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ARTICLE INFO ABSTRACT
Keywords: The content of visual working memory influences the access to visual awareness. Thus far,
Visual working memory research has focused on retention of a single feature, whereas memoranda in real life typically

Feature binding
Continuous flash suppression
Visual awareness

contain multiple features. Here, we intermixed a delayed match-to-sample task to manipulate
VWM content, and a breaking Continuous Flash Suppression (b-CFS) task to measure prioritiza-
tion for visual awareness. Observers memorized either the color (Exp. 1), the shape (Exp. 2) or
both the features (Exp. 3) of an item and indicated the location of a suppressed target. We
observed that color-matching targets broke suppression faster than color-mismatching targets
both when color was memory relevant or irrelevant. Shape only impacted priority for visual
awareness through an interaction with color. We conclude that: (1) VWM can regulate the priority
of visual information to access visual awareness along a single feature dimension; (2) different
features of a memorandum vary in their potency to impact access to visual awareness, and the
more dominant feature may even suppress the effect of the less dominant feature; (3) even stimuli
that match an irrelevant feature dimension of the memorandum can be prioritized for visual
awareness.

1. Introduction

While reading this text, you might not be aware of other objects on your desk, even if they do project an image on your retinae.
Because access to visual awareness is limited, we are not aware of the vast majority of the visual information that is readily available.
Our visual system has evolved to prioritize relevant visual information over irrelevant visual information. For example, previous
studies have suggested that a fearful face (Jiang, Costello, & He, 2007), a threatening symbol (Gayet, Paffen, Belopolsky, Theeuwes, &
Van der Stigchel, 2016), or a salient item (Ding, Paffen, Naber, & Van der Stigchel, 2019; Stuit, Verstraten, & Paffen, 2010) gains
preferential access to awareness.

Besides these intrinsically relevant stimuli, our current mental state also influences the priority of stimuli for access to visual
awareness. For instance, by requiring observers to memorize a color for later recognition, Gayet, Paffen, and Van der Stigchel (2013,
2016, 2019) observed that memory congruent items break interocular suppression faster than memory incongruent items. This finding
reveals that an item which is currently stored in visual working memory (hereafter: VWM) is prioritized to enter awareness compared
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to other items. A follow-up study showed that when two items (i.e., of two distinct colors) are memorized simultaneously, each of them
will be prioritized for visual awareness, suggesting that multiple features in VWM can jointly regulate visual awareness (van Moor-
selaar et al., 2018). Furthermore, the same principle holds for more complex memoranda that are defined by multiple features, such as
faces (Liu, Wang, Wang, & Jiang, 2016; Pan, Lin, Zhao, & Soto, 2014). Interestingly, Liu et al. (2016) observed that faces with
threatening expressions are released from suppression faster when observers are memorizing threatening faces; an effect that was not
observed for faces with happy or neutral expressions. As differences between emotional expressions are relatively subtle, this raises the
question to what degree complex object representations in VWM interact with the dynamics of visual awareness. More generally, as
visual items stored in VWM typically comprise multiple features, it is currently unknown whether and how these features jointly
regulate access to awareness.

For the questions introduced above it is important to know how items are represented in VWM. A body of evidence suggests that
multiple features of a single item can be maintained in VWM as a bound conjunction. For instance, Luck and Vogel (1997) reported that
the number of items stored in memory was not different when only a single feature needed to be remembered (e.g., either their color or
their orientation) or when multiple features needed to be remembered (e.g., their color as well as their orientation). Sequential studies
replicated this finding thereby supporting this object-based theory of VWM (see Luria, Balaban, Awh, & Vogel, 2016 for a review; Luria
& Vogel, 2011; Vogel, Woodman, & Luck, 2001). These studies suggest that the features of a memorized object in VWM are somehow
linked together. Alternative to the object-based theory of VWM is the multiple-resources theory which assumes that there are separate
pools of resources for maintaining features from different dimensions (Alvarez & Cavanagh, 2004; Delvenne & Bruyer, 2004; Olson &
Jiang, 2002; Parra, Cubelli, & Della Sala, 2011; Wheeler & Treisman, 2002). For instance, Alvarez and Cavanagh (2004) observed that
the object-based theory cannot entirely explain the capacity of VWM. Instead, they argue that VWM load is not only determined by the
number of objects, but also by the complexity of objects. Furthermore, Wheeler and Treisman (2002) observed that features from the
same dimension (e.g., color) compete for storage capacity while features from different dimensions (e.g., color and orientation) are
stored in parallel without competition. Delvenne and Bruyer (2004) replicated this finding, revealing that features from different
dimensions can be stored without affecting capacity limits.

