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ABSTRACT

Our perceptual systems are exceptionally good at searching our sensory environments for salient stimuli. A key question is the extent to which this search is per-
formed subliminally. Consistent with our tokenized-percept theory, we hypothesis that it is. We explore this using Rapid Serial Visual Presentation (RSVP), by
comparing detection performance with the memory left for distractors, the stimuli that have to be rejected as non-targets in the process of searching for targets. In
agreement with our hypothesis, our findings are that “immediate” free recall of arbitrary distractors at RSVP rates is very poor, with a severe recency effect.
Recognition performance was higher and less subject to recency, but still substantially lower than detection performance. These findings suggest that the brain does
indeed subliminally search for salient stimuli, providing evidence for the tokenized-percept hypothesis, which links conscious perception to the process of

episodically marking experiences.

1. Introduction

Our brains are strikingly good at finding stimuli of interest to us in
our environment. This is compellingly demonstrated by detection and
identification performance for targets presented in RSVP (Rapid Serial
Visual Presentation) streams. For example, accuracies of 80% and above
are often reported when identifying a single letter presented within an
RSVP stream of digits, e.g. T1 performance @ lag-8 in Craston et al.
(2009) (see figure 5 panel A in Craston et al., 2009); also see (Potter,
1976; Potter, Wyble, Hagmann & McCourt, 2014; Barnard & Bowman,
2004; Bowman et al, 2013).

This, then, suggests that the brain is performing a search when
viewing RSVP, i.e. it is attempting to “find” salient’ stimuli, which are
made available to conscious experience once found. A key question is
the extent to which this search is selective. Is the brain really picking out
just the salient stimuli at the expense of the vast majority of the other
stimuli in the stream? Does it have the capacity to be so selective? This is
important to understand, since if there is very little trace left in the brain
for the stimuli not selected, it would suggest that the searching for salient
stimuli is largely a subliminal process, i.e. non-salient stimuli are
rejected without them having to be consciously processed.

So, a key question to answer is how many RSVP items need to be
deeply processed to obtain the level of detection and identification
performance observed. In particular, since the position in a stream in
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which targets are presented is not predictable, an 82% identification
performance would seem to suggest that ~80% of items in the stream
need to be sufficiently deeply processed that they can be either accepted
as a target or rejected as a distractor. This is a very large proportion of
the stimuli presented in the stream. However, what does “sufficiently
deeply” mean?

One way to assess this is to determine the memory traces left by
arbitrary stimuli in streams. High identification performance in RSVP
makes clear that target stimuli typically leave strong memory traces.
What, though, of the memory traces left by non-targets, i.e. task-
irrelevant (non-salient) distractors? If the process of rejecting non-
targets as not of interest was performed consciously, a relatively
robust memory trace could be expected to form. This is the question we
investigate in this paper. To do this, we build from the seminal work of
Mary Potter (Potter, 1976), who showed a substantial difference be-
tween detection and recognition performance; see Fig. 1.

A first objective of our experiments was to refine the approach of
Potter (Potter, 1976) to the particular question we are exploring. Spe-
cifically, Potter (Potter, 1976) tested recognition memory for items
arising throughout the course of the RSVP stream. This, on average, gives
a considerable period of time for items to be forgotten between pre-
sentation and recognition test. Thus, Potter (Potter, 1976) estimated the
memory trace that would be available at stream end, but the memory
trace for a stimulus that may exist soon after its presentation is likely to

1 We use the term salient quite broadly, to include a whole range of reasons why a stimulus might be preferentially perceived, including emotional salience, task

relevance, visual distinctiveness, etc.
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Fig. 1. first finding of a substantial disparity between detection performance
(picture target and name target lines) and memory (recognition line) at rapid
serial visual presentation rates (113ms and 167ms) and slower (250ms and
333ms). Strikingly, at the fastest rate, detection performance is over four times
recognition memory, indicated with added annotation as missing memory
imprint. Figure reprinted from Potter, M. C. (1976). Short-term conceptual
memory for pictures. Journal of experimental psychology: human learning and
memory, 2(5), 509.

be higher. It is this more immediate trace that we are interested to
measure. In response, we specifically probe memory for the last three
items presented before an end of stream mask. This gives as much
chance as possible for a strong memory to be observed if it exists.

Associated with this refinement, we also randomly varied the length
of streams, in order to prevent participants from being able to build-up
an expectation for when the end of stream will happen and differentially
focus on remembering the last three items. This contrasts with (Potter,
1976), where all streams were of the same length.

Finally, rather than separate groups performing the recognition and
detection tasks, which was the case in (Potter, 1976), we test recognition
performance for arbitrary distractors, while participants are performing
the detection task, i.e. are “looking” for a target. This is because our
main interest is in how the brain determines distractors are non-salient,
while it is searching for salient items. We will consider the implications
of this difference to Potter’s work in the Discussion section.

Recency effects are a key indicator of the fragility of memory repre-
sentations Broadbent & Broadbent (1981). That is, extreme recency ef-
fects, where, say, just the last item presented is reliably remembered,
would suggest a rapid dissipation of memories, and marked fragility.
Accordingly, we look for increasing memory across the last three items
in RSVP streams.

Additionally, the nature and depth of memory encoding during RSVP
streams can be assessed by comparing free recall with recognition. Free
recall tests assess memory representations that are freely accessible,
which one would expect to be currently present in working memory. In
contrast, recognition memory tests can be performed on the basis of
mere familiarity, i.e. a sense that the probed stimulus has been seen
previously, without a full source memory of where or when the stimulus
was experienced. Of course, freely accessible representations would also
support recognition memory, i.e. an item that can be recalled, should
also be well recognised in a recognition memory test. However, famil-
iarity can support recognition memory, but typically not free recall.

