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Abstract
The scope of unconscious processing is highly debated, with recent studies showing that even highlevel functions such as perceptual integration and category-based attention occur unconsciously.
For example, upright faces that are suppressed from awareness through interocular suppression
break into awareness more quickly than inverted faces. Similarly, verbal object cues boost otherwise
invisible objects into awareness. Here, we replicate these findings, but find that they reflect a general
difference in detectability not specific to interocular suppression. To dissociate conscious and
unconscious influences on visual detection effects, we use an additional discrimination task to rule
out conscious processes as a cause for these differences. Results from this detection-discrimination
dissociation paradigm reveal that while face orientation is processed unconsciously, category-based
attention requires awareness. These findings provide insights into the function of conscious
perception and offer an experimental approach for mapping out the scope and limits of
unconscious processing.

Main
A thriving ﬁeld of research in psychology and neuroscience has made progress in revealing the putative
functions of consciousness1–4. Inﬂuential theories of consciousness converge on the notion that while
much mental activity is unconscious, consciousness is required for more complex and ﬂexible
operations, such as integration over space and time, object recognition, control of voluntary attention,
and intentional action3,5,6. Recently, this view has been challenged by studies showing that many highlevel operations7, including perceptual integration8, attention9, working memory10, and executive
control11, can happen unconsciously. Such ﬁndings beg the question why consciousness emerged at all
in the course of evolution. However, such conclusions may be premature, as much of the evidence for
high-level unconscious processing is highly debated, with controversies revolving around how to
manipulate and measure unconscious processing12–15. Here, we ﬁrst show that one of the most widely
adopted behavioural approaches, the “breaking continuous ﬂash suppression” (b-CFS) paradigm, cannot
provide evidence for unconscious processing. We then present an alternative approach and demonstrate
how it can distinguish between functions that do and do not require consciousness.

Many studies claiming high-level unconscious processing have investigated diﬀerences in the speed of
stimulus detection, with the assumption that diﬀerences in detection speed reﬂect diﬀerential
unconscious processing preceding detection16–18. It is widely recognized, however, that a detection
diﬀerence can arise at any stage between stimulus (retina) and response: Detection responses could be
inﬂuenced by later conscious processes (e.g. related to stimulus recognition and identiﬁcation) or by
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non-perceptual factors (e.g. decisional processes and response biases)19,20. In other words, detection
diﬀerences could reﬂect either unconscious or conscious processing. As explained in more detail below,
the b-CFS paradigm16,18,20,21 appeared to have overcome this problem by comparing detection diﬀerences
during CFS22, a strong interocular suppression technique, to detection diﬀerences in control paradigms
not involving CFS, thereby dissociating conscious and unconscious contributions to detection eﬀects.
To date, ﬁndings from more than 120 b-CFS studies have changed our view of which functions can occur
unconsciously21. Examples include face perception23,24 and person evaluation25, threat detection26,27 and
emotion recognition28, perception of visual illusions29 and causality30, perceptual and multimodal
integration31–35, control of attention36–38, working memory39,40, comprehension of syntax41, meaning42,43,
language44,45, and reading46.

Here, focusing on unconscious processing of face orientation18,47,48, we ﬁrst show that the b-CFS
approach cannot isolate unconscious processing, reporting similarly strong face inversion detection
eﬀects in b-CFS and multiple carefully designed control paradigms. This leaves open the question
whether these eﬀects are conscious or unconscious. As a solution, we use an additional discrimination
task to rule out conscious processes as a cause for diﬀerences in stimulus detection. Applied to face
detection, we report a face inversion eﬀect even when observers were unable to tell whether the stimuli
were upright or inverted faces, providing unequivocal evidence for an unconscious origin of the eﬀect.
We then investigated whether the eﬀect of attention at the level of object category modulates stimulus
processing unconsciously. Similar to face inversion, such eﬀects have previously been reported with bCFS37,38,44,45, suggesting an unconscious origin. In contrast to face inversion, however, we found that the
eﬀect of attention required awareness, such that attention modulated stimulus detection only when
participants were aware of the validity of the attention cue. Together, these ﬁndings demonstrate that
seemingly similar eﬀects on detection can reﬂect distinct conscious or unconscious processes. More
generally, we show how conscious and unconscious contributions to such detection eﬀects can be
dissociated, equipping scientists with a simple experimental approach to study the scope and limits of
unconscious processing.

To determine whether detection eﬀects obtained with b-CFS reﬂect unconscious processing during
interocular suppression, we ﬁrst tested whether similar eﬀects can be obtained with other detection
paradigms not involving interocular suppression. In CFS, dynamic masks ﬂashed into one eye suppress
visibility of a stimulus presented to the other eye for up to several seconds22. Studies that tested
unconscious processing of stimuli rendered fully invisible through CFS, for example by measuring
priming eﬀects, brain or psychophysiological responses, have yielded conﬂicting results17,49, sparking
heated debates about the existence of high-level unconscious processing7,12,50–52. For example, while two
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studies found that invisible face stimuli evoked face-speciﬁc electrophysiological responses53,54, a more
recent study with greater statistical power failed to detect any signal to suppressed faces55. Similarly, faces
rendered invisible through CFS typically fail to induce adaptation aftereﬀects56–58. However, with the
development of CFS, another, fundamentally diﬀerent approach, b-CFS, has now consistently produced
evidence for high-level unconscious processing. In the b-CFS paradigm, localization or detection tasks
are used to measure the time it takes a stimulus to “break” CFS and become visible. Diﬀerences between
conditions in breaking suppression time are thought to reﬂect diﬀerences in unconscious processing the
stimuli received while still being suppressed16,18,21. This reasoning assumes an “all-or-none” transition
between unconscious and conscious processing, and a precise measure of the transition point. Neither
of these assumptions have been validated in the b-CFS paradigm, and both are unlikely to be correct21.
For example, there is reason to believe that visual awareness is a gradual rather than a binary
phenomenon59,60. Thus, rather than reﬂecting enhanced unconscious processing, a detection advantage
could reﬂect enhanced conscious processing, such as stronger pre-activation61, faster recognition,
identiﬁcation, or lower response criterion19–21.

To rule out conscious processing as a cause of detection diﬀerences, b-CFS studies often compared eﬀects
with a control paradigm not involving CFS. In this control paradigm stimuli are typically faded in on
top of the masks, and masks and stimuli are presented to the same eye, such that no interocular
suppression is induced. When a detection diﬀerence is obtained with b-CFS but not in the control
paradigm, this is taken as evidence that the eﬀect is caused by unconscious processing that occurred
while stimuli were suppressed through interocular suppression. For example, in the ﬁrst b-CFS study18,
faster detection of upright than inverted faces was found only with b-CFS but not in the control
paradigm, indicating that the eﬀect was caused by unconscious processing of face orientation. Thus, the
absence of eﬀects in the control paradigm is used to support claims for unconscious processing during
CFS. One concern with this logic is that control paradigms may not be optimally sensitive to general
diﬀerences in conscious stimulus processing. For example, faces faded-in on top of the CFS masks can
often be detected based on their contour alone, before inner facial parts become visible (see
Supplementary Information). Indeed, in virtually all b-CFS studies, no face inversion eﬀects were
obtained in the control paradigm19. Furthermore, control paradigms may not be fully comparable to the
b-CFS paradigm. For example, response times and presentation durations are usually much longer and
more variable in b-CFS than in the control paradigms20.
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Figure 1. Experiment 1, comparing b-CFS with three other detection paradigms. (a) Schematic trials from
the four paradigms. Upright or inverted face stimuli were presented for fixed presentation times, controlled
by adaptive staircases. Participants performed non-speeded 4-AFC localization tasks. In CFS, a face was
presented to one eye and circular masks, changing every 100 ms, were presented to the other eye. In
simultaneous noise masking, a face was presented to the same eye as the phase-scrambled noise masks, which
were also changing every 100 ms. In simultaneous noise masking no stimulus was presented to the other eye,
thus no interocular suppression was induced. In monoptic backward masking a face was presented briefly to
one eye and then masked by three masks presented to the same eye. In dichoptic backward masking, the face
stimulus and the masks were presented to diﬀerent eyes. (b) Mean localization thresholds for low- and highcontrast upright and inverted faces from the four detection paradigms. Note the diﬀerent scales. Error bars
represent 95% CIs for the respective comparison between upright and inverted faces. (c) Inversion eﬀects (left
panel) and contrast eﬀects (right panel) after latency-normalization. Circles represent individual participants
(N = 24), horizontal lines the means, and error bars 95% CIs. (d) Inversion eﬀects (left panel) and contrast eﬀects
(right panel) in standardized eﬀect sizes dz. Error bars represent 95% CIs.
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Results
No advantage of breaking CFS over other detection paradigms
Our ﬁrst goal was therefore to test whether b-CFS-like eﬀects can similarly be observed without
interocular suppression when using more comparable control paradigms. We took the well-established
b-CFS face-inversion eﬀect as a test case, comparing localization of upright and inverted faces. In
Experiment 1, we compared b-CFS to three non-CFS paradigms (Figure 1a): 1) Simultaneous noise
masking, where the face stimulus was faded-in on top of changing phase-scrambled noise masks (for
more details on the rationale see Supplementary Discussion and Supplementary Figure 1); 2) backward
masking in its monoptic form and 3) backward masking in its dichoptic form, using the same masks as
used in CFS.

To achieve optimal sensitivity for detecting diﬀerences in all paradigms, we used staircases to adjust
presentation durations (1-up, 3-down), separately for each condition and paradigm. This staircase
procedure ensures that overall performance is not at ﬂoor or ceiling and that it is similar across
conditions and paradigms. Accordingly, staircase values (i.e., localization thresholds) were used as a
measure of detectability. To rule out decisional inﬂuences such as response biases, rather than measuring
response times we used the same accuracy-based, non-speeded 4-AFC localization task in all paradigms
(see Supplementary Discussion for a discussion of accuracy-based vs. response-time based measures).
In addition to manipulating face orientation, we also manipulated luminance contrast, presenting faces
with high or low contrast. High-contrast stimuli should have lower localization thresholds than lowcontrast stimuli in all paradigms, reﬂecting bottom-up stimulus strength. The magnitude of this eﬀect
may nonetheless vary across paradigms, reﬂecting factors of non-interest such as the duration and
variability of presentation duration. The contrast manipulation therefore served as a benchmark for the
comparison of face inversion eﬀects across paradigms.

