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Repeating an item in a brief or rapid display usually produces fas-
ter or more accurate identification of the item (repetition priming),
but sometimes produces the opposite effect (repetition blindness).
We present a theory of short-term repetition effects, the competi-
tion hypothesis, which explains these paradoxical outcomes. The
central tenet of the theory is that repetition produces a representa-
tion with a higher signal-to-noise ratio but also produces a disad-
vantage in the representation’s ability to compete with other
items for access to awareness. A computational implementation
of the competition hypothesis was developed to simulate standard
findings in the RB literature and to generate novel predictions
which were then tested in three experiments. Results from these
experiments suggest that repetition effects emerge from competi-
tive interactions between items and that these influences extend to
adjacent, nonrepeated items in the display. The results also present
challenges to existing theories of short-term repetition effects.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Human observers are remarkably adept at identifying and reporting short lists of letters, words, or
pictures displayed in rapid-serial-visual-presentation (RSVP; Forster, 1970). However, if two of the
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display items are identical, one of them often fails to be reported, and when observers are questioned
further, they deny having seen the repetition. This robust phenomenon is known as repetition blind-
ness (RB; Kanwisher, 1987). A similar effect occurs when identical items are shown in brief simulta-
neous displays (Bjork & Murray, 1977; Egeth & Santee, 1981; Luo & Caramazza, 1996; Mozer, 1989).
RB does not depend on physical identity of the stimuli, as it has been found for words and letters of
different case (Bavelier & Potter, 1992; Kanwisher, 1987; Marohn & Hochhaus, 1988) and pictures
shown at different orientations or viewpoints (Kanwisher, Yin, & Wojciulik, 1999). RB has also been
demonstrated for orthographically similar words such as brush and crush or brace and crack; in this
case, the repeated items affected by RB appear to be letter sequences rather than whole words (Harris
& Morris, 2000, 2001; Morris & Harris, 1999).

RB presents an interesting paradox in that repetition has been more often associated with facilita-
tion in processing (the well-known repetition priming effect) than with impaired processing. Existing
theories of RB have attempted to address this paradox, but none is able to account for all of the avail-
able data. We argue that existing theoretical accounts fall short of being able to explain the wide range
of RB effects because the role of competition between items in rapid or brief displays has not been
fully considered. Therefore, the purpose of this article is to present a new model—the competition mod-
el—that explains how competitive interactions result in short-term repetition effects. We first describe
critical findings that pose problems for existing theories of RB and explain how the competition model
was designed to account for these problematic findings. Next, we demonstrate that the competition
model is able to simulate standard findings from RB experiments. After that, we test novel predictions
made by the competition model. Finally, we discuss potential limitations of the model as well as pos-
sible modifications and extensions.

1.1. Current theoretical accounts of RB

Existing theories of RB can be classified into two main theoretical frameworks. The ‘‘activation”
framework assumes that the ability to report an item’s occurrence depends on activation of an ab-
stract representation of the item. Theoretical accounts within this framework (e.g., Chun, 1997; Kanw-
isher, 1987, 1991; Kanwisher & Potter, 1989, 1990; Luo & Caramazza, 1995, 1996) emphasize the
continuity of RB phenomena across stimuli and display formats. The ‘‘construction/attribution” frame-
work, in contrast, eschews the notion of individual item representations that are activated or inhib-
ited. Instead, perceptions of entire processing episodes are constructed on the basis of interactions
between the stimuli, task, and context. Theoretical accounts of RB within this framework (e.g., Masson,
2004; Masson, Caldwell, & Whittlesea, 2000; Whittlesea & Masson, 2005) emphasize the variability of
RB when different aspects of the processing episode are changed.

The major activation accounts of RB are the type refractoriness hypothesis (Luo & Caramazza,
1995, 1996), and the token individuation hypothesis (Chun, 1997; Kanwisher, 1987, 1991; Kanwisher
& Potter, 1989, 1990). Both the type refractoriness and token individuation accounts assume the
existence of type nodes, which are abstract (e.g., case-independent) representations. According to
the type refractoriness hypothesis, once an item’s type node is activated above its recognition
threshold, further activation is briefly suppressed, analogous to a refractory period for a neuron.
If a second item of the same type is displayed before the type node returns to baseline, the prob-
ability of the repeated item’s being recognized is reduced. This assumption predicts that the major
factor in determining the magnitude of RB should be the amount of time between encoding of the
repeated items (Luo & Caramazza, 1996).

Whereas the type refractoriness hypothesis assumes that the type node is activated only once in
the presence of two identical stimuli, the token individuation hypothesis assumes that the type node
is re-activated by a repeated stimulus. However, the repetition is not consciously perceived because
the re-activated type is not bound to a second spatiotemporal ‘‘token”, or event representation (Chun,
1997; Kanwisher, 1987, 1991; Kanwisher & Potter, 1989, 1990). The mechanism responsible for the
failure to ‘‘individuate” a second token for a repeated type has yet to be clearly specified. Candidate
mechanisms have included a refractory period for token individuation (Kanwisher & Potter, 1989)
or a token-minimization heuristic designed to avoid erroneously assigning two tokens to one event,
as when one makes a saccade (Kanwisher, 1987).
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Data challenging the idea that RB occurs as a result of temporal limitations in either type activation
or token individuation can be found in an experiment by Whittlesea and Masson (2005, Experiment 1).
In their experiment, participants viewed RSVP streams containing two critical words; for half of the
trials, these words were identical. What also varied from trial to trial was whether or not there were
other (filler) items in the display, and what these items, if present, consisted of. In the ‘‘blank” condi-
tion, the two critical words were shown for 120 ms each with a 120-ms blank interval in between. In
three other conditions, the critical words occupied serial positions 2 and 4 in a five-item RSVP stream,
and positions 1, 3, and 5 were occupied by different types of filler items: symbol strings, the word
WHITE, or three different words. The task was simply to indicate whether or not a word (other than
WHITE) was repeated within the stream.1 Repetition detection was nearly 100% in the ‘‘blank” condi-
tion, but accuracy decreased for the other three conditions; participants correctly detected 78% of repe-
titions in the symbol-string condition, 58% in the WHITE condition, and only 10% in the different-words
condition (false alarms were low in all conditions).

From these findings, Whittlesea and Masson (2005) concluded that RB cannot simply be the result
of a temporal limitation on token individuation or type activation. They advocated abandoning the
activation approach in favor of the construction/attribution framework, which argues that conscious
experiences are the result of production and evaluation processes. For example, when a list of words
is presented in RSVP, a mental event (a word coming to mind) may be produced. However, report of
the word as having occurred in the list also requires attribution of the mental event to a particular
source. Under this type of account, RB can occur when the mental event associated with the repeated
word is misattributed to some other source, such as an identical or similar word that occurred earlier
in the list (Masson, 2004).

Whereas the type refractoriness and token individuation hypotheses face difficulties in accounting
for Whittlesea and Masson’s (2005) findings, the results of other experiments are not easily explained
by the construction/attribution hypothesis. Luo and Caramazza (1996, Experiment 1) examined the
probability of report of letters in spatially distributed RSVP and simultaneous displays (the latter of
which they called BSVP, for ‘‘brief simultaneous visual presentation”). In each of their displays, five let-
ters and three symbols appeared in eight designated positions around an imaginary circle with the five
letters appearing in adjacent positions. Participants were instructed to report items in clockwise order.
On half of the trials, two of the letters were identical (in either the second and fourth or the third and
fifth positions, clockwise). Critical letters were designated C1 and C2. On repeated trials, C1 and C2
were jointly reported at a lower rate than on nonrepeated trials (RB). Of particular interest was the
finding that the letters adjacent to C2 were reported with greater accuracy in the repeated condition
than in the nonrepeated condition; i.e., when the 2nd and 4th letters were identical, report of the 3rd
and 5th letters increased, and when the 3rd and 5th letters were identical, report of the 4th letter in-
creased (although the latter effect was not significant in the BSVP condition). Luo and Caramazza sug-
gested that the finding of increased report of letters adjacent to C2 in the repeated condition is
consistent with the type refractoriness hypothesis: When a repeated C2 is not recognized, it does
not interfere with adjacent items entering a memory buffer. While construction/attribution accounts
provide a reasonable explanation of why a repeated item might fail to be reported from an RSVP list, it
is not clear how they would account for the finding of increased report of letters adjacent to the sec-
ond of the repeated letters.

The failure of existing theoretical explanations of RB to adequately account for important empirical
findings stems from an under-appreciation of the role of inter-item competition in producing the RB
effect. The results of both the Whittlesea and Masson (2005) and Luo and Caramazza (1996) experi-
ments can be readily explained if one adopts two assumptions. The first assumption is that items
shown in close temporal proximity, whether targets, pattern masks, or filler items, must compete
for access to conscious awareness (Enns & Di Lollo, 2000). The second assumption is that repeated
items compete less effectively than do nonrepeated items. On this view, RB occurs because a repeated
item is often out-competed by other items in the display; thus, viewers are more often ‘‘blind” to a
1 Although RB is most often studied using a ‘‘full-report” paradigm (in which all of the stimuli in an RSVP stream or brief
simultaneous display are to be reported), it can also be demonstrated in a repetition–detection task (in which the participant
simply reports whether or not a repetition occurred).
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repeated item than to a nonrepeated item. Adopting these assumptions leads to the prediction that the
size of the RB effect should be magnified when competition between items is increased. Thus, greater
RB is predicted in the Whittlesea and Masson experiment when the filler items are words than when
they are symbol strings; although both words and symbol strings can induce competition for access to
awareness, word fillers compete more effectively against the repeated target items, and therefore tend
to increase RB. On the other hand, using the repeated word WHITE as the filler word is expected to
decrease RB relative to the different-words condition, because repeated filler items compete against
the targets less effectively than do nonrepeated filler items.

Competition between display items is also apparent in the results of Luo and Caramazza’s (1996)
experiment, in that decreased report of the repeated letter was associated with increased report of let-
ters adjacent to the repeated letter. This finding is also consistent with the idea that repeated items are
less effective competitors than nonrepeated items for access to awareness. But what exactly is it about
repeated items that makes them less effective competitors? To answer this question, we turn to some
recent findings in neurophysiology.

1.2. Neural correlates of stimulus repetition and conscious awareness

Recent investigations of the neural correlates of stimulus repetition have generally found that
the total amount of activation associated with a repeated stimulus is smaller than that for a non-
repeated stimulus. In fMRI studies with human subjects, stimulus repetition typically results in a
smaller area of activation (e.g., Buckner et al., 1998; Dehaene et al., 2001). Electrophysiological
recordings from inferotemporal cortex in macaque monkeys revealed that some of the cells partic-
ipating in the initial response to a stimulus decrease their firing rates when the stimulus is re-
peated (Baylis & Rolls, 1987; Miller & Desimone, 1994; Miller, Li, & Desimone, 1993).
Furthermore, the particular cells that show suppression are not critical for representing the stim-
ulus, while the activity of a small number of cells increases with repetition (Ringo, 1996). The
selective suppression of non-critical cells coupled with the selective enhancement of others has
been referred to as ‘‘sharpening” the representation (Desimone, 1996; Wiggs & Martin, 1998).
Sharpened representations have two critical characteristics: The signal-to-noise ratio of the repre-
sentation is increased (i.e., the activation of critical cells is increased relative to that of non-critical
cells) and the overall activation associated with the representation is smaller. We suggest that
what some RB theorists call the type representation is analogous to the representations that are
subject to sharpening upon repetition; e.g., in a perceptual identification task with a briefly pre-
sented stimulus, a sharpened representation would be expected to produce more accurate identi-
fication. What remains to be described is how sharpening could be associated with priming in
certain paradigms, but RB in others such as RSVP. Why would a sharpened type representation re-
sult in a failure to consciously perceive the stimulus?

A possible answer can be found by examining the neural correlates of perceptual awareness. Sev-
eral investigators have suggested that sustained activation for several hundred milliseconds may be
necessary for a representation to reach awareness. Subramaniam, Biederman, and Madigan (2000), cit-
ing findings from Tovée and Rolls (1995), suggested that most of the perceptual information from ob-
jects and faces is encoded in inferior temporal cells during the first 50 ms of firing, but sustained firing
for an additional 300 ms is required for the percept to become stable enough to guide action and
memory (see also Tononi & Edelman, 1998; Ward, 2003). Another factor that has been linked to per-
ceptual awareness is synchronous activation of distributed cortical areas. For example, Dehaene et al.
(2001) used fMRI and ERP methods to examine differences between the brain’s responses to masked
and visible words presented in RSVP. Briefly presented words (which could not be identified by the
participants) were associated with reduced activation compared to unmasked (visible) words; in addi-
tion, masked words did not elicit the same correlated and distributed pattern of activation evoked by
unmasked words. Furthermore, a large P300 component, generally associated with synchronous acti-
vation of distributed cortical areas, was observed only for visible words. Dehaene and Naccache (2001)
suggested that neural activity must be sustained for a sufficient duration to activate a closed loop
involving a wider neural network. Weak neural activity associated with brief, masked presentations
of a stimulus will often fail to reach this ‘‘consciousness threshold”; however, as stimulus duration in-
Please cite this article in press as: Morris, A. L., et al. Repetition blindness: An emergent property ...
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creases and neural activity accumulates, the activation can become self-sustaining, and the stimulus
representation gains access to awareness.