These issues provide important ways to test the Simultaneous Type/
Serial Token (STST) model of temporal attention (Bowman & Wyble,
2007) as a theory of conscious perception, and the associated
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tokenized-percept hypothesis (Avilés, Bowman & Wyble, 2020). STST
has a first processing stage, in which multiple items (e.g. two words) can
be represented simultaneously without interference; these are the types.
If an item is salient (e.g. is in the category being searched for, such as job
words), it passes into stage 2, which is serial. When it passes into stage 2,
it is tagged with a temporal marker (a token), indicating where it ap-
pears in the sequence of experiences. This process of passing into stage 2
is the most natural correlate of conscious perception in the model.

Importantly, task-irrelevant distractors are only represented in the
first stage of the STST model, and therefore do not reach working
memory, which resides in stage two. This suggests the following hy-
potheses about the memory traces of task-irrelevant distractors (i.e. non-
targets) presented in RSVP,

1) they should decay rapidly?;

2) recognition performance should be substantially better than recall
performance, since familiarity can be determined from first stage
representations;

3) recency of recall should be stronger than recency for recognition
memory, because familiarity traces are more durable.

These hypotheses also resonate with the idea that RSVP streams
provide glimpse percepts, as suggested by the Glance-Look model of the
attentional blink (Barnard & Bowman, 2004; Su, Bowman & Barnard,
2011). Glimpse percepts might generate a familiarity trace, but not full
recollection/recall.

To assess the impact that conscious perception has on the fragility of
memories, we explore three Stimulus Onset Asynchronies (SOAs):
117ms, 230ms and 350ms. The first of these is a typical RSVP rate, with
stimuli presented “on the fringe of awareness”, or, indeed, below it,
while the last should be a largely conscious regime, in which the vast
majority of stimuli would generate a conscious experience.

2. Method
2.1. Participants

26 (mean age= 19.7, sd= 1.2) undergraduate students (5 males) of
the University of Birmingham took part in the experiment in exchange
for course credits, and gave informed consent. All were native English
speakers and had normal or corrected-to-normal vision. Sample size was
estimated using GPower (Erdfelder, Faul & Buchner, 1996). The pro-
jected sample size was obtained relative to the effect of Position in
Recognition, nS:O.l (based on data from pilot studies). With an alpha =
.05 and power = 0.90, the projected sample size is approximately N =
20.52 (one-way Anova with 3 repeated measurements). Our sample size
is slightly bigger than the projected sample size and should be adequate
for the main objective of the study. We based the power analysis on the
effect of Position in Recognition, since that was smaller than the effect of
SOA in Recognition (based on the pilot). The effects of Position or SOA in
Free-recall were not considered for the power analysis, since we did not
have pilot data on these effects and we failed to find similar studies in
the RSVP literature. The replication study (see Appendix B) confirmed
that a sample size close to that used in the main experiment was
adequate to replicate the findings. The experiment conformed to British
Psychological Society criteria for the ethical conduct of research. All
experimental protocols were approved by the Ethics Committee at the
University of Birmingham, under programme ethics ERN_20-1291P
(EEG Brain Activity and Behaviour Recording in Response to
Demanding Stimulus Presentation).

2 As originally formulated here, this hypothesis was quite vague but becomes
operationalised in terms of a regime change between SOAs in the Discussion.
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3. Materials

1700 English words were selected from (Warriner, Kuperman &
Brysbaert, 2013). From this main list, 48 words were selected
randomly to serve as Targets in the Detection task for each participant.
Additionally, a set of 72 words were selected to serve as New Words in
the Recognition task. All words had 6 letters and none of them were
proper nouns. Experimental and filler words were not presented in more
than one trial.

3.1. Procedure

RSVP streams were presented on a 24’ LCD screen (refresh rate:
60Hz, resolution: 1600 x 1200) using custom PsychToolbox (Brainard,
1997; Kleiner, 2010) scripts running under Matlab 2016a. Stimuli were
16-point white (75% white) characters on a dark background (25%
white). Participants were seated at 60cm from the screen. The experi-
ment was conducted individually in a quiet room. Each experimental
session consisted of 96 trials (32 trials per SOA condition: 117, 230, and
350ms). The target word for the Detection Task was presented in half of
the trials (48 trials) and the remaining trials were target absent trials.
The target word could be presented in any position of the stream except
position 1, -3, -2 and -1.

The format of the experiment is shown in Fig. 2. At the beginning of
each trial, participants saw the instruction “Search for the word:” in the
upper part of the screen along with the target word presented at the
centre of the screen. They were instructed to press the “space bar” after
reading the target word in order to continue. Each stream started with
the centred presentation of the fixation cross (+) for 500ms. Then a
sequence of words was presented and a final item “######” ended the
stream. Crucially, the length of the streams varied randomly between 8
and 20 words in each trial.

The trial ended with the presentation of one or two successive
questions (the first one) presented immediately after the final

“######" item. There were four types of trials differentiated by the
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Fig. 2. experimental procedure: RSVP streams of words were presented,
terminated by a mask. Streams were stopped randomly from the 8th to the 20th
item. The main task was to detect the specified word and perform a presence/
absence judgement. Additionally, in a secondary task, we either asked partici-
pants to freely recall words from the stream, or to perform a recognition test,
which included the last three words in the stream (positions -1, -2 and -3),
randomly placed amongst three unpresented words.

