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Abstract 

The influential framework of ‘predictive processing’ suggests that prior probabilistic 

expectations influence, or even constitute, perceptual contents. This notion is 

evidenced by the facilitation of low-level perceptual processing by expectations. 

However, whether expectations can facilitate high-level components of perception 

remains unclear. We addressed this question by considering the influence of 

expectations on perceptual metacognition. To isolate the effects of expectation from 

those of attention we used a novel factorial design: expectation was manipulated by 

changing the probability that a Gabor target would be presented; attention was 

manipulated by instructing participants to perform or ignore a concurrent visual 

search task. We found that, independently of attention, metacognition improved 

when yes/no responses were congruent with expectations of target 

presence/absence. Results were modeled under a novel Bayesian signal detection 

theoretic framework which integrates bottom-up signal propagation with top-down 

influences, to provide a unified description of the mechanisms underlying perceptual 

decision and metacognition.    

 

Keywords: Metacognition; Expectation; Decision Making; Perceptual 

Confidence; Attention
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1. Introduction 

Metacognition, or ‘cognition about cognition’, reflects the knowledge we have 

of our own decision accuracy and comprises an important, high-level component of 

decision making in both perceptual and cognitive settings. In perceptual decision, 

metacognition is often operationalized as the trial-by-trial correspondence between 

(objective) decision accuracy and (subjective) confidence. A key question in 

perceptual metacognition is how, and indeed whether, metacognition is affected by 

top-down influences, such as attention and expectation. In the case of attention, it 

has long been known that it can improve visual target detection (Posner, 1980). 

However, the relationship between attention, confidence, and metacognition remains 

unclear. While Kanai and colleagues found that perceptual metacognition persists 

when attention is diverted (Kanai, Walsh, & Tseng, 2010), other studies suggest that 

the absence of attention can lead to overconfidence (Rahnev et al., 2011; Wilimzig & 

Fahle, 2008).  

Inspired by the growing influence of ‘predictive processing’ or ‘Bayesian brain’ 

approaches to perception and cognition (for reviews, see Clark, 2013; Summerfield 

& de Lange, 2014), empirical work on top-down attention is now complemented by a 

growing focus on the role of top-down expectations in decision making. In Bayesian 

terms, expectations can be conceived as prior beliefs that constrain the interpretation 

of sensory evidence.  It has been shown that prior knowledge, either of stimulus 

timing ('when') or of stimulus features ('what'), facilitates low-level processing, as 

reflected in measures such as reaction time (Stefanics et al., 2010) and contrast 

sensitivity (Wyart, Nobre, & Summerfield, 2012). Such improvements are often 

accompanied by the attenuation of both the BOLD responses and ERP amplitude 
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following expected relative to unexpected perceptual events (Egner, Monti, & 

Summerfield, 2010; Melloni, Schwiedrzik, Müller, Rodriguez, & Singer, 2011; 

Wacongne et al., 2011). As well as facilitating low-level perception, expectations may 

influence conscious content. This idea is supported by evidence for expectations 

inducing subjective directionality in ambiguous motion (Sterzer, Frith, & Petrovic, 

2008) and lowering the threshold of subjective visibility for previously seen versus 

novel visual stimuli (Melloni et al., 2011). These effects are similar to those exerted 

by top-down attention. However, while it has been argued that attention and 

expectation reflect similar processes (Desimone & Duncan, 1995; Duncan, 2006), 

orthogonal manipulations of attention and expectation have demonstrated that, 

although they are tightly intertwined, they can have separable effects on neural 

activity (Hsu, Hämäläinen, & Waszak, 2014; Jiang, Summerfield, & Egner, 2013; 

Kok, Rahnev, Jehee, Lau, & de Lange, 2012; Wyart et al., 2012).  

One influential process theory within the Bayesian brain framework is 

predictive coding (Beck et al., 2009; Clark, 2013; Friston, 2009; J. Hohwy, 2013; Lee 

& Mumford, 2003). Predictive coding also posits that efficient processing is achieved 

by constraining perceptual inference according to the prior likelihood of that 

inference (‘expectations’). Here, the predictive models underlying perception are 

generally assumed to be multilevel and hierarchical in nature (Clark, 2013; Friston, 

Adams, Perrinet, & Breakspear, 2012), incorporating priors related both to low-level 

stimulus features, and to high-level features representing object-level invariances. 

Plausibly, priors concerning subjective confidence for perceptual decisions may be 

implemented at high levels of the hierarchy. Based on this possibility, we set out to 

investigate whether the top-down influences of attention and prior expectation 

modulate perceptual metacognition.  
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To address whether expectation can improve metacognition we orthogonally 

manipulated both attention and expectation. This separated their effects, and was 

achieved by adopting a dual-task design. In a Gabor detection task, expectation was 

manipulated by informing participants of the probability of Gabor presence or 

absence as it changed over blocks. In this way, certain blocks induced an 

expectation of Gabor presence and others, of absence. In half of the blocks, 

participants were instructed to additionally perform a concurrent visual search task 

that diverted attention away from the detection task.  

Objective performance can be assessed by using type 1 signal detection 

theory (SDT). By comparing signal type (e.g. present, absent) and response 

(present, absent), type 1 SDT enables a computation of independent measures of 

objective sensitivity and decision threshold (d’ and c, respectively). We used type 2 

SDT to assess metacognitive sensitivity. By obtaining trial-by-trial retrospective 

confidence ratings, metacognitive sensitivity and confidence thresholds can be 

computed from response accuracy and decision confidence. We used two such 

methods – type 2 D’, which is a direct analogue of type 1 d’ (Kunimoto, Miller, & 

Pashler, 2001), and meta-d’ (see Section 2.5.2 or Barrett, Dienes, & Seth, 2013; 

Maniscalco & Lau, 2012; Rounis, Maniscalco, Rothwell, Passingham, & Lau, 2010). 

Given that prior expectations have been shown to facilitate low-level processing, we 

hypothesized that expectations would also improve metacognitive sensitivity. We 

tested this hypothesis by considering the congruency between participants’ yes/no 

decision and the block-wise expectation of Gabor presence or absence. Specifically, 

we hypothesized that metacognitive sensitivity would be greater following 

expectation-congruent type 1 decisions (e.g. reporting target presence when 
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expecting target presence), than following expectation-incongruent decisions (e.g. 

reporting presence when expecting absence).   