The discussion about the nature of VWM representations above, leads us to question whether VWM regulates the priority of an item
for visual awareness along a single feature dimension and/or whether multiple features from different dimensions regulate access
synergistically (i.e., as a bound entity). In this study, we opted for the feature dimensions ‘color’ and ‘shape’ to facilitate comparison
with previous studies investigating the influences of VWM on perception using similar feature dimensions (e.g., Soto & Humphreys,
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Fig. 1. (A) Schematic depiction of a trial sequence showing a shape and color incongruent trial in Experiment 1. Observers were instructed to
memorize the color of the memory item in the memory encoding phase. In the b-CFS phase, the dynamic masks were presented to the dominant eye
and the target was ramped up from zero to full intensity for the other eye. Observers were required to indicate whether the target appeared to the
left or right of fixation as soon as they saw it. In the memory recognition phase, two items from the same shape and color categories were presented,
one of which was identical to the memory item, while the other was of a slightly different hue. (B) Illustration of the four congruency conditions of
the b-CFS target in case the memory item was a red triangle. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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2009; Olivers, Meijer, & Theeuwes, 2006; Gayet et al., 2013; Bahle et al., 2018; Soto, Heinke, Humphreys, & Blanco, 2005; Wheeler &
Treisman, 2002). To quantify the priority to visual awareness, we used the so-called breaking continuous flash suppression paradigm
(i.e., b-CFS; Jiang et al., 2007; Stein, Hebart & Sterzer, 2011; Gayet, Van der Stigchel, & Paffen, 2014; Stein, 2019). In a typical b-CFS
task, a target stimulus is initially suppressed from awareness by presenting it to one eye while the other eye is presented with dynamic
stimuli (i.e., masks). The duration for a b-CFS target to overcome interocular suppression is an index quantifying the priority of a target
to access visual awareness. In the current study, we combined b-CFS and a VWM task. In the first two experiments, we will investigate
whether VWM regulates visual awareness at a specific feature dimension. We will ask observers to memorize a single feature (spe-
cifically, the color or the shape, respectively) of a memory item that contains multiple features (specifically, both a color and a shape),
and vary the congruency between the b-CFS target and the memory item. In the third experiment, we will research whether VWM
regulates access to visual awareness of an object along multiple features dimensions (i.e., synergistically) when multiple features of an
item are simultaneously maintained in VWM (specifically, as a conjunction of both color and shape).

2. Experiment 1 - Memorize color
2.1. Method

2.1.1. Observers

A planned number of twenty observers (age: M = 22.7, SD = 3.1; 7 males) participated in Experiment 1 after giving written
informed consent. All observers reported normal or corrected-to-normal sight and having no epilepsy. The current study was approved
by the local Ethical Committee of the Faculty of Social and Behavioral Sciences of Utrecht University and followed the general
guidelines set out in the Declaration of Helsinki.

2.1.2. Design and procedure

The congruency between the memory item and the target during b-CFS defined four main experimental conditions (Fig. 1B). On
color congruent and shape incongruent trials, the b-CFS target was of the same color category and of a different shape category than the
memory item (hereafter: color only match). On color congruent and shape congruent trials, the b-CFS target shared both the color
category and the shape category with the memory item (whole object match). On color incongruent and shape congruent trials, the b-
CFS target was of the same shape category and of a different color category than the memory item (shape only match). On color
incongruent and shape incongruent trials, the b-CFS target shared neither color category nor shape category with the memory item
(whole object mismatch). The within-subject experimental design comprised a total of 4 congruency conditions (described above) x 3
color categories (a color from the red, green or blue category is memorized) x 3 shape categories (ellipse, triangle or rectangle shaped
memory item) x 2 target horizontal locations (left or right of fixation) x 2 target vertical locations (above or below fixation). Every
unique combination of conditions was presented once, resulting in 144 trials presented in randomized order to each observer (36 trials
per congruency condition). In addition to these fully counterbalanced factors, a number of factors were not balanced, but chosen at
random. First, on trials where the b-CFS target mismatched the shape (or color) category of the memory item, the shape (or color) of
the b-CFS target was chosen at random from the remaining two categories. Second, the specific within-category color or shape
variation for the memory item was chosen at random from the three existing options. Third, in mismatching trials, the specific within-
category color or shape variation for the b-CFS target was chosen at random from the three existing options. Fourth, the correct
response to the memory task was chosen at random from the left or the right response option.