For all paradigms we found strong evidence for eﬀects of contrast and face-inversion (all t(23) > 4.35, p
< .001, dz > 0.88, BF10 > 128.13; Figure 1b; for subject-level display of localization thresholds, refer to
Extended Data Figure 1). The very diﬀerent temporal characteristics of the diﬀerent paradigms were
reﬂected in localization thresholds and raw eﬀects that diﬀered in orders of magnitude. For example, the
overall localization threshold was 5428 ms in CFS but only 46 ms in dichoptic backward masking. The
eﬀects of contrast and inversion were similarly scaled. For example, in CFS the localization threshold for
high-contrast faces was 869 ms lower than for low-contrast faces, whereas in dichoptic backward
masking this diﬀerence was just 15 ms. These overall diﬀerences reﬂect the radically diﬀerent temporal
characteristics of the four paradigms. To account for these overall diﬀerences, we normalized the
contrast and inversion eﬀects by dividing these values by the overall localization threshold for a given
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paradigm, yielding proportional diﬀerences in localization thresholds. This analysis revealed that
inversion eﬀects were of comparable size in all paradigms (F(3, 69) = 0.41, p = .75, ηp2 = .02, BF01 = 10.86);
contrast eﬀects tended to be larger in simultaneous noise masking than in the other paradigms (Figure
1c). Eﬀects in CFS were more variable than in the other paradigms, such that standardized eﬀect sizes
for both contrast and inversion were smaller in CFS than in the other paradigms (Figure 1d).

Figure 2. Experiment 2, comparing b-CFS with two other detection paradigms. (a) Schematic trials from
the three paradigms. Upright or inverted face stimuli were presented for three diﬀerent fixed presentation
times. Participants performed non-speeded 2-AFC localization tasks. CFS and standard backward masking
were similar to Experiment 1. In the rapid serial visual presentation (RSVP) paradigm, stimuli were embedded
in three streams of rapidly changing distracters (scrambled faces). Faces were presented in the left or right
stream, at diﬀerent SOAs relative to a first target in the central stream which subjects had to identify (green
circles vs. green diamonds). (b) Mean localization accuracy for upright and inverted faces for the three diﬀerent
detection paradigms and presentation times. Error bars represent 95% CIs for the respective comparison
between upright and inverted faces. (c) Inversion eﬀects for the diﬀerent paradigms and presentation
conditions. Circles represent individual participants (N = 40), horizontal lines the means, and error bars 95%
CIs.
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To substantiate these ﬁndings, in Experiment 2 we compared face inversion eﬀects between CFS,
backward masking (with standard binocular viewing), and rapid serial visual presentation (RSVP).
Instead of recording staircase thresholds, here we measured detection of stimuli presented for ﬁxed
durations using a non-speeded 2-AFC localization task. This was done to generalize the ﬁndings and
because staircasing could not be implemented in the RSVP paradigm. In CFS, stimuli were presented
for 200, 400, or 800 ms; in backward masking for 10, 20, or 30 ms, reﬂecting the paradigms’ diﬀerent
temporal characteristics. In the RSVP paradigm, stimuli were embedded in three streams of distracters
changing every 100 ms. Faces were presented with three diﬀerent temporal delays (200, 300, or 700 ms)
relative to a ﬁrst target that participants had to identify (Figure 2a). At short temporal delays, face
localization is thought to be impaired because attention is still engaged with the ﬁrst target62. Including
this attentional blink-like paradigm allowed us to test whether eﬀects would diﬀer between paradigms
where detectability is reduced by degrading the input (CFS and masking) and a paradigm where visibility
is reduced through inattention (RSVP)63,64. However, inversion eﬀects did not diﬀer signiﬁcantly
between paradigms (mixed ANOVA, two-way interaction, F(2, 117) = 1.82, p = .17, ηp2 = .03, BF01 = 3.25)
or presentation conditions (all F(2, 78) < 1.75, p > .18, ηp2 < .05, BF01 > 4.38; Figure 2c, for subject-level
display of localization accuracy, refer to Extended Data Figure 2). For all three paradigms results
revealed strong evidence for face-inversion eﬀects (all t(39) > 4.35, p < .001, dz > 0.88, BF10 > 4.95´106;
Figure 2b).

Thus, contrary to previous b-CFS studies that typically failed to obtain eﬀects in the control
paradigm18,47,48,65, we found similar eﬀects in all four non-CFS detection paradigms included in
Experiments 1 and 2. This implies that the comparison of b-CFS with control paradigms cannot
dissociate conscious and unconscious processing. If a CFS-speciﬁc eﬀect is obtained, this may reﬂect the
insensitivity of standard control paradigms to general diﬀerences in stimulus detectability rather than
CFS-speciﬁc unconscious processing.

While our results do not show any CFS-speciﬁc eﬀects, this does not necessarily argue against the
possibility that eﬀects revealed with visual detection paradigms reﬂect unconscious processing. In a
trivial sense, unconscious processing always precedes stimulus detection (e.g. phototransduction,
activity in the optic nerve). However, this does not imply that a diﬀerence in stimulus detectability is
mediated by diﬀerential unconscious processing (Figure 3a). Some diﬀerences most likely arise at an
early, possibly unconscious stage of visual processing. For example, the eﬀect of stimulus contrast studied
in Experiment 1 may involve enhanced ﬁring already at an unconscious, retinal processing stage. For
higher-level eﬀects, such as the eﬀect of face inversion, it is unknown at what stage between stimulus
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and response the detection diﬀerence arises. In the next section we introduce a paradigm that allows for
dissociating conscious and unconscious contributions to visual detection eﬀects.

Figure 3. Dissociating conscious and conscious contributions to detection eﬀects. (a) In conventional
detection paradigms, a detection diﬀerence (DDetection) between experimental conditions {x1,x2} (e.g.
upright vs. inverted faces, validly vs. invalidly cued objects) is often interpreted as reflecting unconscious
processing diﬀerences u. However, DDetection is not an exclusive measure of u, but could also reflect
diﬀerences in conscious processing c. An additional measure is required to rule out conscious processing as a
cause for DDetection. As this measure should be exhaustive for a potential conscious processing diﬀerence66,67,
the task needs to measure discriminability of the specific stimulus dimension {x1,x2} that is yielding DDetection
(e.g. discrimination of upright vs. inverted faces, discrimination of validly vs. invalidly cued objects). (b) When
this discrimination measure yields above-chance performance, conscious processing cannot be ruled out, and
DDetection cannot be said to reflect unconscious processing. (c) When the discrimination measure yields
chance performance, conscious processing can be ruled out, and DDetection can be interpreted as reflecting
unconscious processing diﬀerences. These scenarios are illustrated with idealized data patterns providing
evidence for an unconscious or a conscious origin of DDetection, respectively. The figure was inspired by
Figure 1 in Schmidt and Vorberg (2006)66.
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The detection-discrimination dissociation paradigm
To link a detection diﬀerence to diﬀerential unconscious processing, an additional measure needs to
demonstrate absence of awareness. Without a gold standard for measuring consciousness, the awareness
measure should be exhaustive for the critical stimulus dimension underlying the eﬀect66,67 (Figure 3b).
The idea is simple: In addition to the detection task, a second task measures awareness of the critical
dimension causing the detection diﬀerence (e.g. discrimination of upright vs. inverted faces). Absence
of awareness is established when participants cannot discriminate this critical dimension. This approach
has previously been adopted to demonstrate that a non-discriminable stimulus dimension can cause
unconscious priming eﬀectse.g.68,69. Similarly, any detection diﬀerence caused by this dimension (e.g.
better detection of upright than inverted faces) must reﬂect unconscious processing diﬀerences (Figure
3c). We adopt this approach to test whether the face inversion eﬀect on stimulus detection, as reported
in the previous section, is mediated by conscious or unconscious processes.

Although this “detection-discrimination dissociation” approach can in principle be implemented with
any method for presenting visual stimuli (e.g. CFS or backward masking), it requires carefully calibrated
presentation parameters that yield chance performance in the discrimination task (to establish absence
of awareness) but above-chance performance in the detection task (a prerequisite for measuring
diﬀerences between conditions). As the strength of CFS varies strongly between and within
participants70–73, in practice methods other than CFS may be preferable for ﬁnding appropriate
stimulation parameters. Here, we used (standard) backward masking, where stimulation parameters can
be more easily calibrated to present stimuli with maximum bottom-up stimulus strength just below the
discrimination threshold. Note that we adopted backward masking rather than CFS only for this
technical reason, and we do not wish to imply that our ﬁndings are speciﬁc to backward masking.

Face orientation can be processed unconsciously
To test whether detection-discrimination dissociations can provide evidence for unconscious processing
of face orientation, in Experiment 3 we measured localization and detection of upright and inverted
faces while simultaneously recording participants’ ability to distinguish between upright and inverted
faces. Face stimuli were presented in two thirds of the trials (one third stimulus-absent trials), for ﬁve
diﬀerent presentation times ranging from 8 to 33 ms, and backward masked (Figure 4a). On every trial,
participants performed a 2-AFC localization task, reported awareness of the stimulus (on the Perceptual
Awareness Scale [PAS]74), and indicated face orientation (upright vs. inverted; with the order of the three
tasks counterbalanced between participants). To directly compare localization, detection, and
discrimination on the same scale, responses from all three tasks were transformed to the signal-detection
theory sensitivity index d’ (detection sensitivity was calculated from the “seen” vs. “unseen” responses
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on the PAS in stimulus-present vs. –absent trials, see Methods). Across all presentation times, upright
faces were localized and detected better than inverted faces (both F(1, 93) > 333.81, p < .001, ηp2 > .78,
BF10 > 8.42´1026 ; Figure 4b, for subject-level display of localization, detection and discrimination
sensitivity, refer to Extended Data Figure 3). Inversion eﬀects were larger at intermediate presentation
times than at the shortest and longest presentation times (interaction for localization and detection
sensitivity, both F(4, 372) > 37.78, p < .001, ηp2 > .28, BF10 > 9.72´1015; Figure 4c).