2. Methods 

2.1 Participants 

Twenty-one participants (14 female) completed the experiment. All were 

healthy students from the University of Sussex, aged 18 to 31 (M = 20.4, SD = 3.2) 

and had normal or corrected-to-normal vision. The sample size for adequate power 

was computed using GPower 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007), with 

estimated effect sizes derived from pilot studies. Data from one participant were 

excluded because their visual search task performance deviated by more than 1.5 

SD from the mean (98.6% correct) and another, for having no variability in their 

confidence reports (100% confident). This left data from 19 participants for analysis, 

all of whom demonstrated, averaging over conditions, a Gabor detection d’ and 

visual search accuracy that was within 1.5 SD from the mean. Participants were 

offered course credits for participating and informed, written consent was obtained. 

The experiment was approved by the University of Sussex ethics committee.  

2.2 Stimuli and setup 

Stimuli were generated using the Psychophysics toolbox for Matlab (Brainard, 1997; 

Kleiner, D., & Pelli, 2007) and presented on a 20 inch Dell Trinitron CRT display 

(resolution 1048x768; refresh rate 85 Hz). Participants were tested individually in 

darkened rooms and were seated 60cm away from the screen. Both stimuli and 

background were linearised  using a Minolta LS-100 photometer (γ = 2.23607, 

Weibull fit). The background was grayscale and uniform.  
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2.3. Design and procedure. 

 

 

Figure 1. Trial sequence across both staircases and experimental trials. In this 

trial, both the visual search and detection targets (T and Gabor, respectively) 

are present. Participants are prompted to respond to the visual search display in 

diverted attention trials (final, bottom) but not full attention trials (final, top). δ 

signifies the time that the visual search Ls and Ts were presented for. This time 

was titrated for each participant individually. 

 

This experiment implemented a novel dual-task design, which is depicted in 

figure 1. The critical task was to report the presence or absence of a near-threshold 

Gabor patch (which indeed, was either present or absent).  The second task was a 

visual search task, in which it had to be determined whether a target (the letter ‘T’), 

had been present or absent amongst distracters (letter ‘L’s).  

 Trials began with the presentation of a white central fixation cross (0.38°x 

0.38°, random duration between 500 and 1,500 ms). This was followed, on Gabor 
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present trials only, by the appearance of the peripheral Gabor patch (spatial 

frequency 2c/°, Gaussian SD = 2°) in the lower-right quadrant of the screen. On each 

presentation, the phase was either 45° or 225° (50% chance of each).  To reduce 

sensory adaptation effects, the precise location in which it was presented was 

jittered in both the horizontal and vertical direction from a baseline position of 25.2° x 

21.08°. On each trial the jitter for each direction was randomly sampled from the 

interval [0.66°, 1.24°]. The contrast of the Gabor was titrated for each participant so 

that hit rate was 79.4% (see section 2.4, Staircases). In total it was presented for 

388ms and had a gradual onset and offset.  

Immediately following the offset of the fixation cross, the central visual search 

array also appeared. On Gabor present trials, the Gabor and the array were 

therefore presented simultaneously. The array consisted of four white letters (1.43° x 

1.43°) – either 3 ‘L’s and a ‘T’ (visual search target present, 50% chance) or 4 ‘L’s 

(visual search target absent, 50% chance) - arranged around fixation at 0°, 90°, 180° 

and 270°. Trial-by-trial, the orientation of each letter took a random value between 0° 

and 359°. The time for which the letters remained on-screen was adjusted for each 

participant so that visual search percent correct was 79.4% (M = 254 ms, SD = 75 

ms. See section 2.4, Staircases). To ensure that the task was difficult enough to 

divert attention, the array of letters was backwards-masked by an array of ‘F’s that 

remained on screen for 300ms. This masking array was followed by a series of on-

screen response prompts, requesting un-speeded, key-press responses to: first, the 

Gabor task (Gabor present or absent); second, binary confidence in the accuracy of 

that report (confident or guess); finally, and in diverted attention conditions only (see 

next paragraph), the visual search task (T present or absent).  
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Expectation was manipulated in the Gabor task by changing the probability 

that it would be present versus absent over blocks of trials (25%, 50% or 75% 

probability of target presence). In the 25% condition, where Gabor presence was 

unlikely, an expectation of absence was induced. The 50% condition was a control, 

and in the 75% condition an expectation of presence was induced. Orthogonally to 

this expectation manipulation, attention was manipulated over blocks of trials by 

instructing participants to either perform or ignore the concurrent visual search task. 

When participants were in a ‘perform visual search’ block, their attention was 

diverted from the critical Gabor detection task, whereas when they were instructed to 

ignore the visual search array, their attention was fully focused on Gabor detection. 

In the diverted attention condition, participants were instructed to prioritize the visual 

search task. Thus, each block was associated with an expectation of Gabor 

presence or absence and a degree of attentional resource for the Gabor task 

(full/diverted). Before each block began, both the probability of Gabor presentation 

and instructions to either perform both tasks or ignore the Gabor were presented on-

screen. At the end of each block, if visual search accuracy had dropped below 60% 

on-screen feedback reminded participants to maintain their concentration on the 

visual search task. Participants completed 36 blocks in total (6 of each of the 6 

conditions, counterbalanced) and each block had 12 trials. This gave a total of 432 

trials.  

Before data collection began, instructions for the tasks were presented on-

screen. The on-screen instructions were additionally read to the participant to ensure 

that they were fully understood. These explained that the probability of target 

presentation in the upcoming block would be given (25%, 50% or 75%) and that the 

information was correct and would help them complete the difficult task. Participants 
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were instructed to fixate centrally throughout and to be as accurate as possible in all 

of their (un-speeded) responses. Next, participants completed a set of practice trials 

for each type of task (staircases and experimental conditions). Next, three 

psychophysical staircase procedures were completed (see section 2.4) and finally, 

the experimental trials. Once all experimental trials had been completed, participants 

were debriefed. 

2.4 Staircases.  

We required performance in the Gabor detection task to be equated across 

levels of attention and across participants. Furthermore, the difficulty of the visual 

search task also had to be controlled across participants. Before the experimental 

trials began, three adaptive staircase procedures were therefore completed. The first 

staircase adjusted Gabor contrast under full attention, the second, the time for which 

visual search Ls and Ts were presented and the third, Gabor contrast under diverted 

attention. The staircases set performance (percent correct for the visual search task 

and hit rate for the Gabor task) in each task at 79.4%. Each of the three procedures 

consisted of two interleaved, identical staircases which terminated after 8 reversals. 

