
Perception of ensemble statistics requires attention
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To overcome inherent limitations in perceptual bandwidth, many aspects of the visual
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was thus to stack the cards against finding robust inattentional blindness rates by making the reporting procedure as inclu-
sive as possible and simply accept the artificial inflation of noticing rates.

After the 3-AFC following the critical trial, participants were informed that they would enter the second phase of the
experiment in which they would perform a dual-task. The dual-task involved the same cued row letter report as before, fol-
lowed by a color diversity report (high or low). Participants were shown eight color diversity example arrays, four high and
four low, and then given four practice trials on the dual-task, two each of high and low diversity. They then completed seven
experimental trials, four with low color diversity and three with high color diversity, presented in random order.

There were three main purposes to this second phase. First, it was important to replicate Bronfman et al.’s (2014) and
Ward et al.’s (2016) findings that participants could perform the color diversity task at above chance levels even while doing



means t-tests revealed that letter performance in the single task (M = 3.60, SD = 0.79) was significantly higher than that in
dual-task with color (M = 3.08, SD = 0.77), t(49) = 6.12, p < 0.01, gq2 = 0.44, and the dual-task with size (M = 3.17, SD = 0.85), t
(49) = 4.25, p < 0.01, gq2 = 0.27. No difference was found between the two dual-tasks, t(49) = 1.04, p > 0.05, gq2 = 0.02.

Color diversity performance in the phase 2 dual-task (M = 83.7%, SD = 15.0) was significantly above chance, t(49) = 15.89,
p < 0.01, Cohen’s d = 2.25. Size diversity performance in the phase 3 dual-task was also significantly above chance (M = 67.4%,
SD = 18.3), t(49) = 6.75, p < 0.01 Cohen’s d = 0.95.

To summarize, experiment 1 revealed robust inattentional blindness for color and size ensemble statistics. More than 50%
of participants failed to spontaneously notice these statistics on the critical trials, while they did so with ease during the sub-
sequent partial attention (dual-task) conditions. In addition, attentional costs to letter recall were evident when participants
switched from the single-task (letters-only) to the dual-tasks (letters-color and letters-size). These results suggest that
ensemble perception requires attention.

3. Experiment 2

In our first experiment, the color and size ensemble statistics were always high-variance on the lead-up trials and low-



gq2 = 0.32, and the dual-task with size (M = 3.43, SD = 0.87), t(23) = 2.88, p < 0.05, gq2 = 0.27. No difference was found
between dual-tasks, t(23) = 0.67, p > 0.05, gq2 = 0.02. Fig. 3b summarizes these results.

Also consistent with experiment 1, in the dual-task conditions color diversity judgments (M = 83.3%, SD = 16.7) were well
above chance, t(23) = 9.79, p < 0.01, Cohen’s d = 2.00, as were size diversity judgments (M = 70.8%, SD = 19.5), t(23) = 5.23,
p < 0.01, Cohen’s d = 1.07.

While spontaneous noticing rates of the color diversity statistic increased in experiment 2 compared to experiment 1,



(M = 3.28, SD = 1.36) was marginally higher than that in the dual-task with color, t(29) = 2.09, p = 0.05, gq2 = 0.21. No differ-
ence was found between the single-task and the dual-task with size, t(29) = 1.71, gq2 = 0.09. These results are summarized
in Fig. 4b.

In the dual-tasks, color diversity judgments were significantly above chance (M = 81.9%, SD = 14.5), t(29) = 12.05, p < 0.01,
Cohen’s d = 2.20, as were mean size judgments (M = 62.9%, SD = 17.8), t(29) = 3.95, p < 0.01, Cohen’s d = 0.72.

Once again, substantial inattentional blindness rates (>50%) were found for both color and size ensemble statistics. By
varying the statistics on the lead-up trials such that high and low variance (or means) were presented an equal number
of times, this experiment allowed us to rule out an explanation based on accumulated evidence biasing responses on the
3-AFC. For the color diversity statistic, we did observe a bias to select the high-variance option on the 3-AFC (overall, 83%
of participants chose high diversity and 17% chose low diversity). We revisit this result in the general discussion. The finding
of attentional costs on the letter task replicated for one of the dual-tasks (letters-color), while no significant costs were
observed for the other dual-task (letters-size).

5. Experiment 4

Experiments 1–3 showed robust inattentional blindness to color and size ensemble statistics, however, one could argue
that these results are due to a lack of training or knowledge. In other words, at the time we asked the surprise questions,
subjects had not yet learned what the statistics were or how to condense this information into binary judgments (high ver-
sus low diversity). Indeed, Bronfman et al. (2014) emphasize that reportability of the color diversity statistic depends on
one’s ability to condense complex color information into a simple binary statistic that can more easily persist in memory



After 7 trials of the letter task, the first critical trial was presented and participants were immediately given the 3-AFC
recognition test for color diversity. On the critical trial, half of the participants were presented a high color diversity stimulus
and half were presented a low color diversity stimulus. Note that in this experiment, subjects were trained to make the high/



SD = 24.7), t(29) = 2.74, p < 0.01, Cohen’s d = 0.50, as did mean size performance (M = 60%, SD = 19.4), t(29) = 2.96, p < 0.01,
Cohen’s d = 0.54.