To test for a dissociation between detection and discrimination with maximum bottom-up stimulus
strength, we determined the longest presentation time that yielded null sensitivity in the discrimination
task but above-chance sensitivity in the localization and detection tasks. At the second shortest
presentation time (8 ms, followed by a blank of 8 ms), orientation discrimination did not diﬀer
signiﬁcantly from chance (t(93) = 0.91, p = .18 (one-tailed), dz = 0.09, BF0+ = 3.59), while upright and
inverted faces were localized and detected with above-chance performance (all t(93) > 4.63, p < .001, dz
> 0.47, BF10 > 1.40´103; Figure 3d). Critically, both localization and detection sensitivity were higher for
upright faces than for inverted faces (M = 0.16, SD = 0.37, and M = 0.19, SD = 0.40, respectively; both
t(93) > 4.11, p < .001, dz > 0.42, BF10 > 220.58; Figure 4c and 4d). Thus, face orientation inﬂuenced
detectability while participants had no conscious access to this dimension, providing evidence for an
unconscious origin of the eﬀect. Moreover, the inversion eﬀects in detection and localization also
exceeded orientation discrimination when compared directly on the same scale (detection, t(93) = 3.21,
p = .002, dz = 0.33, BF10 = 13.16; localization, t(93) = 2.82, p = .006, dz = 0.29, BF10 = 4.67), thereby
satisfying an additional criterion for demonstrating unconscious processing66,75.

Finally, if the face inversion eﬀect was indeed independent of the ability to discriminate face orientation,
it should not diﬀer between trials with correct and incorrect discrimination responses. We tested this in
64 (out of 94) participants who had enough data points with correct and indirect discrimination
responses for every condition (excluding the longest presentation time where discrimination
performance was at ceiling, see Methods). Supporting our prediction, localization and detection
accuracy for upright faces were signiﬁcantly better than for inverted faces for both trials with correct
and trials with incorrect discrimination responses (localization: both F(1, 63) > 54.37, p < .001, ηp2 > .46,
BF10 > 1.17´105; see Figure 4e; detection: both F(1, 63) > 88.82, p < .001, ηp2 > .58, BF10 > 1.23´1012).
Inversion eﬀects even tended to be somewhat larger when discrimination was incorrect (interaction,
localization: F(1, 63) = 4.57, p = .036, ηp2 = .07, but BF10 = 0.94; detection: F(1, 63) = 3.39, p = .070, ηp2 =
.05, but BF10 = 1.65). In other words, the face inversion eﬀect can be dissociated from face orientation
discrimination, indicating that the face inversion eﬀect in visual detection is (at least partly) mediated
by unconscious processes.
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Figure 4. Experiment 3, testing unconscious processing of face orientation with the detectiondiscrimination dissociation approach. (a) Upright or inverted faces were presented for five diﬀerent fixed
presentation times and backward masked (face presentation 8, 8[8], 17, 25, or 33[8] ms, with the value in
square brackets referring to the duration of an additional blank screen between face stimulus and mask). On
every trial, participants performed three tasks (order counterbalanced between participants) measuring face
localization (2-AFC), face detection (comparing “seen” vs. “unseen” responses on the PAS in face-present vs. absent trials), and discrimination of upright and inverted faces. Responses from all three tasks were
transformed to the signal-detection theory sensitivity index d’. (b) Mean localization sensitivity (left panel) and
mean detection sensitivity (right panel) for upright and inverted faces for the five diﬀerent presentation times
(values in square brackets refer to an additional blank screen of 8 ms between the face stimulus and the mask).
Error bars represent 95% CIs for the respective comparison between upright and inverted faces. For
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comparison, both panels also show mean sensitivity and 95% CIs for discriminating between upright and
inverted faces for every presentation time. (c) Inversion eﬀects from the localization task (left panel) and from
the detection task (right panel), separately for every presentation time. Circles represent individual
participants (N = 94), horizontal lines the means, and error bars 95% CIs. (d) Detection-discrimination
dissociation at the critical presentation time of 8[8] ms. Although discrimination between upright and inverted
faces did not diﬀer significantly from chance, upright faces were localized and detected better than inverted
faces. Error bars represent 95% CIs, ***p < .001. (e) Mean localization accuracy for upright and inverted faces
for trials with correct (left panel) and incorrect (right panel) discrimination between upright and inverted faces.
Inversion eﬀects in localization did not depend on correct discrimination. Error bars represent 95% CIs for the
respective comparison between upright and inverted faces.

Category-based attention requires awareness
In Experiment 3 we demonstrated that the visual system is diﬀerentially sensitive to upright and inverted
faces without the participant being consciously aware of this stimulus manipulation. In Experiment 4
we used the same detection-discrimination dissociation approach to test the (un)conscious origin of
another previously reported detection diﬀerence: between objects that are preceded by a corresponding
versus a non-corresponding verbal label37,38,44,45. When such word cues validly predict the category of the
object, they are thought to improve detection through category-based attention76. Unlike face inversion,
this eﬀect involves a change in the observer’s internal set rather than a stimulus manipulation. In b-CFS,
suppression times are shorter when prior information (e.g. a word) predicts stimulus identity, category,
or color37,38,44,45. We previously found such eﬀects of category-based attention not only with CFS but also
with other detection paradigms not involving interocular suppression37, indicating that the eﬀect may,
like the face inversion eﬀect, reﬂect unconscious processing. However, in the absence of a measure to
establish absence of consciousness, the eﬀect could similarly reﬂect conscious modulation of stimulus
processing77.

To distinguish between these accounts, in Experiment 4 we measured localization of object stimuli that
were preceded by word cues providing valid or invalid information about the object’s category (e.g. a
picture of a cat preceded by the word “cat” or “cup”, Figure 5a). Objects from eight diﬀerent categories
were presented for diﬀerent presentation times ranging from 8 to 58 ms and backward masked.
Importantly, we assessed participant’s awareness of the critical manipulation underlying the eﬀect. In
addition to a 2-AFC localization task, participants also indicated on every trial whether the object was
validly or invalidly cued (the order of the two tasks was counterbalanced between participants).

We ran two versions of the experiment that diﬀered only with regard to the exact duration of the shortest
and longest presentation time. Averaged across all presentation times validly cued objects were localized
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better than invalidly cued objects (Experiment 4a, F(1, 44) = 32.45, p < .001, ηp2 = .42, BF10 = 60.88;
Experiment 4b, F(1, 49) = 20.50, p < .001, ηp2 = .30, BF10 = 6.49; Figure 5b, for subject-level display of
localization and discrimination sensitivity, refer to Extended Data Figure 4), replicating previous
ﬁndings37. Cueing eﬀects tended to be larger at intermediate presentation times than at the shortest and
longest presentation times (Figure 5c). In Experiment 4a, at the shortest presentation time (8 ms,
followed by a blank of 8 ms) the cueing eﬀect was signiﬁcant (t(44) = 2.95, p = .005, dz = 0.44, BF10 =
6.97); however, also cue discriminability exceeded chance performance (t(44) = 2.08, p = .022, onetailed, dz = 0.31, BF0+ = 0.45; Figure 5c and 5d), such that it was not possible to determine whether the
cueing eﬀect occurred consciously or unconsciously. In Experiment 4b, we therefore reduced bottomup stimulus strength further and removed the 8-ms blank between the object and the mask for the
shortest presentation time. In this condition, cue discriminability did not diﬀer signiﬁcantly from chance
(t(49) = -0.35, p = .36, one-tailed, dz = 0.05, BF0+ = 8.36), while localization sensitivity was well-above
chance for both validly and invalidly cued objects (both t(49) > 6.68, p < .001, dz > 0.94, BF10 > 6.30´105;
Figure 5d). Critically, however, there was no signiﬁcant diﬀerence in localization sensitivity between
validly and invalidly cued objects (t(49) = 0.36, p = .72, dz = 0.05, BF01 = 6.11). Thus, only when observers
had some ability to discriminate the validity of the cue did the cue inﬂuence object localization,
indicating that the eﬀect of category-based attention requires conscious object processing.

To provide additional evidence for a tight link between the category-based cueing eﬀect and awareness,
we compared trials with correct and incorrect discrimination responses. If the cueing eﬀect did indeed
depend on the ability to discriminate cue validity, it should be larger in trials with correct than with
incorrect discrimination responses. We tested this in participants who had enough data points with
correct and indirect discrimination responses (Experiment 4a: 37/45 participants, Experiment 4b: 47/50
participants, excluding the longest presentation times with ceiling discrimination performance, see
Methods). Supporting our prediction, the localization cueing eﬀect was highly signiﬁcant for trials in
which cue discrimination was correct (Experiment 4a, F(1, 36) = 64.29, p < .001, ηp2 = .64, BF10 =
1.51´1010; Experiment 4b, F(1, 46) = 20.29, p < .001 ηp2 = .31, BF10 = 910.97; Figure 5e), but not when
cue discrimination was incorrect (the eﬀect even tended to reverse: Experiment 4a, F(1, 36) = 6.99, p =
.012, ηp2 = .16, BF10 = 3.25; Experiment 4b, F(1, 46) = 3.11, p = .085, ηp2 = .06, but BF10 = 0.66); this
diﬀerence was reﬂected in signiﬁcant interactions between cue validity and discrimination accuracy
(Experiment 4a, F(1, 36) = 33.77, p < .001, ηp2 = .48, BF10 = 3.51´108; Experiment 4b, F(1, 46) = 16.14, p
< .001, ηp2 = .26, BF10 = 1.81´103).

Together, these ﬁndings indicate that the detection advantage of validly cued objects depends on
awareness; therefore, this form of category-based attention does not aﬀect unconscious processing.

15

Figure 5. Experiment 4, testing the influence of category-based attention on conscious vs. unconscious
processing. (a) At the beginning of a trial a word provided either valid or invalid information about the
category membership of the object target that was subsequently presented for four diﬀerent fixed
presentation times and backward masked. On every trial, participants performed two tasks (order
counterbalanced between participants) measuring object localization (2-AFC) and discrimination of valid vs.
invalid cues. (b) Mean localization sensitivity for validly and invalidly cued objects for the four diﬀerent
presentation times (values in square brackets refer to an additional blank screen of 8 ms between the face
stimulus and the mask) in Experiment 4a (left panel) and in Experiment 4b (right panel). The two versions of
the experiment diﬀered with regard to the shortest and longest presentation time. Error bars represent 95%
CIs for the respective comparison between valid and invalid cues. For comparison, both panels also show mean
sensitivity and 95% CIs for discriminating between valid and invalid cues for every presentation time (c) Cueing
eﬀects (d’ in valid minus invalid trials) for every presentation time. Circles represent individual participants (left
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panel, Experiment 4a, N = 45; right panel, Experiment 4b, N = 50), horizontal lines the means, and error bars
95% CIs. (d) No evidence for a detection-discrimination dissociation at the critical presentation times of 8[8]
ms (saturated symbols) and 8 ms (light symbols). At 8[8] ms, the cueing eﬀect was significant (**p < .01) but
discrimination between valid and invalid cues was significantly above chance (p < .05). At 8 ms, discrimination
did not diﬀer significantly from chance but there was no significant cueing eﬀect either. Error bars represent
95% CIs. (e) Mean localization accuracy for validly and invalidly cued objects for trials with correct (left panel)
and incorrect (right panel) discrimination between valid and invalid cues (collapsed across Experiment 4a and
4b). Cueing improved localization only in trials with correct discrimination responses. Error bars represent 95%
CIs for the respective comparison between valid and invalid cues.