The visual display was identical to that in experimental trials (see section 2.3 and 

figure 1), however the reports requested from participants varied across procedures. 

During these procedures, confidence judgments were not requested and there was a 

50% chance of Gabor presentation. 

 In staircase 1, Gabor detection was performed under full attention (i.e. ignore 

visual search). Participants were instructed to fixate centrally, ignore the visual 

search display and report peripheral Gabor presence or absence. The initial contrast 

of the attended target Gabor was 5% and this was titrated by the staircases. The 
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(ignored) visual search Ls and Ts were presented for 300 ms before they were 

masked.  

In staircase 2, the visual search task was performed but the Gabor task was 

not. Participants were instructed to ignore the Gabor and only perform the visual 

search task. Here, they reported whether a target T was present or absent in an 

array of distracter Ls. The visual search array of Ls and Ts were initially presented 

for 300 ms before being masked, and this duration was titrated by the staircases. 

The (ignored) Gabor, if present, had the contrast determined in staircase 1.  

In staircase 3, both tasks were performed. Participants were instructed to 

prioritize the visual search task while concurrently performing the Gabor detection 

task. Visual search letters were presented for the duration determined in staircase 2. 

The Gabor was initially presented at 1.05 times the contrast level acquired in 

staircase 1. The contrast of the unattended Gabor was titrated over the course of the 

procedure. Participants responded to the Gabor task first and the visual search task 

second (as in the experimental trials). If participants’ mean visual search accuracy 

across the staircase dropped below 60% they received on-screen instructions to 

maintain concentration on the visual search task.  

2.5 Analysis 

2.5.1. Statistical analyses. Objective detection performance for the Gabor 

detection task was assessed using type 1 signal detection theory (SDT; Green & 

Swets, 1966) measures d’ (detection sensitivity) and c (decision threshold). A 

negative/positive c reflects a bias towards reporting target presence/absence. Visual 
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search performance was also assessed using d’ and c. Because we required d’ and 

c values to remain independent of each other, adjusted type 1 d’ was not used. 

Unless otherwise stated, alpha is set at 5% , the assumption of sphericity has 

been met and post-hoc tests are FDR corrected (Banjamini & Hochberg, 1995) 

throughout. 

2.5.2 Type 2 Signal Detection Theory. Metacognitive sensitivity was 

measured by obtaining trial-by-trial confidence ratings and using type 2 SDT to 

assess the relationship between confidence and accuracy  (Barrett, Dienes, & Seth, 

2013; Galvin, Podd, Drga, & Whitmore, 2003; Kunimoto et al., 2001; Macmillan & 

Creelman, 2004). Type 2 measures are calculated analogously to the type 1 case: 

type 2 hits (correct and confident) and correct rejections (incorrect and guess) are 

compared with type 2 misses (correct and guess) and false alarms (incorrect and 

confident). From these, type 2 D’ (metacognitive sensitivity) and type 2 C 

(confidence threshold) can be computed (Kunimoto et al., 2001). Type 2 hit rate (HR) 

and type 2 false alarm rate (FAR) are calculated as follows (where the subscript ‘2’ 

indicates type 2 SDT outcomes):  

 

Thus, HR reflects confidence for correct responses and FAR reflects 

confidence for incorrect responses. Type 2 D’ and type 2 C are defined as: 
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where Z is the standard Z-score, i.e. the inverse cumulative density function of 

the standard normal distribution. To distinguish type 2 variables from their type 1 

counterparts we denote type 1 variables in lower-case (e.g. type 1 d’) and type 2 in 

upper-case (e.g. type 2 D’).   

It is known that type 2 D’ is highly biased by both type 1 and 2 thresholds 

(Barrett et al., 2013; Evans & Azzopardi, 2007; Galvin et al., 2003). An alternative 

measure is the ‘bias-free’ meta-d’. This is an estimate of the type 1 d’ an SDT-

optimal observer would need to have to generate the type 2 performance shown (for 

an in-depth explanation see Barrett et al., 2013 or Maniscalco & Lau, 2012). 

Importantly, meta-d’ is measured in the same units as d’. This permits a direct 

comparison between objective and subjective sensitivity. Considering meta-d’ as a 

proportion of d’ gives us metacognitive efficiency, or the amount of type 1 information 

that is carried forward to the type 2 level. To take advantage of this feature we 

additionally analyzed our results using meta-d’/d'. We calculated meta-d’-balance 

from freely available online code (Barrett et al., 2013). This calculation was 

supplemented by a maximum likelihood estimation of SDnoise:SDsignal+noise from the 

group-level data, also using freely available online code 

(columbia.edu/~bsm2015/type2sdt; Maniscalco & Lau, 2012). 

As described in the introduction, we hypothesized that metacognitive 

performance would be improved when type 1 decisions are based on prior 

expectations. Testing this hypothesis requires comparing decisions which were 

based on (i.e. congruent with) prior expectations with those which were not. In the 

25% condition, target absence is most probable meaning that an ‘absent’ report 

would be expectation-congruent and a ‘present’ report would be incongruent. The 
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opposite would be true for the 75% condition. We therefore computed, for each 

condition, type 2 D’ following ‘present’ responses (hits and false alarms) and type 2 

D’ following ‘absent’ responses (misses and correct rejections). Analogous 

response-conditional meta-d’ estimates were obtained from freely available online 

code (see Barrett et al., 2013, supplementary materials). Unfortunately, response-

conditional meta-d' is unlikely to be robust to criterion shifts like its response-

unconditional counterpart (Barrett et al., 2013). 

For all type 2 measures, a significant response by expectation interaction 

would demonstrate an effect of congruency. Note that we could not use a standard 

(i.e. response-unconditional) D' or meta-d' measure, because in this case degraded 

metacognition following one response could cancel out the improved metacognition 

following the alternative response. 

3. Results 

3.1 Expectation can be separated from attention. To verify that the 

concurrent visual search task successfully manipulated attention, we compared the   

contrast thresholds obtained in the full and diverted attention staircases. As 

expected, a one-tailed paired t-test revealed a significant increase in contrast in the 

dual-task (M = 0.080, SE = 0.011) relative to the single-task (M = 0.032, SE = 0.002) 

conditions, bootstrapped t(18) = 4.64, p = .001, 95% CI = [-0.06, -0.03], dz = 1.06. 