We now return to the question of why a more efficient or sharpened neural representation some-
times results in a failure to consciously perceive the associated stimulus: If a repeated stimulus gen-
erates less summed neural activity than a nonrepeated stimulus, then the representation of a briefly
presented repeated stimulus would be less likely to exceed the consciousness threshold and access a
self-sustaining state. Such a system would demonstrate a preference for novelty, in that the noisier
representations associated with nonrepeated or less frequently encountered stimuli would provide
them with preferential access to awareness (see Desimone, Miller, Chelazzi, & Lueschow, 1995, for
similar ideas). However, the proposal that repeated items are associated with reduced activation is
not sufficient to explain RB. In order to fully account for the paradoxical nature of repetition effects,
we must also consider the role of competition in access to conscious awareness.

1.3. The competition hypothesis

The competition hypothesis proposes that sharpened stimulus representations, usually associated
with priming, can instead result in RB when multiple neural representations are competing for access
to awareness. RB is most often studied using RSVP, wherein each stimulus is presented for a brief per-
iod of time (generally less than 150 ms) and then is replaced by a subsequent stimulus. Each stimulus
is therefore affected by both forward and backward masking. These are proposed to have different ef-
fects.2 Forward masking from a visual stimulus adds noise to the representations of subsequently dis-
played stimuli (Breitmeyer, 1984). For example, when the letters A, B, and C are presented in RSVP, A’s
neural representation will merge to some extent with B’s, adding noise to B’s representation; in addi-
tion, some of A’s representation (along with B’s) adds noise to the representation of C. The successive
buildup of neural activity within the recognition system results in degraded stimulus representations
(Desimone, 1996). However, if an item is repeated, as in display of ABA, the representation of the sec-
ond A will suffer less forward interference than would a nonrepeated item C, because the two in-
stances of A have similar representations; that is, the representation of a repeated A has an
increased signal-to-noise ratio relative to that of a nonrepeated A. In addition, repetition of A tends
to result in a smaller amount of total activation associated with the second A (a sharpened represen-
tation), as explained in the next section and illustrated in Fig. 1.

Whereas forward masking results in activation from previous stimuli being added to the represen-
tations of subsequent stimuli, backward masking does not add activation from later stimuli to the rep-
resentations of previous stimuli. However, backward masking can interfere with identification of a
stimulus’ type by limiting processing time. Forward and backward masking also induce competition
between stimuli for access to conscious awareness (Enns & Di Lollo, 2000). Which stimuli compete de-
pends on two factors: processing time required for access to awareness and stimulus display rate. It
has been suggested that sustained activation for 300–400 ms is required for a representation to access
awareness (Subramaniam et al., 2000). But in most RSVP paradigms, new stimuli appear every 100–
130 ms; thus, in order to enter awareness, a type representation must undergo additional activation
beyond the time it is displayed. Because the pattern of activation at the type nodes is overwritten
by each successive stimulus, this additional activation must take place at a different level of the sys-
tem, known as the event buffer.

The visual system is sensitive to the abrupt changes in luminance which delineate separate events
in the RSVP stream (Yantis & Jonides, 1984). Temporally distinct events are implemented in the com-
petition hypothesis as follows. For each new stimulus, the current pattern of activation at the type
nodes is continuously updated in the event buffer until a new stimulus appears, at which time the cur-
rent event representation begins to gradually decay and the new event representation (occupying a
separate set of nodes) begins updating. Multiple representations can thus be maintained in the event
buffer; however, only one representation can enter awareness from the buffer at a time, and the ability
2 Although masking effects occur at a number of levels in visual processing, in this article we are most concerned with ‘‘higher-
level” masking effects, i.e., masking at the level of type representations.
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Fig. 1. The top panel shows encoding of the letter A without the influence of forward masking (baseline). Because of the brief
display used in RSVP, the stimulus representation is part ‘‘signal” and part ‘‘noise”. The middle panel shows the effects of
forward masking from the letter B on the representation for the letter A. Decaying activation from the forward mask adds noise
to each of the nodes in the representation for the letter A, decreasing the identifiability of the letter’s type representation
(represented as the signal-to-noise ratio) but increasing the total activation associated with the stimulus compared to baseline.
The bottom panel shows the effects of forward masking from the letter A. Noise is added to each node, but because the
activation patterns of the letter A and its forward mask A are similar, the identifiability of the type representation for the second
letter A is less degraded (relative to baseline) than when B is the forward mask. However, because the signal node cannot exceed
1.0, the total activation associated with the repeated A is decreased relative to that for the nonrepeated A.
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of a representation to stay active in the buffer is time-limited. Under typical RSVP conditions, the
event buffer will contain two representations at a time, (e.g., item N � 1 and item N, or item N and item
N + 1). This means that a stimulus’ representation can only enter awareness if it wins the competition
against the preceding or following stimulus. For example, suppose an RSVP series consisting of the let-
ters ABCDE is displayed. A, B, and C can all access awareness if A wins the competition against B, B wins
the competition against C, and C wins the competition against D. A stimulus fails to access awareness if
it loses the competition against the representations of both the preceding and following items (for
example, if B loses to both A and C, B fails to access awareness). Finally, if successive stimuli are dis-
played slowly enough, all stimulus representations can access awareness because each can undergo
uninterrupted, sustained activation.3

What determines the winner of the competition between representations? According to the com-
petition hypothesis, winning the competition for access to awareness depends on the amount of
summed neural activity associated with each stimulus representation: Representations with larger
activity typically out-compete representations with smaller activity. Repeated items, because of the
smaller amount of neural activity associated with them, will generally be at a competitive disadvan-
tage relative to nonrepeated items. Thus, although repeated items have an advantage over nonrepeat-
ed items in the form of sharper stimulus representations (which enables them to be more easily
identified by the type recognition system), repeated items are less likely to access awareness than non-
repeated items.

Finally, because inter-item competition is based on summed neural activity, it can also be biased by
attentional activation. In the absence of attentional bias, competition from backward masking is stron-
ger than competition from forward masking. As an example, if B is displayed immediately following A,
some of A’s activation is added to B’s representation, giving B a competitive advantage over A—with
the result that B may be the only letter perceived (as occurs in masked priming). However, if more
attentional activation is added to A, backward masking from B will be decreased (Enns & Di Lollo,
2000). In sum, access to awareness is an emergent property of inter-item competition based on
summed activation, which in turn is influenced by repetition status and temporal attention.

1.4. A computational model

To examine the predictions of the competition hypothesis in detail, we implemented a simple mod-
el of the RSVP task using Matlab. Our strategy in developing the model was to employ the fewest
assumptions necessary for simulating a variety of findings from RB experiments. The model simulates
report of letters from a five-letter RSVP stream. According to the competition hypothesis, there are
two requirements for a letter to be reported correctly: It must be identified correctly within the type
recognition system, and it must gain access to awareness by out-competing other items in the display.
The components of the implemented model include the output of a type recognition system and added
activation from temporal attention.

In the competition model, types are distributed representations consisting of signal and noise. Each
single letter is represented by a different pattern of activation across five nodes. For example, the letter
A is represented by [10000], B by [01000], etc., such that for each letter, one node is a ‘‘signal” node
3 The assumption that items compete in pairs in the competition model is a simplifying assumption based on the exposure
durations typical of RSVP and the assumption that the buffer is time-limited. If much shorter exposure durations are used, more
than two items at a time might be expected to compete for access to awareness.
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and the others are ‘‘noise” nodes. Random activation is added to both signal and noise nodes to sim-
ulate the brief stimulus presentations typical of RSVP (complete specification of the implementation
appears in Appendix A). This means that a five-letter RSVP stream is input to the model as a sequence
of noisy letter representations. The distributed nature of the type representations in the competition
model enables simulation of forward masking via slow decay at the type recognition-system output
nodes, such that the type activation for each letter is partly a function of the letters preceding it.
The firing rate at each type recognition-system output node (Aj) is given by
Plea
Cogn
AjðtÞ ¼ AiðtÞ þ ð1� dÞAjðt � 1Þ ð1Þ
where t represents the serial position of the letter within the RSVP stream, Ai is the input activation to
the node, and d represents a decay parameter. The firing rate at an output node has a maximum value
of 1.0. All output nodes are reset to 0 at the end of each trial. The type recognition system outputs the
correct letter when the activation at the signal node exceeds the activation at each of the other nodes
by a criterion c.

When each new letter is input, the current pattern of activation across the output nodes (from the
prior letter) is copied to an event buffer, in which the event representation of the prior letter can un-
dergo the sustained activation required to access awareness. The events within the buffer compete on
the basis of the summed activation (signal plus noise nodes) for each event, and the representation
with the greater amount of neural activity accesses awareness. Thus, if the summed activation of
the first letter in an RSVP stream exceeds that of the second letter, the first letter accesses awareness,
and the second letter must continue competing with the third letter. If the third letter also out-com-
petes the second letter, the second letter will fail to access awareness; this occurs because of the time-
limited nature of the event buffer. The final letter in the RSVP stream, which is followed by a symbol-
string mask, can access awareness if its activation exceeds either that of the preceding letter or a fixed
parameter m (which represents activation of the symbol mask). It is possible for a letter with an incor-
rect or ambiguous type representation to out-compete adjacent items and access awareness; in this
case the letter will not be reported correctly.

A final component of the model is temporal attention, which biases the competition between RSVP
stream items. Temporal attention is simulated by adding attentional activation to the sum of the acti-
vation across all output nodes for a given letter in the event buffer, so that total activation associated
with a letter is given by
AtotðtÞ ¼
X

j

AjðtÞ þ attð1� adÞðt�1Þ ð2Þ
where att represents the attention parameter and ad is an attentional decay parameter. Because com-
petition for access to awareness depends on the total activation associated with a letter’s representa-
tion (including attentional activation), letters receiving more temporal attention will have a
competitive advantage. For example, if a large amount of attentional activation is applied at the begin-
ning of the RSVP stream, and that activation gradually decays, the summed activation for the first let-
ter will exceed that of the second letter, and the second letter will exceed that of the third, with
competition between the letters increasing as the stream progresses. Optimal values for the att and
ad parameters enable each letter in a short RSVP stream to access awareness by winning the compe-
tition against the letter immediately following it; large but non-optimal values of these parameters
result in increased report of items at the beginning of the stream relative to those nearer the end.

Although in most RB experiments participants are instructed to report all the items displayed, in
some experiments participants are required to report only the final item in the RSVP stream. Accord-
ing to the competition model, temporal attention and the rate of its decay may be varied strategically
in order to favor items at the end as well as the beginning of the RSVP stream. Because temporal atten-
tion applied at the beginning of each trial gradually decays, items at the beginning of short RSVP
streams generally have the highest total activation, with activation decreasing as serial position in-
creases. This activation function favors items at the beginning and middle of the stream at the expense
of those at the end. However, if the attentional decay is more rapid, the resulting activation function
will be U-shaped; items at the beginning of the stream still out-compete successive items, but as acti-
vation from temporal attention decays, items in the middle of the stream begin to lose the ability to
se cite this article in press as: Morris, A. L., et al. Repetition blindness: An emergent property ...
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overcome backward masking from the items that follow them. In this situation, the final item in the
stream has a competitive advantage. Thus, when instructed to report all items in the order displayed,
viewers will apply a slow rate of attentional decay, but when instructed to report the last item in the
stream, attentional decay will be set at a higher level.

How does the model infer the temporal order of rapidly displayed items? An ancillary assumption
of the competition model known as the temporal order assumption states that viewers may use the rel-
ative amounts of summed activation associated with successive stimuli to infer the order in which
they appeared.4 When viewers are presented with a short RSVP list that is to be reported in order, items
appearing early will have greater activation than items appearing later; thus, when determining the or-
der of two successively presented items, viewers will assume that the item with greater activation was
presented first. However, if viewers are instructed to report the final item in a longer list, they will ex-
ploit the fact that applying less attention will increase the competitiveness of items at the end of the list.
Under these circumstances, when making judgments about items near the end of the list, viewers will
assume that an item associated with higher activation occurs later than an item associated with lower
activation.

The competition model superficially resembles the token individuation hypothesis in that both the-
ories utilize type representations and event representations; however, it is important to note that RB
in the competition model does not represent a failure to bind repeated type representations to sepa-
rate events. According to the competition model, event representations are formed for both repeated
and nonrepeated items, but these representations must then compete with temporally adjacent items
for access to awareness. Because of this competition, both repeated and nonrepeated items sometimes
fail to access awareness. However, repeated items, by virtue of their smaller summed activation, fail to
access awareness more often than do nonrepeated items. As described in the next section, this expla-
nation for the RB effect is able to account for a wide range of existing findings in the literature.