Discussion
Evidence from visual detection paradigms suggests that many of the functions commonly associated
with consciousness can occur unconsciously7,16,21. However, because detection diﬀerences can result
from both conscious and unconscious processes, these need to be dissociated experimentally. Here, we
showed that the popular breaking CFS paradigm cannot dissociate conscious and unconscious
contributions to detection eﬀects. As a solution, we presented a paradigm that combines a detection and
a discrimination task and demonstrated how it can be used to distinguish between functions that do and
do not require consciousness.

In the b-CFS paradigm, seemingly CFS-speciﬁc eﬀects could reﬂect the insensitivity of control
conditions rather than unconscious processing under interocular suppression. With optimally designed
control paradigms, we obtained eﬀects similar to CFS. Although these diﬀerent paradigms involve
partially distinct neural mechanisms, a diﬀerence in detection may nevertheless involve shared
mechanisms. For example, the detection advantage of upright over inverted faces may involve ﬁring of
face-selective cells in a rapid feedforward sweep through the visual pathways78. Masking and inattention
(RSVP) are thought to leave such feedforward processing intact63,79,80. Interocular suppression may
interfere more strongly with early visual processing (e.g. in primary visual cortex)49,51,81, resulting in
overall much longer periods of invisibility. However, when suppression weakens over time, a detection
diﬀerence could nevertheless reﬂect similar mechanisms, for example activity in face-selective cells
evoked by information that eventually escapes initially strong suppression.

But are these mechanisms unconscious or conscious? To answer this question, an additional task needs
to establish absence of conscious processing66. Adopting the detection-discrimination dissociation
paradigm presented here we found that upright faces were detected better than inverted faces even when
participants could not distinguish between upright and inverted faces. These results demonstrate that
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face orientation can be processed unconsciously, consistent with the idea that face detection can be
achieved by face-selective cells in a rapid, unconscious feedforward sweep78,82. As face inversion keeps
physical stimulus properties intact but disrupts spatial relationships among facial features, the face
inversion eﬀect is often considered to be a marker of visual integration. As such, our ﬁndings have
implications for current debates revolving around whether consciousness is required for integration of
information50,51,83,84. Proponents of unconscious integration cite the face inversion eﬀect in b-CFS as
evidence for integration50, while sceptics question the validity of the b-CFS paradigm52. Our ﬁndings
now provide clear evidence for an unconscious origin of the inversion eﬀect. Future work adopting the
present paradigm will determine whether unconscious integration is limited to highly familiar and
overlearned stimuli such as faces or bodies47,85, and whether unconscious integration can happen across
multiple objects86, diﬀerent modalities8, and time10.

Another debate with important theoretical implications concerns the relationship between
consciousness and attention9,63,87. Preparatory top-down attention evokes anticipatory activity in sensory
areas in a content-speciﬁc fashion, enhancing neural processing and detection of stimuli matching the
attended dimension76,88. Consistent with the view that such attentional enhancement is tightly linked to
conscious awareness89–91, we found that the eﬀect of category-based attention required at least some
conscious access to the validity of the cue. This may seem at odds with recent studies suggesting that
some forms of attention can be dissociated from consciousness9,87. However, these studies did not always
convincingly rule out conscious awareness (also see next paragraph). Furthermore, these studies
manipulated overall processing resources (load)92–95, spatial attention96,97, or feature-based attention98
rather than category-based attention. Spatial attention may act as a ﬁlter at early, unconscious levels,
independent of stimulus content. Similarly, for simple stimulus features such as colour and orientation,
attention may enhance feedforward processing in early visual cortex99. Attentional enhancement in highlevel visual cortex representing the shape and category of the cued objects, by contrast, appears to require
awareness. This ﬁnding is consistent with evidence from human and monkey electrophysiology showing
that attention to such more complex stimulus features modulates visual cortex responses relatively late
in time100,101, likely reﬂecting local recurrent processing or feedback from downstream areas such as
prefrontal cortex102. These processes may inevitably give rise to awareness77,87. By showing that categorybased attention cannot be dissociated from consciousness, our ﬁndings lend support to theories in which
the control of attention is a key function of consciousness, such as global workspace theory3,5,63 or
attention schema theory103.

The current ﬁndings highlight how the detection-discrimination dissociation paradigm can distinguish
between conscious and unconscious inﬂuences on behaviour, satisfying the most rigorous criteria for
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demonstrating unconscious processing while addressing central objections that have been raised against
other approaches. Perhaps most importantly, studies on unconscious processing are often criticized for
not convincingly establishing absence of consciousness13–15. Awareness measures do not always capture
the information driving the unconscious eﬀect66,67, they may be susceptible to criterion biases104, or they
are collected in separate blocks with fewer trials or fewer participants, resulting in insuﬃcient
power105,106. In the present paradigm, the discrimination task represents an exhaustive measure of
awareness speciﬁcally designed to capture the information relevant for the detection eﬀect. Performance
in this task was measured in the same trials as detection, using a criterion-free measure of sensitivity. By
ﬁnding a presentation condition with zero discriminability across the whole group, no participants or
trials needed to be excluded based on the awareness measure; such data exclusion is a common
procedure that risks severely inﬂating estimates of unconscious processing due to regression to the
mean107. Furthermore, while absence of awareness is often demonstrated by (inappropriately) accepting
the null hypothesis when the awareness measure is not statistically signiﬁcant, we used Bayesian statistics
to provide evidence in support of null sensitivity108. Finally, the detection eﬀect can be directly compared
to the measure of awareness on the same scale66, a statistical comparison that is almost never performed
although it is key for claiming unconscious processing75.

The detection-discrimination dissociation approach can distinguish between conscious and
unconscious contributions to detection. A detection diﬀerence alone, obtained with CFS, backward
masking, or other methods for stimulus presentation, may not reﬂect unconscious processing. Indeed,
opposite results for the face inversion eﬀect and the eﬀect of category-based attention demonstrate that
not all detection diﬀerences reﬂect unconscious processing. Accordingly, we suspect that some of the
striking eﬀects obtained with detection paradigms such as b-CFS reﬂect genuinely unconscious
processes, while others will turn out to arise from conscious processes. In a thriving research ﬁeld
zeroing in on the functions and adaptive advantage of consciousness, this paradigm will help to map out
the scope and limits of unconscious processing. If our conclusions about the tight link between
consciousness and category-based attention are right, this research program may reveal that
consciousness is more than an epiphenomenon, assigning consciousness an important place in the
neurocognitive architecture of the human mind.
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Methods
Participants
All procedures were approved by the local ethics committees. Participants gave informed consent and
received either course credit or a small monetary compensation for their participation. A total of 305
participants took part in the experiments. In Experiment 1, there were 24 participants (19 female, mean
age 21.4 years, SD = 3.4) who all completed the dichoptic-masking paradigm and then the monopticmasking paradigm in one session, and the CFS paradigm and the simultaneous-noise masking paradigm
in another session on a diﬀerent day. With the exception of one author of the paper and one student
involved in data collection, all participants were recruited through the University of Trento participant
pool and were naïve to the purpose of the study. For all other experiments, participants were recruited
through the University of Amsterdam participant pool and all were naïve to the purpose of the study. In
Experiment 2, eight participants were excluded from the CFS experiment because their overall
localization performance across all presentation times was at ﬂoor (six participants, accuracy less than
51% correct) or at ceiling (two participants, accuracy above 99% correct), and one participant was
excluded from the masking and RSVP experiment because of low accuracy for the ﬁrst target in the
RSVP. The ﬁnal samples consisted of 40 participants in the CFS experiment (32 female, mean age 23.8
years, SD = 8.5), and another 40 participants (18 female, mean age 22.6 years, SD = 3.3) who took part
in both the masking and the RSVP experiment in the same session (order counterbalanced between
participant). In Experiment 3, data from four participants was excluded because either their overall
localization or discrimination performance was below 55% correct at the longest presentation times,
resulting in a ﬁnal sample of 94 participants (61 female, mean age 22.6 years, SD = 7.0). In Experiment
4, 45 participants completed Experiment 4a (36 female, mean age 20.1 years, SD = 3.2), and 50
participants Experiment 4b (42 female, mean age 19.8 years, SD = 2.0). All participants reported normal
or correct-to-normal vision. In all experiments, participants received detailed written and verbal
instructions and practice trials, and all experiments contained several short obligatory breaks.
Participants were instructed to respond as accurately as possible, without speed pressure.

Sample sizes and statistical power
Power calculations were carried out in Matlab (using the Statistics toolbox function “sampsizepwr”) for
paired t-tests (eﬀect size measure dz) Given the substantial size of previously reported b-CFS eﬀects, we
decided to test 24 participants in Experiment 1 (resulting in 80% power to detect dz > 0.60). To provide
more evidence for eﬀects of similar size with other paradigms, 40 participants were tested with each
paradigm in Experiment 2 (80% power to detect dz > 0.46). For Experiment 3, to probe whether
detection-discrimination dissociations exist and to get a more precise estimate of the size of eﬀect, the
goal was to test a maximally large number of participants in the project period (which resulted in 80%
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power to detect dz > 0.30). For Experiment 4a and 4b, the sample size was based on the inversion eﬀect
size in Experiment 3 (dz = 0.42); data collection ended at the end of the project period (resulting in 78%
and 82% power to detect dz = 0.42 in Experiment 4a and 4b, respectively).