Thus, the paradigm successfully manipulated attention.  
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Figure 2. Type 1 results. Error bars are within-subjects SEM. 2A. Type 1 d’ as a 

function of expectation and attention. 2B. Type 1 criterion c as a function of 

expectation and attention. *** p < .001,  ** p < .01, * p < .05, n.s. non-significant 

 

Next, the effects of expectation and attention on each of (Gabor) detection 

sensitivity d' and (Gabor) decision threshold c were examined. These analyses 

addressed three questions: first, whether d' had been successfully equated across 

levels of attention and expectation; second, whether the expectation manipulation 

successfully biased c; third, whether expectation and attention were successfully 

separated at the type 1 level (i.e. did not interact under d' or c).  

First, we performed a repeated-measures Expectation (0.25, 0.5, 0.75) x 

Attention (full, diverted) analysis of variance (ANOVA) on type 1 d'. This revealed 

that sensitivity did not significantly differ across the full (M = 2.39, SE = 0.16) and 

diverted (M = 2.00 SE = 0.18) attention conditions, F(1, 18) = 3.03, p = .099, ηp
2

 = 

.144, or across Expectation conditions (M.25 = 2.15, SE0.25 = 0.11, M.50 = 2.28, SE.50  

= 0.15, M.75 = 2.14, M.75  0.13), F(2, 36) = 2.12, p = .124, ηp
2

E = .101 (Figure 2A). 

Type 1 sensitivity was therefore successfully equated across all six conditions. This 

means that any changes in type 2 sensitivity cannot be attributed to changes in the 

amount of type 1 information. There was no significant interaction between Attention 
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and Expectation under d', F(2, 36) = 1.12, p = .34, ηp
2

 = .059, suggesting that the two 

factors were successfully separated with respect to type 1 detection performance.  

A  repeated-measures Expectation (0.25, 0.5, 0.75) x Attention (full, diverted) 

analysis of variance (ANOVA) under decision threshold c revealed a significant main 

effect of Expectation, F(2, 36) = 9.18, p = .001, ηp
2

 = .338. A trend analysis 

demonstrated that decision threshold linearly liberalized (more likely to report target 

present) as the probability of target presence increased, F(1, 18) = 15.72, p =.001, 

ηp
2

 = .466. The paradigm therefore successfully manipulated expectation. Attention 

had no significant main effect on decision threshold, F(1,18) = 0.93, p =.93, ηp
2

 = 

.148 and did not significantly interact with Expectation, F(2,36) = 0.85, p = .434, ηp
2

 = 

.045 (Figure 2B) . Therefore attention and expectation were separated with respect 

to type 1 decision threshold, as well as type 1 sensitivity. 

In the diverted attention condition, participants were instructed to perform the 

detection and the visual search task simultaneously, prioritizing visual search. 

However, if participants were unable to divide their attention across the two tasks 

then we would expect a significant negative correlation between trial-by-trial Gabor 

detection and visual search accuracy. To address this question we computed the 

Spearman's correlation coefficient between trial-by-trial detection accuracy scores on 

the two tasks for each participant. A one-sample bootstrapped t-test against zero 

revealed that at the group-level there was no significant trade-off in performance 

between the two tasks, M = 0.02, SD = 0.09, t(18) = 0.94, p = .361, 95% CI [-.023, 

.059]. Thus, participants were able to perform the two perceptual tasks 

simultaneously. 
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Participants were able to perform the tasks simultaneously, but if the visual 

search task interfered with Gabor detection sensitivity we might expect a significant 

negative correlation between experiment-wise performance in the two tasks. To 

address this concern we calculated d’ and c for the visual search responses and 

correlated them with their Gabor detection counterparts. Across participants there 

was no significant (Pearson's) correlation between visual search d’ and (diverted 

attention) Gabor d’ r(19) = .250, p = .302, bootstrapped 95% CI [-.326, .623]. 

Similarly, there was no significant (Pearson's) correlation between type 1 decision 

thresholds for the two tasks, r(19) = .359, p = .131, bootstrapped 95% CI [-.043, 

.723]. These results suggest that performing the visual search task did not 

significantly interfere with performing the Gabor detection task. This, combined with 

the absence of a negative correlation between trial-by-trial accuracy on the two tasks 

and with the absence of attention by expectation interactions under d' and c, 

demonstrates that attention and expectation were sufficiently separated at the type 1 

level. 

The results so far indicate that the paradigm successfully influenced both 

expectation (participants were more likely to report target absence when the 

probability of target presentation was low than when it was high) and attention 

(contrast sensitivity was reduced when attention was diverted). Furthermore, they 

indicate that expectation and attention did not significantly interact. Given this, we 

were able to examine how metacognitive sensitivity is specifically affected by 

expectation and attention, without confounds of task difficulty. 

3.2 Expectation improves metacognitive performance 
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Our main hypothesis was that metacognition would be improved following an 

expectation-congruent response. In the 25% condition, where target absence is 

expected, misses and correct rejections ('no') would be expectation-congruent 

responses and false alarms and hits ('yes') would be incongruent. The reverse is true 

for the 75% condition, where target presence is expected.  

To test our hypothesis, response-conditional type 2 D’s (see Methods) were 

subjected to a repeated-measures Expectation (0.25, 0.5, 0.75) x Attention (full, 

diverted) x Report (present, absent) analysis of variance (ANOVA).  

 

Figure 3. Response-conditional type 2 D’ as function of expectation and 

attention. Black lines indicate linear changes in D’ with expectation, 

independently of attention. (A) Type 2 D’ for reports of target presence 

increases with expectation of presence (B) Type 2 D’ for reports of target 

absence increases with expectation of absence. Error bars are with-subjects 

SEM. * p < .05 ** p < .01, *** p < .001. 

Critically, the ANOVA revealed a significant two-way interaction between 

Expectation and Report, F(2,36) = 5.60, p =.008, ηp
2 = .238 (figure 3). To further 

probe this effect we collapsed across attention conditions and performed a priori 

trend analyses. D’ for target present reports exhibited a significant linear trend with 

Expectation, F(1,18) = 13.85, p = .001 (1-tailed), η2
 = .435 such that as the 

probability of target presentation increased from 25% (target presence improbable) 
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to 75% (target presence probable), type 2 D’ increased (Figure 3A). Similarly, when 

participants reported the Gabor as absent there was a significant linear trend with 

Expectation in the opposite direction, F(1,18) = 3.83, p = .033 (1-tailed),  η2
 = .175: 

as the probability of target presentation decreased from 75% (target absence 

improbable) to 25% (target absence probable), type 2 D’ increased (Figure 3B). This 

congruency effect supports our hypothesis that expectation improves metacognition. 