2. Competition model simulations

As an initial test of the competition model, we simulated the results from Luo and Caramazza
(1996) shown in Fig. 2a and b. As described previously, Luo and Caramazza displayed five letters
(which we will designate L1, L2, L3, L4, and L5) in spatially distributed RSVP and BSVP, and found that
when the critical letters were L2 and L4, RB for L4 was accompanied by increased report of L3 and L5.
There were also two rather puzzling findings. The first was that the magnitude of RB was larger in spa-
tial RSVP than in BSVP; the second was the finding of ‘‘backward RB”, that is, RB in both paradigms was
found for C1 as well as C2. Simulating Luo and Caramazza’s results enables us to explore the dynamics
of inter-item competition and may help to clarify the similarities and differences among standard
RSVP, spatial RSVP, and BSVP paradigms.

One obvious difference among the different RB paradigms is that in standard RSVP all stimuli are
displayed at the same spatial location, whereas in spatial RSVP and BSVP stimuli are displayed in dif-
ferent spatial locations. In addition, both standard RSVP and spatial RSVP items are displayed succes-
sively, whereas in BSVP all items are displayed simultaneously. As can be seen in Fig. 2a and b, the
results from Luo and Caramazza’s spatial RSVP and BSVP displays were strikingly similar, prompting
them to argue that the difference between successive and simultaneous presentations ‘‘may be more
apparent than real” (Luo & Caramazza, 1996, p. 100). In other words, even in simultaneous displays,
activation of letter type nodes occurs sequentially.

The competition model provides a framework for understanding the similarities and differences
between spatial RSVP and BSVP. BSVP resembles spatial RSVP because participants covertly shift spa-
tial attention from item to item, imposing a sequence on type activation.5 With sequential activation of
type representations, forward and backward masking will occur at the type level even when the stimuli
are displayed at different locations. Consequently, the competition hypothesis predicts that the same
4 See Page and Norris (1998) and Reeves and Sperling (1986) and for similar ideas.
5 With a display duration of only 300 ms, Luo and Caramazza’s BSVP displays were too brief to permit eye movements to each

item’s location.
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Fig. 2. (A and B) The results from Luo and Caramazza (1996). Competition model simulations of these results are shown in
(C)–(F). Simulations shown in (E) and (F) include additional code used to calculate backward RB (see Appendix A for details).
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types of competitive interactions found in RSVP should also be found in spatial RSVP and BSVP. But there
should also be some small differences between spatial RSVP and BSVP, including a reduced RB effect in
BSVP. In spatial RSVP, the sudden onset of each item will prompt a shift of attention to the new item. In
BSVP, because all items onset at once, the rate that the individual items are sampled can vary from par-
ticipant to participant; some participants may shift attention rapidly from item to item (making it similar
to spatial RSVP) whereas others may shift attention more slowly. Slower shifting of attention means that
activation at the recognition output nodes and attentional activation will both decay a bit more between
stimulus presentations. In simulating spatial RSVP and BSVP, therefore, the values of the d (decay) and ad
(attentional decay) parameters were increased slightly from that expected for standard RSVP and the de-
cay rate was made more variable for BSVP (see Appendix A for additional details and parameter values).
The slower progression from item to item in BSVP produces less forward masking at the type level, and
less forward masking in turn produces less sharpening of the repeated C2 representation and therefore
less RB. Results of the simulations are shown in Fig. 2c and d. As can be seen in the figures, RB for BSVP
was smaller than that for spatial RSVP, just as it was in Luo and Caramazza’s experiment. Thus, the major
difference between BSVP and spatial RSVP was successfully simulated by the competition model.

However, our initial simulations failed to produce the ‘‘backward” RB found by Luo and Caramazza
(1996). According to both the competition model and the type refractoriness hypothesis, RB is strictly
a forward effect. Luo and Caramazza suggested that backward RB could occur on occasions when C2 is
Please cite this article in press as: Morris, A. L., et al. Repetition blindness: An emergent property ...
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Table 1
Simulated percent correct report of critical letters as a function of C1–C2 lag

Lag 1 Lag 2

Condition C1 C2 C1 C2

Nonrepeated 100 67 100 61
Repeated 100 39 100 51
Nonrepeated–repeated 28 10

Note. C1 = first critical word; C2 = second critical word.

A.L. Morris et al. / Cognitive Psychology xxx (2008) xxx–xxx 11

ARTICLE IN PRESS
identified prior to C1. Although this is a reasonable explanation for BSVP paradigms, it is less amenable
to RSVP displays. In RSVP it is unclear how type activation associated with C1 could occur later than
that associated with C2, particularly when C1 and C2 are separated by another stimulus. Luo and
Caramazza also considered the possibility that backward RB could be produced by migration errors;
i.e., apparent ‘‘backward” RB can be produced if C1 is reported, but in the position of C2. For example,
suppose that ZQSQK is displayed, and the participant successfully identifies the first Q, S, and K but re-
verses the order of Q and S, thus reporting SQK. In this case, C2 would be credited with the report of Q,
and the trial would appear to be a possible instance of backward RB.

Adding the temporal order assumption to the competition model enables it to simulate backward
RB. When participants are instructed to report items from short RSVP or BSVP displays in order, tem-
poral attention is applied at the beginning of processing, and attentional decay is set so that total acti-
vation per item decreases with increasing serial position. Accordingly, the item with the higher level of
overall activation is reported as having occurred first when two adjacent items both access awareness.
Backward RB should occur when both L2 and L3 access awareness (L2, by out-competing L1, and L3, by
out-competing L4), and L3’s activation is higher than L2’s; in that case, L2 would be reported as occur-
ring after L3. Because of noise in the system, this situation has the potential to occur on a number of
trials. Adding this assumption to the simulation produced a small amount of backward RB for both the
spatial RSVP and BSVP conditions, as shown in Figs. 2e and f. Thus, the competition model demon-
strates how backward RB can appear in the data when RB itself is strictly a forward effect.

We next present a series of simulations that illustrate how the competition model accounts for core
findings in the RB literature, including: (1) the lag effect; (2) the relationship between encoding of crit-
ical items and RB; and (3) the relationship between repetition priming and RB (additional details and
parameter values for each simulation can be found in Appendix A).

2.1. The lag effect

One of the most robust findings in the RB literature is the lag effect, whereby the magnitude of RB
decreases as the number of items intervening between the critical items increases (e.g., Chun, 1997;
Kanwisher, 1987; Park & Kanwisher, 1994). According to the competition model, increasing the lag be-
tween C1 and C2 decreases the influence of forward masking from C1 on C2; this decreases the
amount of sharpening of C2’s type representation, leading to an increase in its competitiveness and
a decrease in RB. We simulated the lag effect using a five-letter standard RSVP stream; for lag 1, C1
was L1 and C2 was L3; for lag 2, C1 was L1 and C2 was L4. C1 and C2 were either identical (repeated
condition) or non-identical (nonrepeated condition). Results of the simulation are shown in Table 1;
RB is indexed by the difference in report of C2 in the repeated and nonrepeated conditions. As can
be seen in the table, RB decreases as lag increases, consistent with the standard findings.

2.2. Encoding effectiveness and RB

Luo and Caramazza (1995) varied the exposure duration of C1 from 25 to 200 ms and found that
increasing the encoding effectiveness of C1 by displaying it for a longer duration increased the mag-
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nitude of RB for a repeated C2.6 The competition model also predicts that a well-encoded C1 produces
more RB for C2, because it produces greater sharpening in C2’s representation. Encoding effectiveness
can be improved in several ways, including increased stimulus duration, increased stimulus contrast,
and reduced forward masking. In the model, a well-encoded C1 is represented by high activation at
the signal node and low activation at the noise nodes (high signal-to-noise ratio). A poorly encoded
C1 is represented by lower activation at the signal node and higher activation at the noise nodes. When
C1 is poorly encoded, forward masking will increase the signal node activation for an identical C2, but
because the signal node activation for C1 is not sufficiently high, the signal node activation for C2 will
not reach ceiling. Therefore, although the signal-to-noise ratio of C2’s representation is increased, its
overall activation is not decreased relative to that of a nonrepeated C2. Consequently, there will be no
competitive disadvantage for the repeated item and therefore no RB.

We simulated the influence of encoding effectiveness by gradually decreasing the amount of input
noise; this has the effect of increasing the signal-to-noise ratio in the type representation. As shown in
Fig. 3, increased encoding effectiveness of C1 was associated with an increase in RB for C2, consistent
with the results from Luo and Caramazza (1995).

An interaction of encoding effectiveness manipulations with overall performance levels may also
explain conflicting findings concerning the influence of word frequency on the magnitude of RB. Bave-
lier, Prasada, and Segui (1994) displayed RSVP sequences of three words followed by a symbol string
as a final mask. In their first experiment, RB for orthographic neighbors (e.g., cent and dent) was greater
when C1 was a high-frequency word. This result is consistent with the idea that, on average, high-fre-
quency words are better-encoded than low-frequency words, and the increased encoding effective-
ness results in greater RB for C2. However, in a second experiment using critical words that were
identical (e.g., down and down), C1 frequency had no influence on the magnitude of RB. Although
one difference between these experiments was the type of materials used (orthographic neighbors
vs. identical words), a second difference was the amount of RB obtained: The average size of the RB
effect at lag 1 was much larger using identical words in Experiment 2 (50%) than when using ortho-
graphic neighbors in Experiment 1 (21%). Although it may seem counterintuitive that the effects of a
variable such as word frequency would be less evident when RB is larger, the competition model can
help to illustrate why this should be the case.

We simulated the effects of word frequency when RB is large, medium, or small using three-item
RSVP streams in which the first and last items were identical on half of the trials. Larger or smaller
amounts of RB were produced by varying the amount of input noise. Lower-frequency words were
6 See Section 7.1.4 for additional information concerning items with longer durations.
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simulated by adding a small amount of additional noise to the type representations. The added noise
decreased the signal-to-noise ratios for low-frequency words, making their types less identifiable, but
increased their competitiveness (because adding noise increases total activation). Fig. 4 shows the pre-
dicted behavioral data; when RB is large, word frequency has little effect, but as the overall level of RB
decreases, RB is greater for high-frequency words than for low-frequency words.

Fig. 5 demonstrates why the effects of word frequency are obscured when RB is particularly large.
In the simulation, the activation associated with a repeated C2 was nearly always lower than that of
the item preceding it; however, C2 could be reported if its total activation exceeded that of the symbol
mask. As shown in Fig. 5a, when the total activation for a repeated C2 is much lower than that of the
symbol mask (large RB), adding extra activation to the input has little effect; although a low-frequency
C2 loses the competition with the mask by a smaller magnitude, it still loses. However, when the dif-
ference between C2’s activation and that of the mask is smaller (Fig. 5b, medium RB, and Fig. 5c, small
RB), a low-frequency C2 can more often out-compete the mask and be reported. Thus, when the mag-
nitude of RB is smaller, frequency differences are more likely to be observed.

2.3. The relationship between short-term priming and RB

Examination of competition dynamics using the competition model also explains how repetition in
rapid displays can lead to priming in some situations and RB in others. In standard RB paradigms,
items are usually displayed for more than 100 ms, which is generally sufficient to ensure a high iden-
tification rate within the type recognition system; limitations on the number of items correctly re-
ported stem largely from competition for access to awareness. However, a number of experiments
have investigated the accuracy of naming a briefly displayed word (67 ms or less) at the end of an
RSVP stream (e.g., Kanwisher, 1987, Experiment 3). According to the token individuation hypothesis,
RB will only occur for a repeated C2 if it needs to be individuated from C1; therefore, if the task is to
report only the final word in an RSVP stream (C2), C1 will not be individuated, and the result should be
priming rather than RB for C2. The competition hypothesis also predicts this result, but not because of
a change in processing strategy. When C2 is displayed for 100 ms or more, forward masking from an
identical C1 drives its signal node to ceiling, limiting the growth of total activation. However, when the
exposure duration for C2 is short, forward masking from an identical C1 will improve C2’s signal-to-
noise ratio without producing a ceiling effect. Thus, when C2 is poorly encoded, the total activation for
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Fig. 5. Simulated high- and low-frequency C2 activation distributions relative to mask activation for three levels of input noise
in the competition model. At low levels of input noise (top panel), the activation levels of both high- and low-frequency words
are consistently exceeded by that of the mask, producing similarly large amounts of RB for both types of words. However, at
moderate and high noise levels (B and C), the activation levels of low-frequency words exceed that of the mask more often than
do the activation levels of high-frequency words, producing a decrease in RB for low-frequency words relative to that for high-
frequency words.
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a repeated C2 will not be decreased relative to a nonrepeated C2. This situation produces priming
rather than RB. In Kanwisher’s experiment, correct report of the final word averaged only 41% in
the nonrepeated condition, improving to 59% in the repeated condition. We simulated these results
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Table 2
Simulated results of Kanwisher (1987, Experiment 3) using the competition model: percent correct report of the last item as a
function of C1–C2 lag

Lag

Condition 1 2 3 4

Nonrepeated 38 40 38 39
Repeated 53 63 58 47

Note. C1 = first critical word; C2 = second critical word.
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by increasing the input noise to the model for the last letter in a seven-letter RSVP stream. In addition,
because the participants were instructed to report only the final word from each stream, the atten-
tional decay parameter was increased. This resulted in a U-shaped activation function and served to
increase the competitiveness of words at the end of the RSVP stream. As shown in Table 2, the simu-
lation replicated Kanwisher’s finding of repetition priming at all lags.