Skills
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end of trial question/s, each comprising 25% of the total trials, which
were randomly intermixed. These four trial types were as follows.

a) Detection trials: Participants were presented with the question:
“Have you seen the target?” They pressed the “left arrow key” to
indicate YES or the “right arrow” to indicate NO.

b) Recognition + detection trials: the question “Which of the following
words were presented?” was displayed in the upper part of the
screen. A column with 6 words were presented, each one preceded by
a number from 1 to 6. Half of the words corresponded to the items
presented in the streams at positions -1, -2, and -3. The other 3 probes
were new words. The order of presentation of the 6 probes was
random. Participants were instructed to press the keys with the
number of the probes (1 to 6) that they considered as old words. Then
they pressed “Enter” to move to the Detection question, which was
identical to that of the Detection only trials.

Free-recall + detection: the instruction “Type as many words as you

can remember” was presented. The words typed by the participants

appeared at the centre of the screen. They were instructed to press

“Enter” when they had typed all words they remembered or in case

they could not remember any words. After this, they were presented

the same Detection question as in the Detection only trials.

Filler task + detection: the question “How many words have you

seen?” was presented. They responded by pressing the keys that

corresponded to the number that they estimated. After pressing

“Enter”, participants were presented with the Detection question.

The results of this task are not reported here.

—

C

d

(=

At the beginning of the session, participants received instructions
explaining the four possible trial types (Detection, Recognition, Free
Recall, and Word Counting (Filler)) and completed a practice block of 4
trials, one per trial type, to familiarise themselves with the stream
format and end-of-trial responses.

4. Results

Detection task

We calculated the d’ score from the Hit and False Alarm rates ob-
tained in the responses to the Detection question. A one-way (SOA: 117,
230, and 350ms) within-subjects ANOVA showed significant differences
on the d’ scores, F(2,50)=3.50, MSE =0.98, p=0.038, n§:0.12. d’ values
were slightly larger for the longer SOA conditions (SOA 230: mean=2.57
and sd=0.63; SOA 350: mean=2.45 and sd=0.62) than for the short SOA
(SOA 117: mean=2.2 and sd=0.61).

5. Recognition

Hit and FA rates were calculated from the responses to the recogni-
tion question. Hits were obtained for stimuli presented in positions -1,
-2, and -3 in the stream. We considered as Hits yes responses to old-word
probes. False alarms were yes responses to new-word probes. A 3 (SOA:
117, 230, 350) x 3 (Position: -1, -2, -3) within subjects ANOVA revealed
that the d’ values (see Fig. 3 and Table 1) were significantly larger for
the longer SOAs, F(2,50)=17.97, MSE =10.22, p<0.001, ng:0.43, and
for words presented later in the stream, F(2,50)=11.77, MSE =2.48,
p<0.001, n§:0.16. The interaction was not significant F(4,100)=0.5,
MSE =0.13, p=0.736. This pattern of results did not vary depending on
the responses to the Detection question. That is, the results were similar
when just Detection Hit or Correct Rejection trials were included in the
analysis.

6. Free Recall
We calculated the proportion of correct responses (see Fig. 3 and

Table 1) from the number of times participants included the stimuli
presented in positions -1, -2, or/and -3 in their responses to the free-



H. Bowman and A. Avilés

A)

307 pETECTION

25- Be@Ssaaczsccacccozsac

2.0
o RECOGNITION _
S 1.5 8
E 3

1.0 — t— - ’* ®

05- W=ttt

0.0 T T T

3 2 A
POSITION

Consciousness and Cognition 142 (2026) 104073

B) FREE RECALL

SOA
A 350
® 230
m 117

.

T T T
3 -2
POSITION

Fig. 3. A) Recognition (lower nine points) and detection (upper three lines) performance (left), for three SOAs: solid line 350ms, dashed 230ms, dotted 117ms. Only
recognition performance is able to vary with position relative to end of stream: -1, -2, -3. B) Recall performance (right) for the three SOAs and three positions. Error

bars and shadowed area indicate standard errors of the mean.

Table 1
Mean d’ values and (standard deviations) for the Recognition task and mean
correct responses and (standard deviations) for the Free-recall task

Recognition Free-recall
SOA 117 230 350 117 230 350
POSITION
-1 0.89 1.17 1.67 0.23 0.33 0.36
(0.73) (0.53) (0.72) (0.17) (0.2) (0.28)
-2 0.65 0.9 1.4 0.05 0.16 0.23
(0.53) (0.65) (0.61) (0.09) 0.17) (0.21)
-3 0.56 0.95 1.2 0.05 0.14 0.14
(0.47) (0.63) (0.78) (0.08) (0.16) (0.13)

recall question. The 3 (SOA: 117, 230, 350) x 3 (Position: -1, -2, -3)
within subjects ANOVA showed significantly higher accuracies for
longer SOAs, F(2,50)=14.16, MSE =0.39, p<0.001, ng:0.31, and a
significant effect of position, F(2,50)=27.72, MSE =0.81, p<0.001,
n§:0.48. The interaction did not reach significance, F(4,100)=0.86,
MSE =0.02, p=0.49. Again, the same pattern was found when just Hit or
Correct Rejection (for Detection) trials were considered.

7. Detection vs. Recognition

Since detection cannot change with position (-1, -2, -3), we compare
detection and recognition with position collapsed, giving a 2 (Task:
detection, recognition) x 3 (SOA: 117, 230, 350) within-subjects
ANOVA. This showed that d’ values were higher for Detection (mean=
2.4, sd=0.63) than for Recognition (mean=1.04, sd=0.57), F(1,25)=
208.9, MSE =71.93, p<0.001, n§:0.88. As expected, the main effect of
SOA was also significant, F(1,25)=12.16, MSE =3.3, p<0.001, ng:0.33.
Furthermore, the interaction also reached significance, F(2,50)=5.5,
MSE =1.1, p=0.007, ng:0.18, which suggests that the effect of SOA was
higher in the Recognition task relative to Detection. (The potential
confound that detection is at ceiling is discussed and ruled out in the
Appendix A.)

