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Computations Underlying Confidence in Visual Perception
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Humans intuitively evaluate their decisions by forming different levels of confidence. Despite being
highly correlated, decisional confidence and sensitivity can be differentiated. The computational pro-
cesses underlying this remain unknown. Here we find that, for visual judgments concerning global
direction, signal range has a greater impact on confidence than it does sensitivity. We equated sensitivity
for stimuli containing different degrees of directional variability. This failed, however, to equate
confidence—participants were less confident when judging more variable signals despite constant
sensitivity. When stimuli were instead calibrated to equate confidence, participants were more sensitive
when judging more variable signals. Directional range had no impact on an unrelated judgment of
brightness, helping to establish that these results cannot be attributed to a simple decisional confound.
Our complementary results show that directional sensitivity and decisional confidence rely on indepen-
dent transformations of sensory input. We propose that confidence will generally be shaped by the range
of differently tuned neural mechanisms responsive to input during evidence accumulation, with this
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having a lesser impact on sensitivity.
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Humans intuitively evaluate their decisions and are often aware
of mistakes before receiving explicit feedback concerning task
performance. These feelings of confidence are relatively accurate,
as they correlate well with objective sensitivity (Henmon, 1911;
Peirce & Jastrow, 1885; Volkmann, 1934; Yeung & Summerfield,
2012). Estimates of confidence necessitate that the brain generate
a reportable code concerning the precision of its own decisional
processes (Fleming, Dolan, & Frith, 2012; Kepecs & Mainen,
2012). Despite considerable interest, the nature of the computa-
tions underlying decisional confidence remain unclear (Fleming et
al., 2012; Yeung & Summerfield, 2012).

With regard to perceptual decisions, it has long been known that
confidence can correlate with objective sensitivity measures (Hen-
mon, 1911; Peirce & Jastrow, 1885; Volkmann, 1934). This would
be explicable if confidence reflects the strength of accumulated
sensory evidence at the time of decision making (Vickers, 1979).
However, more recent evidence has shown that confidence and
sensitivity are also separable (De Martino, Fleming, Garrett &
Dolan, 2013; Fleming & Dolan, 2012; Fleming, Ryu, Golfinos, &
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Blackmon, 2014; Li, Hill, & He, 2014). This suggests that encoded
signal strength is insufficient to account for computations under-
lying decision confidence (Yeung & Summerfield, 2012). An
alternate possibility is that, in addition to the magnitude of sensory
evidence, the brain also estimates the reliability of encoded infor-
mation, and that this informs feelings of confidence.

We reasoned that a degree of independence between perceptual
confidence and sensitivity would be explicable if perceptual con-
fidence were disproportionately governed by the dispersion of
activity across a population of neurons tuned to different values of
a common stimulus attribute. Sensitivity, by contrast, could be
determined by a weighted averaging of such responses (de
Gardelle & Summerfield, 2011; Jazayeri & Movshon, 2006;
Pouget, Dayan, & Zemel, 2000; Ma & Jazayeri, 2014; Yang &
Shadlen, 2007). For example, in a global motion direction judg-
ment the range of differently tuned direction selective cells could
be adopted as a proxy for the reliability of the encoded signal,
whereas the precision of perception could be governed more by the
ability to extract an estimate of the average direction signaled by
active neurons (see Figure 1).

Our reasoning was inspired by Bayesian accounts of sensory cue
combination (Alais & Burr, 2004; Beck et al., 2008; Ernst &
Banks, 2002; Ma, Beck, Latham, & Pouget, 2006), which propose
that when the brain combines initially independent sensory signals
it weighs these signals in proportion to their associated reliability.
Population coding could provide the necessary information for
Bayesian accounts of sensory cue combination, in that it offers
both a sensory estimate (the maximum likelihood/central tendency
of the fitted response function) and an estimate of reliability—the
range of differently tuned neurons responsive to an input (the
width of the fitted response function). Such estimates of reliability
could inform confidence judgments. This would allow the brain to
form relatively independent perceptual decisions and estimates of
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Figure 1. Depiction of a neurally plausible code for motion direction, and of how responsive direction-tuned
mechanisms within it would be to stimuli containing different ranges of element directions, uniformly distributed
about vertical. (A) Vectors showing the number of model filters responsive to a stimulus containing a uniform
distribution of element directions £5° from vertical. Vectors are scaled in proportion to the maximal response,
and the red (light gray) vector coincides with the direction signaled by the vector sum (B). As for (A), but for
a stimulus containing a uniform distribution of direction signals =40° from vertical, indicated by the blue (dark
gray) vector. In both cases, represented in (C), the dispersion of activity across the population of differently tuned
direction filters is signified by the number of visible vectors, which could be adopted as a proxy for the reliability
of the encoded signal. See the online article for the color version of this figure.

decisional confidence (Fleming et al., 2010; Kepecs & Mainen,
2012).

We can evaluate our proposals by examining performance and
confidence in perceptual decisions regarding the global direction
of a visual motion stimulus. If our hypotheses are supported,
confidence should scale negatively with the range of direction
signals in a stimulus, even if task difficulty is held constant. This
can be achieved by manipulating the magnitude by which global
test directions are offset from a decision boundary (here vertical).
Conversely, if task difficulty is instead manipulated to maintain a
constant level of confidence, performance should improve for
stimuli containing an increasing range of different direction sig-
nals, as the task will need to be made easier to compensate for
deteriorating confidence as a broader range of direction signals is
encountered. Here, we establish the validity of both proposals

across four core psychophysical experiments, and we rule out a
potential confound-based explanation of these data in an additional
control experiment.