Although the final-word-report experiment from Kanwisher (1987) has been frequently cited as sup-
port for the token individuation hypothesis, the result has been difficult to replicate. The competition
model also helps to explain why other investigators have had difficulty replicating Kanwisher’s findings.
Whittlesea, Dorken, and Podrouzek (1995) attempted to replicate Kanwisher’s results using lists of very
high-frequency four-letter words. Their initial attempts failed because performance was at ceiling. It was
only by degrading the stimulus presentation by displaying the final word for 34 ms and in mixed case that
they were able to obtain higher accuracy on repeated trials (65%) than on nonrepeated trials (27%). These
results are consistent with the competition model’s prediction that a repetition benefit rather than RB can
be found when type representations are sufficiently degraded. Somewhat more puzzling is the fact that
Kanwisher and Potter (1990, Experiment 6) failed to replicate Kanwisher’s original results despite com-
parably low nonrepeated performance. Although the level of baseline accuracy was similar in the two
experiments, differences in the stimuli may have affected the competition. In the Kanwisher (1987)
experiment, the stimuli were five, six, and seven-letter words; in Kanwisher and Potter’s (1990) experi-
ment, the words were generally shorter. Longer words are generally of lower frequency than shorter
words (Andrews, 1997). According to the competition hypothesis, lower-frequency words will tend to
show more repetition priming and less RB than will higher-frequency words.

A particular challenge to the token individuation hypothesis is provided by an experiment by Masson
(2004, Experiment 2) in which both the full-report task and the final-word-report task were included in
the same experiment, and participants were cued as to which task to perform after the RSVP stream was
displayed. Masson showed participants six-word RSVP lists, with C1 in the fourth position and C2 in the
sixth position. On cued-report trials, each RSVP list was followed by display of all of the words from the list
except for C1 and C2; these were indicated by blanks, and participants were instructed to report the
words displayed in those positions. Cued report of C2 was lower in the repeated condition than in the
nonrepeated condition, but the reverse was found for C1. On final-word-report trials, participants re-
ported only the final word, which was sometimes displayed for 120 ms (the same duration as the other
words in the RSVP stream) and sometimes for only 75 ms. When C2 was displayed for 75 ms, final word
report accuracy was higher in the repeated than in the nonrepeated condition (repetition priming).
When C2 was displayed for 120 ms, there was neither repetition priming nor RB. Because the token indi-
viduation hypothesis predicts that the fate of a repeated C2 depends on whether or not C1 is individu-
ated, it cannot easily account for these results. The competition model was able to successfully
simulate the complex pattern of results from Masson’s experiment, as shown in Fig. 6.

To understand how the competition model simulates these findings, it is first necessary to examine
the differences between the cued-report and final-word-report tasks. Table 3 shows the percentage of
trials on which C1, C1 + 1 (the word intervening between C1 and C2) and C2 were reported as the final
word in the simulation of the 120-ms condition.7 The final-word-report task may underestimate the
7 In the simulation, the item reported as the final word was the word in the latest serial position that could be correctly reported.
On some trials, both C1 and C1 + 1 accessed awareness, but C1 + 1’s type could not be identified. In those cases, the item reported
as the final word was C1.
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Fig. 6. Simulation of the dissociation between the cued-report and final-word-report tasks from Masson (2004, Experiment 2).

Table 3
Simulation of the final word report task from Masson (2004), Experiment 2, 120-ms condition

Stimulus reported as the final word Accuracya

Condition C1 C1 + 1 C2

Nonrepeated 6 5 44 44
Repeated 12 9 28 40

Note. C1 = first critical word; C2 = second critical word; C1 + 1 = word intervening between C1 and C2.
a In the nonrepeated condition, only C2 responses were counted as correct; in the repeated condition, both C1 and C2

responses were counted as correct.
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amount of RB for C2 if C1 is sometimes reported as the final word, because report of C1 will be counted as
correct in the repeated condition, but not in the nonrepeated condition. As can be seen in the table, re-
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port of C1 and C1 + 1 as the final word increased in the repeated condition relative to the nonrepeated
condition.

In contrast, the cued-report task has the potential to severely overestimate the amount of RB for
C2 if a repeated C2, but not a nonrepeated C2, is often reported in C1’s position. The temporal or-
der assumption explains why a repeated C2 (when not affected by RB) would frequently be re-
ported as having occurred earlier in the RSVP stream. In the competition model, temporal
attention can be applied (and interpreted) differently depending on the task demands. In Masson’s
(2004) experiment, a large proportion of trials were either final-word-report trials or cued-report
trials in which one of the critical words was the final word. This is likely to have enhanced partic-
ipants’ attention to the final word. Therefore, as in the Kanwisher (1987) simulation, attentional
decay was set at a higher value, producing a U-shaped activation function (shown in Fig. 7). This
means that words at the end of the list often had higher activation levels than words that imme-
diately preceded them. According to the temporal order assumption, interpretation of relative acti-
vation levels varies according to the manner in which temporal attention is applied; in this case,
words with higher activation levels are reported as occurring later, whereas words with lower acti-
vation levels are reported as occurring earlier. The result is that a nonrepeated C2 would generally
be reported in the correct position, but a repeated C2, by virtue of the lower activation level asso-
ciated with it, would sometimes be reported in C1’s position. In the simulation, this occurred on a
large percentage of trials, greatly inflating the estimate of RB for C2 in the cued-report task. In sum,
task dissociations of the sort demonstrated by Masson (2004) are not at all problematic for the
competition model.

In addition to simulating existing RB findings, the competition model makes some novel predic-
tions. In the next section, we test these predictions in three experiments using three different para-
digms. In Experiment 1, we employed a standard RSVP paradigm and compared the results to
simulations using the competition model as well as implemented versions of the type refractoriness
and token individuation hypotheses. In Experiment 2, we used the BSVP paradigm, with sets of 3–4
letters displayed simultaneously for 300 ms. In Experiment 3, we used a novel method for assessing
RB, a data-limited visual search task wherein participants made speeded decisions about the presence
or absence of targets in the context of repeated or nonrepeated distractors.
Fig. 7. Simulated summed activation levels across serial positions for the repeated and nonrepeated conditions from Masson
(2004, Experiment 2).
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3. Experiment 1

As noted previously, RB for a ‘‘critical” stimulus is often associated with facilitated report of tem-
porally or spatially adjacent ‘‘filler” stimuli (Luo & Caramazza, 1996). Although Luo and Caramazza ar-
gued that these findings supported the type refractoriness hypothesis, our simulations suggest that
they can be equally well accounted for by the competition model; both theories predict increased re-
port of the items adjacent to a repeated C2 when RB is sufficiently large (as can be seen in Figs. 2c and
e). However, there are two critical differences in the predictions of the theories. The first is that the
type refractoriness hypothesis predicts no difference in facilitation for the items immediately preced-
ing and following a repeated C2, whereas the competition model predicts that when RB is small to
moderate in size, facilitation will be robust for the filler item immediately preceding a repeated C2,
but less reliable for the filler immediately following a repeated C2. Why does the competition model
predict different degrees of facilitation for stimuli presented before vs. after the repeated item? Con-
sider the case of an RSVP stream consisting of five letters, designated L1, L2, L3, L4, and L5. When L3 is
identical to L1, L3’s type representation will be sharpened; this leads to a competitive advantage for L2
over L3, which in turn means that L2 in the repeated condition should more easily access awareness.
The letter following the repeated L3 (L4) will also gain a competitive advantage over L3 because of L3’s
smaller amount of neural activity. However, the competitive advantage in favor of L4 may be partly (or
even completely) offset by two factors: (1) an L4 that follows a repeated L3 may itself be associated
with less neural activity, because the total activation associated with L4 is partly a function of the total
activation associated with L3; and (2) forward masking affecting L4’s type representation will be
greater when L4 follows a repeated L3. The latter effect decreases the signal-to-noise ratio of L4’s type
representation, making it more difficult to identify even if it does access awareness.

The second critical difference in the predictions of the type refractoriness and competition theories
is that according to the type refractoriness hypothesis, facilitation for items adjacent to C2 is a direct
result of the failure to encode C2; in contrast, according to the competition model, facilitation for the
filler item immediately preceding C2 can occur even if both repeated items are reported on a partic-
ular trial. Although a repeated C2 will often lose the competition with the preceding item, it can still
be reported if it out-competes the item following it. Therefore, the competition hypothesis predicts
that facilitation for the letter immediately preceding C2 may be found even on trials in which both
C1 and C2 are correctly reported.

In Experiment 1, we tested these predictions using a standard RSVP stream of five letters. To dem-
onstrate the differential filler facilitation effects predicted by the competition model, we needed to de-
crease the size of the RB effect somewhat from the large effect found by Luo and Caramazza (1996).
Accordingly, we increased the exposure duration per letter to 117 ms. We also displayed the critical
letters in the L1 and L3 positions rather than L2 and L4. Moving the critical items to earlier serial posi-
tions should enable C2 to benefit from the increased activation associated with temporal attention ap-
plied at the beginning of the stream, and this increased activation should allow C2 to more often out-
compete L4 and be reported.

3.1. Methods

3.1.1. Participants
Forty-two Iowa State University students participated to fulfill a course requirement. All had nor-

mal or corrected-to-normal vision.

3.1.2. Materials and design
Sequences of five letters (designated L1, L2, L3, L4, and L5 according to serial position) were con-

structed in two conditions: a repeated condition and a nonrepeated condition. L1 and L3 were always
critical letters for the experimental trials. A set of eight consonants (B, D, F, G, J, Q, R, T) was chosen
such that the upper and lowercase versions of each consonant were visually dissimilar in the font
used. Critical letters were always chosen from this set. For the repeated-condition trials, L3 was a rep-
etition of L1, with L1 displayed in upper case and L3 in lower case (in RB experiments, repeated items
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are often displayed in different case to rule out visual fusion effects). Nonrepeated-condition trials
were created by substituting a different letter for L1 from the same set. Lowercase filler letters from
a different set (c, h, k, m, p, s, x, z) were added to make sequences of five letters (although some letters
were designated as ‘‘filler” letters to distinguish them from ‘‘critical” letters, all letters were to be re-
ported in Experiment 1). A total of 40 repeated trials were created, along with their corresponding 40
nonrepeated trials. Each participant viewed only one of each matched pair of trials; for each pair, half
the participants viewed the repeated version, and half viewed the nonrepeated version (each partic-
ipant viewed 20 repeated and 20 nonrepeated trials). In addition to the experimental trials, 32 filler
trials were constructed. Half of these contained repeated letters in the L2 and L4 positions. For the fil-
ler trials, both L1 and L2 were in upper case, with L3, L4, and L5 in lower case. Repeated, nonrepeated,
and filler trials were mixed randomly to form two stimulus lists, counterbalanced across participants.

3.1.3. Procedure
Each trial began with a row of asterisks displayed in the center of the computer screen for 1500 ms

as a ready signal. After a 200-ms delay, the letters appeared one at a time in the center of the screen,
with the last letter followed by a mask of five ampersands displayed for 500 ms. Exposure duration for
the letters was determined separately for each participant depending on their performance on 10
practice trials. Average exposure duration for the letters across the 32 participants was 117 ms. A blue
‘‘?” appeared immediately following the ampersand mask as a cue to participants to report all letters
seen on that trial, in the order displayed (they were not required to report letter case). The experi-
menter noted the participant’s responses on a scoresheet and then pressed a key to initiate the next
trial. The stimuli for all experiments reported in this article were presented on a Macintosh G4 with
display controlled by the PsyScope experimental control software (Cohen, MacWhinney, Flatt, & Pro-
vost, 1993). All letters were displayed in black Chicago 36 font on a light gray background. Letters in
this font subtended an average of approximately .57� � .86� of visual angle at a viewing distance of
50 cm.

3.1.4. Scoring
Report of a letter was counted as correct even if the letters were not reported in the correct order.

When only one of two repeated letters was reported, it was necessary to determine whether L1 or L3
should be credited with the report. Luo and Caramazza (1996) used letter context to determine which
of the repeated letters should be given credit; we followed a similar procedure. For example, given the
stimulus QSQZK, if QSZK was reported, L1 was credited with the report; if SQZK was reported, L3 was
credited. If context did not resolve the ambiguity (for example, report of QZK), L1 was credited with
the report (this occurred on 10% of repeated trials).

3.2. Results and discussion

The top panel of Fig. 8 shows the percentage correct report of letters at each position in the re-
peated and nonrepeated conditions from Experiment 1. Following Luo and Caramazza (1996) we ana-
lyzed report at each letter position separately. Planned comparisons for the critical letters L1 and L3
showed no difference between the repeated and nonrepeated conditions for L1, t(41) = �1.09, p > .25,
g2 = .028; however, a significant RB effect was found for L3, t(41) = �5.78, p < .001, g2 = .450. A second
measure of RB, known as the both score, compares the joint report of the critical items in the repeated
and nonrepeated conditions; the both score for the repeated condition (45%) was significantly lower
than the both score for the nonrepeated condition (68%), t(41) = �5.58, p < .001, g2 = .432. Compari-
sons for the filler letters showed that L2 was reported at a higher rate in the repeated than in the non-
repeated condition, t(41) = 2.15, p < .05, g2 = .101, as was L5, t(41) = 2.03, p < .05, g2 = .091; however,
there was no difference between repeated and nonrepeated conditions for report of L4, t(41) = 1.24,
p > .20, g2 = .036.