As well as a significant Report x Expectation interaction, there was a 

significant interaction between Report and Attention, F(1,18) = 5.61, p = .029, ηp
2

 = 

.238. This interaction was driven by the presence of a significant difference between 

D' for absent and present reports under diverted attention (M = 0.49, SE =  0.13 and 

M = 1.20, SE =  0.19, respectively) , F(1,18) = 6.32, p = .022, η2= .260, but not under 

full attention (M = 0.75, SE =  0.11 and M = 0.92, SE = 0.16, respectively), F(1,18) = 

0.84, p = .372, η2= .045. This unexpected result suggests that inattention disrupts 

metacognition for unseen but not seen targets. 

The ANOVA did not reveal a significant main effect of Expectation on D’, 

F(2,36) = 0.64, p = .533, ηp
2

 = .034. This is unsurprising, because the influence of 

expectation is seen by comparing expectation-congruence relative to incongruence. 

There was also no significant main effect of Attention on type 2 D’,  F(1,18) = 0.01, p 

= .953, ηp
2

 = .001, and no significant  Report by Attention by Expectation interaction, 

F(1.60,28.81) = 0.11, p = .858, ηp
2

 = .006 (ԑ = .748, Huynh-Feldt corrected). 

In summary, these data under type 2 D' indicate that metacognitive 

performance improved when reports of target absence or presence were congruent 

with participants’ expectation (25% or 75% condition, respectively), as compared to 

when they were incongruent (75% or 25% condition respectively).  
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3.3 Expectation liberalizes confidence judgments 

Given that expectation improved metacognitive performance, did expectations 

also increase subjective confidence? Type 2 confidence threshold can be interpreted 

as a proxy measure of the strength of the perceptual experience (Fleming & Lau, 

2014). We therefore asked whether expectation-congruent reports were associated 

with higher confidence ratings than their incongruent counterparts. Such a result 

could be interpreted as expectations strengthening the associated perceptual 

experience. 

We tested this possibility by asking whether expectation and report interacted 

under confidence threshold C. Confidence threshold is analogous to type1 decision 

threshold, signaling over-confidence when it is negative and under-confidence when 

it is positive. Therefore, if expectation liberalizes confidence judgments we would 

expect confidence thresholds for 'present' responses to liberalize with increased 

expectation of presence. Following an 'absent' response, we would expect 

confidence to liberalize with increasing expectation of target absence (i.e. decreasing 

expectation of target presence). 

To test this possibility we ran a repeated-measures Expectation (0.25, 0.5, 

0.75) x Attention (full, diverted) x Report (present, absent) analysis of variance 

(ANOVA) on C. This revealed a significant three-way interaction, F(2,36) = 4.69, p = 

.015, ηp
2

 = .207, which was not found in the ANOVA on type 2 D’. We analyzed this 

interaction by performing simple effects analyses separately for the full and diverted 

attention conditions. Under full attention, Report and Expectation significantly 

interacted, F(2,36) = 15.95, p < .001, ηp
2 = .470. The pattern was as found for type 2 

D’: with increasing probability of target presence, there was a linear decrease in type 
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2 C (more likely to report confidence) when the target was reported as present, 

F(1,18) = 11.48, p = .002, (one-tailed) η2 = .272, and a linear increase in type 2 C 

(more likely to report guess) when the target was reported as absent, F(1,18) = 

25.29, p < .001 (one-tailed), η2= .584. Thus, under full attention expectations 

liberalize subjective confidence judgments.  

By contrast, under diverted attention there was neither a significant main 

effect of Expectation, F(1,18) = .339, ηp
2

 = .051, nor a significant interaction between 

Expectation and Report, F(2,36) = 2.84, p = .082, ηp
2

 = .136.  

The ANOVA under C, revealed no significant main effect of Attention, F(1,18) 

= 0.83, p = .374, ηp
2

 = .044, and no significant interactions between Attention and 

Report, F(1,18) = 4.09, p = .058, ηp
2

 = .185, or Attention and Expectation F(1,18) = 

0.83, p = .444,  ηp
2

 = .044. 

Summarizing so far, metacognition improved for expectation-congruent 

perceptual decisions, independently of whether attention was focused on or diverted 

from the task. This effect was mirrored under confidence thresholds, but only under 

full attention. Therefore under conditions of full attention only, the perceptual 

experience associated with expectation-congruent decisions may be stronger than 

that for expectation-incongruent decisions.  

3.4 Report-expectation congruency increases meta-d’. 

To assure the robustness of our findings under type 2 D’, we re-analyzed the 

data using response-conditional meta-d’. As mentioned in section 2.5.2, given the 

type 2 performance observed, meta-d’ is the type 1 d’ that would be expected from 

the SDT-optimal observer who used all of the available type 1 information. Meta-d’/d’ 
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is therefore the proportion of type 1 information used in the type 2 decision. We 

expected to find the same pattern of results as those obtained under D’ – a Report 

by Expectation interaction whereby meta-d’/d’ increases with response-expectation 

congruency.  Only 1/19 of our participants fully met the criteria for assuring reliable  

meta-d’ estimates (for all 6 conditions, 0.05 ≤ hr, far, HR+, FAR+, HR-, FAR- ≤ 0.95; 

see Barrett et al., 2013). We therefore retained participants who met these criteria in 

at least 3/6 conditions. This left us with 12 participants for the analysis. 

As for the previous analyses, a repeated-measures Expectation (0.25, 0.5, 

0.75) x Attention (full, diverted) x Report (present, absent) analysis of variance 

(ANOVA) was conducted, but this time using meta-d’/d as the dependent variable.  

 

Figure 4. Meta-d’/d’ as function of expectation and type 1 report. Error bars are 

with-subjects SEM. * p < .05, ** p <  .01, *** p < .001. 