Before the main experiment, we measured each observer’s sensory eye dominance using a b-CFS task (this is important because eye-
dominance is task-specific; Ding, Naber, Gayet, Van der Stigchel, & Paffen, 2018). As illustrated in Fig. 1, each trial in the main
experiment started with a fixation dot presented for 500 ms. The memory item (i.e., a colored shape) then replaced the fixation dot for
2000 ms. Observers were instructed to memorize the color of the memory item for a memory recognition task at the end of each trial.
After a blank screen (2000 ms), the b-CFS target detection task was initiated by presenting a colored shape (the b-CFS target) to the
non-dominant eye and dynamic masks (refreshing at 10 Hz) to the dominant eye. The intensity (i.e., opacity) of the b-CFS target
increased linearly within 1.5 s and retained the highest intensity until the end of the trial. Observers were instructed to respond as soon
as they saw the target appearing to the left or the right of fixation (at an eccentricity of 1.8°), by pressing the left or right arrow button
of the keyboard, respectively. The target detection task lasted until observers responded, or until 20 s without a response had passed. A
blank screen was presented for 500 ms between the disappearance of the b-CFS stimuli and the onset of the memory recognition task.
During the memory task, we presented two stimuli, left and right of fixation, until observers chose which of these two was identical to
the memorized stimulus. One item was identical to the memory item, and the other had an identical shape and was chosen from the
same color category but with a slightly different hue. It is important to make the hue difference sufficiently small to prevent ceiling
effects and to prevent observers from encoding the memory stimuli verbally or categorically (Olivers et al., 2006). In case an incorrect
response was given in either the b-CFS task or the memory recognition task, the text ‘Incorrect’ was presented on the screen directly
after the incorrect response. Trials with a localization error or without a response in the b-CFS task were recycled and presented at the
end of the experiment to preserve an equal number of trials in all conditions of interest.

2.1.3. Apparatus and stimuli

We showed stimuli to the observers in a dark room using a desktop computer and a linearized 27-inch LCD monitor (2560 x 1440
pixels, 144-Hz refresh rate). All stimuli were created and presented with MATLAB 2016 (The Math Works, Inc) and its PsychToolbox
extension software (Brainard, 1997; Pelli, 1997). The viewing distance was maintained at around 61 cm with a chin and forehead rest.



Y. Ding et al. Consciousness and Cognition 87 (2021) 103057

A stereoscope with four mirrors (two per eye) was fixed on the chinrest to allow for separately stimulating the two eyes of the observer.

In the main experiment, the masks were always presented to the dominant eye to avoid large differences within participants in
suppression duration in b-CFS. To promote binocular fusion of the complementary images, the stimulus area presented to each eye was
enclosed by a Brownian (i.e., 1/, fz) noise quadrate frame with a width of 7.5° and a thickness of 0.25° (see Fig. 1). The colors (red,
green, and blue) used in the memory display, memory recognition task and b-CFS task were subjectively equal in luminance to prevent
observers from memorizing the item based on the luminance instead of hue in the memory task (Olivers et al., 2006), and to prevent
the difference in luminance between colors to create variance in break-through times in the b-CFS task. Three shape categories (tri-
angle, ellipse, and rectangle) were used in the VWM task and the b-CFS task, and each shape category included three shape variations
that slightly differed in terms of height-to-width ratio (i.e., elongation). The CFS masks consisted of two hundred different binary
images that were generated by filtering pink (1/f) noise using a circular Gaussian low-pass filter (sigma = 3.2), and rounding the
resulting images to black (~0 Cd/m?) and white (41.8 Cd/m?).

2.2. Data analysis, results, and discussion

Trials without a response (5.17%) or with incorrect localization (2.40%) in the b-CFS task were recycled at the end of the
experiment, and the original ones were excluded from further analysis. The accuracy on the memory task was well above the 50%
chance level but not at ceiling (M = 84.31% correct, SD = 8.04%).