8. Recency effects

In order to compare recency for recognition and recall, we oper-
ationalise recency as the ratio shown in figure 4, which we call nor-
malised recency. With this transformation, we aim to show the
contribution of the responses for each position (-1, -2, -3) to the total
performance in the task, where total performance is summed perfor-
mance across all positions. For example, the largest recency effect would
involve a normalised recency of 1 at the -1 position, reflecting that

performance (d’ or accuracy) is zero at -3 and -2 and so the performance
at -1 is the total performance. This measure normalises for differences in
overall memory performance (where overall memory performance
could be the summed performance across all three positions), enabling
the “pure” recency contribution to memory performance to be observed.
Additionally, by turning our dependent measure into a proportion (i.e.
of total performance), we can directly compare the recency patterns for
Recognition and Recall, which we could not with d’ and accuracy (see
Table 2). Five participants were excluded from this analysis due to zero
responses in at least one SOA condition, which precluded the calculation
of normalised proportions, resulting in a final sample of 21 participants.

A 2 (Task: free-recall, recognition) x 3 (SOA: 117, 230, 350) x 3
(Position: -1,-2,-3) within-subjects ANOVA revealed that the position
main effect was significant, F(2,44)=49.77, MSE =2.97, p<0.001,
r]g:O.SS. Position interacted significantly with task F(3,69)=12.45, MSE
=0.68, p<0.001, n§:0.3 and with SOA F(6,144)=3.11, MSE =0.13,
p=0.007, n§:0.14. Finally, the three way interaction was significant F
(6,135)=2.65, MSE =0.1, p=0.018, ng:O.ll (Maulchy’s sphericity test
was not significant). We excluded the main effects of Task and SOA from
the model, since it was singular if either or both were present. This is
essentially because the ratios we take for our normalised recency mea-
sure, imply that, by construction, there are no differences between levels
of these main effects (for example, the sum of all Recognition data points
is 3 and the sum of all Recall data points is 3; see figure 4).

We explored the three-way interaction by running independent 3
SOA x 3 Position within-subject ANOVAs for each task, which are the
simple-effects of the three-way interaction. The results showed a sig-
nificant interaction in the Free-recall task, F(2.79,55.74)=4.08, MSE
=0.21, p=0.013, nﬁ:O.17 (Maulchy’s test of sphericity was significant
p=0.006, suggesting the data is not spherical, therefore degrees of
freedom were corrected using Greenhouse-Geisser correction). The same

Table 2

Mean “normalized” values (proportion in which each position contributes to
total performance) and (standard deviations) for the Recognition and the Free-
recall tasks.

Recognition Free-recall
SOA 117 230 350 117 230 350
POSITION
-1 0.43 0.42 0.39 0.75 0.55 0.49
(0.36) (0.19) (0.13) (0.32) (0.24) (0.24)
-2 0.29 0.28 0.34 0.12 0.22 0.27
(0.32) 0.17) (0.16) 0.24) (0.19) (0.19)
-3 0.27 0.3 0.27 0.14 0.23 0.24
(0.42) (0.19) (0.09) 0.2) (0.25) (0.23)
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interaction did not reach significance in the Recognition task (p=0317).
9. Discussion

Our findings have largely confirmed our hypotheses (full replications
of our findings are presented in Appendix B).

Recall versus Recognition for Overall Performance: It is striking that
recall performance at 117ms is so low; see figure 3(B): the -1 item is
correctly recalled on approximately one in five streams and, on average,
a -1 to -3 item is recalled correctly on approximately one in ten streams.

Additionally, although only an informal comparison, since they are
based upon different measures — d-prime versus accuracy - it seems that
recognition performance is substantially higher than recall, particularly
at the 117ms SOA; compare figure 3 panels (A) and (B).

Detection versus Recognition: recognition performance is clearly below
detection; see figure 3(A). This difference is not as large as in (Potter,
1976), suggesting that our approach of probing memory for the most
recently presented items in the stream has, as intended, provided a more
conservative assessment of the difference between recognition and
detection. Nonetheless, the difference is still substantial, for example, at
117ms SOA rates in the -1 position, recognition is 2.5 times detection.

This difference between detection and recognition could, in a sense,
be considered an underestimation. This is because, through the course of
the experiment, participants will become aware that their memory for
distractors is being probed, and they would attempt to remember dis-
tractors. As a result, participants would effectively start to perform a
dual task: “detect target” and “remember distractors”. Accordingly, we
will not be observing the system in its “native” state when performing
detection, which is our objective.

However, even if the contrast we are making is an underestimation,
we have observed a significant difference between detection and
recognition in our fast streams (117ms SOA), and any underestimation
we are making of the size of this contrast, would only suggest that the
true effect is bigger (and certainly not weaker). That is, in this paper, we
are erring on the side of making a type II error, but, critically, not a type I
error. This suggests that our finding of a significant difference is reliable,
although potentially with an underestimated effect size.

Additionally, the difference between recognition and detection re-
duces from 117ms SOA to 350ms SOA; see figure 3(A). This suggests
that, in relation to the memory trace left when rejecting items as non-
targets (i.e. in the process of correctly rejecting stimuli), the brain is
particularly good at detection at fast SOAs, or in other words, detection
and recognition memory tend to come more into alignment as the
involvement of conscious perception increases®.