Experiment 1

Method

Eight volunteers participated in Experiment 1. All were expe-
rienced psychophysical observers. Six were naive as to the purpose
of the study (authors M. L. S. and D. H. A. also participated). The
number of participants in all experiments reported here was deter-
mined a priori as a convenience sample. All participants had
normal or corrected-to-normal visual acuity and were seated in a
darkened room viewing stimuli from a distance of 70 cm, with
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their head restrained via a chinrest. The University of Queensland
ethical committee approved the study protocol. The observers’ task
was to discern the direction of global motion in a dot kinemato-
gram as being to the left or right relative to the vertical axis. The
first phase of the experiment was a calibration procedure, used to
equate performance in the subsequent method of constant stimuli
(MOCS) task.

Stimuli. The dot kinematograms were generated using a Cam-
bridge Research Systems ViSaGe stimulus generator driven by
Matlab R2013b (MathWorks, Natick, MA) software and was pre-
sented on a gamma-corrected 19 in. Dell P1130 monitor (resolu-
tion: 1,600 X 1,200 pixels; refresh rate: 85 Hz). Kinematograms
were presented for 500 ms within a circular aperture with a
diameter subtending 1.79 degrees of visual angle (dva) at the
retina. Dot density was 100 dots/3.94 dva. Individual limited
lifetime dots (100 ms) were white (luminance = 102 cd/m?),
subtended 0.016 dva in diameter and moved in a linear direction at
a speed of 0.72 dva/s. Stimuli were centered on fixation. The
vertical axis was signaled via three static red disks, each subten-

ding 0.07 dva in diameter, positioned at fixation and 2.77 dva
directly above and below fixation. The global direction of test
motion, upward or downward, alternated on successive trials to
mitigate the build-up of motion aftereffect signals. Individual dots
moved in one of 10 directions, uniformly distributed about a range
from the mean test direction (see Figure 2A—D). Four test ranges
were sampled, =5, 10, 20, and 30° from the mean test direction.
We adopted this range manipulation as the range of element
direction signals within a stimulus determines the bandwidth of
neural responses across a population of direction-tuned cells (de
Gardelle & Summerfield, 2011; Jazayeri & Movshon, 2006;
Pouget et al., 2000; Ma & Jazayeri, 2014; Yang & Shadlen, 2007;
Britten, Shadlen, Newsome, & Movshon, 1992).

Procedure. In the calibration phase, we determined magni-
tudes of global direction offset, left or right from vertical, resulting
in ~70% correct direction discrimination performance for each
range using one-up two-down staircase procedures (Levitt, 1971).
This enabled us to equate performance for stimuli containing
different ranges of directional signals by adjusting the magnitudes
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Direction
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Until response

Confidence Judgement
‘Confident/Not Confident?’
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Figure 2. Graphic depiction of stimuli (A-D) and experimental protocols for Experiment 1 (E), Experiments
2 and 3 (F). (A-D) Here angles depict the range of directions, about a mean test direction, that individual dots
moved in. There were four conditions: (A) £5°, (B) 10°, (C) 20°, and (D) 30°. See the online article for the color
version of this figure.
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by which global test directions were offset from the decisional
boundary (vertical; see Figure 2A-D). Two staircases were con-
ducted for each test range. One was instigated at an angular offset
of *£12° (starting high) and another at an angular offset of *£1°
(starting low). These values were the maximal and minimal pos-
sible test values.

On each staircase trial, participants first reported the direction of
global motion (left or right from the vertical). The first three trials
for each test range were used as practice trials, presented at the
maximum angular offset. Thereafter, staircase procedures were
implemented with angular offsets manipulated in 1° steps, up after
incorrect responses, and down after two successive correct re-
sponses within each staircase. Each staircase was sampled for 30
individual trials, so 60 individual trials in total were conducted for
each test range. A block of trials for this preliminary task involved
240 individual trials, with presentations of the different test ranges
randomly interleaved. Data were collated across the two staircase
procedures conducted for each test range condition, and a logistic
function fitted to proportion correct data as a function of angular
offset magnitude, in order to estimate angular offsets resulting in
~70% correct task performance.

In the second primary MOCS phase of the experiment, angular
offsets were set to individual thresholds obtained using the previ-
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ous calibration procedure for each test range condition. As in the
calibration phase, participants first indicated the perceived direc-
tion of motion relative to vertical (left/right), then whether they
had felt a high or low level of confidence in their perceptual
decision (see Maniscalco & Lau, 2012). Both responses were made
using right and left mouse buttons. During a block of trials each of
the four test range conditions was sampled 100 times in random
order, yielding a total of 400 individual trials. Each participant
completed two blocks of trials, providing proportion correct and
proportion confident scores across 200 individual trials for each
test range.