The observer’s median response-times (RT) to the b-CFS target were determined for each memory-relevant feature condition (i.e.,
color; congruent and incongruent) and each memory-irrelevant feature condition (i.e., shape; congruent and incongruent). A 2 x 2
repeated-measures analysis of variance (ANOVA) was conducted on these median RTs per condition, to investigate the effects of color
and shape congruence on RTs in the b-CFS task. As depicted in Fig. 2, we observed a significant main effect of color congruency (F(1,
19) = 14.04, p = 0.001), but neither a significant main effect of shape congruency (F(1, 19) = 0.27, p = 0.61), nor an interaction
between color and shape (F(1, 19) = 0.73, p = 0.40). In summary, we observed faster response times for b-CFS targets when they
matched compared to when they mismatched the memorized color (1523 ms vs. 1632 ms).

The results of Experiment 1 show that a suppressed target stimulus was detected faster when the color matched rather than
mismatched the color of the memory item. Shape congruency, however, did not impact RTs. These results indicate that VWM can
regulate the access of visual information to visual awareness along the color feature dimension, at least when color is relevant for the
upcoming recognition task.

2.3. Experiment 2 — Memorize shape

To investigate whether VWM modulates visual awareness along the shape feature dimension, in Experiment 2, observers were only
required to memorize the shape of the memory item for the upcoming recognition task, and not its color. We expected two possible
outcomes: first, if b-CFS targets that match the shape of the memory items are detected faster than those with a mismatching shape
while color does not affect detection times, this indicates that (1) VWM content can regulate visual awareness along the shape feature
dimension, and that (2) only the feature dimension that is relevant for the upcoming memory task can regulate access to visual
awareness. A second outcome, however, is also feasible, namely that b-CFS targets with matching colors (i.e., the incidental, non-
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Fig. 2. Mean response times across observers as a function of color congruency and shape congruency for Experiment 1. On each trial, participants
were required to memorize the color (but not the shape) of the memory item for the subsequent recognition task. Error bars denote + 1 SEM across
observers. The results show a main effect of color congruency.
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memorized feature) will be detected faster than targets with mismatching colors. This would indicate that (1) even incidentally stored
features in VWM can regulate access to visual awareness but that (2) this effect is restricted to cases in which color is the incidental
feature (as no effect of the incidental feature ‘shape’ was observed in Experiment 1).

2.4. Method

2.4.1. Observers and procedure

Twenty new observers participated in Experiment 2 (7 males; mean age 24.8, SD = 4.5). All reported having (corrected to) normal
sight and having no epilepsy. The method was the same as Experiment 1 except that observers were instructed to only memorize the
shape of the memory item, and only the shape would be tested at the end of each trial.

2.5. Results and discussion

Observers performed well in both the b-CFS task (only 2.19% trials were recycled because of incorrect localization responses, SD =
1.83%) and the memory recognition task (accuracy for the shape test, M = 79.58%, SD = 8.25%).

Akin to Experiment 1, the median localization RTs of the b-CFS task were analyzed with a repeated-measures ANOVA. As illustrated
in Fig. 3, the results showed a significant main effect of color congruency (F(1, 19) = 4.57, p = 0.046) but again no main effect of shape
congruency (F(1, 19) = 0.41, p = 0.53). Interestingly, we now observed a significant interaction between color congruency and shape
congruency (F(1, 19) = 7.01, p = 0.016). To investigate the nature of the interaction, subsequent pairwise t-test comparisons were
conducted among different congruency conditions (i.e., color congruent only, shape congruent only, both shape and color congruent,
and neither shape nor color congruent — see Table 1). This analysis revealed that two pairs of conditions differed significantly from
each other: color congruent/shape incongruent versus color incongruent/shape incongruent (the left versus the right triangle of Fig. 3;
p = 0.007), and color incongruent/shape congruent versus color incongruent/shape incongruent (the right circle versus the right
triangle of Fig. 3; p = 0.033). The other comparisons did not reveal significant differences. The overall pattern of post-hoc comparisons
suggests that the condition that involved two features that were incongruent with the memory item, lead to slower breakthrough times
than the other three conditions (which had similar breakthrough times). Therefore, to test whether, generally, a target is prioritized for
awareness when it matches any feature with the memory item (i.e., color, shape, or both), we collapsed RTs across the three congruent
conditions and compared this to the RTs in the color and shape incongruent condition. This analysis revealed that observers detected
targets faster when they matched the color, the shape or the color as well as the shape of the memory item, as compared to targets that
matched neither feature (1714 ms vs. 1802 ms, ¢(19) = 2.88, p = 0.010).

