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Recent advances in the field of metacognition have shown that human participants are
introspectively aware of many different cognitive states, such as confidence in a decision.
Here we set out to expand the range of experimental introspection by asking whether
participants could access, through pure mental monitoring, the nature of the cognitive pro-
cesses that underlie two visual search tasks: an effortless ‘‘pop-out’’ search, and a difficult,
effortful, conjunction search. To this aim, in addition to traditional first order performance
measures, we instructed participants to give, on a trial-by-trial basis, an estimate of the
number of items scanned before a decision was reached. By controlling response times
and eye movements, we assessed the contribution of self-observation of behavior in these
subjective estimates. Results showed that introspection is a flexible mechanism and that
pure mental monitoring of cognitive processes is possible in elementary tasks.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Humans are endowed with introspection, the ability to monitor their own mind. For a long period in the history of exper-
imental psychology this ability was viewed with some suspicion, mainly because introspection as a method for the investi-
gation of cognitive functioning was largely unsuccessful (see a review in Boring, 1953; Costall, 2006; Danziger, 1980; Lyons,
1986; Sackur, 2009). However, since the recent re-conceptualization of introspection as an intrinsic feature of consciousness
(Feest, 2012; Goldman, 2004; Piccinini, 2003), it has been reconsidered as a legitimate field in cognitive psychology (Jack &
Shallice, 2001; Schooler, 2002; Schooler & Schreiber, 2004) and amenable to experimentation in neuroscience (Baird,
Smallwood, Gorgolewski, & Margulies, 2013; Fleming & Dolan, 2012; Fleming, Weil, Nagy, Dolan, & Rees, 2010; Jack &
Roepstorff, 2002).

Despite great progress in the science of introspection in recent years, an issue not yet resolved is: what mental content is
accessible to introspection? In the wake of Nisbett and Wilson’s seminal paper (Nisbett & Wilson, 1977), researchers have
been very wary of the kinds of introspective reports they should elicit from their participants. Nisbett and Wilson gathered
considerable empirical evidence and theoretical arguments to the effect that one should clearly distinguish reports on inter-
nal cognitive states as opposed to internal cognitive processes. While the former may, in some context, be introspectively
accessed, the latter were deemed, by and large, inaccessible. Thus, asking participants about them would most often lead
to confabulations. Nisbett and Wilson held that the process that links a stimulus and the response does not reach partici-
pants’ consciousness, and that only cognitive products or states are consciously accessed (see also Neisser, 1967). Despite

http://crossmark.crossref.org/dialog/?doi=10.1016/j.concog.2014.08.009&domain=pdf
http://dx.doi.org/10.1016/j.concog.2014.08.009
mailto:gureyes@uc.cl
mailto:jerome.sackur@gmail.com
http://dx.doi.org/10.1016/j.concog.2014.08.009
http://www.sciencedirect.com/science/journal/10538100
http://www.elsevier.com/locate/concog


G. Reyes, J. Sackur / Consciousness and Cognition 29 (2014) 212–229 213
initial substantial objections (Ericsson & Simon, 1980; Smith & Miller, 1978; White, 1980, 1987, 1988), and recent reformu-
lations (Wilson, 2002, 2003), this idea is considered as a canon of the literature on metacognition (Johansson, Hall, Silkström,
& Olsson, 2005; Overgaard, 2006; Overgaard & Sandberg, 2012).

In recent years, the set of responses that may qualify as introspective has considerably increased. Among these, tradi-
tional confidence ratings (e.g., Fleming et al., 2010; Pleskac & Busemeyer, 2010; Song et al., 2011) have been reconsidered
in depth, and new ones, such as judgments of duration of perceptual decisions (Corallo, Sackur, Dehaene, & Sigman,
2008; Marti, Sackur, Sigman, & Dehaene, 2010; Miller, Vieweg, Kruize, & McLea, 2010) have come to the fore. However, it
is important to note that all these new forms of introspection are reports on internal cognitive states, and thus all abide
by Nisbett and Wilson’s canon. In this paper, we seek to put this limitation under experimental scrutiny.

