart & Siple,
1974). Such results can reasonably be attri-
buted to differences in short-term memory
retention for several letters vs a single
word.

NEW PREDICTIONS FROM THE
HiERARCHICAL MODEL

Let us adopt the following conventions
for naming types of masks: A Feature Mask
contains letter features, but no letters and
no word. A Letter Mask contains letters
(and, necessarily, letter features) but no
word. A Word Mask contains a word (and,
necessarily, letters and letter features).

! Although, without patterned masking, a word de-
tector should not persist any longer than letter detec-
tors, it might provide an additional opportunity for
central attentional processes to find at least one active
detector that indicates the correct response (see Gen-
eral Discussion). The absence of a Word—Letter
Phenomenon without patterned masking might mean
that an additional active detector provides little benefit
under these conditions. (Without patterned masking,
all active detectors might remain available for a rela-
tively long time, leading to very few ‘‘misses’ in
locating active letter detectors.) Alternatively, this
possible advantage for a word target might simply be
outweighed by other disadvantages (e.g., lateral inhi-
bition among letters, or the need for multiple letter-
detectors to be activated on the same trial in order to
activate a word detector).
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According to our hierarchical model, the
Word—Letter Phenomenon is obtained
with a feature mask because the mask ac-
tively inhibits letter detectors but not word
detectors. The reason is that detectors are
actively inhibited only by input from the next
lowest level. A feature mask activates de-
tectors for new features inconsistent with
the target letters, but does not activate de-
tectors for new letters inconsistent with the
target word. Suppose, however, that a let-
ter mask were used instead. If the mask
letters were properly chosen (so that no
letter occurred in the same position in both
the target and the mask), they should acti-
vate detectors for letters inconsistent with
the target word. Active detectors for mask
letters should then send inhibitory input to
the detector for the target word. With a
letter mask, then, the disruptive effects of
upward inhibition should tend to deactivate
detectors for target words as well as detec-
tors for target letters. We would therefore
expect a letter mask to produce a much
smaller Word—Letter Phenomenon than a
feature mask. There might still be a small
residual Word—Letter Phenomenon if cen-
tral attentional processes have a greater
chance of encountering either a briefly
activated word detector or a briefly activa-
ted letter detector (for a target word) rather
than only a briefly activated letter detector
(for a target letter).

The expectation that use of a letter mask
would reduce the size of the Word—Letter
Phenomenon depends critically upon the
absence of interference effects between
mask letters and target letters. Such
“‘within-level’’ interference effects might
occur if there were inhibitory connections
between detectors for different letters, or if
the activation of detectors for mask letters
interfered with the encoding of information
from detectors for target letters. If either
kind of interference between mask letters
and target letters did occur, use of a letter
mask would reduce performance on target
letters. This would tend to increase the
Word—Letter Phenomenon, offsetting the
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decrease predicted from our model. We
would prefer to find a test of the model that
would be less likely to go astray if within-
level interferences effects do indeed exist.

Fortunately an alternative manipulation
is available: substitute word masks for let-
ter masks, and measure the Word—Letter
Phenomenon as before. If within-level in-
terference effects do no exist, the predic-
tion of our hierarchical model remains un-
changed. A word mask, like a letter mask,
contains letters, and these should provide
inhibitory input to the detector for the
target word; thus the Word—Letter Phe-
nomenon should be greatly reduced or
eliminated. If within-level interference ef-
fects do exist, interference effects between
detectors for mask words and target words
should now occur as well as interference
effects between detectors for mask letters
and target letters. Although there is no rea-
son why the former should be exactly the
same magnitude as the latter, at least they
would tend to have offsetting effects on the
size of the Word—Letter Phenomenon
measured.

Therefore, we decided that the first pre-
diction from our hierarchical model to be
tested would be that a word mask should
reduce or eliminate the Word—Letter Phe-
nomenon obtained with a feature mask.
One previous study (Taylor & Chabot,
1978) has measured performance on word
and letter targets with a word mask and
what we interpret as a type of feature mask
(actually it consisted of heavily overstruck,
overlapping letters). Taylor and Chabot’s
data (Figure 2, middle and right panels, in-
termediate SOAs) appear to show a smaller
Word—Letter Phenomenon with word
masking. Taylor and Chabot were not
primarily interested in this aspect of the
data, and the relevant statistical compari-
son was not reported. The results were,
however, at least in the direction predicted
by our model. Unfortunately, the word
masks and what we interpret as feature
masks differed greatly on superficial low-
level properties (number and density of
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segments, average luminance, etc.) and
overall thresholds were far apart (approxi-
mately twice as high for the word masks) so
that the authors themselves found it dif-
ficult to interpret between-mask differences
in performance. In order to minimize this
problem in the present study, the properties
of feature masks and work masks were
carefully matched.

EXPERIMENT 1
Method

Subjects. Subjects, who were paid for
their participation, were 32 students in the
Murray Hill, N.J. area (grades 9—13) with
normal or corrected-to-normal vision. Ten
subjects were replaced because their per-
formance averaged over all conditions was
outside of a prespecified band of 64 to 86%
correct forced-choice responses. One sub-
ject, whose exposure threshold (124 mil-
liseconds) was well outside the range of the
rest of the subjects was also replaced.