We can conclude that VWM content can prioritize stimuli for visual awareness along the color feature dimension, even when the
color dimension is irrelevant to the VWM task. This goes against the hypothesis that only the memory-relevant feature dimension
impacts access to visual awareness. However, the interpretation of the results of Experiment 2 is more complex than we initially
expected. The post-hoc comparisons also hint at the possibility that color dominates over shape in the potency of VWM to regulate
access to visual awareness, even when shape is relevant for the upcoming memory task and color is not. Also, these results suggest that
VWM content can prioritize stimuli along the shape dimension as well, albeit subtly: shape congruency gates the influence of color
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Fig. 3. Response times as a function of congruency condition in the b-CFS task of Experiment 2. In this experiment, participants were only required
to memorize the shape (but not the color) of each memory item for the upcoming memory recognition task. Error bars denote + 1 SEM across
participants. The results show a main effect of color congruency (right panel) and an interaction between shape congruency and color congruency
(left panel).
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Table 1

RT differences between all the different congruent conditions in the b-CFS task.
Condition 1 Condition 2
Color Shape Color Shape t(19) p
Congruent Congruent Incongruent Incongruent 1.44 0.166
Congruent Incongruent Incongruent Incongruent 3.01 0.007
Incongruent Congruent Incongruent Incongruent 231 0.033
Congruent Congruent Congruent Incongruent 1.96 0.065
Congruent Congruent Incongruent Congruent 0.03 0.975
Congruent Incongruent Incongruent Congruent 2.02 0.058

congruency on visual awareness, but (perhaps only) when shape is relevant for the VWM task and color is not.

3. Experiment 3 - Memorize color and shape

In daily life, when memorizing an object, we typically don’t memorize only a single feature dimension (i.e., an orientation or color)
but multiple feature dimensions at once (resulting in a face, or a car, etc.). As such, we questioned whether the content of VWM would
regulate access to visual awareness of a concurrently presented object along multiple features dimensions (i.e., synergistically) when
multiple features of an item are simultaneously maintained in VWM (i.e., as a bound object). To this end, in Experiment 3, we made
both features relevant for the upcoming memory task by requiring observers to memorize the shape and the color of the memory item
simultaneously. We expected one of three possible outcomes: (1) If b-CFS targets that match either the color or the shape of the
memorized item are detected faster than targets that do not, this indicates that VWM content can regulate visual awareness of a multi-
feature object at either memory feature dimension; (2) If only the b-CFS targets that match both the color and the shape of the memory
item are detected faster, this indicates that VWM content regulates visual awareness at the conjunction level, as long as the bound
feature dimensions are both relevant; 3) Considering that the results of Experiments 1 and 2 suggest that color information in VWM is
more dominant than shape information in VWM in regulating access to visual awareness, we also considered the possibility that only
color congruent targets are detected faster, and shape congruent targets are not. This would indicate that certain feature dimensions in
VWM (e.g., color) can null or suppress the effect of other (e.g., shape) in regulating access to visual awareness, even when both features
are memorized.

3.1. Method

3.1.1. Observers and procedure

To keep the statistical power equal between experiments, we recruited a new group of 20 observers in Experiment 3 (5 males; mean
age 23.41, SD = 3.28). The observers were instructed to memorize both the color and the shape of each memory item, and the feature
dimension that was probed during the memory recognition task was determined at random with equal probability (50% color memory
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Fig. 4. RTs as a function of different congruency conditions of the b-CFS task in Experiment 3. On each trial, participants were required to memorize
both the color and the shape of the memory item for the upcoming memory recognition task. Error bars denote + 1 SEM across participants. The
results show a main effect of color congruency.
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recognition, 50% shape memory recognition). This motivated observers to memorize both the color and the shape of the memory item
on each trial. When shape was tested, observers had to indicate which of the two stimuli, which were slightly different in shape, was the
memory item. All other aspects were identical to Experiment 1.

3.2. Results and discussion

Observers performed well in the b-CFS task (only 2.02% trials were recycled because of incorrect localization responses, SD =
1.68%). The accuracy on the memory recognition task was again above chance and below ceiling, and accuracy was higher on the
color-memory than on the shape-memory recognition task (82.41% (7.76%) vs. 73.58% (8.75%), respectively; t(19) = 4.03, p =
0.0007).