Display and apparatus
In Experiment 1, stimuli were presented on a 21-inch CRT monitor (1024 × 768 pixels resolution, 160
Hz refresh rate). In the other experiments, stimuli were presented on 24-inch LCD monitors (all with
1920 × 1080 pixels resolution, 100 Hz refresh rate in Experiment 2, 120 Hz refresh rate in Experiment 3
and 4). Screens were gamma-corrected and presentation times were synchronized with the vertical
refresh cycles of the screens. In Experiment 1 for all four paradigms and in Experiment 2 for the CFS
paradigm, participants viewed the screen dichoptically through a custom-built mirror stereoscope using
a chin-and-head rest placed approximately 60 cm in front of the screen. The mirrors of the stereoscope
were adjusted for each observer to yield stable binocular fusion. For all other experiments and
paradigms, participants viewed the screen binocularly from a free viewing distance of approximately 60
cm. Experiments were programmed in Matlab using Psychtoolbox109 functions.

In Experiments 1–3, stimuli were presented in a central grey box (experiment 1: 10.1° × 10.1° of visual
angle; experiment 2 and 3: 7.5° × 7.5°) with (fusion) contours (width 0.2–0.3°) consisting of random
black and white pixels. The remainder of the screen was black. In Experiment 1 and in the CFS part of
Experiment 2, two boxes were displayed side-by-side on the screen such that one contour was shown to
each eye (distance between the centres of the two boxes, Experiment 1: 21.0°, Experiment 2: 15.0°). In
the centre of each contour a small white ﬁxation cross was displayed. In Experiment 4, stimuli were
presented in one of two boxes (4.1° × 4.1°) that were cantered left and right of central ﬁxation (distance
to the centre of each box 4.2°). Participants were asked to ﬁxate during the experimental trials. In all
experiments, trials started with a 1-s ﬁxation period in which only the fusion contours and the ﬁxation
cross were presented (in Experiments 2–4 the ﬁxation cross then disappeared for 0.5 s to mark the start
of the stimulus presentation sequence).

Stimuli
Face stimuli were 40 emotionally-neutral face photographs taken from the Karolinska face data set. We
removed hair and outer facial features, converted the stimuli to greyscale, and resized the stimuli to ﬁt
within a square image (Experiment 1: 4.0° × 4.0°, Experiment 2 and 3: 2.6° × 2.6°) of the same grey
background as the rest of the central box for stimulus presentation. The mean luminance and the
contrast within the area corresponding to the face was equated (RMS contrast, Experiment 1 low
contrast stimuli: 0.07, Experiment 1 high contrast stimuli: 0.22; Experiment 2 and 3: 0.13), and the outer
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face contour was blurred into the background. These images were presented either upright or inverted
(i.e., rotated by 180 degrees). In Experiment 4 stimuli were 48 greyscale photographs of objects from
eight categories (cars, cats, chairs, cups, guitars, hammers, persons, and shoes). For each category, six
diﬀerent exemplars were included, seen from diﬀerent viewing angles. Objects were ﬁt to a square image
(3.2° × 3.2°) of the same grey background as the boxes for stimulus presentation and mean luminance
and contrast of the area corresponding to the object were equated (RMS contrast 0.15).

For the CFS and backward masking paradigms, we generated 100 greyscale masks (Experiment 1: 9.5°
× 9.5°, Experiment 2 and 3: 7.5° × 7.5°, Experiment 4: 3.7° × 3.7°) consisting of randomly arranged
circles (diameter 0.3–1.5°). For the simultaneous noise masking paradigm, for every face exemplar we
created 100 corresponding greyscale noise backgrounds. These noise backgrounds (9.5° × 9.5°) consisted
of six phase-scrambled versions of the respective square image that were spatially concatenated and cut
to ﬁt into the fusion contour. For the RSVP paradigm, 352 scrambled distracters were generated by
dividing the inner part of the (upright and inverted) face stimuli into grids consisting of 16 or 20
rectangles of diﬀerent sizes and randomly rearranging these rectangles. As a ﬁrst attention-demanding
target (T1) in the RSVP, we created 80 stimuli that consisted either of a random arrangement of
diﬀerently sized circles or diamonds. These were then cut to correspond to the contours of the (upright
and inverted) face stimuli, and displayed through the green RGB channel only (rendering T1 salient in
the stream of grey distracters).

Experiment 1
The exact way of stimulus presentation diﬀered between paradigms, but in all paradigms upright or
inverted faces were presented either above, below, left or right of the ﬁxation cross (centre-to-centre
distance 2.6°), and participants performed a 4-AFC localization task. Following an incorrect response,
presentation time was increased; following three consecutive correct responses, presentation was
decreased (1-up, 3-down). The speciﬁc staircase parameters in each paradigm were based on pilot
studies. At the end of the stimulus presentation sequence participants pressed one of the four arrow keys
on the keyboard to indicate in which of the four possible locations the face stimulus was presented.
Afterwards, they indicated their conﬁdence in this response on a scale from 1–4 (conﬁdence scores are
not reported here).

In CFS, the face stimulus was gradually faded in to one eye by decreasing its transparency from 100% to
0% over the ﬁrst 400 ms of a trial. A random sequence of masks changing every 100 ms was presented
to the other eye. The contrast of the masks was decreased linearly to zero over 10 s. Presentation time of
the face stimuli was adjusted by staircases, which started with a presentation time of 3.6 s, and had a step
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size of 400 ms, a minimum value of 400 ms, and a maximum value of 10 s. At the end of the stimulus
sequence, three masks were presented for 100 ms each to both eyes to prevent afterimages. In
simultaneous noise masking, both the face stimulus and a random sequence of noise masks changing
every 100 ms were presented to the same eye. The other eye was presented with the frame only. The face
was gradually faded in by decreasing its transparency from 100% to 0% over the ﬁrst 2.4 s of a trial.
Staircases started with a presentation time of 3.6 s, and had a step size of 100 ms, a minimum value of
100 ms, and a maximum value of 8 s. In monoptic backward masking, the face stimulus was presented
brieﬂy to one eye, followed directly by three randomly selected masks (100 ms each) to the same eye.
Staircases started with a presentation time of 75 ms, and had a step size of 6.25 ms, a minimum value of
6.25 ms, and a maximum value of 625 ms. In dichoptic backward masking, the parameters were the same
as in monoptic backward masking, except that the face and the masks were presented to diﬀerent eyes.

The experimental design was the same for all four paradigms. There were 640 trials, in which each
combination of face orientation (upright, inverted), face contrast (low, high), and eye for face
presentation occurred 80 times. Eight interleaved staircases controlled stimulus presentation times for
these eight conditions. Each of the four stimulus locations occurred equally often in each condition, and
each of the 40 face exemplars was shown equally often. Trial order was randomized.

For every staircase, a separate threshold was calculated as the mean of the last ﬁve reversals. Thresholds
for the four conditions of interest (upright/inverted × low-/ high-contrast) were then calculated by
averaging over the values from both eyes. We were not interested in the interaction between face
orientation and face contrast, and thus averaged over the factor of no interest. We also calculated eﬀects
from transformed data, following the recommended latency-normalization procedure72 where for each
participant the contrast/inversion eﬀect (calculated from mean localization thresholds) was divided by
the overall localization threshold, such that it reﬂects a proportional diﬀerence in localization thresholds.
For standardized mean diﬀerence eﬀect sizes dz we calculated 95% CIs (Figure 1d) using the MBESS
package110,111 for R.

Experiment 2
CFS and masking were similar to Experiment 1 but in Experiment 2 presentation times were ﬁxed.
Participants performed a 2-AFC localization task on upright or inverted faces that were presented either
left or right of the central ﬁxation cross (centre-to-centre distance 2.6°). In the rapid serial visual
presentation (RSVP) paradigm, participants additionally reported the identity of a T1 stimulus (circles
vs. diamonds, using the “1” and “2” keys), before indicating face location with one of the two arrow keys.
Afterwards, they reported subjective awareness on the PAS or on a continuous scale (not reported here).
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In CFS, the face stimulus was faded in by decreasing its transparency from 100% to 0% over the ﬁrst 200
ms of a trial. Face stimuli were presented for either 200, 400, or 800 ms to one eye, while a random
sequence of masks changing every 100 ms was presented to the other eye. Stimulus presentation was
followed by three masks presented to both eyes to prevent afterimages. To determine the eye for face
presentation, in an initial calibration block of 48 trials participants localized scrambled faces (the
distracters from the RSVP paradigm) that were presented for 400 ms to the participant’s dominant eye
(as determined with the hole-in-the-card test112). If accuracy exceeded 70% in this block, in the
experiment proper face stimuli were presented to the participant’s non-dominant eye; otherwise to the
dominant eye. This was done to avoid ceiling performance. Pilot testing and previous studies70,113,114
indicated that CFS weakens over time, and switching stimulus presentation to the non-dominant eye
should result in overall longer suppression time115. In standard backward masking, a face stimulus was
presented for 10, 20, or 30 ms and followed directly by three randomly selected masks (100 ms each). In
the RSVP paradigm, three diﬀerent streams of 24 randomly selected scrambled distracters changing
every 100 ms were presented in the left, right, and central location. After the presentation of seven to
eleven distracters (selected at random), the “T1” stimulus (green circles or diamonds) was presented in
the central stream; the face “T2” stimulus followed after one, two, or six distracters in the left or right
stream (resulting in T1-T2 SOAs of 200, 300, and 700 ms).

The experimental design was the same for all four paradigms. There were 384 trials, in which each
combination of presentation time, face orientation, stimulus location, and 16 face exemplars occurred
twice. Trial order was randomized. For the RSVP paradigm, instructions highlighted the importance of
correctly reporting T1 to ensure attentional engagement. Trials with incorrect T1 responses (M = 3.5%,
SD 3.3) were excluded from the analyses.

Experiment 3
In stimulus-present trials, an upright or inverted face stimulus was presented to the left or to the right
of the centre of the box (centre-to-centre distance 2.6°). There were ﬁve presentation times (8.3, 8.3[8.3],
16.7, 25.0, and 33.3[8.3] ms), two of which contained an additional presentation of the blank central box
for 8.3 ms after the presentation of the face stimulus (values in square brackets). Three backward masks
were presented for 100 ms each. In stimulus-absent trials face presentation was replaced with the blank
central box. Presentation times were selected based on pilot testing. We included several longer
presentation times that resulted in high sensitivity. This was done to map the whole psychometric
function, to provide participants with a clear signal, and to keep participants on task and motivated (to
avoid underestimating awareness).
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At the end of the stimulus presentation sequence participants completed three tasks. In the localization
task, they indicated whether the face stimulus appeared to the left or to the right of the centre of the box,
using the left/right arrow keys. In what we refer to as the detection task, they indicated subjective
awareness on the Perceptual Awareness Scale (PAS)74, using the 1–4 buttons, corresponding to “no
experience”, “brief glimpse”, “almost clear experience”, and “clear experience”. The PAS is a widely
adopted scale that is often thought to optimally capture phenomenology of brieﬂy presented, masked
stimuli. Here, we converted PAS responses to a criterion-free measure of stimulus detectability (d’, see
below). In the discrimination task, they indicated whether the face stimulus was presented in upright or
in inverted orientation, using the up/down arrow keys. Response assignments for each task were
displayed in the box. The order of the three tasks was counterbalanced between participants; due to a
procedural error slightly diﬀerent numbers of participants were assigned to the six possible task orders
(range between 12 and 18 participants per condition).