Materials. The alphabet was divided into
two sets: 14 target letters (C,D,E,F,H,J,L,
M,0,P,S,T,U,Z) and 11 mask letters (A,B,
G,LLK,N,R,V,W . X,Y); Q was not used. The
two sets were chosen so that a sufficient
number of words could be spelled using
only the letters within each set. The char-
acter font was designed using a restricted
set of component line segments on a 17 x
25 dot grid (see Figure 2). The target and
mask letters were chosen so that each mask
letter contained at least one segment that
was inconsistent with each target letter.
For example, the bottom horizontal segment
in the mask letter I was inconsistent with
the target letter T.

Eleven ‘“‘feature characters’’ were next
designed for use in feature masks. We at-
tempted to match the set of feature charac-
ters and the set of mask letters for number
and type of letter features present, while at
the same time minimizing the extent to
which any particular feature character re-
sembled any particular letter. The 11 mask
letters were first divided into five groups
(A,N), (I,Y,R), (X,V), (B,W), (K,G).
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FiG. 2. Character sets used in experiments. Within
each of the top five rows, each group of feature-mask
characters contains the same component segments as
the matched set of letter-mask characters.

Within each group, component segments
were interchanged to create five matching

" groups of feature characters (see Figure 2).

Thus the entire set of feature characters
contained the same component segments in
the same locations as the entire set of mask
letters. In addition, the character sets were
exactly matched for number of free seg-
ment ends, and reasonably well matched
for number of segment junctions and angles
(see Table 1).

A set of 18 4-letter word masks was con-
structed from the mask letters with the spe-
cial property that over the entire set, the
characters within each of the five groups
(e.g., A and N) were used equally often. A
set of 18 4-character feature masks was

TABLE 1
NUMBER OF OCCURRENCES OF PossIBLE FEATURES IN
Mask CHARACTER SETS

Letter Feature
characters characters
Segment ends 27 27
Segment junctions 37 41
2-ray junctions (25) (32)
3-ray junctions an (W)
4-ray junctions 1 (03]
Total angles 54 55
Acute (12) (15)
Right (17) (16)
Obtuse (25) (24)
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then constructed so that the feature
characters in each group appeared with the
same frequency as the corresponding mask
letters from which they were derived. Cor-
responding groups of feature characters
and mask letters appeared in the same serial
positions with almost equal frequency (*1
occurrence). The result was that each com-
ponent segment from which characters
were composed appeared with exactly the
same frequency in the 18 word masks and
the 18 feature masks. Furthermore the fre-
quency of occurrence of each component
segment in each of the four letter positions
was very closely matched for the set of
word masks and the set of feature masks.

Word targets consisted of 72 pairs of 4-
letter words composed from the 14 target
letters. Each pair differed in only one crit-
ical letter (e.g., MUST, MQOST); the critical
letter occurred in each of the four possible
letter positions equally often. Seventy-two
pairs of single-letter stimuli were formed by
deleting the three noncritical letters from
each word, leaving the critical letter in the
same position. For practice trials, an addi-
tional 48 word-pairs and matched single let-
ter pairs were constructed in the same way.

Procedure. The sequence of events for a
trial was as follows. The subject sat facing a
CRT display. Each trial began with a fixa-
tion field consisting of a rectangle with ver-
tical marks above and below positions
where letters would appear. Next the
stimulus was presented, followed immedi-
ately by a 4-character mask. The mask was
displayed for 750 milliseconds, followed by
two choice alternatives. One alternative
was the target word or letter actually pre-
sented. The other alternative was the pair-
mate of the target, differing only in the
critical letter position. The subject indi-
cated his choice by pressing either a left or
a right button. A subsequent confidence
rating was also made, but rating data will
not be presented here.

Visual Conditions. Background illumina-
tion of the CRT screen was .3 ftL. A filled
matrix of dots with the same spacing and

511

intensity as the target items displayed had a
luminance of 2.5 ftL (5 ftL for the masks).
At the viewing distance of approximately
160 centimeters individual characters sub-
tended an angle of .25° in width and .37° in
height. An entire 4-character string was ap-
proximately 1.3° wide. The mean exposure
duration of targets was 61.5 milliseconds.

Design. The target items were divided
into two lists each containing one member
of each pair; 16 subjects viewed each list.
Each subject served for one session con-
sisting of 12 20-trial blocks. Each block was
homogeneous, consisting of one of the four
possible combinations of word or letter
targets, and feature or word masks. Sub-
jects cycled three times through these four
conditions, alternating between word and
letter targets every block, and between
word and feature masks every two blocks.
The order of target and mask block rotation
was counterbalanced across subjects. The
first cycle (four blocks) was used for prac-
tice and estimation of the exposure duration
which would produce about a 75% perfor-
mance level averaged across the different
conditions. Data were collected on the last
18 trials of each block in the next two cycles
(Blocks 5—12). (The first two trials con-
tained more practice items and were dis-
carded in data analysis.) Exposure duration
was adjusted between the second and third
cycles (after Block 8) if overall performance
deviated substantially from the desired 75%
level. Thus data from all four conditions
were collected at the same exposure dura-
tion within each cycle. Each subject saw
each target word and the corresponding
target single letter once; each subject saw
each word mask and feature mask four
times (six times including practice trials).
The assignment of masks to targets was
arranged so that pooled over all subjects,
each mask was paired equally often with a
word target and its corresponding letter
target.