Consistent with our previous result, the analysis revealed a significant 

Expectation x Report interaction, F(2,22) = 8.75, p = .002, ηp
2

 = .443. A priori trend 

analyses revealed that following a ‘present’ response, meta-d’/d’ linearly increased 

with expectation of target presence, F(1,11) = 5.12, p = .022 (one-tailed), η2
 =.318. 

Following an ‘absent’ response there was a significant decrease in meta-d’/d’ as the 

probability of target presence increased, F(1,11) = 4.22, p = .032 (one-tailed), η2
 

=.277. These patterns are illustrated in figure 4. We found no other significant main 

(all F < 2.37, all p > .15, all ηp
2

 < .29) or interaction (all F < 0.99, all p > .32, all ηp
2

 < 
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.09) effects. This pattern of results held under slightly narrower and broader 

exclusion criteria (i.e. proportion of stable conditions).  

Summarizing, report-expectation congruency improves metacognitive 

performance when measured by response-conditional meta-d’, as well as when 

measured by response-conditional D’.  

3.5 A Type 2, Bayesian Signal Detection Theoretic Model of Expectation and 

Top-Down Attention 

 

Figure 5. A Bayesian signal detection theoretic model of prior expectation. Each 

panel plots the posterior likelihood of a perceptual event against the evidence 

given distinct prior probabilities (p) of stimulus present. The blue curve 

represents the event of stimulus absence and the red curve, stimulus presence. 

Type 1 d' (the distance between the blue and red Gaussians) is held at 1. The 

curves are aligned so that criterion is unbiased when p = .50. The dashed lines 

show the decision (c) and confidence (τ+, τ-) thresholds. These are each 

determined by a fixed posterior likelihood ratio R for stimulus present to stimulus 
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absent. These plots illustrate that detection, as well as confidence about 

detection, liberalizes with increased prior expectation on Bayesian SDT. 

 

To model the influence of top-down expectation on metacognitive sensitivity 

we extended standard signal detection theory (SDT) to incorporate prior 

expectations (Figure 5). In our model, the evidence is the internal variable ‘x’ in SDT 

(the internal representation of Gabor contrast) and the expectation is the probability 

of Gabor patch presentation. The ‘signal’ and ‘noise’ distributions were reformulated 

as posterior distributions of the cases of target present and absent, given both the 

evidence and the expectation. Type 1 and 2 decision criteria (c and C) were 

formulated as distinct thresholds for the posterior ratio of probabilities of present 

(S=1) to absent (S=0). For probability p of stimulus present and evidence x, this 

ratio, which we denote by R, is given by 

  

where  is the probability density function of a normal distribution with mean 

µ and standard deviation s. Assuming the SDT model, this ratio monotonically 

increases with the evidence x. To model the effect of diverted attention we 

implemented the solution proposed by Rahnev et al. (2011), in which inattention 

increases the trial-by-trial internal noise. To assess whether this model could 

account for our data we computed the response-conditional type 2 D’s predicted by 

the model at varying, continuous levels of prior expectation of patch present. This 

was done separately for the full and diverted attention cases. 



EXPECTATIONS IMPROVE PERCEPTUAL METACOGNITION	
  
	
  

23	
  
	
  

Parameters were determined in the following way: Type 1 d’ was set to 2.39 

and 2.00 for the full and diverted attention conditions respectively, reflecting the 

mean empirical values we obtained. For each level of attention, the type 1 and 2 

thresholds for R were based on the mean empirical type 1 and 2 hit and false alarm 

rates in the respective 50% expectation condition. For the full attention case, the 

obtained type 1 threshold was R=1.88, and the upper and lower type 2 thresholds 

were R=4.27 and R=0.68 respectively. For the diverted attention case, these were 

respectively R=2.52, R=4.06 and R=0.86. For full details on obtaining type 1 and 2 

decision thresholds from type 1 and 2 hit and false alarm rates, see Barrett et al. 

(2013). Notice that, since contrast was increased in the experiment for diverted 

attention, the models for full and diverted attention were approximately the same; 

only the threshold values (R) differed slightly.  
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Figure 6. Modelling of empirical results. Solid lines represent stimulated results 

over continuous probabilities of target present. Dashed lines are the -

corresponding empirical results collected over 25, 50 and 75% of target 

presence. The top and bottom rows show results for reported present and 

absent trials, respectively. The leftward and rightward columns show results for 

full and diverted attention conditions, respectively. 

 

Figures 6A-D compare the predicted and empirical D’s across levels of report 

and attention. In agreement with the empirical data, predicted D’ for positive 

responses increased with prior expectation for target present (Figures 6A and 6B), 

while D’ for negative responses, it decreased (Figures 6C and 6D). As was the case 

for the empirical results, this decrease demonstrates an increase in D’ with increased 

prior expectation for target absent. The model predicted slight attentional 
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modulations of D’, which reflect numerical differences in empirical type 1 d’. 

Simulated D’ values for ‘absent’ responses also took substantially higher values than 

those collected empirically. Moreover, simulated D’ was higher for absent than for 

present responses, whereas the reverse trend was found empirically. These two 

features persisted for variant models on which signal and noise distribution variances 

were unequal. They are likely attributable to asymmetries in the degradation of type 

1 evidence available for metacognition, an investigation of which is beyond the 

present scope.  

In summary, our modeling analyses demonstrate that the observed 

dependencies of metacognitive performance on prior expectation are consistent with 

a signal-detection theory model extended according to Bayesian principles to 

incorporate expectations as priors.  

3.6 Effect of expectations on concurrent visual search task  

So far we have shown that expectations of Gabor presence or absence 

improve metacognition for the Gabor detection task. Given this, could expectations 

of Gabor target presence or absence also facilitate perceptual decisions for the 

visual search task? The expectations induced by the paradigm pertained to the 

Gabor target, however the influence of these expectations may free perceptual and 

cognitive resources for other tasks. 

To address this question, we first asked whether expectation affects decisions 

made on the visual search task (i.e. T presence or absence). This was achieved by 

computing type 1 c for the visual search task as a function of expectation. Visual 
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search data from the full attention condition could not be analyzed because the 

required responses were not collected. 