Results

Directional offset magnitudes determined via our preliminary
calibration task were 5.7 = 33,57 = 1.7,5.0 £ 1.1, and 7.2 =
2.0 angular degrees, respectively, for stimuli with direction ranges
of =5°, 10°, 20°, and 30° from the test mean. One-way repeated
measures ANOVAs revealed that, as intended, there was no dif-
ference in task performance across the four direction range con-
ditions, F(1, 7) = 0.610, p = .555, m; = 0.08 (see Figure 3A).
There was, however, a discernible impact of direction signal range
on confidence, F(1, 7) = 10.106, p = .001, 'r]f) = 0.59 (see online
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Figure 3. Graphs depicting results of Experiments 1-4. (A) Results of Experiment 1. As the range of test
direction signals increased, task performance was invariant, but reported confidence declined. (B) Results of
Experiment 2. (C) Results of Experiment 3. (D) Results of Experiment 4. In all cases, error bars depict =1 SEM.
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supplementary material Tables S1-2 individual participant data).
Confidence declined as the range of stimulus element directions
broadened: linear trend analysis, F(1, 7) = 36.33, p = .001, ng =
0.84.

In addition to the one-way repeated-measures ANOVAs, we
performed one-way repeated-measures Bayes analysis of variance
(BANOVA; R statistical computing software, R Core Team,
2014). This allowed us to examine the likelihood of the observed
performance and confidence results against both the null and
alternate hypotheses. For proportion correct data, this yielded a
raw Bayes factor BF10 (the likelihood of the data occurring under
assumptions of the alternative hypothesis over the null) of 0.262
(%£0.46%), providing evidence in favor of the null hypothesis, that
there is no difference in performance across variability conditions
(Kass & Raftery, 1995). For proportion confident data this analysis
yielded a Bayes factor BF10 of 92.47 (+0.88%), providing strong
support for the alternative hypothesis that confidence varies across
the four direction range conditions.

To determine whether declining confidence with increasing
signal range was associated with a decline in metacognitive sen-
sitivity we assessed the degree to which confidence ratings could
discriminate between correct and incorrect perceptual decisions as
a function of test range (Maniscalco & Lau, 2012; Barrett, Dienes,
& Seth, 2013; for a review, see Fleming & Lau, 2014). We did so
by plotting proportion correct data for trials associated with high
and low confidence ratings, generating a conditional accuracy plot
(see Figure 4). If the observed decline in confidence as a function
of direction signal range was due solely to a reduction in meta-
cognitive sensitivity, we would expect to see a marked interaction
between high and low confidence proportion correct, with perfor-
mance on these two types of trial becoming increasingly similar
for greater signal ranges. An alternate possibility is that there is no
such interaction, which would suggest that declining reports of
confidence were due to participants adopting increasingly conser-
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1 - O High Confidence
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0.7
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0.4

Proportion correct
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Figure 4. Graph depicting conditional accuracy plot for Experiment 1.
Error bars depict =1 SEM.

vative criteria for reporting high-levels of confidence as they
encounter a greater range of directional signals.

Results of a two-way repeated measures ANOVA revealed a
main effect of confidence level, such that task performance was
greater on high- than on low-confidence trials, F(1, 7) = 118.54,
p < .001, m2 = 0.94. This indicates that participants had good
insight into their objective performance. However, there was no
main effect of direction signal range, F(1, 7) = 1.47, p = .260,
ng = (.17, and no interaction between confidence level and signal
range, F(1,7) = .02, p = .969, n; = 0.003. Type II sensitivity (the
precision with which confidence could predict performance) was
therefore similar across range conditions, which nonetheless were
marked by declining levels of overall confidence as signal range
increased. This suggests our data reflect a shift in the criteria used
to demark high from low levels of confidence as increasingly
broad ranges of direction signals were encountered.

Discussion

The results of Experiment 1 show that confidence in global
direction judgments declines for stimuli containing an increasingly
broad range of directional signals, and that this influence is dis-
proportionate relative to direction discrimination performance,
which was held constant by experimental design. This suggests a
disproportionate weighting of the range of direction signals in
computations underlying confidence, relative to sensitivity. In
Experiment 2 we attempted to replicate this observation using a
potentially more sensitive measure of confidence in order to assess
the generality of our results.

Experiment 2

Method

All details for Experiment 2 were as for Experiment 1 (N = 8),
with the following exceptions. On each trial of the test phase
participants were presented two successive motion stimuli. After
each, participants made a global motion direction discrimination
(left/right of vertical) and then, following the second global direc-
tion discrimination, the participant also indicated which judgment
(first/second) they had felt most confidence in (Barthelme &
Mamassian, 2009, 2010; de Gardelle & Mamassian, 2014).

Global direction offset (left/right of vertical) was counterbal-
anced across a block of trials, and presentation order was random-
ized. Pairs of successive stimuli consisted of all combinations of
test range (= 5 and 10, 5 and 20, 5 and 30, 10 and 20, 10 and 30,
20 and 30). During a block of trials each combination of test ranges
was presented 30 times, for a total of 180 individual trials. Each
participant completed two blocks of trials (360 trials in total).