Results
The results of Experiment 1 are shown in
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comparing performance with feature masks and word

masks, and Experiment 2 (right panel), comparing performance with letter masks and word masks.

the left panel of Figure 3. Statistical
analyses were carried out using the arcsine
transformation of probability correct
(Winer, 1962) as the dependent variable.
Analyses of variance were carried out test-
ing separately the reliability of trends mea-
sured across three random variables: sub-
jects (statistics subscripted s); target items
(statistics subscripted i), and masking ar-
rays (statistics subscripted m).
Performance on word targets was 10.8%
more accurate than on letter targets
[F,(1,31) = 31.9, p < .001; Fy(1,68) = 52.4,
p < .001; F,(1,16) = 65.6, p < .001}. Over-
all performance with feature masks was
7.6% more accurate than with word masks
[F,(1,31) = 26.3, p < .001; Fy(1,68) = 36.4,
p < .001; F,(1,48) = 47.6, p < .001]. How-
ever, mask type and target type interacted
significantly [F,(1,31) = 13.4, p < .05;
Fi(1,68) = 18.9,p < .001; F,,(1,16) = 10.6,p
< .01]. The direction of the interaction was
as predicted. With feature masks the
Word - Letter Phenomenon was quite large:
15.6%, which is comparable in size to the
results found by Johnston and McClelland
(1973), Johnston (1978), and McClelland

and Johnston (1977) with other types of
feature masks. With word masks, however,
the size of the Word—Letter Phenomenon
was much smaller (6.2%). Newman—Keuls
tests were performed to see which pairs of
the four cells (word vs letter targets by
feature vs word masks) differed from each
other significantly. Performance on word
targets with feature masks was significantly
higher than for all three other cells (p < .01
for tests across subjects, items and masks).
The difference between word and letter
targets for word masks was not quite sig-
nificant at the .05 level (for each test). No
other differences between pairs of cells ap-
proached significance.

Of particular interest is the surprisingly
small (3.3%) difference between single let-
ter performance with word masks and fea-
ture masks (cf. the large difference obtained
by Taylor & Chabot, 1978, when no attempt
was made to match the feature properties of
the two types of masks). According to our
model, this result supports two conclu-
sions: (a) Enough letter features were in-
corporated into our feature masks for them
to have nearly the full upward inhibitory
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effects of actual letters; and (b) Within-level
interference (at least between mask letters
and target letters) is not a major factor in
determining performance under those ex-
perimental conditions. If the small, nonsig-
nificant, difference found is real, it might be
attributed either to incomplete success in
incorporating appropriate features in the
feature-mask characters or to small within-
level interference between mask letters and
target letters.

The analyses of variance turned up sig-
nificant differences in performance across
the positions in which the critical letter
could appear. There was a significant main
effect of serial position of the critical letter
tested [F,(3,93) = 4.5, p < .01; F;(3,68) =
29,p<.05;F,(3,48) =4.7,p < .0l]and a
significant interaction of target type with
serial position [F,(1,310) = 13.4, p < .005;
F;(1,68) = 18.9, p < .001; F,(1,16) = 10.6,
p < .01]. Examination of serial position
curves (see left panel of Figure 4) showed
that single letter performance was roughly
flat across serial position, while perfor-
mance on word targets was higher in the
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left-most position. The residual Word—Let-
t¢er Phenomenon remaining with the word
mask was heavily concentrated in the left-
most letter position (13% for that position
alone).

EXPERIMENT 2

Our hierarchical model stresses the role
of upward inhibitory interactions in the de-
tector network. According to our model,
the word masks used in Experiment 1
greatly reduced the Word—Letter Phenom-
enon because they contained letters, not
because the letters spelled words. The
mask letters were arranged as words so that
any mask letter-target letter interference
would tend to be cancelled out by mask
word-target word interference, leaving a
less biased measurement of the Word—
Letter Phenomenon. Since Experiment 1
failed to find evidence of substantial within-
level inhibitory effects between mask letters
and target letters, it seemed reasonable
that within-level inhibitory effects of mask
words on target words might also be negli-
gible. If so, a mask made up of letters

EXPERIMENT 2
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FiG. 4. Performance by serial position of the critical letter tested for Experiment 1 (left panel) and

Experiment 2 (right panel).
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would produce only a small Word—Letter
Phenomenon whether it spelled a word or
not. This expectation was tested in Experi-
ment 2.

Method

Experiment 2 used exactly the same pro-
cedure, design and target items used in Ex-
periment 1. Only the masks were different.
A new set of 18 word masks and a matching
set of 18 letter masks (four letters per mask)
were constructed from the same pool of 11
mask letters used in Experiment 1. All of
the letter masks were unpronounceable and
orthographically irregular strings of letters.
Word masks and letter masks were bal-
anced so that the frequencies of each letter
in each serial position were identical.
Thirty-two new subjects were used (five
were replaced because the average error
rate was outside the prespecified limits).
The mean exposure duration for this ex-
periment was 72.5 milliseconds.

Results

The results of Experiment 2 are shown in
the right panel of Figure 3. Analysis of the
data was carried out as in Experiment 1.

Results show virtually identical perfor-
mance with word and letter masks: a very
small Word—Letter Phenomenon in each
case (2.4% with word masks and 2.2% with
letter masks). The main effect for target
type failed to reach significance tested
across subjects (F < 1) although it was sig-
nificant across items (F;(1,68) = 4.7, p <
.05) and masks (F,(1,16) = 5.2, p < .05).
As one would expect from Figure 3, the
main effect for mask type and the interac-
tion of mask type and target type did not
approach significance (F < 1 for each test).
The data thus confirm the prediction that
word masks and letter masks should have
almost identical effects.

Although serial position of the critical
letter had no overall significant effect (F <
1 for each test) the interaction of stimulus
type and serial position was again signifi-
cant [F,(3,93) = 6.4, p < 0.01; F;(3,18) =
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4.0,p < .05; F,(3,48) = 5.5, p < .005]. As
in Experiment 1, this interaction (see right
panel of Figure 4) was mainly due to eleva-
tion in performance for word targets tested
in the first position for both mask types.