Asillustrated in Fig. 4, we observed a main effect of color congruency (F(1, 19) = 38.79, p < 0.001), which means that the observers
again detected the memory color-congruent targets faster than memory color-incongruent targets (1512 ms vs. 1644 ms). However,
neither the main effect of shape congruency (F(1, 19) = 0.20, p = 0.66) nor the interaction between color congruency and shape
congruency (F(1, 19) = 1.48, p = 0.24) was significant. Unlike the present results, the interaction between shape and color was
significant in Experiment 2, where only shape was relevant for the memory task (F(1, 19) = 7.01, p = 0.016). To test whether the
difference in task requirements between Experiments 2 and 3 reliably modulated this interaction, we conducted an additional omnibus
ANOVA including the within-subject factors shape and color, and the between-subject factor Experiment. This revealed a three-way
interaction between shape, color, and experiment on breakthrough times, F(1,38) = 5.75, p = 0.02, confirming the finding of the
separate ANOVAs: the shape of the memorandum only influenced breakthrough times (through an interaction with color) when the
color of the memorandum was irrelevant for the upcoming memory task.

The results of Experiment 3 show that VWM only accelerates access to visual awareness along the color feature dimension, even
though both color information and shape information were made relevant for the VWM task. One potential caveat, however, is that the
different features of our stimuli (color and shape) were not equally suppressed. Because interocular competition is stronger when the
two competing stimuli are more similar (Stuit, Paffen, van der Smagt, & Verstraten, 2011), it is possible that the color of the target was
less deeply suppressed by the achromatic mask than the shape of the target. In this scenario, participants first perceived the target
color, and provided a localization response accordingly, while the shape of the target remained so deeply suppressed that it could not
interact with the content of working memory. This possibility can easily be tested, because it implies that breakthrough times were
fully governed by stimulus color, and not by stimulus shape. Thus, we conducted a new analysis, in which we tested whether the
different shapes would elicit different breakthrough times in Experiment 3. Our results revealed a main effect of shape category (F(2,
648) = 5.13, p < 0.01, absolute effect size = 99 ms), suggesting that the current shapes robustly affected the breakthrough time. As
such, given that (1) participants demonstrably maintained shape information in working memory, and that (2) shape information in
the target stimuli governed breakthrough times, it can be inferred that (3) shape information in working memory had all the potential
to impact breakthrough times. Yet, this was not the case (in fact, no memory congruency effect of shape was observed in Experiment 3;
p = 0.66). Taken together, while the magnitude of the memory congruency effect for color and shape could depend on inherent
differences in masking strength, such a difference in masking strength between the color and shape attributes of our target stimuli is
unlikely to explain (A) the absence of a shape congruency effect in Experiment 3, and (B) the interaction between shape and color in
Experiment 2. Rather, such a qualitative difference in results between the color and shape attributes clearly demonstrates that a more
dominant feature (here, color) may even suppress the effect of the less dominant feature in working memory-based regulation of access
to awareness.

4. General discussion

Recent studies have shown that VWM can regulate the access of visual information to visual awareness, by favoring VWM-matching
stimuli compared to VWM-mismatching stimuli (Ding et al., 2019; Gayet et al., 2013, 2019; Gayet et al., 2016; Liu et al., 2016; Pan
etal., 2014; van Moorselaar et al., 2018). In our current study, we combined a VWM task and a b-CFS task to examine whether items in
VWM (comprising multiple feature dimensions) exert this regulation along a single or multi-feature dimension, and whether multiple
feature dimensions regulate access to visual awareness synergistically. In Experiment 1, when observers were instructed to memorize
the color of an item (but not its shape), we observed that stimuli matching the color of the memorandum enter visual awareness faster
than stimuli mismatching the color of the memorandum. These results confirm previous findings in showing that VWM can regulate
access to visual awareness along the color feature dimension (Gayet et al., 2013). The shape of the memorandum, which observers
were not required to remember for the upcoming memory task (i.e., a so-called incidental feature) did not affect access to visual
awareness. In Experiment 2, when observers were instructed to memorize the shape of those same items (but not their color), we
observed that the color of a memorandum can affect access to awareness, even when it is an irrelevant feature dimension for the
upcoming memory task (unlike shape). Strikingly, these findings also reveal that the shape of the memorandum only impacted priority
for visual awareness through an interaction with color, selectively when shape was relevant but color was not.