Results

Data from both trial blocks, for each experimental condition,
were collated and proportion correct global direction judgments
and proportion confident scores were calculated for each partici-
pant. Proportion confident scores reflect the proportion of trials in
which a stimulus condition was presented, as one of the two
conditions presented on that trial, and was then also chosen as the
stimulus that had elicited greater decisional confidence. One-way
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repeated measures ANOV As revealed that direction discrimination
performance was again invariant for tests containing different
ranges of element direction signals, F(1, 7) = 0.711, p = 484,
M3 = 0.09 (see Figure 3B). Means and SEM for proportion correct
were 0.70 (0.01), 0.74 (0.02), 0.70 (0.03), and 0.71 (0.02) for % 5°,
10°, 20°, and 30°, respectively, which equated to d" values of 1.03
(0.06), 1.31 (0.08), 1.13 (0.18), and 1.13 (0.10). Although perfor-
mance was constant, confidence varied across conditions, F(1,
7) = 16.01, p < .001, 3 = 0.70 (see online supplementary
material Tables S3—4 for individual participant data). As in Ex-
periment 1, levels of confidence declined for tests containing
progressively broad ranges of direction signals: linear trend anal-
ysis, F(1, 7) = 32.74, p = .001, n} = 0.82.

In addition to one-way repeated-measures ANOVAs, we sub-
jected data to BANOVAs. For proportion correct data this yielded
a Bayes factor BF10 of 0.305 (£0.51%) providing evidence sup-
porting the null hypothesis that there would be no difference in
task performance across our test conditions. For proportion con-
fident data this yielded a Bayes factor BF10 of 57,960.82
(*£0.84%), providing support for the alternate hypothesis, that
confidence would vary across conditions.

As in Experiment 1, we examined whether declining confidence
with increasing signal range was associated with a decline in the
degree to which participants correctly distinguished correct from
incorrect decisions with their confidence responses. The motion
direction judgment that was chosen within each pair of judgments
as having been associated with more relative confidence was
classified as “high confidence.” Conversely, unchosen judgments
were classified as “low confidence.” A conditional accuracy plot
generated with proportion correct for high (chosen) and low (un-
chosen) confidence judgments is shown in Figure 5.
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Figure 5. Graph depicting conditional accuracy plot for Experiment 2.
Error bars depict =1 SEM. It is important to note that, unlike Experiment
1, participants can be correct or incorrect on both trials in the pair despite
choosing only one as having been associated with high confidence. Results
are shown for each range condition as it was paired with all other condi-
tions.

Results of a two-way repeated measures ANOVA revealed a
main effect of confidence level, such performance was improved
for high- relative to low-confidence choices, F(1, 7) = 1663.35,
p < .001, n3 = 0.99. There was, however, no main effect of
direction signal range, F(1,7) = 2.41, p = .148, ng = 0.29, and no
Confidence X Signal Range Condition interaction, F(1, 7) = .82,
p = .498, n% = 0.12, indicating that there was no change in
metacognitive sensitivity across range conditions.

Discussion

The results of Experiment 2 replicate findings of Experiment 1,
showing that confidence in global direction judgments declines for
stimuli containing an increasingly broad range of direction signals,
and that this influence is disproportionate relative to objective
decisional accuracy. In Experiment 3 we examined if we could
demonstrate a complementary result. If signal range impacts con-
fidence disproportionately relative to sensitivity, when stimuli are
calibrated to equate levels of confidence direction sensitivity
should improve for stimuli containing an increasingly broad range
of direction signals. Put differently, direction judgments will have
to be made progressively easier in order to compensate for increas-
ing levels of uncertainty triggered by stimuli containing increas-
ingly broad ranges of direction signals.

Experiment 3

Details for Experiment 3 were as for Experiment 2 (N = 8), with
the following exceptions: Trials during the preliminary calibration
task were like those in the test phase of Experiment 2, with
successive presentations of two test stimuli. One of these, the
standard, had test directions uniformly distributed =5° from the
mean test direction, which was set to the participant’s 70% thresh-
old for this stimulus from Experiment 2 (mean offset 5.1°, SD =
2.5°). The global direction offset from vertical for comparison
stimuli (£ 10°, 20°, or 30° range conditions) was adjusted on a
trial-by-trial basis according to one-up one-down staircase proce-
dures, up by 1° if the participant chose the standard as the stimulus
in which they had felt the most confident when judging direction,
and down by 1° otherwise. Two staircase procedures were con-
ducted for each comparison stimulus, one was instigated at the
maximal offset (22°), the other at the minimal offset (1°).

During a block of trials each of the two staircase procedures for
each of the three standard comparison combinations was sampled
on 30 individual trials, with blocks of trials containing 180 indi-
vidual trials all sampled in random order. Data for each compar-
ison were collated across two staircase procedures for that test
range, and logistic functions were fitted to proportion confident
scores as a function of comparison global direction offset from
vertical. We took 50% points on fitted functions as estimates of the
global direction offset from vertical resulting in equal levels of
confidence relative to the standard. Global direction offset mag-
nitudes determined via this procedure were 6.48 (*3.79), 7.54
(*£2.37), and 10.51 (%£3.56) for = 10°, 20°, and 30°, respectively.
Details for subsequent blocks of test trials were as for Experiment
2, but in this case stimuli had been calibrated to elicit equal levels
of confidence, as opposed to equal levels of performance.
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Results

As intended, confidence levels were invariant for stimuli con-
taining different ranges of element direction signals, F(1, 7) =
2.77, p = .088, 3 = 0.28, but task performance was variable, F(1,
7) = 3.85, p = .048, n3 = 0.36 (see Figure 3C), improving for tests
containing increasingly broad ranges of element direction signals:
linear trend analysis, F(1, 7) = 13.05, p = .009, nf, = 0.65 (see
online supplementary material Tables S5—-6 for individual partic-
ipant data). Means and SEM for proportion correct were 0.72
(0.02), 0.74 (0.05), 0.81 (0.02), and 0.84 (0.03) for =5°, 10°, 20°,
and 30°, respectively, which equated to d' values of 1.14 (0.08),
1.14 (0.29), 1.76 (0.25), and 1.85 (0.21).