Recency, Regime Change and Memory Fragility. A first indication of
fragility is that, in general, memory traces at RSVP rates (117ms SOA)
were weak: for the -1 position, which had the highest performance,
recognition had a d-prime of 0.89 and recall had an accuracy of 0.23.
However, memory fragility was most evident in the recency levels
observed. Importantly, recall exhibits a substantially larger normalised
recency effect than recognition at the RSVP SOA of 117ms; see figure 4.
Comparing across the three SOAs, it seems that there is a large change in
performance from 117ms SOA to 230ms SOA for recall, which we

3 There are a number of interpretations one could give of these findings, but
we prefer interpretations that emphasize the high detection performance at fast
SOAs. This is because in this paper, SOA has reduced by a factor of three (i.e.
slowest streams have an SOA three times the fastest streams (350ms to 117ms)),
but detection d-prime has reduced by much less, i.e. a factor of about 0.12
(~2.5 to ~2.2). One reason for viewing this as a small change is that we know
that reducing SOA further has a very dramatic effect on detection performance;
see for example, Fig. 2 in Avilés, Bowman & Wyble (2020). In particular, in the
left panel in Fig. 2 of Avilés, Bowman & Wyble (2020) as SOA reduces by a
factor of around 2.3 (117ms to 50ms), detection d-prime reduces by a factor of
around 2.5 (~3.3 to ~1.3).
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consider a regime change®, that is not present for recognition. This is
apparent in figure 3, but perhaps most dramatic in figure 4, where, for
Recall, normalised recency is substantially larger for 117ms, with
perhaps a small difference between 230ms and 350ms. In contrast, there
is little evidence for a difference in normalised recency between the
three SOAs for recognition.

This differential fragility is likely to implicate working memory. At
its heart, working memory offers representations that are freely acces-
sible (Cowan, 2016). Thus, it may be that the fragility of recall arises,
since, at RSVP rates, the stream is just going too fast to enable stable
working memory representations to form. This difference in memory
stability between recall and recognition resonates with the distinction in
the long-term memory literature between recollection and familiarity
(Wixted, 2007; Yonelinas, 2002). Recollection is associated with greater
source memory, i.e. information about when or where the memory was
formed. In contrast, familiarity may only involve a sense of knowing,
without detailed contextual information about the eliciting experience.
This also resonates with the Glance-Look model of the attentional blink
(Barnard & Bowman, 2004; Su, Bowman & Barnard, 2011), which
would suggest that many stimuli in RSVP are “glimpsed”, but no more.
Such glimpses may leave a sufficient trace for a sense of familiarity
(enabling recognition performance), but not for recall (which should be
associated with recollection).

Forgetting and Interference Confounds: An alternative explanation for
the recency effects we observe would be that some aspect of our para-
digm leads to increased forgetting of distractors. For example, one might
argue that it is in participants interest to forget in order to keep working
memory free so that the target detection task can be performed well.
However, we think this is unlikely for a number of reasons. Firstly, the
target task to perform is detection rather than identification; detection
has limited memory requirements, viz a yes or no response. Secondly,
detection performance was extremely high, d-primes around 2.4, giving
little indication that the load associated with remembering distractors
impairs detection performance. Thirdly, if detection performance was
constrained by working memory limits associated with performing the
distractor recognition task, we should see this in detection d-primes in
figure 3A. In particular, we should see detection performance getting
worse as recognition performance gets better, i.e. the more distractors
held in memory, the worse detection performance should be. In fact, we
see the opposite pattern — SOA 350ms, highest recognition performance
(most load on working memory), coincides with high detection perfor-
mance; and SOA 117ms, lowest recognition performance (least load on
working memory), coincides with lowest detection performance.
Fourthly, the poor memory retrieval that we observe is very unlikely to
be impacted by working memory capacities, which would be expected to
be considerably higher than we are observing. For example, if we add
recall performances across the -1 to -3 positions, we only reach 0.8 of an
item for SOA 350ms and 0.3 of an item for SOA 117ms. All proposed
working memory capacities would be considerably larger than these
estimates (Cowan, 2016). Additionally, here is specific evidence that
recall can have much higher performance in RSVP. In their whole report
paradigm, Nieuwenstein & Potter (2006) observed an average correct
recall of 4.1 items per six item stream, which is very substantially higher

4 By regime we mean the mode of operation of the perceptual/attentional
system. We are suggesting that the large change in normalised recency pattern
we observe from 117ms to 230ms SOA, might suggest a change in mode of
operation, especially when there is little change in normalised recency pattern
from 230ms to 350ms. This may reflect a perceptual regime at 117ms SOA,
involving an extreme memory fragility, in which non- salient (recallable) rep-
resentations in the brain are so fragile they dissipate almost immediately. In
contrast, the regime at 230ms SOA (and above) sustains representations of
incidental items sufficiently that it is possible for them to be available beyond
the -1 position, presumably due to a fuller involvement of consciousness in the
search being performed.
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than we found. This suggests that working memory capacity associated
with RSVP is very considerably higher than we are observing, suggesting
this limit is not constraining the performance we are observing.

Another possibility is that the memory-probe presented at stream
end adds a further delay between distractor presentation and retrieval,
which explains the recency effects we observe. In this respect, the recall
condition is notable, since that is where the recency effect is strongest.
However, the recall task memory probe is a short statement that does not
change through the course of the experiment. Participants will learn this
regularity, and it is unlikely the question will be read beyond the first
few trials of the experiment. Indeed, participants can start responding
immediately that the recall text appears on the screen. Although, re-
sponses are given in sequence, thus, items retrieved later are subject to
decay, while earlier retrieved items are being recalled. This could
contribute to the recency effect for recall, but it cannot explain recall
recency differences across SOAs, since this issue would be similarly
present at all SOAs.