In Experiment 3, observers were required to memorize both the color and the shape of the items for the upcoming memory
recognition task. Under these circumstances, we observed that access to visual awareness of concurrently presented stimuli was only
affected by the color feature dimension of the memorandum. Combining the results of Experiments 2 and 3, our findings suggest that
when multiple features are maintained, the more dominant feature dimension (here, color) can suppress the influence of the less
dominant feature dimension on access to visual awareness.

In line with our current finding that VWM can regulate access to visual awareness along a single feature dimension, previous studies
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have investigated whether VWM affects conscious processes (e.g., visual attention to unmasked stimuli) at a single feature dimension
(Carlisle & Woodman, 2011; Olivers et al., 2006; Bahle, Beck, & Hollingworth, 2018). For instance, Olivers and colleagues (Experiment
4, 2006) required observers to memorize a single feature of an item before a visual search task. In the search task, observers needed
longer time to find a target in an array comprising memory-task congruent distractors than in an array with memory-task incongruent
distractors, suggesting that attentional capture occurs mostly for items that carried the memory relevant feature. Taking together these
findings and our current observations suggests that VWM can regulate visual processing at a single, memory-relevant, feature
dimension.

Interestingly, when only the shape of the memorandum was relevant for the upcoming recognition task, we did not observe a main
effect of shape congruency, but we still observed a main effect of color congruency. Considering that, across all three experiments,
color produced a congruency effect irrespective of whether observers were required to memorize it or not, the observed color con-
gruency effect could be interpreted as a priming effect: repeated presentation (rather than memorization) of a color yields faster access
to visual awareness. This interpretation is highly unlikely, however, based on previous studies showing that the color congruency effect
disappeared when the color was presented but either not memorized (so-called passive viewing conditions) or dropped from memory
(following a retro-cue) (Costello, Jiang, Baartman, McGlennen, & He, 2009; Pan et al., 2014; Ding et al., 2019; Gayet et al., 2013; Jiang
et al., 2007). These studies, with paradigms very similar to ours, observed no effect of priming, indicating that the color congruency
effect observed here is unlikely to be explained by bottom-up priming, but requires the colored item to be maintained in VWM.

In an experiment with an almost identical design as our current Experiment 2, Gayet et al. (2013; Experiment 5) required observers
to memorize the shape of a colored memory item but, intriguingly, they did not observe the color congruency effect in b-CFS. This
finding is inconsistent with our current results. It should be noted that, although our Experiment 2 used a very similar experimental
paradigm and the same statistical tests as the study of Gayet et al. (2013; Experiment 5), the current study included more participants
(20 instead of 10) and more trials per observers (144 instead of 108) than the study of Gayet et al. (2013; Experiment 5). Although
tentative, this difference could explain why we observed an effect of color congruency that was not observed in this earlier study. As
such, this previous study might have missed out on the color congruency effect, which appears less statistically reliable when color is
an incidental feature in our findings as well.

In agreement with our current finding, previous studies also observed that the color of a memorandum influenced conscious
processes (of unmasked stimuli), even when it was irrelevant for the upcoming memory task (Pratt & Hommel, 2003; Soto & Hum-
phreys, 2009). For instance, in Experiment 4 of Pratt and Hommel (2003), observers were required to search an array of items for a
target that matched the shape of the memory item. The memory item varied in color, which was irrelevant for the search target. Akin to
our Experiment 2, it is reasonable to assume that observers did not memorize the color of the memory item voluntarily. However, their
results showed that search performance improved when the target also matched the (incidental) color of the search target. Considering
the qualitative similarities between memoranda following search instructions and memorization instructions (Bundesen, Habekost, &
Kyllingsbaek, 2005; de Fockert, Rees, Frith, & Lavie, 2001; Gunseli, Meeter, & Olivers, 2014), their findings suggest that memory task
irrelevant features can also affect the prioritization of concurrently presented stimuli (Pratt & Hommel, 2003), at least when
consciously perceived. In the current study, we go beyond that finding, by showing that a memory task irrelevant feature can affect the
prioritization of stimuli that are perceptually suppressed, thus accelerating conscious access. Furthermore, previous studies have
shown that memory task irrelevant features could be actively maintained in VWM. For instance, O’Craven, Downing, and Kanwisher
(1999) conducted a functional magnetic resonance imaging (fMRI) study and observed that attending to one feature of an item would
result in both the task relevant feature and the task irrelevant feature of the item to be actively maintained. As such, it is possible that
when observers memorized the shape of an item in our current study, the color of the memory item was also maintained in VWM. On
the other hand, there is both behavioral and neuroimaging evidence suggesting that only the feature dimension that is relevant for the
memory task is maintained in working memory (Sala & Courtney, 2009; Serences, Ester, Vogel, & Awh, 2009). For example, Serences
and colleagues showed that color and orientation of a memory item could be decoded from fMRI BOLD activity during the memory
delay only when they were relevant for the upcoming memory task, but not when they were irrelevant (Serences et al., 2009). In line
with these latter findings, our data also show that memory representations depend on task requirements, as inferred from the potency
of memory representations to modulate the access of information to visual awareness. Taken together, whether or not incidental
features are maintained in VWM (and thus affect concurrent visual processing) appears to vary from study to study, and could depend
on subtle differences in stimulus properties and task instructions. For instance, different feature dimensions will inherently differ in
terms of processing efficiency and discriminability, and it has been shown before that more discriminable features will be processed
irrespective of task relevance, whereas less discriminable features will be processed only when they are task relevant (e.g., Gao, Li, Yin,
& Shen, 2010). In this view, one interpretation of our results is that shape was less discriminable than color, and therefore only
processed (to some extent) when it was task relevant, whereas color was processed regardless of task relevance. Conversely, because
color was more discriminable than shape, the instruction to memorize the shape of an item yielded incidental maintenance of its color,
so that color congruent stimuli were prioritized for visual awareness, even when color was an irrelevant feature dimension.