It is interesting to note that most cognitive processes that Nisbett and Wilson target are complex, high-level forms of rea-
soning. Recent advances in the field of introspection have all been achieved by focusing on elementary cognitive tasks. For
instance, Corallo et al. (2008) and Marti et al. (2010) selected the well-studied Psychological Refractory Period paradigm, as a
first order cognitive task, and asked participants to report the durations that they introspectively perceived while performing
this task. Here, we ask whether participants are introspectively aware of a difference in the kinds of processes triggered by
two well-attested first order experimental tasks.

We relied on the following basic paradigm: we instructed participants to perform a visual search task in two different
conditions, one simple and fast, in which the target ‘‘pops out’’, the other being more difficult and requiring an effortful
exploration of the visual scene. Concurrently, on a trial-by-trial basis, we collected quantitative introspective reports. Our
aim was to assess whether these introspective reports correlated with differences in processing that we could infer from
a third-person, external standpoint. We chose visual search as a first order task, as it is known that in this task minimal
changes in the stimuli induce important changes in performance profiles, indicative of a switch between two modes of pro-
cessing. Traditionally, searches were construed as either parallel or serial processes (Sternberg, 1966; Townsend, 1990). In
visual search, Treisman’s seminal Feature Integration Theory (FIT, Treisman & Gelade, 1980) contrasted feature searches
and conjunction searches, the former producing parallel searches and the latter serial searches. This difference was meant
to account for the empirical finding that in feature searches, mean Response Times (RTs) do not increase as the number
of distractors is increased, while in conjunction searches, mean RTs increase linearly as a function of the number of distrac-
tors. FIT asserts that in feature searches the visual system extracts in parallel, pre-attentively, the set of basic characteristics
of the scene, which are necessary and sufficient to select the response. On the contrary, in conjunction searches attention is
deployed serially one item, or group of items, at a time.

A strict dichotomy between parallel and serial searches is no longer tenable (Eckstein, 2011). First, it has been known for a
long time that linear increase in mean RTs is not diagnostic of serial processing (model mimicking, Townsend & Wenger,
2004). Second, it appeared that there is a continuum of more or less efficient searches (Thornton & Gilden, 2007; Wolfe,
1994, 2007; Wolfe, Cave, & Franzel, 1989). The current consensus is that inefficient visual searches exhibit prominently
capacity limits, whereas efficient searches do not incur such limits. Furthermore, it is also widely admitted that easy, efficient
searches evade capacity limits because they benefit from guidance of attention by features extracted from non-selective path-
ways (Wolfe, 2003; Wolfe & Horowitz, 2004; Wolfe, Võ, Evans, & Greene, 2011, but see Cameron, Tai, Eckstein, & Carrasco,
2004; McElree & Carrasco, 1999). Our objective was to test whether participants can introspectively access the presence or
absence of capacity limits and of attentional guidance.

Of course, no decision process is ever absolutely without ‘‘capacity limits’’, and visual searches are no exception to this
rule. For instance, Joseph, Chun, and Nakayama (1997) showed that even highly efficient pop-out searches are subject to
capacity limits when performed in conjunction with an attention depleting dual task. This feature is nicely accounted for
by dual stage models of visual search (Wolfe, 2003) where the second, response selection stage is viewed as a central deci-
sion stage, subject to bottleneck effects. The key point for us is that, in the absence of concurrent tasks, in efficient searches
the response selection stage can benefit from parallel feature extraction performed during the first stage, through attentional
guidance. Inefficient searches cannot benefit from attentional guidance, and thus always exhibit bottleneck effects that
result in slower RTs with increasing set-size.