The bottom panel of Fig. 8 shows the simulated results of Experiment 1. As can be seen in the fig-
ure, the simulation replicated the experimental results; there was a substantial RB effect for L3 accom-
panied by facilitated report of L2 and L5. Notably, report of L4 was not significantly facilitated in either
the experimental data or in the simulation; L5 was facilitated instead.
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Fig. 8. (A) The percentage correct report at each letter position in the nonrepeated and repeated conditions in Experiment 1. (B)
The competition model’s simulation of the results.
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A closer look at the behavior of the model explains why facilitation is expected for L2 and L5
but not for L4. Because the model contains separate type recognition and temporal attention sys-
tems, it is possible to examine the output of the type recognition system independent of tempo-
ral attention. The output of the model’s type recognition system for each of the letter positions in
the repeated and nonrepeated conditions is shown in Fig. 9. In the nonrepeated condition, for-
ward masking degrades the type representations of L2–L5 such that accuracy of type identifica-
tion is below ceiling. Accuracy in the repeated condition is similar to the nonrepeated condition
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Fig. 9. Competition model simulations of percentage correct ‘‘type” identification for each letter position in the nonrepeated
and repeated conditions.
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for L1, L2, and L5, but quite different for both L3 and L4; type identification accuracy for L3 is
higher in the repeated than in the nonrepeated condition, while the accuracy of type identifica-
tion for L4 is slightly lower in the repeated condition. Forward masking explains both effects:
Priming of L3’s type representation occurs as a result of forward masking from an identical L1
serving to sharpen L3’s type representation; in turn, the sharpened representation of a repeated
L3 interferes more with type identification of L4 than does the non-sharpened representation of a
nonrepeated L3. This interference with L4’s type identification arises because the more highly
activated signal node from the repeated L3 becomes a large noise node for L4, decreasing its sig-
nal-to-noise ratio. Thus, whereas both L2 and L4 benefit from the reduced competitiveness of a
repeated L3, some of this benefit for L4 is offset by the detrimental effect a repeated L3 has
on type identification of L4.

In addition, a second factor can decrease the report of L4 when it follows a repeated L3; because
L4’s total activation is a function of L3’s total activation, the smaller activation associated with a re-
peated L3 decreases the total activation for L4, making it more vulnerable to competition from L5.
As shown in Fig. 10, L5 has a slight competitive advantage over L4 in the repeated condition but
not in the nonrepeated condition. This explains the finding of facilitation for L5 in Experiment 1—it
occurs at the expense of L4.8
8 Fig. 10 also demonstrates why ‘‘backward RB” was not expected in Experiment 1. According to the competition model,
backward RB should occur when L1 and L2 both access awareness, L3 does not, and L2’s activation exceeds that of L1. However, in
the simulation L1’s activation always exceeded that of L2.
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Fig. 10. Simulated summed activation levels across serial positions for the repeated and nonrepeated conditions in Experiment 1.

22 A.L. Morris et al. / Cognitive Psychology xxx (2008) xxx–xxx

ARTICLE IN PRESS
In sum, the competition model predicts that facilitation for the letter immediately preceding a re-
peated C2 should be more reliable than facilitation for the letter immediately following a repeated C2;
in fact, unless RB is large, there may be no discernable facilitation for the filler letter immediately fol-
lowing C2. This prediction represents an important difference between the competition hypothesis
and the type refractoriness hypothesis, as the latter would not appear to predict a difference in facil-
itation for items preceding and following a repeated C2.

3.3. Can other theories explain filler facilitation?

It is possible that rival theories could also explain the observed pattern of filler facilitation. To
examine this possibility, we created and implemented a simulation of the type refractoriness hypoth-
esis based on assumptions described in Luo and Caramazza (1996). In the simulation of the type
refractoriness hypothesis, types were represented as single nodes, each with a firing threshold; type
nodes activated above threshold represented correctly recognized types. Standard assumptions con-
cerning forward and backward masking were employed (Enns & Di Lollo, 2000): Forward masking
was implemented as activation randomly added or subtracted from all type nodes as each letter
was displayed, and backward masking served to limit type activation. Once a type node fired, it be-
came refractory for a short time period. Therefore, if a letter’s type node was still in a refractory state
when the letter was repeated, the second occurrence of the letter failed to be recognized. In addition,
although competition for access to awareness is not an explicit feature of the type refractoriness
hypothesis, Luo and Caramazza’s explanation of their filler facilitation effect implies that items must
compete on a local basis to enter a memory buffer. They suggested that ‘‘if the visual recognition sys-
tem is ‘blind’ to the second occurrence of a repeated item, then there should be less interference in
processing the items that immediately precede and follow the repeated one.” (Luo & Caramazza,
1996, p. 101). Accordingly, when a type node was activated beyond threshold, the probability of
encoding each adjacent letter into the memory buffer was decreased. We adjusted the threshold
and encoding interference parameters to produce a similar amount of RB to that observed in Experi-
ment 1 (additional details of the simulation can be found in Appendix B).

Table 4 shows the results of the simulation of the type refractoriness hypothesis; consistent with
the claims of Luo and Caramazza (1996), the simulation produced facilitation for filler letters adjacent
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Table 4
Simulations of the type refractoriness and token individuation hypotheses of RB

Serial position

Condition L1a L2 L3a L4 L5

Type refractoriness simulation

Nonrepeated 88 73 72 72 82
Repeated 88 76 50 75 82

Token individuation simulation
Nonrepeated 90 87 84 66 43
Repeated 90 87 61 72 49

Experiment 1 results
Nonrepeated 98 72 69 54 47
Repeated 99 78 46 57 52

a Critical items.
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to the repeated letter. However, the simulation results are inconsistent with the results of Experiment
1, in that the simulation predicted equal amounts of facilitation for the filler letters immediately pre-
ceding and following a repeated C2. In Experiment 1, facilitation was found for the letter preceding C2
(L2), but not for the letter following C2 (L4). In addition, facilitation was found for L5 in Experiment 1,
but not in the type refractoriness simulation.

The predictions of the token individuation hypothesis concerning facilitation of filler items are less
clear than those of the competition and type refractoriness hypotheses. However, some sort of filler
facilitation is predicted. Park and Kanwisher (1994, Experiment 5) noted that the total number of let-
ters reported from RSVP lists was the same in the repeated and nonrepeated conditions; they sug-
gested that ‘‘forgetting or not perceiving C2 must free up capacity to store another letter from the
list.” (Park & Kanwisher, 1994, p. 511). A second claim voiced by Park and Kanwisher was that encod-
ing a repeated item requires more time than encoding a nonrepeated item. Accordingly, we imple-
mented the token individuation hypothesis by assuming that activated types were tokenized
sequentially, each tokenized letter entered a limited-capacity buffer, and the time required to tokenize
a repeated type was longer than the time required to tokenize a nonrepeated type. Type representa-
tions, activation and noise values, and assumptions about forward and backward masking were the
same as in the type refractoriness simulation (see Appendix B for simulation details). As shown in Ta-
ble 4, this simulation produced facilitation for the letters following a repeated C2, but no facilitation
for the letter immediately preceding C2, a prediction disconfirmed by the results of Experiment 1. In
sum, the competition model provides the best fit to the data from Experiment 1.

An additional difference between the predictions of the competition and type refractoriness
hypotheses can be demonstrated via conditional analyses. As described previously, the competition
hypothesis predicts that facilitated report of L2 may be observed even when both C1 and C2 are re-
ported. The type refractoriness hypothesis does not predict this, as according to that account, facilita-
tion for L2 stems from the failure to encode L3. The results of conditional analyses of the data from
Experiment 1 and the results of simulations of the competition and type refractoriness hypotheses
are shown in Table 5. As can be seen in the table, the competition model predicts that report of the
letter immediately preceding C2 will be increased in the repeated compared to the nonrepeated con-
Table 5
Report of the item intervening between C1 and C2 conditionalized on correct joint report of C1 and C2 in Experiment 1 and in
simulations of the competition model and the type refractoriness hypothesis

Condition Nonrepeated Repeated

Experiment 1 results 70 77
Competition model simulation 73 84
Type refractoriness simulation 72 72
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dition on trials in which both C1 and C2 are correctly reported. The type refractoriness simulation, in
contrast, predicts no facilitation when both C1 and C2 are reported. The results of Experiment 1 are
more consistent with the competition model’s prediction; report of the letter immediately preceding
C2 was higher in the repeated than in the nonrepeated condition in a conditional analysis, t(41) = 1.91,
p < .05 (one-tailed). Contrasting predictions of the type refractoriness hypothesis and the competition
model were further examined using simultaneous displays in Experiments 2a and b.

4. Experiment 2a

In Experiment 2a, sets of 3–4 letters were displayed in unpredictable positions and participants
were asked to type all of the letters seen on each trial. Order of encoding of the letters was free to vary;
therefore, a particular filler letter could sometimes be encoded immediately prior to the second of two
repeated letters and sometimes following the second repeated letter. Based on pilot studies, the size of
the RB effect in Experiment 2a was expected to be similar to that found in Experiment 1. The compe-
tition model predicts that RB in this paradigm might not be accompanied by significant filler-letter
facilitation; whereas a filler letter encoded immediately prior to a repeated C2 should be facilitated,
a filler letter encoded immediately following a repeated C2 may show the opposite effect. Therefore,
the overall level of facilitation for the filler letters should be minimal in Experiment 2a, and the total
number of letters reported in the repeated condition should be significantly lower than that in the
nonrepeated condition. In contrast, both the type refractoriness and token individuation hypotheses
predict significant facilitation for filler letters when C2 is affected by RB.

4.1. Methods

4.1.1. Participants
Twenty Iowa State University students participated to fulfill a course requirement. All were mono-

lingual speakers except two who learned English simultaneously with another language. All had nor-
mal or corrected-to-normal vision.

4.1.2. Materials and design
Arrays of three and four letters were created with two of the letters designated as critical letters.

Critical letters were chosen from the same set used in Experiment 1 (B, D, F, G, J, Q, R, T). In the repeated
condition, the second critical letter was the same as the first, but in lower case. The nonrepeated con-
dition was created from the repeated condition by substituting a different letter from the same set for
the uppercase letter. Lowercase filler letters from a different set (c, h, k, m, p, s, x, z) were added to
make groups of three and four letters (filler letters were not duplicated within a trial). The letters were
displayed in eight possible positions on the computer screen, forming an imaginary circle that had a
radius of approximately 22 mm. Letters were assigned to positions 1–8, with each position containing
a letter equally often. Letters in corresponding repeated and nonrepeated trials maintained their
respective positions. Letters were displayed in the same font as in Experiment 1; the display was de-
signed so that all letters could be identified when the participant maintained fixation in the center of
the display.

The stimulus list contained a total of 100 trials; 40 four-letter trials, 40 three-letter trials (included
to provide a basis for predictions for Experiment 3), and 20 trials containing two letters. The order of
trials was randomized by the computer for each participant. Each stimulus list contained both the re-
peated and nonrepeated versions of each stimulus.

4.1.3. Procedure
Each trial began with a ‘‘+” displayed in the center of the computer screen for 1500 ms as a ready

signal. The letters then appeared simultaneously for 300 ms and were immediately replaced by an ar-
ray of eight ampersands as masks. The masks remained on the screen for 1000 ms, followed by a ‘‘?” as
a cue to type the letters seen. Participants were instructed to type all letters in lower case, and to type
a letter twice if they had seen it displayed twice. No mention was made about scanning the display in a
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Table 6
Percentages of correct reports of critical and filler letters and total number of letters correctly reported in Experiment 2a and in the
competition model simulation

Data Model

Condition Criticala Fillerb Totalc Criticala Fillerb Totalc

Nonrepeated 53 (5) 69 (3) 2.85 (.11) 50 73 2.89
Repeated 33 (5) 70 (3) 2.64 (.11) 32 73 2.70
Repeated–nonrepeated �20 1 �.21 �18 0 �.19

a Joint report of critical letters.
b Percentage correct report of filler letters.
c Total number of letters reported (out of four). Standard errors are shown in parentheses.
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particular order or direction. Typed letters echoed to the screen. After typing the letters, the partici-
pant pressed the return key to record the response in the data file. The next trial began after
1000 ms. The experimental trials were preceded by 10 practice trials.

4.2. Results and discussion

Although RB was expected for the three-letter trials, facilitation of the filler letter would not be ex-
pected under any of the theoretical accounts because the nonrepeated condition was at ceiling for
many participants. The three-letter trials were designed to provide a basis for predictions for Exper-
iment 3, and will be discussed later. The trials of main interest in Experiment 2a were the four-letter
trials; Table 6 shows the mean percentage correct reports of critical and filler letters and mean total
number of letters correctly reported in the repeated and nonrepeated conditions for these trials. Over-
all correct report was high, but below ceiling. In the nonrepeated condition, participants correctly re-
ported a mean of 2.85 letters; all four letters were reported correctly on 23% of trials, and three letters
were reported correctly on 44% of trials. The mean number of letters correctly reported in the repeated
condition was 2.64, significantly lower than in the nonrepeated condition, t(19) = 4.64, p < .001,
g2 = .531. Correct report of both critical letters was also significantly lower in the repeated condition
than in the nonrepeated condition, t(19) = 5.49, p < .001, g2 = .613. However, despite the finding of
substantial RB, no facilitation was found for the filler letters in the repeated condition compared to
the nonrepeated condition (t < 1).