A one-way Expectation (.25, .50, .75) repeated measures ANOVA under 

visual search criterion cvs revealed a significant effect of Expectation, F(2,36) = 6.17, 

p = .005, η2 = .255. However, rather than expectation of Gabor presence inducing a 

liberal criterion shift under the visual search task, as it did under the Gabor task, 

there was a significant quadratic trend, F(1,18) = 11.74, p = .003, η2 = .395. This 

trend was such that participants were more likely to report that a T was present 

(liberal shift) in the 50% condition (M = 0.19, SE = 0.09) than when they had a task-

irrelevant prior expectation of Gabor presence or absence (25% and 75% conditions, 

M = 0.35, SE =  0.09, M  = 0.32, SE =  0.08, respectively). Therefore the task-

irrelevant expectation of Gabor presence or absence did not bias participants 

towards reporting presence or absence on the visual search task. Rather, 

expectations induced a conservative shift in c relative to the neutral (50%) condition. 

Given that expectation of Gabor presence or absence biased decisions made 

in the visual search task, they may also have affected sensitivity. We therefore 

calculated visual search d’  as a function of Gabor detection accuracy and 

expectation-Gabor response congruence. The factor Congruence was formed by 

grouping trials according to whether the response to the Gabor task (present or 

absent) was congruent or incongruent with the prior expectation (75%, where they 

expect presence, 50%, which is neutral, 25%, where they expect absence). This 

factor therefore represents the influence of expectation on Gabor decision. If visual 

search performance is modulated by the effect of expectation on the Gabor task then 

there should be an effect of this factor.  
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A repeated-measures Gabor accuracy (correct, incorrect) x Gabor 

congruence (incongruent, neutral, congruent) ANOVA on visual search d’vs revealed 

a significant main effect of Gabor accuracy, F(1,18) = 4.80, p = .015, ηp
2

 =.288, 

whereby d’vs was higher following a correct (M = 1.72, SE =  0.16) than an incorrect 

(M = 1.31, SE =  0.18) response on the Gabor detection task. Therefore high 

perceptual sensitivity for the Gabor was associated with high perceptual sensitivity 

for the visual search task as well. The ANOVA also revealed a marginally significant 

interaction between accuracy and congruence, F(2,36) = 2.95, p = .065, ηp
2

 =.141. 

Post-hoc trend analyses revealed that d’vs linearly increased with expectation-Gabor 

response congruence following a correct response on the Gabor task, F(1,18) = 

4.49, p = .048, η2
 =.200 and linearly decreased with congruency following an 

incorrect  Gabor response, F(1,18) = 5.27, p = .034, η2
 =.226. This result suggests 

that visual search sensitivity improved when the (Gabor) expectation had been valid 

(i.e. met in the stimulus-conditional sense). This follows from the observation that the 

expectation was only valid in trials where correct and congruent or incorrect and 

incongruent responses were made. To illustrate, in the 25% condition, correct 

responses were correct rejections (congruent, valid expectation) or hits (incongruent, 

invalid expectation). The former was associated with a higher d’vs than the latter. 

Incorrect responses were misses (congruent, invalid expectation) or false alarms 

(incongruent, valid expectation). Here, the latter was associated with a higher d’vs 

than the former. Thus perceptual sensitivity for the attended task was facilitated by 

valid (task-irrelevant) expectations for the unattended task.  

Discussion 
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In this paper we have shown that the facilitatory effects of prior expectation on 

perceptual decision also manifest their influence in metacognitive judgments. We 

developed a target detection paradigm in which the probability of target presence 

was manipulated block-wise. This probability, of which participants were informed, 

significantly biased decision thresholds in the expectation-congruent direction, while 

leaving sensitivity d’ unaffected (as ensured by our staircase procedure). In this way 

we avoided confounding increased type 2 sensitivity with increased type 1 sensitivity 

(Lau & Passingham, 2006), and were able to assess metacognition, indexed by both 

type 2 D’ and meta-d’, as a function of perceptual decision and prior expectation. Our 

main finding was that metacognitive sensitivity increased for expectation-congruent 

as compared to expectation-incongruent perceptual decisions. Metacognitive 

sensitivity is determined according to the trial-by-trial correspondence between 

confidence and accuracy.  Importantly, because we offered no trial-by-trial 

information about the probability of target occurrence, our results cannot be 

attributed to a trivial relationship between an expectancy cue and the subsequent 

report. Rather, we found a shift in type 1 threshold with expectation, and a 

liberalization of type 2 threshold following an expectation-congruent response to an 

attended target. This suggests that basing decision on prior expectations induces a 

superior placement of type 1 and 2 thresholds for metacognition.  

Our effect of expectation on confidence required attention, consistent with 

some previous work in type 1 tasks (Chennu et al., 2013; Hsu et al., 2014; Jiang et 

al., 2013; but c.f. Kok, Jehee, & de Lange, 2012). However, analyses using both type 

2 D’ and meta-d’ revealed that expectation improved metacognition independently of 

attention. We also found no significant difference in metacognition for perceptual 

decisions made under full attention relative to those made under diverted attention 
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(though under diverted attention, metacognition differed as a function of report). 

Though perhaps counter-intuitive, this invariance of metacognition to attention is 

consistent with recent work showing that metacognition is preserved for visual 

sensory memory, which does not require attention (Vandenbroucke et al., 2014). It is 

also consistent with research demonstrating above-chance metacognitive sensitivity 

for unattended and unseen target stimuli (Kanai et al., 2010). 

 Measuring metacognition 

To assess how metacognition is affected by expectation we used the type 2 

signal detection theory (SDT) measure D'. However, the type 2 SDT model 

underlying D’ assumes that the probability of making a correct or an incorrect 

response can be modeled as Gaussian distributions over a type 2 decision axis. This 

formulation is problematic because such distributions are usually impossible to 

achieve (Evans & Azzopardi, 2007; Galvin et al., 2003). This issue means that D' will 

not be invariant to type 1 or type 2 criterion shifts (Barrett et al., 2013; Evans & 

Azzopardi, 2007).  In the present study, expectation induced both type 1 and type 2 

criterion shifts. As a result, we cannot distinguish between two possible reasons for 

why D' may have increased for expectation-congruent responses. One possibility is 

that expectation increased the quantity of information available for the type 2 

judgment (metacognitive efficacy, Fleming & Lau, 2014). Alternatively, the increase 

in D' could have been driven by a change in criteria placement that indirectly 

optimized metacognitive sensitivity. Importantly, under both scenarios metacognitive 

performance, as measured by D', nevertheless improved. The liberalization of 

confidence threshold by expectation, though a source of bias in the numerical value 

D' will take, can be interpreted as reflecting the strength of the perceptual experience 
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(Fleming & Lau, 2014). Therefore rather than being unequivocally problematic, type 

2 criteria shifts speak to subjective components of perception. 