In all our experiments distractors were schematic Ts, while targets were either an X or an L. These stimuli are known to
produce two clearly different search profiles. Without theoretical commitments, we will refer to searches of an X among Ts
as Feature Searches (FS, targets defined by a single orientation feature), and to searches of an L among Ts as Conjunction
Searches (CS, targets defined by the specific conjunction of two features that are also present in the distractors). After each
decision on the search task, participants were instructed to report the number of items that they had scanned before giving
their response, a measure that we termed ‘‘Subjective Number of Scanned Items’’ (SNSI). We predicted that participants’ esti-
mations would be constant and close to one item in FS, independently of the number of distractors on the screen. In contrast,
we predicted higher SNSI scores in CS, and crucially, an increase as a function of set-size. One may think of this measure as
the subjective counterpart to the ‘‘scanning process’’ of Sternberg’s (1966) pioneering work on memory search.

Two important aspects of the SNSI measure should be emphasized here: first, this measure is an index of putative differ-
ences in processing. We did not ask our participants to report directly on the type of processes involved in a particular trial,
but we reasoned that if there were any such introspectively accessible differences, they should show in the number of sub-
jectively scanned items before the decision. Second, we expect our index to be analytical or pure (Sternberg, 2001), to the
extent that it captures only one among presumably many different kinds of introspective information. That is, our SNSI index
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attempts to selectively isolate the introspective contribution of capacity limits in visual search. Note that Miller et al. (2010)
already tried for a pure measure of subjective (introspective) decision duration.

However, even with this framing of the introspective task, we cannot rule out the contamination of SNSI responses by
other introspective information (Goldman, 2004; Piccinini, 2003; Prinz, 2004). Contamination could occur strategically
because, for instance, participants notice that SNSI correlates with duration and find duration easier to access; or it could
occur unconsciously, as a bias in SNSI reports. Furthermore, we should allow for the possibility that the information that
the SNSI targets might simply not be introspectively accessible. In this case, data from the SNSI scale would be purely exper-
imental artifacts: since we force participants to select a value on the scale, they might comply and simply report something
which they think (according to their theory of search processes) should correlate with SNSI. Indeed, this is the straightfor-
ward prediction from Nisbett and Wilson’s confabulation model.

In order to meet these challenges, we adapted a multi-level mediational approach (Bauer, Preacher, & Gil, 2006) as an
analytic strategy of reliability (Piccinini, 2003), trying to detect whether any effect found on the SNSI scale is explained away
when behavioral variables (i.e., RTs and eye-movements) are taken into account. This approach distinguishes self-observation
and mental monitoring. Knowledge about oneself, even about one’s own mental processes, can derive both from direct access
to mental processes, or through inferences based on self-observation of behavior. Both qualify as introspection in a broad
sense, but only the first is pure introspection, which may be more adequately termed mental monitoring. While this distinc-
tion was clearly stated in Nisbett and Wilson’s seminal paper, it may have been under-appreciated in more recent experi-
mental studies of introspection. The mediational approach is aimed at weighting the relative contributions of mental
monitoring and self-observation in an introspective task.

The first three experiments delineate the conditions under which participants are able to introspect on the search pro-
cesses. We show that even though self-observation of response times could account for a significant portion of the introspec-
tive judgments, we can set-up experimental conditions that permit mental monitoring of the processes themselves. Next, in
the last two experiments we try to insulate introspective judgments from the contaminants that we identified or suspected
in the first experiments. In Experiment 4a, we factor out response times and we measure eye movements, while in Exper-
iment 4b, we both control response times and eye movements.

2. Experiment 1

In this first experiment, we asked participants to detect a visual target in an array of distractors, and after each response,
we asked them to report on a quantitative scale the number of items they felt they had scanned before they reached their
decision (Subjective Number of Scanned Items, SNSI). In addition we also collected traditional introspective measures: con-
fidence judgments and introspective response times (iRT).

2.1. Materials and methods

2.1.1. Participants
Thirteen normal adults, French speakers (10 women), aged between 20 and 29 (mean age: 24.3 years, SD: 3.5) partici-

pated in the study. In this, as in the experiments which follow, informed consent was obtained before the experimental ses-
sion, and participants received compensation of €10 for each 1-h session. None of the participants had any knowledge
regarding the study and all had normal or corrected to normal vision.