Simulations of Experiment 2a using the competition model are also shown in Table 6 (simulation
details and parameters can be found in Appendix A). As can be seen in the table, the model produces a
pattern of results quite similar to that in Experiment 2a, including a lack of significant filler facilitation.

The failure to observe significant filler facilitation in brief simultaneous displays is not consistent
with either the type refractoriness hypothesis or the token individuation hypothesis, as these theoret-
ical accounts suggest that facilitation of filler letters is a direct consequence of failure to encode (or
tokenize) a repeated letter. However, the presence of significant RB coincident with no filler facilita-
tion can be accommodated by predictions of the competition model. Although facilitation is predicted
for a letter encoded immediately prior to a repeated C2, any letter encoded immediately following a
repeated C2 may in fact show a decrease in report relative to the nonrepeated condition. The compe-
tition model predicts that if filler letters were more consistently encoded immediately prior to the sec-
ond repeated letter, and less often immediately following the repeated letter, the facilitation effect
would be expected to re-emerge. Accordingly, Experiment 2b was designed to restore the filler facil-
itation effect by manipulating order of letter encoding.

5. Experiment 2b

Participants again viewed simultaneous displays of letters and were asked to type the letters they
saw. On each trial, two of the letters were displayed in color (one red, one blue) with the remaining
letters displayed in black. Participants were instructed to give priority to reporting the red and blue
letters, but also to try to report as many letters as possible from each display. If participants use
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the color cues to preferentially process items at the cued locations (Tsal & Lavie, 1988), then the
red and blue letters are expected to be reported at a higher rate than the black letters in all conditions.
Furthermore, the competition hypothesis predicts that significant facilitation for a filler letter in the
presence of repeated letters will be found only under particular conditions: Facilitation should be
evident when the filler letter is encoded immediately prior to the second of two identical letters. In
contrast, facilitation for letters encoded following the second repeated letter should be less reliable.

5.1. Methods

5.1.1. Participants
Thirty-six Iowa State University students participated to fulfill a course requirement. All had nor-

mal or corrected-to-normal vision.

5.1.2. Materials and design
As in Experiment 2a, two letters were designated as critical letters (and thus could be repeated or

nonrepeated) and two other letters were designated as filler letters. However, an additional factor was
added to the design in Experiment 2b. On each trial, two of the letters were displayed in color (red and
blue) and the other letters were black. In the red critical/blue filler condition, the two letters given high
priority for report were the uppercase critical letter (displayed in red) and one of the filler letters
(displayed in blue). The other letters were displayed in black. If participants reliably encode the red
and blue letters prior to the black letters, the competition model predicts that report of the filler letters
should be higher in the repeated condition than in the nonrepeated condition because they will some-
times be encoded immediately prior to the second of the repeated letters (see Table 7 for examples
and predictions). A second condition in Experiment 2b was the red-and-blue critical condition, wherein
the high-priority letters were the critical letters (again, the uppercase critical letter was always red)
and the filler letters were black. Significant facilitation of filler letters was not expected for the
red-and-blue critical repeated condition, because if participants prioritize the locations of the repeated
critical letters, no filler letter will be encoded immediately prior to the second repeated letter.

The spatial location of the red and blue letters was varied such that letters at each position had an
equal probability of appearing in color. Each participant again viewed 40 trials containing four letters,
40 containing three letters, and 10 trials containing two letters. Each letter combination appeared in
each condition equally often, counterbalanced across participants.

5.1.3. Procedure
The procedure was identical to that in Experiment 2a, except that two letters in each trial were dis-

played in color. Participants were instructed to type all letters seen on each trial, giving priority to the
red and blue letters.
Table 7
Predicted results of Experiment 2b

Red critical/blue filler condition Red-and-blue critical condition

Condition Encoding order Prediction Encoding order Prediction

Nonrepeated T z d p T d p z
Repeated D z d p Facilitation for blue filler letter D d p z No facilitation for filler letters

Nonrepeated T z p d T d z p
Repeated D z p d Small facilitation for black filler letter D d z p No facilitation for filler letters

Nonrepeated z T p d d T p z
Repeated z D p d Facilitation for black filler letter d D p z No facilitation for filler letters

Nonrepeated z T d p d T z p
Repeated z D d p No facilitation for filler letters d D z p No facilitation for filler letters

Note. Uppercase letter was displayed in red; underlined letter was displayed in blue.
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Table 8
Percentages of correct reports of critical and filler letters and total number of letters correctly reported in Experiment 2b and in the
competition model simulation

Data Model

Condition Criticala Fillerb Totalc Criticala Fillerb Totalc

Red critical/blue filler
Nonrepeated 41 (5) 60 (3) 2.58 (.08) 35 64 2.59
Repeated 25 (3) 67 (2) 2.54 (.07) 18 69 2.51
Repeated–nonrepeated �16 7 �.04 �17 5 �.08

Red-and-blue critical
Nonrepeated 81 (3) 42 (4) 2.63 (.08) 79 40 2.59
Repeated 59 (4) 44 (3) 2.40 (.08) 54 39 2.32
Repeated–nonrepeated �22 2 �.23 �25 �1 �.27

Standard errors are shown in parentheses.
a Joint report of critical letters.
b Percentage correct report of filler letters.
c Total number of letters reported (out of four).
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5.2. Results and discussion

Three of the 36 participants failed to follow the instructions to prioritize report of red and blue
letters over report of black letters; these three participants were excluded from further analyses. Trials
containing three letters were again designed to provide a basis for predictions in Experiment 3 and
therefore will be discussed later. For the four-letter trials, Table 8 shows the mean percentage correct
reports of critical and filler letters and mean total number of letters correctly reported in the various
conditions. The competition model predicts that the results from red-and-blue critical condition
should resemble those in Experiment 2a; specifically, there should be minimal facilitation of filler let-
ters, with a significant decrease in total letters reported in the repeated compared to the nonrepeated
condition. For the red critical/blue filler condition, however, the competition hypothesis predicts sig-
nificant filler facilitation. These predictions were examined via analysis of variance with the factors
repeatedness and condition. With respect to the total number of letters reported measure, there
was a main effect of repeatedness such that the number of letters reported was decreased for repeated
trials compared to nonrepeated trials, F(1,32) = 11.12, p < .005, gp

2 = .258. There was no main effect of
condition in the total letters reported measure, F(1,32) = 1.57, p > .20; however, as predicted by the
competition model, there was a significant Repeatedness � Condition interaction, F(1,32) = 7.97,
p < .01, gp

2 = .199. Further analysis of this interaction revealed that for the red-and-blue critical con-
dition, the total number of letters reported was significantly lower in the repeated condition than
in the nonrepeated condition, F(1,32) = 22.12, p < .001, gp

2 = .409, but that this was not the case for
the red critical/blue filler condition, F < 1.

Inspection of Table 8 suggests that the interaction found in the total letters reported measure might
be attributed to greater RB in the red-and-blue critical condition; however, further analysis reveals
that this is not the case. A 2 � 2 ANOVA on the critical letter joint report scores with the factors rep-
eatedness and condition revealed a significant main effect of condition, F(1,32) = 92.18, p < .001,
gp

2 = .742, and a significant main effect of repeatedness, F(1,32) = 40.57, p < .001, gp
2 = .559, but a

non-significant interaction between condition and repeatedness, F(1,32) = 1.72, p = .20. Thus, RB
was not significantly larger in the red-and-blue critical condition.9 The difference in total number of
letters reported appears to be driven in part by differences in report of the filler letters. Planned compar-
9 Some might find it surprising that the amount of RB was not significantly larger in the red-and-blue critical condition than in
the red critical/blue filler condition, because on average, the encoding lag between the critical items should be smaller in the red-
and-blue critical condition. However, according to the competition hypothesis, the size of the RB effect is a function of lag and
temporal attention—the latter of which is greater for earlier-encoded items. A larger amount of temporal attention decreases RB,
because each successively encoded item tends to out-compete the item following it. Thus, the increase in RB expected with the
shorter lag is offset by the larger amount of temporal attention present in the red-and-blue critical condition.
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isons conducted on the difference scores (repeated–nonrepeated) for the red critical/blue filler and red-
and-blue critical conditions indicated that, as predicted by the competition model, filler facilitation was
larger for the red critical/blue filler condition, t(32) = 1.74, p < .05 (one-tailed). Furthermore, separate
comparisons for each of the two conditions indicated that facilitation in the red critical/blue filler con-
dition was significantly greater than zero, t(32) = 2.56, p < .01 (one-tailed), whereas in the red-and-blue
critical condition it was not, t < 1. It is important to note that facilitation was found to be larger in the red
critical/blue filler condition even though baseline performance was higher (because one of the filler let-
ters was high priority), and therefore the opportunity to demonstrate facilitation was more limited than
in the red-and-blue critical condition.

Results of the competition model simulations are also shown in Table 8. The simulations were per-
formed by assuming that order of item encoding varied according to condition, as outlined in Table 7.
The parameters were identical to those used in the Experiment 2a simulation, with one change: To
increase the competitiveness of the red and blue letters (which were always assumed to be encoded
prior to the black letters) the attentional decay parameter was increased slightly. More rapid decay of
temporal attention means that letters encoded earlier will have a greater competitive advantage over
letters encoded later, although this may result in fewer letters being reported overall. As can be seen in
the table, the simulation results match the data rather well. In particular, the model predicts facilita-
tion of the filler letters for the red critical/blue filler condition, but not for the red-and-blue critical
condition.

In sum, significant facilitation of filler-letter report was found only when a color cue prioritized re-
port of fillers (the red critical/blue filler condition), as predicted by the competition model. When color
cues only prioritized report of critical items, no filler-letter facilitation occurred. If increased report of
filler letters occurs as a result of the failure to encode a repeated letter, as suggested by the type refrac-
toriness and token individuation hypotheses, then there should have been facilitation of filler-letter
report in the red-and-blue critical condition as well as in the red critical/blue filler condition.

Results from the red critical/blue filler condition (where facilitation was found) were further exam-
ined via a conditional analysis, as in Experiment 1. Even on trials in which both critical letters were
reported correctly, report of filler letters was significantly higher in the repeated condition (63%) than
in the nonrepeated condition (54%), t(27) = 2.92, p < .01, g2 = .24. The finding of facilitation for report
of filler letters even when both repeated letters were reported is consistent with the competition mod-
el, but not consistent with the type refractoriness or token individuation hypotheses, as they predict
that facilitation of adjacent letters is a direct result of failure to encode the repeated letter.
6. Experiment 3

Experiments 1 and 2 of this article illustrate some important differences between predictions of the
competition model and those of other theoretical accounts of RB, and demonstrate that the predictions
of the competition model provide a better fit to the data. Experiment 3 illustrates one way in which
the competition model can be extended. In Experiment 3, we employed a time-limited visual search
task to examine the hypothesis that items associated with similar levels of neural activation (e.g., two
nonrepeated items) engage in prolonged competition, while items associated with disparate levels of
neural activation (e.g., a nonrepeated and a repeated item) engage in briefer competition. Two predic-
tions follow from this assumption: (1) a nonrepeated item competing against a repeated item will ac-
cess awareness more quickly than a nonrepeated item competing against a second nonrepeated item;
and (2) when a repeated item does gain access to awareness, it will do so more slowly, on average,
than will a nonrepeated item. Prediction 2 means that having repeated items in the display does
not always increase search efficiency. In a situation where all items need to be identified and there
is sufficient time to do so, having repeated items in the display can actually decrease efficiency because
of the prolonged competition accompanying the repeated item.

On each trial of Experiment 3, arrays of 3–4 letters were displayed simultaneously for 300 ms, and
participants were told to search for a vowel target among consonant distractors. On some trials all the
distractors were different letters, while on others the display contained two identical distractors. The
number of items in the display was varied (either 3 or 4) so that search detection accuracy would vary,
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Table 9
Predicted results of Experiment 3

Target-present trials
Three-letter displays Shorter response latencies in the repeated-distractor condition*

Four-letter displays Lower error rate in the repeated-distractor condition*

Target-absent trials
Three-letter displays Longer response latencies in the repeated-distractor condition*

Four-letter displays No specific prediction; error rate depends on response bias

* Prediction was confirmed.
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allowing us to compare situations with different amounts of expected competition. Predictions for the
three- and four-letter trials (shown in Table 9) can be derived from the results of Experiments 2a and
b. Search for the vowel target on target-present trials should be more efficient if the display contains a
repeated distractor letter as opposed to all nonrepeated letters; the target, a nonrepeated letter,
should more easily out-compete the repeated distractor. Because all letters in three-letter displays
were detected with high accuracy in Experiments 2a and b, response latencies should be more sensi-
tive than accuracy to the differences between the repeated- and nonrepeated-distractor conditions.
For the four-letter displays, however, accuracy was poorer, and therefore we expected accuracy to
be more sensitive to the repeated-distractor advantage than response latency for these trials.10

A repeated-distractor advantage is not predicted for the target-absent trials. The reason is that in
order to achieve optimal performance on target-absent trials, participants should attempt to identify
all the items in the display. Because a repeated distractor is associated with a smaller amount of neural
activity, other items in the display (and the final mask) will compete against it more strongly. There-
fore, when a repeated distractor does manage to access awareness, the competition is likely to have
been prolonged, producing a longer RT for correct rejections than in the nonrepeated condition.11

6.1. Methods

6.1.1. Participants
Thirty-six Iowa State University students participated to fulfill a course requirement. All partici-

pants were native speakers of English.