EXPERIMENT 3

Experiment 1 showed that the large
Word—Letter Phenomenon produced with
feature masks could be greatly reduced by
using word masks. Experiment 2 showed
that letter masks produced virtually the
same performance as word masks. One
would therefore expect that, if compared
directly, letter masks would reduce the
Word-Letter Phenomenon found with
feature masks. Although this would seem to
be a sound inference, we felt it was impor-
tant to verify it in a third experiment di-
rectly comparing the Word—Letter Phe-
nomenon with letter masks vs the Word—
Letter Phenomenon with feature masks.

Experiment 3 was also designed to clear
up a possible concern about the mask-
type-by-target-type interaction found in
Experiment 1. Even though performance in
all conditions was well above the 50%
chance guessing level, it remains true that
overall performance with word masks was
below overall performance with feature
masks. One cannot therefore totally rule
out the possibility that it was the lower level
of performance with word masks that re-
duced the size of the Word—Letter Phe-
nomenon, not the use of word masks per se.
This concern is partially alleviated by the
small size of the Word—Letter Phenome-
non found with word (and letter) masks in
Experiment 2 where the overall perfor-
mance level was considerably higher. Ex-
periment 3 was designed to entirely elimi-
nate the problem by equalizing overall
performance with the two types of masks
used. An interaction of mask type and
target type, if found, would then be a
“‘crossover’’ interaction, which would be
difficult indeed to attribute to a scaling ar-
tifact.
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Method

The method for Experiment 3 was the
same as for the first two experiments with
several simple modifications. The proce-
dure on a trial and the target stimuli were
kept entirely unchanged. Letter masks
were exactly the same as in Experiment 2;
feature masks were composed from the
feature characters used in Experiment 1.
Each component segment appeared in the
same letter position equally often in feature
masks and letter masks. A pilot experiment
showed that overall performance levels
could be equated by setting exposure dura-
tions 10-milliseconds longer with the letter
masks than with the feature masks. A 10-
millisecond differential was therefore used
throughout Experiment 3, with the yoked
pair of durations adjusted for each subject
to produce approximately 75% correct
performance overall. Sixteen new subjects
were run; one was replaced because the av-
erage error rate was outside the pre-
specified limits. Exposure durations aver-
aged 51.5 milliseconds with the feature
mask and 61.5 milliseconds with the letter
mask.

Results

Results are shown in Figure 5. The at-
tempt to equate performance levels on each
type of mask at about the 75% performance
level was very successful: letter-mask per-
formance averaged 75.4% and feature mask
performance averaged 75.1%. As hypothe-
sized, results showed a much larger Word —
Letter Phenomenon for the feature mask
(20.7%) than for the letter mask (7.5%).
Analysis of variance showed no main effect
of mask type (F < 1 in each test), a signifi-
cant overall advantage for word targets
[F,(1,15) = 36.8, p < .001; F;(1,32) = 38.2,
p <.001; F,(1,16) = 107.4,p < .001],and a
significant interaction between mask type
and target type [F,(1,15) = 14.4, p < .005;
F;(1,32) = 12.9, p < .005; F,,(1,16) = 16.3,
p < .001]. This interaction was a crossover
interaction as predicted: performance on
word and letter targets with the letter mask
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FiG. 5. Results of Experiment 3, comparing per-
formance with feature masks and letter masks. In
order to equalize overall performance with each mask
type, exposure durations were 10-milliseconds longer
with letter masks than with feature masks.

fell between performance on word and let-
ter targets with the feature mask. Because
different mask types were run at different
exposure durations, the only meaningful
comparisons among the four individual con-
ditions are the comparisons within mask
type. Newman—Keuls tests showed that the
Word—Letter Phenomenon with feature
masks was highly significant (p < .01 for
each test) and the Word-—-Letter Phenome-
non with letter masks was marginally signif-
icant (p < .05 tested across items and
across masks, but p > .05 tested across
subjects). Serial position curve data for Ex-
periment 3 were qualitatively similar to data
from the corresponding conditions in the
first two experiments. Performance on word
targets showed a left-to-right drop-off. This
drop-off was slightly steeper with letter
masks than with feature masks. Letter tar-
gets showed higher performance on the
middle positions for each mask type. Al-
though these data are consistent with the
data from earlier experiments, fewer trials
per cell were collected, and analysis of vari-
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ance showed that only the main effect of
critical-letter position reached significance
[F,(3,45) = 10.3, p < .001; F,(3,32) = 57,p
< .01; F,(3,48) = 6.9; p < .001}; no in-
teraction of position with any other variable
was significant.

GENERAL DISCUSSION

Testing the Hierarchical Model

Results of these experiments support our
hierarchical model of word identification.
According to the model, the major cause of
the Word—Letter Phenomenon is that mask
features inhibit detectors for target letters
but not detectors for target words. The key
prediction derived was that masks con-
taining letters should deactivate detectors
for target words as well as for target letters,
thus reducing the size of the Word—Letter
Phenomenon. This prediction was con-
firmed. Experimental results showed a
large and significant reduction in the size of
the Word—Letter Phenomenon when letter
masks or word masks were used rather than
feature masks (the Word—Letter Phenom-
enon was reduced by 9.6% in Experiment 1,
and by 13.0% in Experiment 3).