2.1.2. Stimuli
Stimuli (see Fig. 1) consisted of a set of black letters (T, L or X, size: 0.8� � 0.6�, luminance: 0.5 cd/m2) on a uniform gray

background (luminance: 44.1 cd/m2), presented on an imaginary circle (radius: 6.2�) around a central fixation spot at the
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Fig. 1. General structure of the task in Experiment 1. The scales appeared immediately after participant’s response on the first order, visual search task, and
their position on the screen was fixed throughout the experiment. Instructions insisted on the fact that the ‘‘subjective number of scanned items’’ (SNSI)
scale required a report of the number of items scanned before the identification of the target.
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center of the screen. Individual orientation for each letter was randomized (0�, 90�, 180�, 270�). Stimuli were equally spaced
on the imaginary circle, while its overall orientation was randomized for each trial. Stimuli were presented on a CRT screen
(size 1700, resolution of 1024 � 768 pixels, refresh rate of 100 Hz, viewing distance �55 cm). The experiment took place in a
dark booth with the monitor as the only source of light.

2.1.3. Task and procedure
Stimuli were presented for 200 ms, preceded by a fixation spot presented for a duration drawn from the interval

400–700 ms. Participants were instructed to decide on the presence or absence of a target (L or X) within the set of dis-
tractors (Ts), by pressing as quickly and accurately as possible, with the index and middle fingers of their left hand, either
the ‘‘A’’ or ‘‘Z’’ key on a standard AZERTY French keyboard. Half of the trials were target absent trials, with only distractors.
Target present trials contained one ‘‘L’’ or one ‘‘X’’. Set-size (2, 4, 8 or 12 items, including target if present) and presence or
absence of a target were fully crossed. Immediately after the perceptual decision, three continuous introspective scales
were presented within the same display: (i) Confidence: Are you certain of your decision? Labeled at the two extremes
with ‘‘guess’’ and ‘‘absolutely certain’’; (ii) Subjective Number of Scanned Items (SNSI): How many items do you think
you examined before reaching your decision? This scale ranged from a minimum of ‘‘0’’to a variable maximum, equal
to the set-size of the trial; (iii) Introspective estimate of the response time (iRT): How long do you think that it took you
to determine whether the target was present or absent? This was a graduated scale ranging from 200 ms to 1200 ms with
marked intervals of 100 ms.

Position of the scales on the screen was constant during the experiment. Participants used their right hand to move
the cursor with the computer mouse, and click on the scales to give their quantitative introspective estimates. Meaning
and use of the introspective scales was explained before the main experiment, while during the experiment instructions
were presented in an abbreviated manner below the scales. Participants were instructed to avoid fast or automated
responses.

Before the experimental blocks participants received two-stage training. During the first stage of 16 trials the visual
search task, with a lengthened duration of 800 ms, was presented without the introspective scales but with audio feedback
on correct and incorrect responses. This phase was repeated until participants reached a performance of 90% correct. The
second training, also comprising 16 trials, introduced the introspective scales. Feedback was given on the response time esti-
mate: a blue bar above the scale, which indicated the objective response time, after the participant’s estimate had been
given. During the second stage, the primary task was presented at 200 ms and participants proceeded to the main experi-
mental block without the performance criterion. The experimental session comprised 480 trials (120 repetitions per search
condition) in 10 blocks with a 60 s pause between blocks. The experimental session lasted �1 h.

2.1.4. Training session
The day before the experimental session, participants took part in a training session (480 trials, one hour) which was in all

respects identical to the main experimental session with the exception that target types were blocked.

2.2. Results

2.2.1. First order task
First, we wanted to verify that the two search conditions were opposed as regards capacity limitation, as is classically

reported in the literature. We excluded trials with response times below 200 ms and trials with response times 3 SD above
the median (3.8%).

Here, and in all following analyses, we used Linear Mixed Models (LMMs) with fixed effects of search type (feature search,
FS versus conjunction search, CS), set-size (2, 4, 8, 12) and their interactions. As random effects the models included inter-
cepts and a random slope for set-size for each participant. In all LMMs we used the restricted maximum likelihood (REML) as
fitting method.