6.1.2. Materials and design
Materials were adapted from Experiment 2a to create the target-absent trials for Experiment 3.

Specifically, the repeated condition from Experiment 2a became the repeated-distractor condition
in Experiment 3, and the nonrepeated condition from Experiment 2a became the nonrepeated-distrac-
tor condition. For the target-present trials, one of the filler letters from Experiment 2a was changed to
a vowel (a, e, i, o, u), always displayed in lowercase. Each participant viewed a total of 180 trials; 160
experimental trials plus 20 filler trials with only two non-identical letters. Half the experimental trials
were target-present trials, with the other half target-absent trials. Order of trials was randomized by
the computer.

6.1.3. Procedure
Participants were seated in front of a computer monitor and button box with one button labeled

YES and the other labeled NO (the placement of button labels was counterbalanced between partici-
10 Participants correctly identified all three letters from three-letter nonrepeated-condition displays 70% of the time in
Experiment 2a and 59% of the time in Experiment 2b. For the four-letter trials, all four letters were correctly identified on only 23%
of nonrepeated-condition trials in Experiment 2a and on only 13% of nonrepeated-condition trials in Experiment 2b.

11 For the four-letter target-absent trials, the effect of repeated distractors on the error rates will depend on response bias,
because participants will not generally be able to identify all four items. If participants tend to respond ‘‘no” when uncertain about
the identity of a letter, there should be no effect on the error rates because ‘‘no” is the correct response. However, if participants
tend to respond ‘‘yes” when uncertain, false alarms may be higher in the repeated-distractor condition.
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pants). Each trial began with a ‘‘+” displayed in the center of the computer screen for 1500 ms as a
ready signal. The letters then appeared simultaneously for 300 ms and were then replaced by eight
ampersands as masks. The masks remained on the screen for 1000 ms. Participants were instructed
to press the YES button if a vowel appeared among the letters, or to press the NO button if no vowel
appeared. Participants were encouraged to respond as quickly as possible without making too many
errors. Feedback was given on each trial. For correct trials, the RT in ms was displayed in the center of
the computer screen for 500 ms; for incorrect trials, ‘‘MISS” or ‘‘FALSE ALARM” was displayed in red
letters for 500 ms. The next trial began after 1000 ms. Participants were prompted to take breaks after
every 36 trials. The experimental trials were preceded by 36 practice trials. The experimenter re-
mained seated next to the participant throughout the experiment, periodically encouraging the par-
ticipant to keep responding as rapidly as possible while avoiding too many errors.

6.2. Results and discussion

The two dependent variables were response latency (on correct trials) and error rate; results are
shown in Table 10. Separate planned comparisons were conducted on target-present and target-ab-
sent trials. As predicted, for the three-letter target-present trials, correct responses were significantly
faster in the repeated condition than in the nonrepeated condition, t(35) = 3.12, p < .005, g2 = .218,
while the error rates did not differ significantly (t < 1). For the four-letter target-present trials, there
was no significant difference in the response latencies (t < 1); however, as predicted, there were fewer
‘‘miss” errors in the repeated condition, t(35) = 2.08, p < .05, g2 = .11.

Also as predicted, repeated distractors did not facilitate correct rejections. In fact, the presence of a
repeated distractor in the three-letter target-absent trials increased response latencies for correct
rejections, t(35) = 2.06, p < .05, g2 = .11. There was no effect on the error rates, and no significant ef-
fects were found for the four-letter trials (ts < 1). This is the expected result given that participants
tended to respond ‘‘no” more often than ‘‘yes” across all three- and four-letter trials; participants re-
sponded ‘‘no” on 52% of trials which was significantly greater than 50%, t(35) = 2.39, p < .05, g2 = .14. If
participants tended to respond ‘‘no” more often than ‘‘yes” when uncertain about the identity of a let-
ter, errors on repeated-distractor four-letter trials would not be expected to increase.

The results of Experiment 3 are consistent with the idea that when two items compete for access to
awareness, the competition will be resolved more quickly when one item is associated with much lar-
ger activation than the other. Greater similarity of activation levels between two competing items, on
the other hand, prolongs the competition and delays access to awareness for the winning item. Exper-
iment 3 suggests that extensions to the competition model may increase our understanding of
speeded tasks such as visual search and short-term priming; for example, the increased competition
from nonrepeated relative to repeated distractors is similar to the distractor heterogeneity effect (see
Nagy & Thomas, 2003; Palmer, Verghese, & Pavel, 2000, for recent discussion).
Table 10
Mean response latencies (in milliseconds) and mean percentage error in Experiment 3

Response latency Percentage error

Target present Target absent Target present Target absent
Condition M SE M SE M SE M SE

3-Letter displays
Nonrepeated 494 10 561 12 14.72 1.61 10.28 1.44
Repeated 479 10 572 13 13.75 1.56 10.28 1.50
Nonrepeated–repeated 15** �11* .97 0

4-Letter displays
Nonrepeated 487 11 593 12 17.22 1.59 12.92 1.41
Repeated 487 11 589 12 13.89 1.35 12.92 1.74
Nonrepeated–repeated 0 4 3.33* 0

* p < .05.
** p < .01.
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7. General discussion

In the twenty years since the publication of Kanwisher’s initial paper, a number of different mech-
anisms have been proposed to explain the phenomenon of RB. Kanwisher’s token individuation
hypothesis and Luo and Caramazza’s type refractoriness hypothesis, both activation accounts, have
contributed much to our understanding of this paradoxical repetition effect. Although advocates of
the construction/attribution framework (e.g., Whittlesea & Masson, 2005) have pointed to significant
weaknesses in activation accounts, they have acknowledged that the construction/attribution frame-
work can not yet produce a model of short-term repetition effects with sufficient specificity to gener-
ate precise a priori predictions (Masson, 2004). Retaining both theoretical perspectives may be
advantageous given that recent work from both sides has identified new empirical phenomena that
constrain explanations of RB, such as the finding that filled lags result in more RB than unfilled (Whit-
tlesea & Masson, 2005).

Our new theoretical account, known as the competition model, is an activation account in that it
assumes that viewing items such as letters, words, or pictures activates mental representations as part
of the recognition process. It differs from the type refractoriness and token individuation accounts in
important ways. The first concerns how changes in an item’s type representation play a role in produc-
ing RB. According to the token individuation hypothesis, it is a failure to tokenize a repeated type that
produces RB, not changes in the item’s type representation (Kanwisher, 1987). In contrast, our account
resembles the type refractoriness hypothesis by proposing that RB occurs because of changes in the
repeated item’s type representation. The proposed changes are quite different, however. According
to the type refractoriness hypothesis, RB occurs when the type node for a repeated item is not acti-
vated above its threshold (Luo & Caramazza, 1995, 1996); thus, the item is not identified within the
type recognition system. In contrast, according to the competition model, the type representation
for a repeated item is sharpened, i.e., its type is more easily identified than that of a nonrepeated item.
Although sharpened representations are more often associated with repetition priming, RB can occur
when there is competition for access to awareness, because the sharpened representation of a re-
peated item tends to be out-competed by noisier non-sharpened representations.

The second point of differentiation among the activation accounts concerns the relationship be-
tween critical items and filler items in RSVP or BSVP displays. Proponents of the token individuation
hypothesis have downplayed the role of filler items in producing RB (Park & Kanwisher, 1994); RB is
claimed to result from interactions between the critical items themselves, in that tokenization of C1
results in a decreased probability of re-tokenizing an identical type for a short time period. Proponents
of the type refractoriness hypothesis observed that filler items adjacent to a repeated C2 are reported
at a higher rate (Luo & Caramazza, 1996). This boost in report of filler items was attributed to a failure
of encoding of the repeated item such that it does not interfere with report of the filler items; thus the
facilitated report of filler items is a direct effect of RB. According to the competition model, however,
increased competitiveness from filler items adjacent to a repeated C2 is not only an effect of RB, it is
also a cause of it. In RSVP and BSVP displays, the forward and backward masking of each item means
that representations must compete for access to awareness. When two adjacent items are in compe-
tition, the one with the higher level of total activation wins. Repeated items, with their sharpened rep-
resentations, generally have reduced activation, putting them at a disadvantage in the competition
with adjacent items. Thus, repeated items fail to access awareness more often than nonrepeated items.

The third point of differentiation concerns the specific types of filler facilitation effects that are pre-
dicted. The competition model predicts that the letter encoded immediately prior to a repeated letter
will be reported more frequently than the same letter encoded immediately prior to a nonrepeated
letter; this occurs because the repeated letter serves as a less effective backward mask than a nonre-
peated letter. However, the letter immediately following a repeated letter will not tend to show facil-
itation unless RB is large. The type refractoriness and token individuation hypotheses do not predict
that facilitation for the letter encoded immediately prior to a repeated letter should be more reliable
than facilitation for the letter encoded immediately following the repeated letter. The competition
model’s predictions were confirmed by the results of Experiments 1 and 2. Furthermore, the compe-
tition model is the only theory to predict that filler facilitation may be found when the analysis is
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restricted to trials in which both critical letters are reported. In other words, rather than being a direct
result of fewer letters to report because a repeated letter was not reported (as in the type refractori-
ness and token individuation accounts), facilitation of filler report in the repeated condition stems
from the decreased competitiveness of repeated items. This prediction was also confirmed by condi-
tional analyses in Experiments 1 and 2b.

The competition model demonstrates that neither refractoriness of type representations nor a bias to
minimize tokenization of repeated types is necessary to account for RB findings. RB emerges naturally
from inter-item competition under time-limited conditions, because repeated items are associated with
less summed neural activity than nonrepeated items. However, when competition is minimized, the
sharpened representations associated with repeated items can result in priming rather than RB.

7.1. Discussion of competition model assumptions

7.1.1. Type node saturation
In the model, signal nodes of repeated items often reach a saturation level; this ceiling effect con-

tributes to the reduced activation associated with repeated types. This assumption was chosen for
simplicity of implementation as well as ease of exposition. However, saturation is not the only way
to implement the sharpening effect. In a time-based version of the competition model (currently un-
der development), activation at each type node increases more slowly as current activation increases.
This implementation achieves a similar effect (decreased activation for repeated type representations)
without the need to assume saturation.

7.1.2. Added noise can improve processing
A somewhat counterintuitive feature of the model is that a small amount of increased noise within

a type representation can sometimes increase item identification. The idea that small amounts of
noise can sometimes help rather than hinder processing has also been discussed by Ward, Doesburg,
Kitajo, MacLeen, and Roggeveen (2006), who reviewed evidence demonstrating that small amounts of
added noise can increase neural synchrony associated with perceptual signals. Similarly, in the com-
petition model, adding a small amount of noise to a representation can increase its ability to achieve
sustained and synchronous activation (leading to conscious awareness) while still enabling it to be
accurately classified by the type recognition system. In this sense, the model exhibits a preference
for novelty, in that novel stimuli are associated with more activation; consequently, they have a com-
petitive advantage over more familiar stimuli.

7.1.3. High-speed scanning or long attentional dwell?
We have claimed that in simultaneous displays, initial encoding of types occurs rapidly and

sequentially. Some might see this as improbable, as attentional ‘‘dwell” times have been found to
be fairly long (e.g., several hundred milliseconds; Duncan, Ward, & Shapiro, 1994). The competition
model embodies both high-speed scanning of stimuli and long attentional dwell times. We propose
that type activation occurs rapidly and sequentially in both RSVP and BSVP, but subsequent competi-
tion between activated type representations is an extended process. Thus, high-speed scanning esti-
mates, derived from visual search studies, reflect the large number of types that can potentially be
identified. Dwell times, derived from interference studies, tend to be long because emerging type rep-
resentations can be vulnerable to competition from other representations for several hundred
milliseconds.

7.1.4. Item duration effects
The current version of the competition model assumes equal exposure durations for each stimulus

item with the exception of simulations in which the final item in the list is displayed for a shorter time
interval. Therefore, the model does not generate precise predictions for situations in which an item in
the middle of an RSVP stream is displayed for a longer duration.12 For example, suppose that in a five-
12 We thank Brad Wyble for raising this issue.
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letter RSVP stream, L2 is displayed for 200 ms and all other items are displayed for 100 ms. Most would
expect that report of L2 would increase. Although this particular situation is beyond the scope of the cur-
rent implementation, it is worth considering whether a modified version of the model would correctly
predict this result.