Additionally, the instruction memory-probe does not change in
recognition trials, although of course, the words probed do change
across trials. Accordingly, an alternative experimental paradigm would
only probe a single word at stream end. This would remove the possi-
bility that the recognition of a word has a disruptive effect on the
recognition of words interrogated later in the retrieval phase. We have
made exactly this change in a follow-up study (Bowman, Assant &
Aviles, 2025), and, although recognition d-prime at SOA 117ms, -1
position did increase, the difference in d-prime between detection and
recognition remains (see figure 3 (symbols condition)).

Literature on rapid memory formation: The low d’ in recognition and
especially the extremely low accuracy in the free-recall task at the fastest
presentation rate seem to contrast with work claiming very rapid
consolidation of working memory representations. As just discussed,
Nieuwenstein & Potter (2006) showed that in whole-report performance
was relatively high (compared to a condition where only a subset of
items had to be reported). Similarly, Vogel, Woodman & Luck (2006),
estimated from two experiments a rate of 50ms per item for visual
working memory consolidation. A relevant difference between these
studies and the present experiment is that we used a dual-task paradigm,
where participants were instructed to search for a pre-specified target,
while attempting to encode distractors for the memory tasks. This dual-
task setting adds a degree of selection that may have impacted the
consolidation of items resulting in more fragile memory traces. How-
ever, this dual task aspect is consistent with our interest in the memory
traces left when performing detection.

Subliminal Salience Search (SSS): As previously discussed, our find-
ings suggest a substantial disparity between recognition and detection
performance. One reason for being interested in showing a difference
between recognition and detection at RSVP rates (i.e. SOA 117ms) is
that it suggests that the brain can find targets in RSVP, without leaving
strong memory traces for the stimuli rejected as not targets. This, in turn,
suggests that the brain is searching RSVP streams subliminally, as
implied by the term Subliminal Salience Search (SSS), coined in
Bowman et al (2013).

The findings in (Potter, 1976) could be considered suggestive of
subliminal salience search, but they left open the possibility of forget-
ting, i.e. that the vast majority of items presented in RSVP were
consciously perceived, but were almost all forgotten before memory was
probed at stream end. We have reduced the room for a forgetting
explanation by specifically probing memory for items presented right at
the end of the stream.

Late-selection: as previously stated, our theoretical position arises
from the Simultaneous Type/ Serial Token (STST) model. The findings
reported here are both consistent with the STST model, and with a long
tradition in attention research, which emphasizes late attentional selec-
tion (Deutsch & Deutsch, 1963; Duncan, 1980). However, the role of
conscious experience is more overtly emphasized in our work; that is,
the late attentional selection of the classic theory precedes and initiates a
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conscious perceptual event.

Duncan’s seminal paper (Duncan, 1980) is a particularly compelling
justification of late selection. As is typical of theories of attention, a first
parallel system (which would correspond to stage-1, extracting types, in
STST) is argued to precede a capacity limited second system (which
would correspond to the serial second stage in STST). However, late
selection theories argue that as well as simple stimulus properties, such
as colour, the first system can extract form and meaning, enabling a full
identification of a stimulus.

Evidence for late selection is typically taken from (pop-out) visual
search (Wolfe & Horowitz, 2017) and divided attention experiments, as
studied for example, with dichotic listening (Broadbent, 1956). Indica-
tive findings in dichotic listing are that effects of the non-attended
stream are substantial, e.g. cocktail party effect (Moray 1959).

A particularly important finding for us is that stimuli can be rejected
as non-targets/ non-salient in parallel, but multiple stimuli cannot be
selected in parallel, because the former can be performed by the first
(parallel) system, but the latter requires the second (limited-capacity)
system. Consistent with this, performance is substantially better with a
concurrent correct rejection than with a concurrent hit (Duncan, 1980).
Thus, the interference cost of rejecting as a non-target is minimal, or, in
other words, one can reject stimuli in parallel, but one cannot “detect”
multiple stimuli in parallel!

Our finding that memory traces (particularly for free recall) for
(rejected) distractors are low relative to detection performance is wholly
consistent with this aspect of late selection, where presumably, a dis-
tractor can be easily rejected without generating a strong (recallable)
memory trace for that stimulus. This distinction between the processing
of distractors and targets naturally suggests that in RSVP, rejection of
distractors can be performed subliminally, while once identified/
detected, targets are consciously perceived; this is what we call sub-
liminal salience search (Bowman et al, 2013).

However, STST adds to these late selection theories, by providing an
explicit explanation of why stage/system 2 is limited in capacity. In
STST, the need to unambiguously associate salient stimuli to episodic
information is what induces the capacity limitations. In more general
terms, in order that memories of our experiences are sequenced, our
experiences themselves need to be sequenced; this is the serial token
allocation of the second stage of STST. We elaborate on this aspect of
STST and the resulting tokenized-percept hypothesis next.

The Tokenized Percept Hypothesis: in the introduction to this paper, we
identified three hypotheses that arise from interpreting the Simulta-
neous Type/ Serial Token (STST) model as a theory of conscious
perception. These concern the memory traces left by task-irrelevant
distractors (i.e. non-targets) presented in RSVP. Our findings have pro-
vided evidence for all these three hypotheses: memory traces for irrel-
evant distractors 1) decayed rapidly; 2) had recognition performance
substantially better than recall performance; and 3) had recall recency
stronger than recognition recency. Although, our fulfilment of hypoth-
esis 1 comes with caveats. Most importantly, this claim can only really
be made for Recall. Fig. 4B suggests that for Recognition, recency did not
change across SOAs, i.e. at RSVP rates there was not increased decay.
However, as previously discussed, Fig. 4C suggests substantially
increased recency (i.e. decay) for RSVP rates (SOA 117).