6. General discussion

In the current series of experiments, we found robust inattentional blindness to color and size ensemble statistics (inat-



sion. Regardless of the attentional metaphor employed, the current results suggest that at least a minimal amount of atten-
tion is required for conscious perception of visual ensembles.

The current findings of clear dual-task costs were likely due to methodological differences between our study and previ-
ous studies. Bronfman et al. (2014) and Ward et al. (2016) deemphasized the color diversity task by explicitly instructing
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lead-up trials, and regardless of what participants saw on the critical trial, their memory of the color in the non-cued rows
was biased towards high diversity, thus they selected this option more frequently in the 3-AFCs.

Another potential factor that may have contributed to these differences is the minimal number of items that must be
compared in order to determine whether a display is ‘‘high” or ‘‘low” in color diversity. On a given trial, if attention is allo-
cated (or spills over) to only two individual non-cued letters, it is possible to determine that the display is high in color diver-
sity (e.g. if one letter is green and the other is red), but it is not possible to determine that the display is low in color diversity
(e.g. if one letter is green and the other is bluish-green, this could be consistent with either type of stimulus, and additional
items must be apprehended to make the distinction). Note that while Ward et al.’s (2016) results appear to argue against this
explanation (since color diversity judgments were steady despite change blindness for individual items), it is possible that
participants in Ward et al.’s experiments perceived and compared the colors of two items during either the first or the second
half of the trial in order to determine if the display was high in color diversity.

6.3. Inattentional blindness or amnesia?

Advocates of the ‘‘rich” view of visual awareness are likely to interpret the present results as stemming from memory
failures rather than perceptual failures. In other words, the entire display including the color and size ensembles may have
been briefly experienced, but due to the fragility of phenomenal awareness, this rich experience did not persist long enough
to enable reports of what was just perceived. In this view, the role of attention is to select and maintain information in a
more durable form of memory (working memory) rather than to enable conscious perception in the first place (Lamme,
2003, 2006; Sligte, Scholte, & Lamme, 2008; Vandenbroucke, Fahrenfort, Sligte, & Lamme, 2014; Wolfe, 1999).

Determining whether a failure to report seeing something is due to having a brief conscious experience followed by rapid-
decay/memory-interference or to a lack of conscious perception in the first place, has been previously argued to be difficult,
if not impossible, to address scientifically (Cohen & Dennett, 2011). Nevertheless, several recent studies appear to favor the
inattentional blindness (versus amnesia) account. Ward and Scholl (2015) instructed participants to ‘‘be on the lookout” for
anything unexpected and to immediately report any unexpected items on the display. In spite of these instructions, inatten-
tional blindness for unexpected stimuli was still observed. The fact that participants still failed to notice unexpected items
when they were told to be ready for such items suggests that rather than perceiving items and quickly forgetting them, peo-
ple do not perceive them in the first place. Consistent with these findings, Mack, Erol, Clarke, and Bert (2016) presented
Sperling-like letter arrays in the center of the display along with colored circles in the periphery. Participants were initially
trained on each task separately (letter-recall task or color-circle task) but in the main experiment, retro-cues at different
probabilities directed participants to perform one task or the other. In the key condition, participants were retro-cued on
90% of trials to perform the color-circle task, and on the critical trial the entire Sperling letter array was removed (replaced
by a blank white screen). Strikingly, 50% of the participants failed to notice that the entire letter array was missing (Mack
et al., 2016). In this case, it is difficult to argue that participants had a fleeting conscious experience of a blank screen but
this fragile memory decayed or was disrupted by the surprise question leading to reports of seeing letters that were not there.
Instead, we argue that a more parsimonious explanation is that half of the participants did not perceive the missing letter
array in the first place because they allocated no attention to that region of the screen.

In the present study, several steps were taken to help participants report the ensembles they may have seen, even if their
perceptual experience was brief and fragile. First, the stimuli were unmasked, lasting 300 ms in duration, and the surprise
question was presented 900 ms following stimulus offset. Of course, even with only 900 ms between the critical stimuli and
the surprise question, we acknowledge that a form of immediate visual memory is necessary to allow for accurate reporting.
Second, the 3-AFC used to assess perception on the critical trial only required recognition based on familiarity, rather than
explicit recall, stimulus categorization, or verbalization. Finally, as described above, the 3-AFC method is very liberal in terms
of estimating noticing rates. This method over-estimates noticing because participants could guess correctly based on chance
alone or based on unconscious processing, despite not having consciously perceived the stimulus on the critical trial. Given
these considerations, the most parsimonious explanation for the current results is that �50–80% of participants failed to per-
ceive the ensemble statistics on the critical trial, and were thus inattentionally blind (versus amnesic).

7. Conclusion

The pattern of results observed here suggests that awareness of ensemble statistics requires attention. This view is con-
sistent with previous studies that demonstrated inattentional blindness to the gist of natural scenes (Cohen et al., 2011;
Mack & Clarke, 2012), attentional modulations of statistical perception (Huang, 2015), and attentional requirements for ico-
nic memory (Mack, Erol, & Clarke, 2015; Mack et al., 2016). It appears that attention is necessary for conscious perception
(Cohen, Cavanagh, Chun, & Nakayama, 2012), even for basic ensemble percepts such as color and size.
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