According to the competition model, the probability of correctly reporting a letter from a rapid dis-
play is a function of both the quality of the type representation and the probability that the letter will
access awareness. Increasing the exposure duration will improve the signal-to-noise ratio of the type
representation, which should contribute to increased report of the letter. However, it is less clear how
increased exposure durations affect access to awareness, because inter-item competition is influenced
by several factors. First, an item displayed for a longer duration should exhibit a sharpened represen-
tation, and items with sharpened representations are more often out-competed by adjacent items.
Second, the effect of sharpening is offset by the increased SOA between adjacent items, as an increase
in SOA decreases competition. Third, extending an item’s exposure duration amplifies any temporal
attention advantage in favor of the longer-duration item, because temporal attention decays with
time. Although the current implementation of the competition model does not allow exploration of
the interactions among these factors, the previously mentioned time-based model, which makes
the relationship between SOA and competition more explicit, is likely to make the correct prediction.
A time-based version of the model will also be necessary to fully simulate the results of Experiment 3.
8. Conclusions and future directions

In this article, we have presented a new theory of short-term repetition effects known as the com-
petition model. This theory is able to account for a wide range of experimental findings in the RB lit-
erature, including those that have posed problems for existing theories. The central tenet of the
competition model is that short-term repetition produces an advantage at the ‘‘type” level while pro-
ducing a disadvantage at the level of access to conscious awareness. When the competitive disadvan-
tage outweighs the type recognition advantage, RB is observed; but when the competitive
disadvantage is small relative to the type recognition advantage, the result is repetition priming.

In addition to providing a new theoretical account of short-term repetition, the competition model
has the potential to provide a new framework for investigating paradoxical findings in form-priming
studies, such as the various forms of crossover dissociation involving prime duration and word fre-
quency (e.g., Segui & Grainger, 1990). Planned extensions to the model will enable us to generate
quantitative predictions concerning repetition effects involving orthographically similar words.
Appendix A. Competition model simulation details

The computer program for all simulations was written in Matlab 7.2. The parameter values chosen
for the simulations do not represent the product of an exhaustive search through parameter space;
instead, our approach involved choosing a set of parameters that produced a reasonable approxima-
tion to the data for the initial simulations of Luo and Caramazza (1996). For subsequent simulations,
these parameters were held constant or modified slightly depending on changes in the experimental
conditions. We first describe the procedures common to all the simulations. Following this, we de-
scribe modifications to the standard procedure used in the individual simulations.

A.1. Type representation

Within the type recognition system, a single letter was represented by a pattern of activation across
five nodes. For example, the letter A was represented by [10000], B by [01000], etc., such that for
each letter, one node was a ‘‘signal” node and the others were ‘‘noise” nodes. At the onset of each sim-
ulated trial, noise was added to each node of each input pattern as follows: If the value of the input
node was 0, a value varying randomly from .1 to .2 was added to the input; if the value of the input
was 1, a value varying randomly from .1 to .2 was subtracted from the input.
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In all simulations:

� d = type node decay
� c = type criterion
� att = attention parameter
� ad = attention decay
� m = mask activation value

Parameter values used in each simulation are shown in Table A1.

A.2. Forward masking

Forward masking in RSVP was simulated by incomplete decay of activation at the recognition-sys-
tem output nodes. The firing rate at each type recognition-system output node (Aj) was calculated as
Plea
Cogn
AjðtÞ ¼ AiðtÞ þ ð1� dÞAjðt � 1Þ ð1Þ
where t represents the serial position of the letter within the RSVP stream, and Ai is the input activa-
tion to the node. The firing rate at an output node cannot exceed 1.0. A letter is identified correctly by
the type recognition system if the value of the signal node exceeds the values of each of the noise
nodes by the criterion c.

A.3. Competition

The outcome of competition between adjacent letters depends on the summed activation for each
letter, which is influenced by temporal attention. Temporal attention was simulated by adding atten-
tional activation to the sum of the activation across all output nodes for a given letter, so that total
activation associated with a letter is given by
AtotðtÞ ¼
X

j

AjðtÞ þ attð1� adÞðt�1Þ ð2Þ
The total activation for each letter was compared with that of the letter preceding it and that of the
letter following it; a letter accessed awareness if its total activation exceeded either of those values.
The final letter in the RSVP stream accessed awareness if its total activation exceeded either that of
the letter preceding it or the activation associated with the symbol-string mask, given by the m
parameter. A letter was reported correctly only if it was identified correctly by the type recognition
system and it accessed awareness. At the end of each trial, all output nodes were reset to 0.

A.4. Standard RSVP, spatial RSVP, and BSVP

To simulate standard RSVP (all items displayed at the same location with exposure durations of 115–
130 ms per item) the decay parameter d was set at .50, with the attentional decay parameter ad set at .55.
For spatial RSVP, d was increased slightly to reflect the need to shift spatial attention as each item is sam-
pled (activation decays a bit more with the time needed to shift attention). For the same reason, ad was
also increased. To simulate BSVP, d was made more variable, as participants are expected to vary more in
their sampling rate using this paradigm. For the Luo and Caramazza (1996) spatial RSVP and BSVP sim-
ulations, critical letters occupied positions two and four in a five-item display. The value of the att
parameter was allowed to vary from .75 to 2.75 to simulate variability in temporal attention.

A.5. Backward RB

Backward RB was simulated via additional code which calculated the probability that both C1 and
the following item (C1 + 1) accessed awareness (C1 by out-competing the item immediately preceding
it, and C1 + 1 by out-competing the item immediately following C1 + 1) and that C1 + 1’s activation
was higher than C1’s activation.
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A.6. Lag effect

Critical letters occupied positions one and three (lag 1) and one and four (lag 2) in a five-item RSVP
stream. Because this simulation was of standard RSVP, the decay parameter was decreased from that
used for spatial RSVP (as there would be no extra time needed to shift attention from location to loca-
tion). For the same reason, the attentional decay parameter ad was also decreased.

A.7. Encoding effectiveness

Critical items occupied positions two and four in a five-item RSVP stream. To simulate different lev-
els of encoding effectiveness for C1, input noise for C1 was initially set to vary between .3 and .4; noise
was then decreased by intervals of .05.

A.8. Effects of word frequency

Critical items occupied positions one and three of a three-item RSVP stream. The amount of RB was
decreased in steps by adding input noise. The difference between high- and low-frequency critical
words was also operationalized as amount of input noise, such that the representations of low-fre-
quency words were noisier than those of high-frequency words. Relevant noise values are shown in
Table A2. The d parameter was decreased slightly to reflect the shorter exposure duration typically
used with three-item RSVP streams.

A.9. Simulation of Kanwisher (1987, Experiment 3)

The model was modified to accommodate RSVP streams of seven items; accordingly, there were
seven input nodes for each item. Input noise for the first six items in the stream ranged from .1 to
.225; the shorter exposure duration for the final item in the stream was simulated by adding addi-
tional noise, varying from .01 to .0225. Because the instructions emphasized report of the final word
in the RSVP stream, the ad parameter was increased to .65, which results in words at the end of the
stream having a competitive advantage.

A.10. Simulation of Masson (2004)

Critical items occupied positions four and six of a six-item RSVP stream. Because overall report
accuracy was very low in this experiment, input noise ranged from .148 to .248. In some conditions,
the final word was displayed for 120 ms, while in other conditions it was displayed for only 75 ms. To
simulate the 75 ms condition, additional input noise was added to the last item in the RSVP stream
(prior to the mask). Input noise for this item ranged from .170 to .285. Because the instructions
emphasized report of the final word in the RSVP stream, the ad parameter was set at .65, as in the
Kanwisher (1987) simulation.

The temporal order assumption was applied as follows. C2 was reported in the C1 position on trials
in which all of the following occurred: (1) C1 was not identified correctly; (2) the item following C1
out-competed a neighboring item; (3) C2 was identified correctly; and (4) C2 was associated with low-
er activation than the item preceding it. Similarly, C1 was reported in the C2 position on trials in which
all of the following occurred: (1) C2 was not identified correctly; (2) the item following C1 out-com-
peted a neighboring item; (3) C1 was identified correctly; and (4) C1 was associated with higher acti-
vation than the item following it.

A.11. Simulation of Experiment 1

Critical letters occupied positions one and three in a five-item display. Because the instructions
were to report all letters in the order displayed, the standard RSVP parameters were used (see Table
A1).
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Table A1
Parameter values used in the simulations

Simulation d c att ad m

Luo and Caramazza (1996), RSVP .55 .30 .75–2.75 .65 2.65
Luo and Caramazza (1996), BSVP .55–.70 .30 .75–2.75 .65 2.45
Lag effect .50 .30 .75–2.75 .55 2.95
Encoding effectiveness .50 .30 .75–2.75 .55 2.95
Word frequency .45 .30 .75–2.75 .55 2.95
Kanwisher (1987, Experiment 3) .50 .30 .75–2.75 .65 3.60
Masson (2004) .50 .30 .75–2.75 .65 3.35
Experiment 1 .50 .30 .75–2.75 .55 2.95
Experiment 2a .575 .30 .60–2.60 .60 2.475
Experiment 2b .575 .30 .60–2.60 .70 2.475

Table A2
Input noise values for various levels of RB and word frequency

Amount of RB High-frequency words Low-frequency words

Large .07–.17 .08–.18
Medium .09–.19 .10–.20
Small .11–.21 .12–.22
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A.12. Simulation of Experiments 2a and b

In Experiment 2a, letters could be encoded in any order, whereas in Experiment 2b, the letters dis-
played in red and blue were always assumed to be encoded first, followed by the black letters. Atten-
tional decay was increased slightly from Experiment 2a to Experiment 2b to give priority to the red
and blue letters. Total number of letters encoded (but not necessarily reported) varied from 3 to 4
on each trial.

Appendix B. Type refractoriness and token individuation simulations

B.1. Type refractoriness simulation

Each letter’s type representation consisted of a single node within a 26-node vector. Activation of
each type node could vary from �1 to 1. At the beginning of each trial, all type nodes were set to 0, and
noise within the type recognition system was simulated by adding activation randomly varying from
�.05 to .05. When a letter was displayed, its type activation was increased by a value randomly vary-
ing from .55 to .75 (type activation was limited by exposure duration and backward masking). For-
ward masking from the previously displayed letter was simulated by adding additional activation
randomly varying from �.1 to .1 at each time step (a time step in the model corresponds to the pre-
sentation of each new stimulus). For a letter to be reported correctly, its type had to be activated be-
yond a threshold (set to .5) and the activated type had to gain admittance to a memory buffer.
However, each supra-threshold type attempting to enter the memory buffer was subject to interfer-
ence from temporally adjacent supra-threshold types. The precise mechanism responsible for this
interference is not specified by the type refractoriness hypothesis; therefore an ‘‘interference param-
eter” of .875 was selected, so that if a type node was activated beyond threshold, the probability of
encoding each adjacent letter into the memory buffer was decreased to .875.

Type node refractoriness was implemented as follows: If a letter’s type node exceeded threshold,
its activation declined rapidly over the next two time steps. The activation of the node at the first time
step was calculated as
Plea
Cogn
Ajðt þ 1Þ ¼ AjðtÞ � :5þ Aiðt þ 1Þ ð1Þ
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and activation of the node at the second time step was calculated as
Plea
Cogn
Ajðt þ 2Þ ¼ Ajðt þ 1Þ � :25þ Aiðt þ 2Þ ð2Þ
where t represents the serial position of the letter within the RSVP stream, and Ai is the input activa-
tion (including noise) to the node. If a type node did not exceed threshold, it did not become refractory
but activation began to decay; activation at each successive time step was calculated as
Ajðt þ 1Þ ¼ :8AjðtÞ þ Aiðt þ 1Þ ð3Þ
Thus, a letter was reported correctly if its type was activated above threshold and it was able to access
the memory buffer.

B.2. Token individuation simulation

B.2.1. Type activation
Each letter’s type representation consisted of a single node within a 26-node vector. Activation of

each type node could vary from �1 to 1. At the beginning of each trial, all type nodes were set to 0, and
noise within the type recognition system was simulated by adding activation randomly varying from
�.05 to .05. When a letter was displayed, its type activation was increased by a value randomly vary-
ing from .55 to .75 (type activation was limited by exposure duration and backward masking). For-
ward masking from the previously displayed letter was simulated by adding additional activation
randomly varying from �.1 to .1 as each letter was displayed. Types activated above threshold (set
to .5) became available for subsequent tokenization; types not activated above threshold were not
tokenized. There was no type refractoriness in this simulation; activation at all type nodes decayed
according to Eq. (3) above.

B.2.2. Tokenization
The probability of tokenization of a type activated above threshold was limited by both time limits

and capacity limits. Tokenization of each nonrepeated type required a varying amount of time (ran-
domly varying from 210 to 310 ms). However, tokenization not completed by 300 ms failed. Repeated
tokenization of a type was assumed to require additional time relative to tokenization of a nonrepeat-
ed type (Park and Kanwisher, 1994). In the simulation, repeated tokenization of a type required an
additional 32 ms, so that tokenization of the second instance of a repeated letter required from 242
to 342 ms. Letter representations that were successfully tokenized were reported if they were able
to enter a limited capacity memory buffer. Capacity of the memory buffer varied randomly from 3
to 5 letters on each trial, and when the capacity was exceeded, additional tokens were prevented from
entering the buffer.
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