An even more complex picture emerges when considering Experiment 3, in which color and shape were both relevant for the
upcoming memory task. When the color and shape were simultaneously maintained, only the color of the memorandum influenced
access to awareness. The relative dominance of one feature dimension over the other (i.e., color over shape) when both features are
memorized might also be explained by differences in discriminability or processing efficiency. There is some support for the view that
color is more dominant than shape for visual processing (Soto et al., 2005; Williams, 1966; Fan et al., 2019; Soto et al., 2006; Wolfe &
Horowitz, 2004). For instance, Williams (1966) reported that, when observers are instructed to search for a target number presented
within objects of a pre-specified color and shape, observers would mostly fixate objects of the specified color, not of the specified shape.
Similarly, requiring observers to memorize both the color and the shape of an item, Soto et al. (2005) observed that a color-congruent
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stimulus captures more attention than a color-incongruent stimulus, whereas shape congruency did not affect attentional capture.
When only the shape was required for the memory task, Soto and Humphreys (2009) observed that only a distractor that matched both
the color and the shape of the memory cue captures attention more strongly than a memory incongruent distractor. However, there is
also evidence showing that shape information in VWM can affect visual processing of stimuli that are consciously perceived (i.e.,
attentional processes; Egly, Driver, & Rafal, 1994; Ghirardelli & Egeth, 1998; Olivers et al., 2006; Bahle et al., 2018; Fan et al., 2019),
and even prioritize access to visual awareness in a b-CFS task (Gayet et al., 2020; behavioral experiment). As we presented stimuli that
were initially not consciously perceived, it is difficult to compare these latter findings with the current findings. It could be argued that
shape information (which relies on perceptual integration) affects visual processing more strongly if perceived consciously as
compared to when not. Interestingly, in the study of Gayet and colleagues, shape stimuli were prioritized for awareness when they
matched a shape maintained in VWM. This shows that, in principle, shape information can influence access to awareness of
concurrently presented stimuli. It should be noted, however, that although the shape stimuli used by Gayet et al. were very similar to
the shapes used in the current study, the current shapes were colored, whereas those of Gayet et al. were presented in grayscale. This
adds to the evidence that the influence of shape information in VWM on access to awareness, can be negated by the presence of a more
dominant feature (such as color). Taken together, the interaction between VWM and perception is subject to an intricate interplay of
the different feature dimensions of multi-feature objects. While the relative dominance of the different feature dimensions of a
memorandum might depend on experiment-specific stimulus characteristics, our current study does show that the influence of a
memorandum on access to visual awareness can dramatically vary for the different feature dimensions of that memorandum. More-
over, the more dominant feature can strongly suppress the influence of the less dominant feature.

In sum, our current results suggest that (1) VWM can regulate the priority of visual information to access visual awareness along a
single feature dimension; (2) features from different dimensions can impact the competition for awareness to a variable degree, and the
more dominant feature may even suppress the effect of the less dominant feature; (3) even stimuli that match an irrelevant feature
dimension of the memorandum can be prioritized for visual awareness.
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