In each of the four conditions where a
mask containing letters was tested, a small
residual Word—Letter Phenomenon was
found. This residual reached 7.5% and was
marginally significant in Experiment 3. The
existence of a residual Word—Letter Phe-
nomenon with masks containing letters is
consistent with our hierarchical model.
With masks containing letters, our model
provides no reason to expect that word de-
tectors will remain active longer than letter
detectors. It is the case, however, that a
word target should briefly activate detec-
tors at three levels (feature, letter, word),
while a letter target should only activate
detectors at two levels (feature, letter). The
additional word detector activated by a
word target should provide central atten-
tional processes with an additional oppor-

tunity to locate at least one detector

specifying the identity of the critical letter.
This additional opportunity should help
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performance, even if this opportunity in it-
self is no more likely to be capitalized upon
than the others. (Performance would fail to
improve only if success in locating active
word detectors were totally correlated with
success in locating active letter or feature
detectors, an unlikely possibility.)

The multiple-opportunity interpretation
provides a sensible explanation of the find-
ing in each experiment that the residual
Word—Letter Phenomenon with masks
containing letters was largest when the
critical letter appeared in the left-most po-
sition. Performance with a word target
should be a mixture of trials mediated by
locating the word detector and trials
mediated by locating the detector for the
critical letter. The probability of locating
the word detector should not depend on the
position of the critical letter. However, the
probability of locating the detector for the -
critical letter might depend on position if
subjects encoded information from the let-
ter level using a left-to-right scan. In this
case, the left-most letter would have the
greatest probability of being encoded dur-
ing the brief moment that letter detectors
were active. It is worth noting that the
serial-position curves for word targets with
masks containing letters—which in fact
show steep left-to-right drop-offs in
performance—resemble the serial-position
curves we have obtained in experiments
using unrelated-letter strings as targets
(unpublished data, McClelland & Johnston,
1977). If our model is correct in the claim
that a mask containing letters greatly re-
duces the availability of information from
word detectors, it should not be surprising
that, with such a mask, subjects often re-
vert to processing a displayed word as a
string of unrelated letters.

An especially striking aspect of the pres-
ent results is the lack of evidence for inter-
ference effects within the letter level and
within the word level. In Experiment 1
performance on letter targets was only
slightly (and not significantly) worse with
masks that contained letters (word masks)
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than with masks that did not contain letters
(feature masks). In Experiment 2 perfor-
mance on word targets was virtually identi-
cal with masks that contained a word and
with masks that did not contain a word.
Thus there is no need to add within-level

connections to the hierarchical model in

order to explain the present data. We are
reluctant to conclude, however, that
within-level interference effects simply do
not exist at all because of evidence from
other paradigms (e.g., Bjork & Murray,
1977; Estes, 1972; Eriksen & Eriksen, 1974;
Gardner, 1973; Wolford & Hollingsworth,
1974). It is possible that bottom-up inhib-
itory effects in the present paradigm occur
so rapidly and completely that within-level
inhibition is irrelevant. If a letter detector
activated by a target letter were deactivated
very rapidly by bottom-up inhibition from
feature detectors activated by the mask,
that letter detector might already be inac-
tive before the arrival of within-level inhi-
bition from letter detectors activated by the
mask. Analogous reasoning applies to pos-
sible word—word inhibition. This explana-
tion is consistent with the very rapid and
decisive effects of bottom-up inhibition
built into the specific version of the our
model presented in the appendix.

Alternative Models

The specific combination of results found
here appears to rule out several alternative
explanations. The results cannot be ex-
plained by the hypothesis that detectors for
similar types of units inhibit each other
most strongly (Jacobson, 1974; Mayzner &
Tresselt, 1970; Smith, Haviland, Reder,
Brownell, & Adams, 1976). If this hypothe-
sis were correct, then letter masks should
have especially disrupted performance on
letter targets, producing a larger Word—
Letter Phenomenon than normal, instead of
the smaller Word—Letter Phenomenon ac-
tually obtained. Furthermore, word masks
should have depressed performance on word
targets relative to letter masks and they did
not. The pattern of results obtained is equal-
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ly incompatible with interference effects
among similar types of units in encoding or
retrieval from short-term memory (e.g.,
Schneider & Shiffrin, 1977; Shiffrin &
Schneider, 1977). In our data, it is the ‘“up-
ward’’ relation between mask properties
and target properties that produces inter-
ference: it is the presence of letter features
in masks that interferes with performance
on single letter targets, producing the Word—
Letter Phenomenon found in previous ex-
periments and in the present feature-mask
condition; it is the presence of letters them-
selves in masks that interferes with perfor-
mance on word targets, reducing the size of
the Word—-Letter Phenomenon found in
letter-mask and word-mask conditions. Our
mode! relies straightforwardly on ‘‘up-
ward’’ inhibition to account for these ef-
fects of different types of masks.

The pattern of results we obtained is dif-
ficult to explain by models which do not
suppose that word identification is based on
component letters. If letter identification
and word identification occur in separate
channels, why is it that the presence of let-
ters in a mask differentially interferes with
target words? The problem is particularly
clear for models (e.g., Smith, 1971) which
suppose that the same visual features pro-
vide the input to both letter identification
and word identification. Since the only up-
ward connections are feature to letter and
feature to word, upward inhibitory effects
should be the same for all types of masks
that contain features (e.g., our feature, let-
ter, and word masks). Even if our letter
masks contained more letter features than
our feature masks, there would be no rea-
son to expect these features to have inhib-
ited detectors for target words any more
than for target letters. An advocate of non-
hierarchical word identification is free,
of course, to rely on other Kkinds of interfer-
ence besides the upward inhibition on
which we rely. But we have already seen
that the obvious alternative sources of in-
terference (letter—letter or word—word in-
terference, either in the detector network or
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in later processing) also would not operate
in the appropriate direction to explain our
data.