Response times and error rates were correlated (present target trials: r2(103) = .30, bStand. = .55, t = 6.58, p < .001; absent
target trials: r2(51) = .21, b = .46, t = 3.64, p < .01, see Fig. 2A). Thus, we computed an Inverse Efficiency Scores (IES: ratio of
median RTs over proportion of correct responses, see Austen & Enns, 2003; Bruyer & Brysbaert, 2011; Townsend & Ashby,
1983), which provides a concise summary of the first-order results. Lower values correspond to better performance. Before
calculating IES, RTs were log-transformed to approximate normal distribution.

We found the pattern of interaction between target type and set size (see Fig. 2B), which is typical of the opposition of
capacity limited and non-capacity limited searches. We ran an LMM on IES on target present trials, and found that the two
main effects were significant (search type: F(1,84.5) = 4.72, p < .05, the set-size: F(1,11.6) = 4.73, p < .05) as well as the inter-
action (F(1,84.8) = 8.22, p < .01). A more detailed examination indicated that while in CS, IES increased as a function of set-
size (F(1,12.0) = 7.79, b = .28, p < .05), it was constant in FS (p > .53). When the analysis was repeated on the trials without a
target, a significant increase of IES by set-size was shown (F(1,13.8) = 7.19, b = .72, p < .05). IES in these trials was higher than
in target present trials (F(1,88.7) = 38.12, p < .001). In sum, these results validate the choice of targets and distractors: search-
ing an L among Ts is increasingly difficult with increasing set-sizes compared to searching an X among Ts. This lends support
to the idea that searching an L is capacity limited as opposed to the search for an X.
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2.2.2. Second order task
After each first order response, participants gave three second order responses: confidence, introspective response time

(iRT), and subjective number of scanned items (SNSI), this last response being the focus of our investigations. All p values
were Bonferroni corrected (p(cor)), to account for the 3 dependent variables.

Confidence decreased in CS as a function of set-size, but stayed high for FS at all set-sizes (see Fig. 3A). This was confirmed
statistically: we ran the previous LMM on mean confidence index (anchored at 0 and 1), which showed a significant main
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effect of set-size (F(1,12.2) = 11.32, p(cor) < .05), no effect of search type, (p(cor) > .45), and a significant interaction between
these factors (F(1,81.4) = 16.43, p(cor) < .001). Importantly, we found a significant and negative slope for CS
(F(1,12.0) = 13.40, b = �.01, p(cor) < .01), while it was not significant in FS (p(cor) > .54). In absent trials, the confidence index
significantly decreased as a function of set-size (F(1,90.0) = 16.13, b = �.02, p(cor) < .001).

Next, we regressed iRT (see Fig. 3B and C) on RT, across correct-present individual trials, for each search condition sep-
arately. The regression slope was different from zero in both conditions (CS: r2(1199) = .13, b = .34, SE = .02, p(cor) < .001; FS:
r2(1517) = .16, b = .58, SE = .03, p(cor) < .001), indicating that participants could access their response times in each search
condition. The difference between these two slopes was significant, (F(3,2717) = 173.1, b = .23, SE = .04, t = 5.60,
p(cor) < .001), which indicates a better introspective access of RTs in FS than CS. The same regression on trials without a tar-
get yielded a significant slope (r2(1956) = .07, b = .24, SE = .07, p(cor) < .01). In sum, results on these two second-order tasks
show that participants have introspective knowledge about their performance.

Now we come to the subjective number of scanned items (SNSI), which tracks the subjective accessibility of capacity lim-
itations during the search. SNSI increased as a function of set-size (see Fig. 3D), but did not reveal any difference between
search conditions. Set-size effects were found both in target present trials (F(1,12.0) = 6.73, p(cor) < .05) and in target absent
trials (F(1,12.0) = 8.53, p(cor) < .05). No other main effects or interaction were significant. This suggests a general effect of the
number of items displayed, without introspective access to the difference in the search processes involved.