Furthermore, the findings here could be argued to bring additional
evidence for a theory that emerges from the STST model, which we have
named the tokenized percept hypothesis (Avilés, Bowman & Wyble,
2020), and which is related to the linking of event individuation to
awareness by Kanwisher (Kanwisher, 2001). In the Simultaneous Type/
Serial Token (STST) model (Bowman & Wyble, 2007), episodic infor-
mation is associated with the occurrence of events by binding them to
markers, called tokens. For example, these markers enable the system to
retrieve the order in which events occurred and whether an event has
been repeated, i.e. they encode classic episodic information.

Critically, in order to perform episodic tasks, such as identifying the
order in which events occurred or whether they have repeated,
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Fig. 4. Recency results for three SOAs and the last three stream positions: A) formula for normalised recency, expressing performance at each position relative to
total performance across all positions. norm rec(-1) is the proportion of total performance that is seen at the last position of the stream; it most directly characterises
recency. B) Normalised recency for recognition, with performance measured as d-prime, showing a recency effect that is essentially the same for all SOAs. C)
Normalised recency for recall, with performance measured as accuracy, showing a substantially larger recency effect for a 117ms SOA.

sustained stable memory representations need to be maintained, e.g. the
association between a token and an event. This is easily seen when
considering how the brain would have to perform a pure repetition task,
i.e. determine that a particular stimulus is repeating, when not told the
stimulus that will repeat a priori. Critically, the brain only knows a
stimulus has repeated at the point of that repetition, but to do this, it has
to have successfully stored a memory trace of the previous presentation
of the stimulus. This requires durability of representations, something
that the token system of STST provides.

Avilés et al. (Avilés, Bowman & Wyble, 2020) presented data sug-
gesting that if not consciously perceived, representations of repeating
items do not accumulate, i.e. they dissipate rapidly. Additionally,
Bowman, Filetti, Alsufyani, Janssen & Su (2014) provided evidence that
when participants are looking for a target item in RSVP as well as for a
repeating item, there is little, if any, evidence that the repeating item
generates a P3 ERP component, even after 50 repetitions (and the P3 has
been associated with conscious perception, e.g. Pincham, Bowman &
Szucs, 2016; Bowman, Jones, Pincham, Fleming, Cleeremans & Smith,
2022). In contrast, the target and an incidentally salient stimulus
generated clear P3s. This suggests that participants were unable to
create the durable memories for incidental (non-salient) items required
to perceive repetitions.

The findings of this paper are wholly consistent with those of Avilés,
Bowman & Wyble (2020) and Bowman, Filetti, Alsufyani, Janssen & Su
(2014), all suggesting a marked fragility of representational traces eli-
cited by fleetingly presented stimuli that are not identified as salient by
the brain’s attentional system, i.e. are non-targets. This raises the pos-
sibility that the fragility of pre-conscious memory representations

Appendix A

prevents subliminal search on the basis of episodic properties, e.g. “find
the repeating item”. In turn, this raises the possibility that such episodic
search can only be performed supraliminally, making it a capacity
requiring the conscious brain. This is the tokenized percept hypothesis.

In this sense, one could argue that subliminal salience search sug-
gests one thing that the subconscious is good at: searching for stimuli
that are known and a priori salient, while the tokenized percept hy-
pothesis suggests one thing it is not good at: searching for stimuli purely
on the basis of the episodic properties of their occurrence in the world.

CRediT authorship contribution statement

Howard Bowman: Writing — review & editing, Writing — original
draft, Supervision, Methodology, Investigation, Conceptualization.
Alberto Avilés: Writing — review & editing, Software, Resources,
Methodology, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to thank a number of reviewers who have given very
valuable comments that have considerably improved this paper.

A potential confound to the inference that recognition changes with SOA more than detection does, is the possibility of a ceiling effect on detection,
since this would reduce differences in detection across SOAs, but not differences in recognition (which is far from ceiling). This is unlikely to be the
case, since the d’ measure is unbounded upwards. Additionally, we present distributions for detection and recognition responses in figure Al. If there
were a ceiling effect on detection, their distributions would be narrower than those for recognition. Additionally, a ceiling effect would cause the
detection distributions to be skewed, with a longer tail away from ceiling. There is no evidence for either of these characteristics.
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Fig. A.1. Kernel density estimation of the underlying distribution of the d’ values for each SOA condition for Recognition and Detection. The symmetry of the
Detection distributions is not consistent with the skewness that would be expected from a ceiling effect.

Appendix B

To confirm the reliability of our findings, this appendix contains a full replication of the experiments in the main body of the paper. This replication
extends the main-body experiments by including a range of different masks.

Method
Participants
26 (mean age= 19.4, sd= 0.68) undergraduates students (2 males) participated in the experiment in exchange for course credits. None of them had

participated in the main experiment. All were native English speakers and had normal or corrected-to-normal vision. The experiment conformed to the
same ethical procedures as the main experiment.

Materials

Fillers and the targets for detection were the same as in the main experiment. The set of words selected to serve as New Words for the Recognition
Task consisted of 144 words.

Procedure
The screen, stimulus presentation software, and number of trials were the same as in the main experiment. The main difference relative to the main
experiment concerns the final item (the mask) in the stream. Four types of masks were used: hashes (“######”), a pseudoword (obtained by

substituting two letters of a word), a word or a blank period of time where no stimulus was presented. Each mask was presented in 25% of the streams.
There are two types of trials, determined by the end of trial question: a) Recognition + detection, and b) Free-recall + detection. (See the main text)

Results

Trials ending in a blank period of time were not included in the analysis of the Recognition or Free Recall measures, while all trial were used to
estimate Detection performance.