Further Development of the Hierarchical
Model

We believe that further development of
the hierarchical model is warranted not
only by its success in generating the pre-
dictions confirmed in this paper, but also by
its success in accounting for other recent
data on word and letter-string processing.
The hierarchical model has been used by
McClelland (1976) to account for people’s
ability to read mixed-case words (see also
Adams, 1979), and to transfer new vocabu-
lary words from one calligraphy to another
(McClelland, 1977). Johnston (1978) has
used the hierarchical model to reconcile the
existence of the Word-Superiority Effect
and the Word—Letter Phenomenon with
the surprising absence of effects of within-
word redundancy on the accuracy and speed
of word identification (Colthart, Davelear,
Jonasson, & Besner, 1977; Johnston, 1974,
1978).

One direction in which further work is
needed is the development of more com-
plex and realistic quantitative versions of
the model. The discrete-state version of the
model presented in the Appendix is very
unlikely to be literally true. Detectors pre-
sumably have a continuous range of activa-
tion levels, and the rate at which detectors
at one level influence detectors at the next
level presumably varies continuously as
well (McClelland, 1979). The Appendix dis-
cusses the extent to which the discrete-
state version may be a reasonable approxi-
mation under the favorable viewing condi-
tions usually employed to obtain the
Word—Letter Phenomenon, and suggests
some avenues toward more sophisticated
formulations of the hierarchical model.

Further work would also be desirable to
clarify the relationship of the hierarchical
model to two other phenomena:

1) With patterned masking, letters in
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orthographically regular, pronounceable
pseudowords, like letter is words, show a
perceptual advantage over letters alone
(Johnston & McClelland, 1977). Perhaps
the most obvious way to adapt the hierar-
chical model to account for this phenome-
non would be to postulate the existence of
another level of detectors for intermediate-
size letter-cluster units between the letter
and word levels. There are good reasons to
believe that this proposal is not adequate. If
detectors for familiar letter-clusters provide
a major input to word detectors then masks
which activate more letter-cluster detectors
should produce more inhibitory input to
word detectors, reducing the Word—Letter
Phenomenon. In fact the present data show
that unrelated-letter masks, which contain
fewer familiar letter-clusters than word
masks, are equally effective in reducing the
Word—Letter Phenomenon. Other evi-
dence also casts doubt on the letter-cluster
detector hypothesis. McClelland and John-
ston (1977) found no effect of letter-cluster
frequency on performance in a study which °
did find evidence for effects of position-
specific letter frequency and word frequency.
They argued that pseudoword representa-
tions are not formed by activating letter-
cluster detectors, but rather by a mere flex-
ible, rule guided, constructive process. In
order to explain the perceptual advantage
of a letter in a pseudoword over a letter
alone, our model requires only that pseudo-
word representations be responsive to both
confirming and disconfirming input from
letter detectors. If that is true, pseudowords,
like words, would be shielded from the ef-
fects of feature masks, but not from the ef-
fects of masks containing letters (see John-
ston, in press, for further discussion).

2) Although we have assumed for con-
venience that the position-specificity of the
detector network is perfect, there is consid-
erable evidence that people frequently re-
port the letters from a tachistoscopic dis-
play correctly, but in the wrong order (e.g.,
Estes, 1975; Johnston, 1978; McClelland &
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Johnston, 1977). The fact that these posi-
tion errors are much more common for
unrelated-letter strings than for words, sug-
gests that much of the problem may occur
not in the network, but in the process of
encoding information from it and making an
overt report. (Alternatively, as Estes argues,
it may be that, if the target is a word, many
position errors at the letter level can be cor-
rected using lexical knowledge.) To the ex-
tent that letter position errors do actually
occur within the detector network, an im-
proved version of the hierarchical model
should reflect this fact. Such a revision
would lead to the prediction of a bias against
word targets in all conditions of our experi-
ments (for single letter targets a mistake in lo-
calization should not produce an error on
our forced-choice test).

Methodological Implications

These experiments demonstrate that
tachistoscopic masking methods can be
used to test specific predictions of process-
ing models. However, masking is fre-
quently used simply as a way to increase
the difficulty of the perceptual task by ‘‘de-
grading input’’ or by ‘‘stopping process-
ing’’ (e.g., Kahneman, 1968; Lupker,
1979). If models such as the one advocated
here are correct, interpretation of these tra-
ditional types of experiments will become
quite complicated. Posttarget masks may
well degrade peripheral representations of
the target, but they may also produce new
activity which will interact with activity
produced by the target in complex ways
(e.g., our conclusion that detectors for
mask letters inhibit detectors for a target
word). As for ‘‘stopping processing,”” the
same mask may have quite different effects
at different levels. For instance if a feature
mask inhibits detectors for target letters, it
may indeed prevent central attentional pro-
cesses from encoding them. However, pro-
cessing may continue for target word repre-
sentations which survive the mask.