2.3. Discussion

In agreement with the extensive literature on visual search, we found that a target with a distinctive feature (an X among
Ts) gave rise to an efficient, pop-out search, evidenced by a flat slope in all first order measures (RTs, Error rates and IES) with
increasing set-sizes. In contrast, the search for a conjunction of the same two features (an L among Ts) yielded inefficient
searches: an increased number of distractors decreased performance. Thus, our conjunction search stimuli did create capac-
ity limitation which is not present in feature search.

Results on the introspection of the number of scanned items do not parallel the objective, first order results. Our predic-
tion was a flat slope for FS as a function of set-size and a steeper SNSI slope for CS. We found that the number of items
scanned increased in both search conditions as a function of set-size, without significant differences between them. The
absence of any reported subjective difference between the two searches forces us to conclude that participant have no intro-
spective access to capacity limitation.

Furthermore, as demonstrated by the results on the iRT and confidence scales, our participants were able to report well-
established second order parameters: Confidence correctly tracks task difficulty, and iRT follows objective RT. Both subjec-
tive measures reveal introspective knowledge of the general structure of the experimental control, indicating that, after the
decision has been made, participants are aware of some general properties of their decision processes.

The pattern of results we find runs directly counter to what previous quantified introspection paradigms would lead us to
predict. Indeed, results using the Psychological Refractory Period paradigms (Corallo et al., 2008; Marti et al., 2010) pointed
to a greater subjective availability of central decision processes as opposed to perceptual stages in an elementary cognitive
task. Here, we found the opposite: the set-size factor which is the more perceptual of the two, gives rises to differentiated
introspection, whereas search type, which is more central, as it directly modifies the nature of the decision process, does not.
Notice that in a sense this null result, ironically, is a good defense against the charge that high level introspective questions
should not be used, because reports will be tainted by confabulations (Nisbett & Wilson, 1977). While the stimuli were easily
differentiated retrospectively and their impact on the difficulty of the decisions was accessed through confidence and sub-
jective duration of the search, participants did not confabulate.

The increase in SNSI with set-size may indicate that participants maintain a fixed width attentional window, irrespective
of guidance (Wolfe, 1994, 2007). By necessity, such a window would encompass more items as set-size increases (Young &
Hulleman, 2012), because the imaginary circle on which our stimuli are positioned has a fixed radius. According to this
hypothesis, SNSI indexes the quantity of information recovered in parallel during the first pre-attentional stage of the search,
but would not selectively distinguish the type of attentional control specific to each type of search.

If one takes into account both the effect of set-size on SNSI and the results on the confidence and iRT scales, our results
are in overall agreement with Nisbett and Wilson: on a trial-by-trial basis, participants are introspectively aware of the
perceptual load of the stimulus; they are also introspectively aware of some state consequences of the cognitive processes
involved (confidence and self-observed global response duration); but they are mainly unaware of the processes them-
selves. However, this interpretation is open to methodological objections, as it rests on a null result. This could be the con-
sequence of a deficiency at any of the following levels: (i) the cognitive difference targeted might not exist; (ii)
introspection might not be able to access it; (iii), the means we give our participants to report their introspection might
be inadequate.

This third possibility seems ruled out by the fact that there is a significant impact of set-size. However, before we can
proceed any further, we first need to address the first objection, namely that we did not find any introspective difference
between the two search types because they did not generate different processes: Both might be equally guided and capacity
limited. Thus, we need independent empirical evidence of differential capacity limitations in our two search conditions, in
the context of our stimuli and tasks. We designed the next experiment to address this issue.
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3. Experiment 2

In the second experiment, we re-assess whether our stimuli generate distinct search processes, so that it may make sense
to look for our participants’ ability to gain introspective knowledge of them. We appealed to the following objective method:
we introduced trials with two identical targets and participants had to report whether there were 1 or 2 targets. We rea-
soned that if capacity limits in CS are to be accessible in an introspective task, they should at least generate a bottleneck,
and thus impair objective detection of an extra target. As opposed to that, in FS, the difference between one and two targets
trials might be present right from the first sensory stage (Wolfe, 2003, 2007), and therefore it should be correctly detected.
Additionally, if FS are done in a non-capacity limited mode, performance should be independent from set-size and from the
number of targets, while this would not be the case in CS. Failure in any of these predictions would suggest that the absence
of introspection we found in Experiment 1 is a faithful introspection of an absence.