There were 1,080 trials, in which each of the ﬁve presentation times occurred equally often. In one third
of the trials no face was presented. In the remaining 720 trials, each combination of two target locations
(left/right), two target orientations (upright/inverted), and 36 face exemplars occurred equally often for
each presentation time. Trial order was randomized. Before starting the experiment, participants
received detailed instructions, including a description of the PAS and its four levels, and extensive
practice. This included a description of the experimental design (diﬀerent presentation times,
proportion of face-present and face-absent trials, examples of upright and inverted faces) and several
short practice blocks.

Responses from all three tasks were transformed to the SDT measure d’, separately for each presentation
time. For localization, “left” responses were coded as hits in trials where the face was presented in the
left location, and as false alarms in trials where the face was presented in the right location. For detection,
“brief glimpse”, “almost clear experience”, and “clear experience” responses on the PAS were coded as
hits in face-present trials (separately for upright and inverted faces) and as false alarms in face-absent
trials. For the discrimination measure, “upright” responses were coded as hits in upright-face trials and
as false alarms in inverted-face trials. For all three measures, hit and false alarm rates of 0 or 1 were
converted to 1/(2N) and 1−1/(2N), respectively, with N being the number of trials on which the rates
were based116. The z-transformed false alarm rate was then subtracted from the z-transformed hit rate to
yield d’. To adjust for the fact that, in SDT terms, the localization task is a 2-AFC task while the detection
and the discrimination task are yes/no tasks, for the localization task d’ was divided by the square root
of two116.
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To compare inversion eﬀects in trials with correct and incorrect discrimination responses, we included
participants who had at least ﬁve trials per condition (upright and inverted faces) with correct and
incorrect discrimination response at the four shortest presentation times (excluding the longest
presentation time where discrimination performance was at ceiling). For this analysis we calculated the
proportion of correct localization responses. In the 2-AFC localization task, accuracy represents another
criterion-free index of sensitivity, but is less aﬀected by the low number of trials than d’. In the
Supplementary Information we report additional analyses of trials with correct and incorrect
discrimination responses.

Experiment 4
At the beginning of a trial a word cue denoting one of the eight object categories was presented for 800
ms in white uppercase Arial font in the centre between the two boxes. In valid trials (50% of trials), the
word corresponded to the category of the upcoming object stimulus. In invalid trials (50% of trials), the
word was randomly selected from the seven other categories. The cue was followed by a 600 mspresentation of the empty boxes only. An object stimulus was then presented for one of four presentation
times (Experiment 4a: 8.3[8.3], 16.7, 25.0, or 58.3 ms, Experiment 4b: 8.3, 16.7, 25.0, or 41.7 ms) in the
left or right box (distance from ﬁxation to centre 4.2°), followed by three backward masks in each box
that were presented for 100 ms each. Presentation times were selected based on pilot testing. Except for
the shortest and longest presentation times Experiment 4a and 4b were identical.

Participants completed two tasks on every trial. In the localization task, they indicated whether the
object stimulus appeared in the left or in the right box, using the left/right arrow keys. In the
discrimination task, they indicated whether the cue validly or invalidly predicted the category of the
object stimulus, using the up/down arrow keys on the keyboard. Response assignments for each task
were displayed in the box. The order of the two tasks was counterbalanced between participants.

The experiment consisted of 768 trials, in which each combination of presentation time, target location,
cue validity, eight object categories, and six object exemplars occurred once. Trial order was randomized.
Participants received detailed instructions, including a description of the experimental design (diﬀerent
presentation times, eight object categories, examples of valid and invalid cues) and several short practice
blocks. Before starting the experiment, participants had to achieve a criterion of at least 90% correct in
the discrimination task in a block of ten trials with a presentation time of 66.7 ms. Participants were
informed that there were 50% valid and 50% invalid trials, and they were asked to pay attention to (i.e.,
to read) the cues and try to use them to perform well. Responses from the two tasks were transformed
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to d’, following the description for Experiment 3 above. Analyses of cueing eﬀects in trials with correct
and incorrect discrimination responses were analogous to the description of Experiment 3 above (see
the Supplementary Information, Supplementary Table 1, and Supplementary Table 2 for additional
analyses).

Statistics
Data distribution was assumed to be normal but this was not formally tested. We report both standard
frequentist statistics and Bayes factors (BFs) calculated in JASP117 with default prior scales. When
frequentist statistics indicate a signiﬁcant eﬀect, the corresponding BF is reported as a quantiﬁcation of
the evidence for the alternative hypothesis (BF10); when the eﬀect is not signiﬁcant, the reported BF
quantiﬁes the evidence for the null hypothesis (BF01). To demonstrate absence of awareness in the
discrimination tasks of Experiment 3 and 4, the directional BF0+ quantiﬁes evidence for null sensitivity
compared to the alternative of above-chance performance. For multi-factorial ANOVAs, we report the
inclusion BF quantifying the evidence for all models containing a particular eﬀect compared to all
models without that eﬀect.

Data availability
Data are available at https://osf.io/sn8cr/.

Code availability
Custom code that supports the findings of this study is available from the corresponding author upon
request.
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Extended Data Figure 1. Subject-level display of localization thresholds in Experiment 1. Localization
thresholds for low- and high-contrast upright and inverted faces from the four detection paradigms. Note the
diﬀerent scales. Every circles represents an individual participant.

Extended Data Figure 2. Subject-level display of localization thresholds in Experiment 2. Localization
accuracy for upright and inverted faces for the three diﬀerent detection paradigms and presentation times.
Every circles represents an individual participant.
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Extended Data Figure 3. Subject-level display of localization, detection and discrimination sensitivity
in Experiment 3. (a) Localization sensitivity and (b) detection sensitivity for upright and inverted faces for the
five different presentation times (values in square brackets refer to an additional blank screen of 8 ms between
the face stimulus and the mask). For comparison, both panels also show discrimination sensitivity. (c) Mean
localization accuracy for upright and inverted faces shown for trials with correct (left panel) and incorrect (right
panel) discrimination between upright and inverted faces. Every circle represents an individual participant,
horizontal lines the means, and error bars 95% CIs.
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Extended Data Figure 4. Subject-level display of localization and discrimination sensitivity in
Experiment 4. Localization and discrimination sensitivity for the four diﬀerent presentation times in (a)
Experiment 4a and (b) Experiment 4b. (c) Mean localization accuracy for validly and invalidly cued objects for
trials with correct (left panel) and incorrect (right panel) discrimination between valid and invalid cues
(collapsed across Experiment 4a and 4b). Every circle represents an individual participant, horizontal lines the
means, and error bars 95% CIs.
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Supplementary Discussion
Simultaneous noise masking vs. standard b-CFS control paradigm
Instead of presenting faces transparently on top of CFS masks as is commonly done in standard b-CFS
control paradigms (Supplementary Figure 1, top panel), in the simultaneous noise masking paradigm in
Experiment 1 faces were faded-in on top of dynamically changing noise masks consisting of phasescrambled face stimuli (Supplementary Figure 1, bottom panel). This was done to prevent detection
based on face-contours alone. Supplementary Figure 1 illustrates how faces can be detected based on
their contour alone when faded in on top of CFS masks. By contrast, presentation against dynamic
phase-scrambled noise yields a smooth subjective emergence of the whole face stimulus (contour and
inner parts simultaneously). As upright and inverted faces have similar contours, we reasoned that
detection based on the contour alone should mitigate a possible face-inversion eﬀect, and this may be
one reason why standard b-CFS control paradigms typically failed to yield eﬀects. In actual CFS
subjective face appearance is less predictable and faces are faded in against a grey background (the mask
is presented to the other eye), such that contour-based detection may be a less viable strategy.
Accordingly, we designed the masks adopted in the simultaneous noise masking paradigm in a way that
rendered a detection strategy based on the contour alone less likely.

Accuracy vs. response times for measuring detection eﬀects
Many previous b-CFS studies measured detection effects as differences in response times (RTs) using
speeded tasks, for example by instructing participants to press a key as soon as possible to indicate on
which side of fixation any part of the test stimulus became visible. Such speeded tasks require
participants to set an internal criterion for responding, such that the resulting RTs are influenced by
unknown (uncontrolled) factors such as response tendencies, confidence, uncertainty, etc. Thus, had
we found detection effects similar to b-CFS in control paradigms with RTs, these effects could have
reflected such uncontrolled factors (e.g. lower response criterion for upright than inverted faces).
Instead of using speeded RT-based tasks, we thus recorded thresholds (Experiment 1) and
accuracy/sensitivity (Experiments 2–4) with non-speeded tasks. Accuracy-based, forced-choice tasks
such as the 2- and 4-AFC localization tasks employed in the present experiments are criterion-free,
meaning that the results reflect differences in perceptual sensitivity (e.g. a lower response criterion for
upright than inverted faces would not affect thresholds or accuracy/sensitivity).
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Supplementary Figures

Supplementary Figure 1. Illustration of face-stimulus appearance. Top panel: In the standard b-CFS
control paradigm the face stimulus is faded-in on top of CFS masks. Bottom panel: In the simultaneous noise
masking paradigm from Experiment 1 the face stimulus is faded in on top of phase-scrambled noise masks.
The diﬀerent screenshots represent diﬀerent levels of face transparency. In standard control paradigms, the
face contour can often be detected before the inner facial features can be discerned (see the inset from a level
of 73% transparency). In the simultaneous noise masking paradigm the face contour and inner facial features
emerge from the noise around the same time.
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Supplementary Results
Detailed statistical results
For readability and brevity, in the main manuscript we did not report all statistical test results. Here,
these additional details are provided, along with 95% CIs for eﬀect size estimates dz for t-tests.