In addition to one-way repeated-measures ANOV As, proportion
correct and proportion confident scores (see online supplementary
material Tables S5-6 for means and standard deviations) were
subjected to BANOVAs. For proportion confident data this re-
vealed a Bayes factor BF10 of 2.95 (+0.40%), providing support
for neither the null nor the alternate hypothesis, that confidence
would vary as a function the range of stimulus direction signals.
Note that this lack of evidential support contrasts with Experi-
ments 1 and 2. For proportion correct data, this yielded a Bayes
factor BF10 of 4.82 (%£0.39%), providing support for the alternate
hypothesis that performance would vary across range conditions.

Discussion

The results of Experiment 3 complement the findings of Exper-
iments 1 and 2, in that they show that the range of directional
signals has a disproportionate impact on decisional confidence
relative to objective task performance. Here this is evident as
stimuli had to be calibrated such that direction judgments became
increasingly easy as the range of directional signals increased, in
order to compensate for the adverse impact this had on confidence.

One potential problem with Experiments 1-3 is that they all rely
on people making binary decisions, either about whether they had
felt a low or high level of confidence (Experiment 1), or about
which of two decisions they had felt the most confidence (Exper-
iments 2-3). This could be problematic if there had, in fact, been
no systematic change in decisional confidence, and participants
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instead responded in a “Clever Hans” fashion, adopting the dif-
ferential appearance of stimuli as a selection criterion when forced
to make binary classifications regarding a quality (confidence) that
was in fact invariant. This would have constituted a task-demand-
related confound unrelated to the desired dependent measure—
confidence. To address this concern, in Experiment 4 we adopted
a continuous measure of decisional confidence, rather than having
participants make binary categorical judgments.

Experiment 4

Details for Experiment 4 were as for Experiment 1 (N = 8), with
the following exceptions. Following motion direction judgments,
on each trial participants indicated how confident they felt in the
preceding judgment by setting the position of a marker to any point
along a continuum marked by two extremities (see Figure 6). The
left extremity was marked by a red bar (CIE x = 0.63 y = 0.35
Y = 17, height: 1.1 dva, width: 0.2 dva, positioned 2 dva to the left
of the display center) signifying a complete lack of confidence
(guessing). The right extremity was marked by a green bar (CIE
x = 028y = 0.62 Y = 66, height: 1.1 dva, width: 0.2 dva,
positioned 2 dva to the right of the display center) signifying
complete confidence. The marker, a white bar (CIE x = 0.28 y =
0.33 Y = 91, height: 0.5 dva, width: 0.2 dva), was initially
positioned in the display center, and could be shifted left or right
by holding down respective mouse buttons. Once the participant
was satisfied that the position of the slider indicated their felt level
of confidence, they pressed the middle mouse button, at which
point the marker position was recorded on a scale from 0 (guess-
ing) to 1 (complete confidence) with a resolution of 0.01. These
values were not made known to the participant. At the end of a run
of trials we calculated the average confidence score associated
with each experimental condition.

Results

Performance levels were invariant for stimuli calibrated to pro-
mote equal levels of performance, even though stimuli contained
different ranges of direction signals, F(1, 7) = 0.84, p = .456,

Confidence Judgement
Until response

—

Figure 6. Graphic depicting the experimental protocol in Experiment 4. See the online article for the color

version of this figure.
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T]% = 0.11. Confidence scores were, however, variable, F(1, 7) =
15.88, p = .001, nﬁ = 0.69 (see Figure 3D), with average levels of
confidence decreasing for tests containing increasingly broad
ranges element direction signals (*£5°, M = 0.65, SEM = 0.02;
10°, M = 0.63, SEM = 0.03;20°, M = 0.61, SEM = 0.02; and 30°,
M = 0.54, SEM = 0.03), linear trend analysis, F(1, 7) = 19.35,
p = .003, n} = .73 (see online supplementary material Tables
S7-8 for individual participant data).

In addition to the one-way repeated-measures ANOVAs, pro-
portion correct and average confident scores were subjected to
BANOVAs. For proportion correct data this yielded a Bayes factor
BF10 of 0.37 (£0.44%), providing support for the null hypothesis
that there would be no differences in performance across condi-
tions. For average confidence scores this yielded a Bayes factor
BF10 of 1,094.80 (*0.69%), providing strong support for the
alternate hypothesis that confidence would vary across range con-
ditions.