Our finding that expectation increased D' was replicated using the measure 

meta-d' (see section 2.5.2. Barrett et al., 2013; Maniscalco & Lau, 2012). Meta-d’ is 

robust to changes in type 1 and 2 criteria, however response-conditional meta-d’ – 

as required by the analyses presented in this paper - is not (Barrett et al., 2013). The 

invariance is lost because meta-d’ measures remove bias by taking a weighted 

average of the (biased) response-conditional measures. Therefore while we 

replicated our effect using meta-d', we are still unable to ascertain whether 

expectation improves metacognitive efficacy or not. Nevertheless, our results under 

type 2 D’ and meta-d’ together provide converging evidence for the facilitatory effect 

of expectation on metacognition.  

Modeling metacognition 

 The framework of SDT applied to visual perception emphasizes the 

importance of ‘bottom-up’ processing, whereby afferent sensory signals are 

repeatedly transformed to generate perceptual decisions at both objective (type 1) 

and subjective (type 2) levels. However, our data add to an increasing body of work 

which has demonstrated the importance of top-down processes in shaping 

perceptual decisions (Bar et al., 2006; Gilbert & Li, 2013; Wacongne et al., 2011). 

Together, these data pose a challenge to bottom-up models of perception and are 

difficult to reconcile with standard expressions of SDT.  

To formally account for these top-down effects within SDT, we developed a 

type 2 Bayesian signal detection model which models prior expectations by defining 
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decision threshold as the posterior odds of a target being present. This model 

successfully predicted an increase in type 2 D’ following expectation-congruent 

responses. Diverted attention was modeled by increasing internal noise - as recently 

proposed by Rahnev et al. (2011). This successfully predicted that the influence of 

expectation on D' would be independent of attention. 

We recognize that our model did not capture all aspects of the observed data. 

In particular, the model predicted an improvement in metacognition following a target 

absent response, but this was not found empirically. This discrepancy is likely to 

have arisen from influences on metacognition which were not included in our model, 

such as the incorporation of additional sources of information relevant to perceptual 

decision. Nonetheless, by accounting for the main effects of (top-down) prior 

expectations on D’, we have demonstrated the scope for formal synthesis between 

the traditionally ‘bottom-up’ signal detection theory and ‘top-down’ influences 

characteristic of alternative frameworks like ‘predictive coding’ or the Bayesian brain 

(Beck et al., 2009; Clark, 2013; Friston, 2009; J. Hohwy, 2013; Lee & Mumford, 

2003). 

 From SDT to the Bayesian brain 

The increasingly influential predictive coding framework views the brain as a 

Bayesian hypothesis-tester, and explains perceptual decision as an inference about 

the most likely cause of incoming sensory input (Clark, 2013; Rao & Ballard, 1999; 

Seth, 2014). In this view, top-down expectations constrain perceptual decision 

according to the prior likelihood of that decision. The sensory input remaining 

unexplained is termed prediction error, and only this percolates upwards in the 

sensory hierarchy (Friston, 2010; Rao & Ballard, 2004; Spratling, 2008). The 
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eventual perceptual choice will be the perceptual hypothesis with the highest 

posterior probability. This framework fits comfortably with our novel finding that under 

dual-task conditions, sensitivity for the attended (visual search) task was increased 

when participants held valid expectations pertaining to the unattended (Gabor) task: 

when prior expectations facilitate decision for the unattended Gabor task, additional 

processing resources should be available for the attended visual search task 

(Hohwy, 2012).  

Certain predictive coding formulations also explicitly model the importance of 

the reliability (or 'precision') of the bottom-up signal to perception (e.g. Feldman & 

Friston, 2010).  In this paper we have shown that expectations liberalized subjective 

confidence judgments for attended (i.e. high precision) targets. Previous work has 

shown that confidence judgments are a function of both sensory evidence and 

internal noise (Kepecs, Uchida, Zariwala, & Mainen, 2008; Yeung & Summerfield, 

2012; Zylberberg, Barttfeld, & Sigman, 2012; Zylberberg, Roelfsema, & Sigman, 

2014).  This relationship has been likened to a p-value, which quantifies the 

evidence for a hypothesis (mean) and scales with the reliability of that evidence 

(standard error; Kepecs & Mainen, 2012). In fact, such a formulation of confidence is 

highly compatible with predictive coding. Bringing these together, decisional 

confidence could be explained in predictive coding terms, where the mean is the 

posterior probability of a perceptual hypothesis, and the standard error is the  

precision of the evidence (Feldman & Friston, 2010). Such a conceptualization of 

confidence would explain the congruency-attention interaction found in this paper. It 

is also consistent with work demonstrating that confidence evolves together with the 

decision variable (De Martino, Fleming, Garrett, & Dolan, 2013; Fetsch, Kiani, 

Newsome, & Shadlen, 2014; Kepecs et al., 2008).  
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The above account may explain the construction of confidence judgments 

within a single level of the perceptual hierarchy. However, successful metacognitive 

evaluations and the subjective aspect of decisional confidence may be a function of 

uncertainty estimates over multiple hierarchical levels. We leave the theoretical and 

neural underpinnings of how expectation modulates metacognition open to future 

research.    

Conclusions 

In summary, we show for the first time that top-down prior expectations can 

influence metacognition for perceptual decision, illustrating the action of priors 

on complex cognitive functions. Specifically, we found that perceptual 

decisions which are congruent with valid perceptual expectations lead to 

increased metacognitive sensitivity, independently of attentional allocation. 

This finding motivated the development of an extended Bayesian signal 

detection theoretic model which incorporates top-down prior expectations, and 

moreover, formally integrates two previously distinct frameworks for 

perceptual decision: (top-down) predictive coding and (bottom-up) signal 

detection theory. Finally, measures of metacognition are often used as an 

indirect measure of awareness (Kanai et al., 2010; Kunimoto et al., 2001; 

Seth, Dienes, Cleeremans, Overgaard, & Pessoa, 2008). Therefore, by 

demonstrating increased metacognitive sensitivity for expected perceptual 

events, we provide evidence for the existence of a mechanism, based on prior 

expectations, that underpins metacognitive sensitivity and contributes to our 

understanding of the brain basis of visual awareness.  
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