Experiment 1
The eﬀect of contrast was signiﬁcant for CFS (t(23) = 5.48, p < .001, dz = 1.12, 95% CI for dz [0.60, 1.62],
BF10 = 1.57´103), simultaneous noise masking (t(23) = 26.04, p < .001, dz = 5.32, 95% CI for dz [3.73,
6.89], BF10 = 2.70´1015), monoptic backward masking (t(23) = 17.55, p < .001, dz = 3.58, 95% CI for dz
[2.47, 4.68], BF10 = 7.16´1011), and dichoptic backward masking (t(23) = 20.60, p < .001, dz = 4.21, 95%
CI for dz [2.93, 5.47], BF10 = 1.96´1013). Similarly, the eﬀect of face inversion was signiﬁcant for CFS
(t(23) = 4.36, p < .001, dz = 0.89, 95% CI for dz [0.41, 1.36], BF10 = 128.13), simultaneous noise masking
(t(23) = 10.82, p < .001, dz = 2.21, 95% CI for dz [1.45, 2.95], BF10 = 5.89´107), monoptic backward
masking (t(23) = 7.97, p < .001, dz = 1.63, 95% CI for dz [1.01, 2.24], BF10 = 3.13´105), and dichoptic
backward masking (t(23) = 5.63, p < .001, dz = 1.15, 95% CI for dz [0.62, 1.66], BF10 = 2.17´103).

Experiment 2
Averaged across all three presentation conditions, inversion eﬀects were signiﬁcant for CFS (t(39) = 7.70,
p < .001, dz = 1.22, 95% CI for dz [0.80, 1.62], BF10 = 4.96´106), backward masking (t(39) = 9.93, p < .001,
dz = 1.57, 95% CI for dz [1.10, 2.03], BF10 = 2.81´109), and RSVP (t(39) = 8.81, p < .001, dz = 1.39, 95%
CI for dz [0.95, 1.83], BF10 = 1.24´108). Inversion eﬀects did not diﬀer signiﬁcantly between paradigms
(mixed ANOVA, two-way interaction, F(2, 117) = 1.82, p = .17, ηp2 = .03, BF01 = 3.25) or presentation
conditions (CFS: F(2, 78) = 1.18, p = .31, ηp2 = .03, BF01 = 7.05; backward masking: F(2, 78) = 1.64, p =
.20, ηp2 = .04, BF01 = 4.39; RSVP: F(2, 78) = 1.75, p = .18, ηp2 = .04, BF01 = 7.22).

Experiment 3
Averaged across all presentation times, inversion eﬀects were signiﬁcant for both localization (t(93) =
18.27, p < .001, dz = 1.88, 95% CI for dz [1.55, 2.22], BF10 = 7.49´1030) and detection (t(93) = 19.23, p <
.001, dz = 1.98, 95% CI for dz [1.63, 2.33], BF10 = 1.84´1029). The interaction between presentation time
and face orientation, reﬂecting larger inversion eﬀects at intermediate presentation times, was signiﬁcant
for both localization (F(4, 372) = 37.79, p < .001, ηp2 = .29; BF10 = 9.72´1015) and detection (F(4, 372) =
80.88, p < .001, ηp2 = .47; BF10 = 4.11´1017). At the second shortest presentation time, orientation
discrimination did not diﬀer signiﬁcantly from chance (t(93) = 0.91, p = .18 (one-tailed), dz = 0.09, 95%
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CI for dz [-0.08, ∞], BF0+ = 3.59), while localization was signiﬁcantly above chance both for upright faces
(t(93) = 8.08, p < .001, dz = 0.83, 95% CI for dz [0.60, 1.07], BF10 = 3.47´109) and for inverted faces (t(93)
= 6.91, p < .001, dz = 0.71, 95% CI for dz [0.49, 0.94], BF10 = 1.70´107). Also detection was signiﬁcantly
above chance at the second shortest presentation time, both for upright faces (t(93) = 6.93, p < .001, dz
= 0.72, 95% CI for dz [0.49, 0.94], BF10 = 1.83´107) and for inverted faces (t(93) = 4.64, p < .001, dz = 0.48,
95% CI for dz [0.26, 0.69], BF10 = 1.41´103). Localization sensitivity was signiﬁcantly higher for upright
than for inverted faces (t(93) = 4.11, p < .001, dz = 0.42, 95% CI for dz [0.21, 0.63], BF10 = 220.59). Also
detection sensitivity was signiﬁcantly higher for upright than for inverted faces (t(93) = 4.69, p < .001,
dz = 0.48, 95% CI for dz [0.27, 0.70], BF10 = 1.73´103). Inversion eﬀects exceeded orientation
discrimination, both for localization (t(93) = 2.82, p = .006, dz = 0.29, 95% CI for dz [0.08, 0.50], BF10 =
4.67) and for detection (t(93) = 3.21, p = .002, dz = 0.33, 95% CI for dz [0.12, 0.54], BF10 = 13.16). In those
64 participants who had enough trials with correct and incorrect discrimination responses for every
condition, localization accuracy for upright faces was signiﬁcantly better than for inverted faces for both
trials with correct discrimination responses (F(1, 63) = 54.38, p < .001, ηp2 = .46, BF10 = 1.17´105) and
trials with incorrect discrimination responses (F(1, 63) = 58.24, p < .001, ηp2 = .48, BF10 = 6.72´1010).
Similarly, detection accuracy for upright faces was signiﬁcantly better than for inverted faces for both
trials with correct discrimination responses (F(1, 63) = 102.61, p < .001, ηp2 = .62, BF10 = 1.24´1012) and
trials with incorrect discrimination responses (F(1, 63) = 88.82, p < .001, ηp2 = .59, BF10 = 3.35´1020).

Experiment 4
In Experiment 4a, at the shortest presentation time (8 ms, followed by a blank of 8 ms) the cueing eﬀect
was signiﬁcant (t(44) = 2.95, p = .005, dz = 0.44, 95% CI for dz [0.13, 0.74], BF10 = 6.97); however, also
cue discriminability exceeded chance performance (t(44) = 2.08, p = .022, one-tailed, dz = 0.31, 95% CI
for dz [0.06, ∞], BF0+ = 0.45). In Experiment 4b, at the shortest presentation time (8 ms, no blank) cue
discriminability did not diﬀer signiﬁcantly from chance (t(49) = -0.35, p = .36, one-tailed, dz = -0.05,
95% CI for dz [-0.28, ∞], BF0+ = 8.36), while localization sensitivity was signiﬁcantly above chance for
validly cued objects (t(49) = 6.91, p < .001, dz = 0.98; 95% CI for dz [0.64, 1.31], BF10 = 1.35´106) as well
as for invalidly cued objects (t(49) = 6.68, p < .001, dz = 0.95; 95% CI for dz [0.61, 1.28], BF10 = 6.30´105).
However, there was no signiﬁcant diﬀerence in localization sensitivity between validly and invalidly cued
objects (t(49) = 0.36, p = .72, dz = 0.05, 95% CI for dz [-0.23, 0.33], BF01 = 6.11).

Analyses of correct vs. incorrect discrimination responses
In the main manuscript, we report analyses of trials with correct and incorrect discrimination responses
for Experiment 3 and 4 across all presentation times except the longest for those participants who had
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at least ﬁve trials per condition (stimulus ´ presentation time). To ensure that these results did not
depend on these specific inclusion criteria, here we report localization accuracy for different inclusion
criteria. We report results when including participants who had at least four, six, or eight trials per
condition, and we report separate analyses for only those presentation times where discrimination was
not significantly different from chance (discrimination ≈ 0) and for those presentation times where
discrimination was significantly above chance (discrimination > 0). For Experiment 3, these additional
analyses are reported in Supplementary Table 1; for Experiment 4 in Supplementary Table 2.

Experiment 3
As can be seen in Supplementary Table 1, for the analyses across all presentation times except the longest
(as reported in the main manuscript) for all inclusion criteria inversion effects were significant for trials
with both correct and incorrect discrimination responses. The specific participant inclusion criterion
had little effect. For some inclusion criteria a significant interaction between correctness of the
discrimination response and face orientation reflected somewhat larger effects for trials with incorrect
discrimination responses. For the two longer presentation times (17 ms and 25 ms), where
discrimination was significantly above chance (discrimination > 0), inversion effects were similarly
strong for trials with correct and incorrect discrimination responses. For the two shortest presentation
times (8 ms and 8[8] ms), where discrimination was not significantly above chance (discrimination ≈
0), somewhat surprisingly, inversion effects were restricted to trials with incorrect discrimination
responses and were not significant for trials with correct discrimination responses. However, this
observation should be interpreted with caution, as the interactions between correctness of the
discrimination response and face orientation were not always significant and Bayes factors provided
only anecdotal evidence for the interaction effect. In summary, these results further support the
conclusion that the face-inversion effect does not depend on awareness (discriminability) of face
orientation.

Experiment 4
To increase power we collapsed the data from the identical presentation conditions of 17 and 25 ms
(discrimination > 0) from Experiment 4a and 4b (thus dropping the 8[8]-ms condition from Experiment
4a, see the end of this section for this condition). For all inclusion criteria, there was strong evidence for
a cueing eﬀect in trials with correct discrimination responses. A signiﬁcant interaction between
correctness of the discrimination response and cue validity indicated that this cueing eﬀect was absent
in trials with incorrect discrimination responses: Here, the eﬀect even tended to reverse, with
signiﬁcantly better localization accuracy in invalid than in valid trials. For the presentation time (8 ms)
from Experiment 4b where cue discriminability was not signiﬁcantly above chance (discrimination ≈
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0), there was no evidence for a cueing effect. These results further establish that some awareness of cue
validity is required for the effect of category-based attention.