As in Experiment 1, we examined whether declining confidence
with increasing signal range was associated with a decline in the
degree to which confidence correctly distinguished between cor-
rect and incorrect perceptual decisions—metacognitive sensitivity.
Trial-by-trial confidence ratings were first categorized as high
(confidence ratings = 0.5) or low (confidence ratings <0.5).
Proportion correct performance on high- and low-confidence trials
were then plotted (see Figure 7) and analyzed.

Results of a two-way repeated measures ANOVA revealed a
main effect of confidence level, such that participants had greater
levels of performance on high- relative to low-confidence trials,
F(1,7) = 36.79, p = .001, m; = 0.84. There was, however, no
main effect of direction signal range, F(1,7) = .66, p = .523,m} =
0.09, and no Confidence Level X Signal Range Condition inter-
action, F(1, 7) = .82, p = 471, n,% = 0.11. These results are
therefore similar to Experiment 1, suggesting the effect of direc-
tion signal range on confidence is to bring about a shift in the
criteria used to adjudge confidence.
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Figure 7. Graph depicting the conditional accuracy plot for Experiment
4. In both cases, error bars depict +1 SEM.

Discussion

The results of Experiment 4 are consistent with the findings of
Experiments 1-3, in that they show that the range of direction
signals had a disproportionate impact on decisional confidence
relative to sensitivity. These results cannot readily be ascribed to a
simple “Clever Hans” scenario unrelated to our desired dependent
measure—the level of confidence felt in global direction judg-
ments. This is the case as there was no requirement to classify
confidence as high or low, or to choose one of two stimuli as
having elicited more confidence. If participants had felt a constant
level of confidence across conditions, they were free to set the
confidence marker to a constant position across experimental
conditions. They did not do so, demonstrating that participants had
felt different levels of decision confidence for our different stimuli,
despite these having elicited a constant level of objective task
performance. Hence we believe both these data, and the results of
our previous experiments, speak to the influence that direction
signal range has on confidence in global direction judgments.

If our data speak to the influence that direction signal range has
on global direction judgments, we should find this has no impact
on an unrelated perceptual judgment, such as stimulus brightness.
If, however, our data result from participants coopting stimulus
appearance as a proxy for confidence (which is actually invariable
due to sensitivity having been equated across experimental condi-
tions), participants should display a similar response bias when
judging properties unrelated to global direction. We assessed this
possibility in Experiment 5.

Experiment 5

Details for Experiment 5 were as for Experiment 3 (N = 8) with
the following exceptions. Participants were presented two succes-
sive dot kinematograms presentations (the standard and a compar-
ator). These moved in an average vertical motion direction, up or
down on successive trials. In the first phase of the experiment
~70% correct thresholds for detecting which of these two stimuli
had been brighter were determined for each range condition, using
one-up two-down staircase procedures. The standard (white) was
setat CIEx = 0.29y = 0.34 Y = 90.9. Comparators had the same
chromaticity coordinates but a lesser level of luminance intensity,
which was instigated at a level of 45.4 cd/m? and adjusted in steps
of 3.8cd/m? according to staircase procedures with participants
selecting which of the two sequential tests had seemed brightest,
before making a binary confidence judgment (see Figure 2F for a
depiction of the paradigm). There were 50 calibration trials per
range condition.

For the second critical phase of the experiment, comparators
were set to the individuals® brightness threshold for that stimulus
type (with different ranges of direction signal, as in Experiment 3).
Each combination of stimulus condition was sampled on 60 indi-
vidual trials, with a block of trials containing 240 individual trials,
all sampled in random order. Participants completed two blocks of
trials.

Results

By design, brightness discrimination performance was invariant
for stimuli containing different ranges of direction signals, F(1,
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7) = 042, p = 737, m} = 0.06. This mimicked the results of
Experiments 1, 2, and 4. Confidence ratings, however, were also
invariant across directional signal range conditions, F(1, 7) =
0.229, p = .875, 3 = 0.03 (see Figure 8). Individual participant
data is reported in online supplementary materials Tables S9—-10.

In addition to the one-way repeated-measures ANOVAs, pro-
portion correct and average confident scores were subjected to
BANOVAs. For proportion correct data this yielded a BF10 of
0.24 (*=1.38%), providing support for the null hypothesis that there
was no differences in performance across conditions. For average
confidence scores, this analysis revealed a BF10 of 0.19
(£0.77%), providing support for the null hypothesis that confi-
dence would not vary across directional range conditions.

The results of Experiment 5 suggest the results of all previous
experiments speak to a systematic influence of direction signal
range on confidence for global direction judgments. In Experiment
5, as in Experiments 1, 2, and 4, objective task performance was
held constant for stimuli containing different ranges of directional
signals. If people had adopted stimulus appearance as a proxy for
confidence, which was invariant due to a constant level of task
performance, they should have shown the same response bias in
this as in previous experiments. They did not. This signifies that
direction signal range can disproportionately undermine confi-
dence for global direction judgments, relative to objective task
performance, but this has no impact on confidence when people
judge an unrelated property— brightness.