Detection task

As in the main experiment, slightly better performance (higher d’ scores) was observed in long SOAs but this time, the one-way (SOA: 117, 230, and
350ms) within-subjects ANOVA showed no significant differences (p=0.392).

Recognition

We obtained the d’ scores for items presented in each of the last three positions (-1, -2, and -3) of the stream before the last masking item in each of
the SOA conditions. A 3 (SOA: 117, 230, 350) x 3 (Position: -1, -2, -3) within subjects ANOVA revealed a similar pattern of results as the main
experiment. Recognition performance was better in the longer SOAs, F(2,50)=32.46, MSE =11.62, p<0.001, n>=0.56 and in the last positions F
(2,50)=10.85, MSE =1.71, p<0.001, n2:O.30. The interaction was not significant F(4,100)=0.62, MSE =0.07, p=0.648.
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Free Recall
The 3 (SOA: 117, 230, 350ms) x 3 (Position: -1, -2, -3) withing subjects ANOVA on the accuracy of the responses revealed a significant effect of SOA

F(2,50)=40.87, MSE =0.85, p<0.001, n2:0.62, and a significant effect of position, F(2,50)=18.92, MSE =0.36, p<0.001, n2:0.43. The interaction
did not reach significance, F(4,100)=1.13, MSE =0.01, p=0.35.
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Fig. B.1. A) Recognition (lower nine points) and detection (upper three lines) performance (left), for three SOAs: solid line 350ms, dashed 230ms, dotted 117ms.
Only recognition performance is able to vary with position relative to end of stream: -1, -2, -3. B) Recall performance (right) for the three SOAs and three positions.
Error bars and shadowed area indicate standard errors of the mean.

Table B.1
Mean d’ values and (standard deviations) for the Recognition task and mean correct responses and (standard deviations) for the Free-recall task
Recognition Free-recall

SOA 117 230 350 117 230 350
POSITION
-1 0.98 (0.62) 1.5 (0.68) 1.66 (0.69) 0.2 (0.14) 0.25 (0.14) 0.38 (0.23)
-2 0.76 (0.5) 1.32 (0.52) 1.47 (0.7) 0.08 (0.07) 0.18 (0.11) 0.32 (0.19)
-3 0.59 (0.41) 1.31 (0.56) 1.36 (0.58) 0.04 (0.05) 0.16 (0.13) 0.24 (0.13)

Detection vs. Recognition

A 2 (Taks: Detection, Recognition) x 3 (SOA: 117, 230, 350ms) within-subjects ANOVA revealed a significant effect of Task, F(1,25)=87.88,
MSE=32.38, p<0.001, 1]2:0.78. As in the main experiment, performance was better in the Detection task (mean = 2.13, sd = 0.73) than in
Recognition (mean = 1.22, sd = 0.61). The effect of SOA was also significant, F(2,50)=14.47, MSE=3.19, p<0.001, n2:0.37, where performance was
better for longer SOAs. There was a significant interaction between Task and SOA F(2,50)=5.17, MSE=1.12, p=0.009, n2:0.17.
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Fig. B.2. Recency results from the replication experiment for three SOAs and the last three stream positions: A) Normalised recency for recognition, B) Normalised
recency for recall.

Recency

A 2 (Task: free-recall, recognition) x 3 (SOA: 117, 230, 350) x 3 (Position: -1,-2,-3) within-subjects ANOVA showed a significant effect of Position, F
(2,48)=30.47, MSE =1.15, p<0.001, n2:0.34. Position interacted significantly with task F(3,72)=6.55, MSE =0.17, p<0.001, nZ:O.l and with SOAF
(6,147)=7.4, MSE =0.18, p<0.001, n2:0.19. Finally, the three way interaction approached significance F(6,147)=2.1, MSE =0.06, p=0.057,

2
n°=0.08.

As in the main experiment, the 3 SOA x 3 Position within-subject ANOVAs for each task, revealed a significant interaction in the Free-recall task, F
(6,147)=5.47, MSE =0.22, p<0.001, n2:0.18. The same interaction did not reach significance in the Recognition task (p=0.2).
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The Recognition and Free Recall results for target-present and target-absent trials are presented in the following tables:

Table C.1

Mean d’ values and (standard deviations) for the Recognition task

Target Absent Target Present
SOA Position
117 -1 0.95 (0.89) 0.76 (0.90)
-2 0.81 (0.64) 0.44 (0.69)
-3 0.56 (0.61) 0.55 (0.61)
230 -1 1.03 (0.63) 1.23 (0.82)
-2 0.98 (0.66) 0.71 (0.71)
-3 0.98 (0.63) 0.80 (0.86)
350 -1 1.67 (0.75) 1.48 (0.80)
-2 1.32(0.81) 1.31 (0.68)
-3 1.21 (0.79) 1.04 (0.87)
Table C.2

Mean correct responses and (standard deviations) for the Free-recall task

Target Absent Target Present
SOA Position
117 -1 0.24 (0.21) 0.21 (0.18)
-2 0.08 (0.15) 0.02 (0.07)
-3 0.04 (0.12) 0.07 (0.11)
230 -1 0.38 (0.27) 0.28 (0.25)
-2 0.16 (0.22) 0.15 (0.2)
-3 0.12 (0.19) 0.16 (0.21)
350 -1 0.38 (0.33) 0.34 (0.29)
-2 0.23 (0.27) 0.23 (0.26)
-3 0.11 (0.14) 0.18 (0.18)

Data availability
Data will be made available on request.
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