Finally, to directly test the effect of cue discriminability across experiments, we conducted an additional
comparison of cueing effects for the shortest presentation times in Experiment 4a (8[8] ms, where
discrimination was significantly above chance), and in Experiment 4b (8 ms, where discrimination was
not significantly different from chance) as a function of the correctness of the discrimination response.
Here, a significant three-way interaction in a mixed ANOVA with the between-subject factor
experiment and the within-subject factors correctness of the discrimination response and cue validity
indicates that cue discriminability influenced the cueing effect differently between experiments, i.e. that
only in Experiment 4a, where overall cue discriminability was above chance (and thus discrimination
responses were informative), cueing effects were modulated by conscious access to cue validity. With
the inclusion criterion of at least five trials per condition (Experiment 4a: 42 participants, Experiment
4b: 48 participants) this three-way interaction was significant (F(1, 88) = 8.24, p = .005, ηp2 = .09, BF10 =
4.07). The four-trials inclusion criteria resulted in the same group of participants; for the six-trials
inclusion criterion (Experiment 4a: 42 participants, Experiment 4b: 47 participants) and for the eighttrials inclusion criterion (Experiment 4a: 39 participants, Experiment 4b: 46 participants) the results
were nearly identical (F(1, 87) = 8.22, p = .005, ηp2 = .09, BF10 = 4.50, and F(1, 83) = 9.63, p = .003, ηp2 =
.10, BF10 = 8.58, respectively). To unpack this three-way interaction: At the shortest presentation time in
Experiment 4b (8 ms), there was no evidence that cueing eﬀects were modulated by the correctness of
the discrimination response (see Table S2), while at the shortest presentation time in Experiment 4a
(8[8] ms), this interaction was signiﬁcant, for the identical four-, ﬁve-, and six-trials inclusion criteria
(F(1, 41) = 12.07, p = .001, ηp2 = .23, BF10 = 91.64), and for the eight-trials inclusion criterion (F(1, 38) =
14.27, p < .001, ηp2 = .27, BF10 = 237.61): Cueing eﬀects were larger in trials with correct than with
incorrect discrimination responses.
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Supplementary Table 1. Additional results from Experiment 3
Minimum no. of
trials
(No. of participants)

Correct
discrimination

Incorrect
discrimination

4 (66)

Upr 68.3%, inv 64.0%
F(1, 65) = 51.19, p < .001,
ηp2 = .44, BF10 = 1.00´105

Upr 68.2%, inv 61.1%
F(1, 65) = 63.35, p < .001,
ηp2 = .49, BF10 = 3.44´1011

F(1, 65) = 5.54, p = .022,
ηp2 = .08, BF10 = 1.67

Upr 68.2%, inv 63.8%
F(1, 63) = 54.38, p < .001,
ηp2 = .46, BF10 = 1.17´105

Upr 68.1%, inv 61.0%
F(1, 63) = 58.24, p < .001,
ηp2 = .48, BF10 = 6.72´1010

F(1, 63) = 4.57, p = .036,
ηp2 = .07, BF10 = 0.94

Upr 68.1%, inv 63.7%
F(1, 61) = 53.67, p < .001,
ηp2 = .47, BF10 = 7.90´104

Upr 67.8%, inv 60.9%
F(1, 61) = 53.60, p < .001,
ηp2 = .47, BF10 = 1.52´1010

F(1, 61) = 20.90, p < .001,
ηp2 = .26, BF10 = 1.04´104

Upr 67.6%, inv 63.3%
F(1, 54) = 41.03, p < .001,
ηp2 = .43, BF10 = 8.37´103

Upr 67.5%, inv 60.7%
F(1, 54) = 48.63, p < .001,
ηp2 = .47, BF10 = 4.42´108

F(1, 54) = 3.63, p = .062,
ηp2 = .06, BF10 = 0.73

Upr 84.0%, inv 76.5%
F(1, 79) = 62.19, p < .001,
ηp2 = .44, BF10 = 5.86´109

Upr 81.5%, inv 71.0%
F(1, 79) = 77.59, p < .001,
ηp2 = .50, BF10 = 4.68´1014

F(1, 79) = 3.74, p = .057,
ηp2 = .05, BF10 = 1.00

Upr 83.7%, inv 76.3%
F(1, 76) = 58.52, p < .001,
ηp2 = .44, BF10 = 1.29´109

Upr 81.5%, inv 71.0%
F(1, 76) = 72.27, p < .001,
ηp2 = .49, BF10 = 1.16´1014

F(1, 76) = 3.52, p = .065,
ηp2 = .04, BF10 = 1.22

Upr 83.2%, inv 75.2%
F(1, 71) = 65.33, p < .001,
ηp2 = .48, BF10 = 1.27´1010

Upr 80.5%, inv 70.2%
F(1, 71) = 62.16, p < .001,
ηp2 = .47, BF10 = 1.30´1012

F(1, 71) = 1.79, p = .185,
ηp2 = .03, BF10 = 0.39

Upr 82.5%, inv 74.5%
F(1, 61) = 54.24, p < .001,
ηp2 = .47, BF10 = 1.41´108

Upr 80.4%, inv 69.9%
F(1, 61) = 53.52, p < .001,
ηp2 = .47, BF10 = 3.02´1010

F(1, 61) = 1.78, p = .188,
ηp2 = .03, BF10 = 0.43

Upr 56.7%, inv 56.1%
F(1, 83) = 0.42, p = .520,
ηp2 < .01, BF10 = 0.16

Upr 58.3%, inv 54.1%
F(1, 83) = 15.53, p < .001,
ηp2 = .16, BF10 = 73.28

F(1, 83) = 5.91, p = .017,
ηp2 = .07, BF10 = 1.39

Upr 56.8%, inv 56.2%
F(1, 79) = 0.36, p = .552,
ηp2 < .01, BF10 = 0.15

Upr 58.3%, inv 54.2%
F(1, 79) = 13.63, p < .001,
ηp2 = .15, BF10 = 50.87

F(1, 79) = 4.95, p = .029,
ηp2 = .06, BF10 = 1.45

Upr 56.6%, inv 55.7%
F(1, 78) = 0.93, p = .337,
ηp2 = .01, BF10 = 0.20

Upr 57.9%, inv 54.1%
F(1, 78) = 12.38, p < .001,
ηp2 = .14, BF10 = 28.13

F(1, 78) = 3.90, p = .052,
ηp2 = .05, BF10 = 0.72

Upr 56.8%, inv 56.1%
F(1, 74) = 0.51, p = .476,
ηp2 < .01, BF10 = 0.16

Upr 57.9%, inv 54.2%
F(1, 74) = 10.85, p = .002,
ηp2 = .13, BF10 = 19.75

F(1, 74) = 3.94, p = .053,
ηp2 = .05, BF10 = 0.97

5 (64)
All presentation
times (excluding
the longest)

6 (62)

8 (55)

4 (80)

5 (77)
Discrimination > 0
6 (72)

8 (62)

4 (84)

5 (80)
Discrimination ≈ 0
6 (79)

8 (75)

Interaction
(correctness ´
orientation)

Face-inversion effects for trials with correct and incorrect discrimination responses. Shown are marginal
means (percentage correct localization accuracy) for upright and inverted faces, separately for trials with
correct and incorrect discrimination responses, and the associated main effect of face orientation, as well as
the interaction between correctness of the discrimination response and face orientation. Different rows show
different participant inclusion criteria.
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Supplementary Table 2. Additional results from Experiment 4
Minimum no. of
trials
(No. of participants)

Correct
discrimination

Incorrect
discrimination

4 (91)

Valid 85.9%, invalid 78.6%
F(1, 90) = 89.40, p < .001,
ηp2 = .50, BF10 = 4.69´1020

Valid 75.9%, invalid 78.4%
F(1, 90) = 8.92, p = .004,
ηp2 = .09, BF10 = 9.68

F(1, 90) = 61.84, p < .001,
ηp2 = .41, BF10 = 1.30´1016

Valid 85.8%, invalid 78.4%
F(1, 89) = 87.82, p < .001,
ηp2 = .50, BF10 = 3.29´1020

Valid 75.7%, invalid 78.2%
F(1, 89) = 8.49, p = .005,
ηp2 = .09, BF10 = 7.41

F(1, 89) = 60.24, p < .001,
ηp2 = .40, BF10 = 7.81´1015

Valid 85.7%, invalid 78.3%
F(1, 88) = 88.31, p < .001,
ηp2 = .50, BF10 = 3.77´1020

Valid 75.5%, invalid 78.1%
F(1, 88) = 9.06, p = .003,
ηp2 = .09, BF10 = 9.82

F(1, 88) = 61.99, p < .001,
ηp2 = .41, BF10 = 1.64´1016

Valid 85.4%, invalid 78.4%
F(1, 83) = 76.32, p < .001,
ηp2 = .48, BF10 = 3.72´1017

Valid 75.6%, invalid 77.8%
F(1, 83) = 6.36, p = .014,
ηp2 = .07, BF10 = 2.67

F(1, 83) = 52.60, p < .001,
ηp2 = .39, BF10 = 7.02´1012

Valid 56.1%, invalid 56.8%
F(1, 47) = 0.17, p = .686,
ηp2 < .01, BF10 = 0.23

Valid 55.8%, invalid 56.4%
F(1, 47) = 0.14, p = .715,
ηp2 < .01, BF10 = 0.23

F(1, 47) < 0.01, p = .956,
ηp2 < .01, BF10 = 0.21

Valid 56.1%, invalid 56.8%
F(1, 47) = 0.17, p = .686,
ηp2 < .01, BF10 = 0.23

Valid 55.8%, invalid 56.4%
F(1, 47) = 0.14, p = .715,
ηp2 < .01, BF10 = 0.23

F(1, 47) < 0.01, p = .956,
ηp2 < .01, BF10 = 0.21

Valid 56.4%, invalid 56.8%
F(1, 46) = 0.06, p = .814,
ηp2 < .01, BF10 = 0.22

Valid 55.9%, invalid 56.2%
F(1, 46) = 0.02, p = .893,
ηp2 < .01, BF10 = 0.22

F(1, 46) < 0.01, p = .923,
ηp2 < .01, BF10 = 0.21

Valid 57.0%, invalid 57.0%
F(1, 45) < 0.01, p = .993,
ηp2 < .01, BF10 = 0.22

Valid 56.0%, invalid 55.8%
F(1, 45) = 0.01, p = .910,
ηp2 < .01, BF10 = 0.21

F(1, 45) < 0.01, p = .923,
ηp2 < .01, BF10 = 0.22

Discrimination > 0
(Experiment 4a and
4b)

5 (90)

6 (89)

8 (84)

Discrimination ≈ 0
(Experiment 4b)

4 (48)

5 (48)

6 (47)

8 (46)

Interaction
(correctness ´ cue
validity)

Cueing effects for trials with correct and incorrect discrimination responses. Shown are marginal means
(percentage correct localization accuracy) for validly and invalidly cued objects, separately for trials with
correct and incorrect discrimination responses, and the associated main effect of cue, as well as the interaction
between correctness of the discrimination response and cue validity. Different rows show different participant
inclusion criteria (note that the same participants were included for the inclusion criteria of at least four and
five trials per condition).