General Discussion

We have shown that decisional confidence in global direction
judgments is inversely related to the range of direction signals
within the stimulus. Importantly, this relationship was dispropor-
tionate relative to the impact signal range had on objective task
performance. Despite constant levels of objective task perfor-
mance in Experiments 1, 2, and 4, increasingly broad ranges of
direction signals negatively impacted confidence in global direc-
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Figure 8.  Graph depicting the results of Experiment 5. Error bars depict

*1 SEM.

tion judgments. Note, however, that these data speak to a dispro-
portionate impact, not to a complete dissociation. Stimulus cali-
brations in these experiments successfully manipulated the
magnitude by which mean global test directions were offset from
vertical (the decisional boundary) in order to equate objective task
performance across conditions. This required increasingly large
offsets for stimuli containing increasingly broad ranges of direc-
tion signals (Experiments 1, 2, and 4). So the range of directional
signals impacted on both objective sensitivity and confidence, but
the impact on confidence was disproportionate.

The relationship between directional signal range and confi-
dence in global direction judgments was also evident when offset
magnitudes were calibrated (further increased as directional signal
range increased) to equate felt levels of confidence across exper-
imental conditions (Experiment 3). This resulted in increased
levels of performance, despite constant levels of confidence. These
complementary results reveal a differential weighting of signal
range in computations that limit visual sensitivity and decision
confidence for global direction judgments. More broadly, in com-
bination, Experiments 1-4 show that the precision of perceptual
decisions, and confidence in those decisions, can rely on relatively
independent transformations of sensory input.

The disproportionate impact of signal range on decisional con-
fidence, relative to the sensitivity of direction judgments, cannot
reasonably be ascribed to a people adopting stimulus appearance
as a proxy for confidence when asked to either categorize confi-
dence as low or high (Experiment 1) or when deciding in which of
two decisions they had felt a greater level of confidence (Experi-
ments 2, 3, and 5). In each case, if confidence had been constant,
there was a risk that participants might not have responded ran-
domly, but instead made confidence decisions based on stimulus
appearance, resulting in a confound that was unrelated to felt
confidence. Our data, however, suggest a reliable and systematic
impact of signal range on decisional confidence across partici-
pants. Observers in all experiments reported less confidence for
broader ranges of signals, whereas a confound like that described
above could reasonably be expected to be variable across partici-
pants, with some arbitrarily rating more variable signals as elicit-
ing greater confidence, and others vice versa.

Further evidence against an alternate “Clever Hans” explanation
of our data, independent of the computations governing confi-
dence, was provided by the results of Experiments 4 and 5. In
Experiment 4 we implemented a continuous measure of confi-
dence, which should be immune to biases purely resulting from
demand characteristics associated with binary forced categoriza-
tion tasks that were not associated with actual confidence. If there
was indeed no real variance in felt confidence across experimental
conditions, participants were free to set a marker to a constant
position to reflect this. The data show that they in fact did not; the
results of Experiment 4 were consistent with all previous experi-
ments. In Experiment 5 we investigated the effect of directional
signal range on reported confidence when judging brightness. As
expected, there was no effect of signal range on confidence when
judging a quality unrelated to encoded global direction (bright-
ness), so we can ascribe the results of all previous experiments to
the systematic impact the range of directional signals had on
confidence when reporting encoded global direction, rather than to
a task-demand-related confound.
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Some recent observations are pertinent to our data. Zylberberg,
Roelfsema, and Sigman (2014) examined global orientation judg-
ments concerning stimuli containing multiple oriented line seg-
ments. In contrast to our findings, they reported that stimuli
containing a broader range of differently oriented elements could
result in illusions of increased confidence, despite poor objective
performance. This finding could speak to a discrepancy between
the encoding of confidence for a spatial (orientation) relative to a
temporal (global direction) stimulus dimension. Alternatively, this
result could ensue if, instead of integrating multiple oriented
signals, participants had based confidence judgments on a partic-
ularly salient individual element. We plan to address these possi-
bilities in future experiments.

de Gardelle and Mamassian (2015) have reported a lack of a
single systematic relationship between stimulus variability and
confidence in global direction judgments. Specifically, some par-
ticipants exhibited greater confidence for more variable global
direction signals, whereas others displayed lesser levels of confi-
dence for more variable signals. Unlike our experiments, this study
did not precalibrate stimuli to equate performance across experi-
mental conditions. Instead, they compared conditions containing
different ranges of global directions by selecting, for each condi-
tion, one of a number of different sampled global directions on the
basis that these were approximately matched in terms of perfor-
mance. While it is difficult to interpret a null result, the failure to
detect a reliable relationship between signal range and global
direction judgment confidence may have been due to a lack of
power, with insufficient trials concentrated on critical stimulus
conditions precisely matched in terms of sensitivity. This was a
key feature of our experimental design, and we consistently found
evidence for a systematic relationship between signal range and
confidence in global direction judgments.

Our findings should also be considered in relation to recent
studies using TMS to introduce neural noise. Rahnev, Maniscalco,
Luber, Lau, and Lisanby (2012) found that direct injection of noise
using subthreshold, low intensity single-pulse occipital TMS,
slightly decreased perceptual accuracy in an orientation discrimi-
nation, but increased confidence. Others have observed decreased
confidence with higher intensity TMS to area MT, an approach
that is perhaps more analogous to the present study (e.g., Koivisto,
Mintyld, & Silvanto, 2010; Koivisto, Railo, & Salminen-
Vaparanta, 2011). Recent evidence has also shown that confidence
can be disrupted without impairing visual discrimination perfor-
mance by stimulating the motor response for the alternative choice
in premotor cortex (Fleming et al., 2015). Adjustments to a con-
fidence criterion might also occur under different instructions,
resulting in interactive effects of noise injection and behavior
(Rahnev et al., 2012). Taken together, these results highlight that
diverse effects of external noise injection on confidence can often
be obtained using different experimental paradigms and stimuli
(e.g., Harris, Clifford, & Miniussi, 2008 & Ruzzoli et al., 2011).
How these findings relate to our own will need to be clarified
systematically by further research.