Our analysis suggests that extreme cau-
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tion is required in interpreting reaction time
experiments that measure the total time to
perform a task. Of particular concern are
periodic attempts (from Cattell, 1886, to
Johnson, 1975) to show that word identifi-
cation is as fast as letter identification. The
implication is that, if this is so, the latter
cannot mediate the former. However, ac-
cording to the present model, the time it
takes to make any overt response indicating
identification will be a function of both how
soon an appropriate detector is activated
and how soon central attentional processes
can locate, retrieve, and use the output of
the detector. Even if word detectors take
several milliseconds longer to be activated
than letter detectors, no prediction can be
made about the total time to make overt
identification responses to letters and
words without some independent knowl-
edge about the process of retrieving infor-
mation from detectors. This situation is
even more complex if one attempts to com-
pare the time to identify letters in a word to
the time it takes to identify the word
(Johnson, 1975). Depending on the search
procedures used by central attentional pro-
cesses, an active detector for the displayed
word might sometimes be the first detector
located. This event could easily delay the
process of coding information from active
letter detectors, increasing the mean re-
sponse time for letters in words. Thus the
measured time to ‘‘identify’’ a word and the
measured time to ‘‘identify’’ one of its
component letters could well be entirely
misleading as to the timing of activation of
detectors for the letter and for the word.

CONCLUSION

The hierarchical model presented here,
and the experimental evidence corroborating
it, serve to reconcile the existence of the
Word—Letter Phenomenon with other evi-
dence that word identification is mediated
by letter identification (McClelland, 1976,
1977). The current account is consistent
with what is presently known about the
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Word—Letter Phenomenon, and with sev-
eral recent models of cognitive processes
which distinguish between the spread of
activation within a detector network, and
the encoding of information from the net-
work by central attentional processes.

APPENDIX

Generation of the Word—Letter

Phenomenon by a Discrete-State

Version of the Hierarchical Model
of Word Identification

The text presents our hierarchical model
of word identification in a general form and
derives from it an account of the
Word—Letter Phenomenon. In this Appen-
dix we will present a specific, more detailed
version of our hierarchical model, treating
detectors as discrete two-state (on—off) de-
vices. Although the specific model is almost
certainly an oversimplification, we will be
able to use it to demonstrate more con-
cretely that the Word—Letter Phenomenon
does indeed follow from at least one version
of our model. Some readers may also find
this account easier to follow than the text
because a state diagram can be provided
(Figure 6).

The specific version of the hierarchical
model makes the following assumptions: (1)
Word identification is accomplished by a
system consisting of a preprocessor, a net-
work of detectors for features, letters and
words, and a central processor which
transfers information from detectors to a
response buffer. (2) The preprocessor
segregates display information into
characters, and sends each character to the
appropriate letter-position channel of the
detector network. (3) Detectors are wired
together as shown in Figure 1. Feature de-
tectors and letter detectors are segregated
into channels for each letter position, as
shown in Figure 1. Feature detectors have
output connections only to letter detectors,
which in turn have output connections only
to word detectors. A detector for unit A has
an excitatory connection to the detector for
unit B at the next level if the presence of A
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would be evidence for the presence of B.
Otherwise the detector for A has an inhib-
itory connection to the detector for B
(except that there are no feature-to-letter
connections across position-channel bound-
aries; see Figure 1). (4) Each detector be-
haves as an all-or-none, two-state device
(either active or inactive). (5) To be acti-
vated a detector must simultaneously re-
ceive an excitatory signal from all poten-
tially excitatory detectors at the previous
level. (6) Any inhibitory signal is decisive.
That is, any inhibitory signal will prevent a
detector from being activated, and any in-
hibitory signal is sufficient to deactivate a
previously active detector. (7) Since feature
detectors are the first level of detectors in
the network, their functioning is assumed to
depend directly on display properties. All
features consistent with the display will be
activated, and all others will be deacti-
vated. (8) Detectors are activated or deacti-
vated with a constant transmission delay
after input conditions are met. Thus detec-
tors for features are activated or deacti-
vated with a delay of ¢ after display onset
(the value of ¢, will depend on display con-
ditions). Detectors for letters are activated
or deactivated with a delay of ¢, after fea-
ture detectors are activated. Detector for
words are activated or deactivated with a
delay of z,, after letter detectors are acti-
vated. (9) If an active detector receives no
new input, either excitatory or inhibitory,
for an extended period of time, we assume
that it is subject to a probabilistic decay
back to the inactive state. The precise dis-
tribution of decay probability over time
need not be specified, but we assume that
decay takes substantially longer than deac-
tivation by inhibition. (10) We also do not
need to specify in detail how the central
processor works. For our purposes it is
sufficient to assume that the probability of
finding an active detector and encoding its
identity in the response buffer is an in-
creasing function of the length of time that a
detector is active.

We will now show how the specific ver-
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TIME

TARGET DISPLAY l I

TARGET LETTER | |
DETECTOR

TARGET WORD H
DETECTOR {

Fic. 6. Timing diagram representing events hy-
pothesized to account for the Word—Letter Phe-
nomenon. Parameters shown represent time to acti-
vate or deactivate a feature detector (z,), a letter de-
tector (f;), or a word detector (t,,). Dotted line for word
detector offset represents slow probabilistic decay.