Also pertinent are recent studies that have examined the role of
decision time in determining decisional confidence. Both Kiani,
Corthell, and Shadlen (2014) and Zylberberg, Barttfeld, and Sig-
man (2012) have suggested that decisional confidence can be
negatively related to response times, such that more rapid deci-
sions are associated with greater levels of confidence. Although

response times were not measured in this study, interesting ave-
nues for future research may include an examination of response
time with respect to the dissociation of performance and confi-
dence due to signal range reported here.

We have conducted a sequence of experiments using carefully
calibrated stimuli, and found consistent results across all experi-
ments. We regard our data as evidence that the precision of
perceptual decisions and the determination of perceptual confi-
dence can rely disproportionately on different aspects of neural
population coding (Kiani & Shadlen, 2009). The accuracy of
perceptual decisions is more influenced by the mean value to
which active neurons respond leading up to a decision, whereas
confidence is more governed by the range of differently tuned
neurons active during the evidence accumulation. This could be
adopted as a proxy for the reliability of the encoded signal, and
thereby inform confidence ratings (de Gardelle & Summerfield,
2011; Jazayeri & Movshon, 2006; Pouget et al., 2000; Ma &
Jazayeri, 2014; Yang & Shadlen, 2007; Alais & Burr, 2004; Beck
et al., 2008; Ernst & Banks, 2002; Ma et al., 2006; Solomon,
Cavanagh, & Gorea, 2012). This relationship would allow for the
brain to generate relatively independent estimates of a visual
attribute and of the degree to which one should have confidence in
that decision (Yeung & Summerfield, 2012; Kiani & Shadlen,
2009; Lak et al., 2014). The computational process proposed here
is analogous to Bayesian accounts of sensory cue combination. It
has been shown that when sensory decisions are informed by
signals from multiple sensory modalities, the decision is governed
by a weighted summation of sensory estimates, with weightings
determined by the range associated with each of the initially
independent signals (Ma & Jazayeri, 2014; Alais & Burr, 2004;
Beck et al., 2008; Ernst & Banks, 2002; Ma et al., 2006; Lak et al.,
2014). Data presented here show that the reliability estimates
necessary for this process could provide the basis for confidence
when judging global direction.

An important implication of our findings is that models that
quantify decision confidence as a “readout” of objective sensitivity
are insufficient to account for the transformations of sensory
information implicated in computations governing confidence.
There has, for instance, been a recent uptake of signal-detection
theoretic (SDT) approaches to confidence measurement that con-
strain “metacognitive (Type II) sensitivity” as the degree to which
reported confidence ratings correctly discriminate between correct
and incorrect responses (“meta d prime,” Maniscalco & Lau, 2012;
Barrett et al., 2013; for a review, see Fleming & Lau, 2014). This
framework makes the assumption that the information limiting
decisional sensitivity (d") is exhaustive of the information avail-
able for the confidence judgment for a metacognitively efficient
observer (Maniscalco & Lau, 2012). Contrary to this assumption,
recent findings from this model show that observers’ metacogni-
tive sensitivity (Type II sensitivity) is less than what is predicted
by their objective sensitivity (Type I sensitivity; e.g., Maniscalco
& Lau, 2012). To explain this discrepancy, Maniscalco and Lau
(2012) suggested that different representations or transformations
of the same underlying information might pertain to confidence
relative to sensitivity. Consistent with this reasoning, we show that
the inadequacy of this measure to account entirely for the relation-
ship between Type I and Type II sensitivity is due to the differ-
ential impact of signal range in computations governing confi-
dence. Therefore, a lack of metacognitive sensitivity quantified in
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this way does not necessarily indicate an impaired ability to
introspect upon the effectiveness of their performance (e.g., Flem-
ing & Lau, 2014).

These findings are focused on visual confidence, using global
direction judgments to demonstrate a disproportionate influence of
signal range on confidence, relative to task performance. However,
we anticipate the same relationship will hold for judgments con-
cerning other sensory attributes similarly linked to population
coding, such as orientation (Pouget et al., 2000; Tolhurst,
Movshon, & Dean, 1983; Zemel, Dayan, & Pouget, 1998), spatial
frequency (Deneve, Latham, & Pouget, 1999), disparity (Cot-
tereau, McKee, Ales, & Norcia, 2011) and sound localization
(Fitzpatrick, Batra, Stanford, & Kuwada, 1997; Harper & McAlp-
ine, 2004). Moreover, decisional confidence might generally be
governed by these computational principles. Whether the decision
be about which motion direction we have seen, about which word
we have heard, or about which item we might wish to buy (Iyengar
& Lepper, 2000), we anticipate that decisional confidence might
be governed by the range of differently tuned units within sub-
populations of neurons that contribute to evidence accumulation
(Gold & Shadlen, 2007).
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