sion of the hierarchical model just pre-
sented accounts for the Word—Letter Phe-
nomenon produced with a traditional pat-
terned mask. Figure 6 provides a diagram of
hypothesized state changes in the network
over time. Trials begin with warning signals
followed by display of a target letter or
word. After a delay of ¢, following target
onset, detectors for features consistent with
the target are activated. After a further
delay of 1;, detectors for letters specified by
active feature detectors are activated. Fi-
nally, after a further delay of 7, a word de-
tector (if any) specified by active letter de-
tectors is activated. When the target display
is terminated and the mask display begins,
another chain of events is initiated. After a
delay of 1, detectors for features present in
the mask are activated, and any active de-
tectors for features not present in the mask
are deactivated. Thus at the feature level a
representation of the mask replaces the rep-
resentation of the target. The mask pre-
sented is normally chosen to contain some
features that are inconsistent with all target
letters. Thus, after a further delay of 7,, all
letter detectors previously activated by the
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target are deactivated by inhibitory input
from feature detectors activated by the
mask. If a word detector was previously
activated by the target, it receives no
further excitatory input. However, it also
receives no inhibitory input from the mask,
since a feature mask does not activate any
letter detectors. Thus if any word detector
was activated by the target, it will be sub-
ject only to passive decay, hypothesized to
be a slower process than deactivation by
inhibition. We have now shown that when
the target is a word rather than a letter, in-
formation about the target is represented in
the network by an additional active word
detector, which is active for a longer period
of time than letter or feature detectors. Ac-
cording to Assumption 10, central pro-
cesses will thus have a higher probability of
successfully encoding information from an
active word detector, leading to higher
performance on word targets than on letter
targets. The additional encoding opportu-
nity provided by an active word detector
provides a secondary cause of the Word—
Letter Phenomenon (assuming that success
in encoding information from a word detec-
tor is less than perfectly correlated with
success in encoding information from lower
level detectors). This secondary cause of
the Word—Letter Phenomenon should op-
erate even with masks containing letters,
where word detectors do not remain active
longer than lower-level detectors.

We believe that the specific version of
the hierarchical model presented in this
Appendix provides useful insights about
how the general model operates. However,
the specific model relies on a number of
oversimplifications. We would like to men-
tion three of these and discuss how they
might be remedied in more advanced ver-
sions of the general hierarchical model.

(1) Detectors are characterized as two-
state (on—off) devices with all-or-none out-
put levels (Rule 4). Clearly it would be more
realistic to treat detectors as devices with
continuous activation levels, and continu-
ous output levels. Cascade models (McClel-
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land, 1979) might provide a useful parametric
treatment for these aspects of the func-
tioning of the detector network. We believe
that the discrete treatment provided here
will probably turn out to provide a fairly
close first approximation for the visual
conditions normally used to produce the
Word—Letter Phenomenon. Target letters
and words are usually presented to a rela-
tively light-adapted visual system, with a
high contrast ratio, using a standard type
font, and subtending a visual angle close to
that for normal reading. Under these con-
ditions the output of detectors could rea-
sonably be expected to rise rapidly to
near-asymptotic saturation levels. Under
less favorable viewing conditions, detectors
could reasonably be expected to perform
more often at intermediate levels, and the
continuous treatment would deviate
more substantially from the discrete treat-
ment.

(2) In the general hierarchical model inhi-
bition clearly plays a very important role.
In the specific model any inhibition is
treated as absolutely decisive, so that no
amount of concurrent excitation can over-
ride it (Rule 6). Actually this assumption is
no more severe than the essentially equiv-
alent assumption in recent models of
character and word identification that only
alternatives consistent with feature infor-
mation are considered by decision pro-
cesses (e.g., Rumelhart, 1971; Rumelhart
- & Siple, 1974). It is critical to the hierarchi-
cal model that inhibition must, at the least,
have a very strong, if not necessarily over-
whelming, weight relative to excitation.
Otherwise detectors for units that were not
present in a display, but shared many prop-
erties with the display, might frequently be
activated. In particular, patterned masks
not containing letters would be likely to ac-
tivate some letter detectors, (especially for
letters made up of a subset of the segments
in the mask). These active letter detectors
would in turn inhibit word detectors. Word
detectors would thus be less well shielded
from disruption by a patterned mask, and
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the Word—Letter Phenomenon would be
reduced.

(3) For a detector to be activated, Rule 5
requires that all potentially excitatory units
from the next lower level provide excitation
(e.g., detectors for all letters in a short word
must be active before the word detector can
be activated). Clearly this simplifying as-
sumption is unrealistically severe; a con-
tinuous version of the hierarchical model
would rely on some function for integrating
inputs of differing strengths over time to
produce a resultant activation level. The
present severe assumption serves impor-
tantly to highlight the difference between
our account of the Word—Letter Phenome-
non and the redundancy account (see intro-
duction). Unlike the redundancy account,
our account allows for a Word—Letter
Phenomenon even if activation of a word
detector was always accompanied by acti-
vation of the detector for the component
letter critical to the forced choice.

Rule 5 serves to prevent the simultaneous
activation of several different words shar-
ing many common letters with the target
word. If a relatively weak criterion for ac-
tivating detectors were adopted, then mul-
tiple word detectors would be more likely
to be activated by the target. One might ex-
pect that the probability of correctly iden-
tifying a word would then vary inversely
with the number of similarly spelled
“‘neighboring’’ words (to be ‘‘competed’
against). Johnston (1978) has found no mea-
surable trend of this kind using visual con-
ditions that produce a strong Word—Letter
Phenomenon. In order to account for this
fact, it appears that other versions of the
hierarchical model which relax the severe
“‘input from all potentially excitatory
units’’ rule must either use a close ap-
proximation to the rule, or else rely on
some alternative means of preventing
“‘competition’’ from detectors for similarly
spelled words. (One possibility is to assume
that the target almost always stimulates an
abundance of feature detectors, with only
rare ‘‘misses,”’ so that strong inhibition from
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disconfirming feature detectors can be re-
lied upon to prevent multiple competing
activations.)
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