3.1. Materials and methods

3.1.1. Participants
Seventeen normal adults, French speakers (12 women), aged between 20 and 32 (mean age: 23.8 years, SD: 3.1) partic-

ipated in the study.

3.1.2. Stimuli and procedure
Visual properties of the stimuli did not differ from those in Experiment 1. With respect to the procedure, in half of the

trials one or two identical targets could be presented («L», «L L», «X» or «X X», equal proportions), for the other half only dis-
tractors were presented («Ts»). When two targets were presented, both were randomly positioned on the stimuli imaginary
circle, with at least one distractor between these when the set-size was higher than 2. Set-size, fixation and stimulus dura-
tions were identical to those of Experiment 1. Participants were asked about the presence or absence of at least one target
(«X» or «L»). Then, on 70% of the target present trials, participants were instructed to estimate the number of targets in the
scene (or Identification of the Number of Targets, INT). Participants used the ‘‘U’’, ‘‘I’’ and ‘‘O’’ keys with the index, middle and
ring fingers of the right hand to report 0, 1 and 2 targets. The experiment consisted of 10 blocks of 80 trials with a 60 s pause
between each block, totaling 400 target present trials, and among them 280 trials with a forced choice estimate of the num-
ber of targets. A similar training to the one of Experiment 1 was administered before the main experimental blocks.

3.2. Results

As in the previous experiment, median RTs and mean error rate presented a positive and significant correlation across
target present trials (r2(271) = .05, b = .24, t = 3.98, p < .001), therefore, they were transformed into inverse efficiency scores
(IES). Before this transformation, we excluded trials with response times below 200 ms and trials with response times 3 SD
above the median (2.4%) and RTs were log-transformed to approximate normal distribution.

On the detection response, we found a pattern similar to the one of Experiment 1. Namely, search efficiency decreased as
a function of set-size in CS but not in FS (see Fig. 4A). However, this interaction seemed modulated by the number of targets
presented, to the effect that search efficiency for difficult target was less impacted by the set-size when there were two tar-
gets. To assess this pattern statistically, we ran an LMM on IES with fixed factors of set-size, number of targets and search
type, as well as all possible interactions between these. We tested this model on target present trials. The triple interaction
was significant (F(1,248) = 6.27, p < .05). We also found that the interactions between set-size and search type were signif-
icant with one and two targets (one target: F(1,116) = 18.45, p < .001; two targets: F(1,116) = 5.96, p < .05). Furthermore,
with one as well as two targets, we found a non-significant slope in the FS search condition (one target: p > .64; two targets:
p > .92), while it was significantly positive in the CS condition with one target (F(1,17.5) = 7.00, b = 1.19, p < .05) and margin-
ally significant with two targets (F(1,25.5) = 3.42, b = .37, p = .07). Finally, we found a main effect of the number of targets in
the CS condition so that performance was higher with two targets than with one (F(1,118) = 11.11, p < .001). In contrast the
number of targets had no impact on performance in FS (p > .10). In sum, the number of targets facilitated search in the CS
condition, but not in the FS condition.

Regarding the number of targets identification (INT), the pattern of results (see Fig. 4B) exhibited a triple interaction to
the effect that, in the one target condition, increased set-size lead to reports of illusory targets in both conditions, while in
the two targets conditions, we observed a sharp opposition of search types: in FS participants did report seeing both targets,
but not in CS.

When we applied a LMM on correct trials with mean INT as dependent variable, we found that the triple interaction
between the number of targets, the search type and the set-size factors was significant (F(1,214.3) = 3.65, p < .05). In one tar-
get trials, we only found a main effect of set-size (F(1,25.8) = 11.90, p < .01), corresponding to the illusory increase of per-
ceived targets, without a significant difference between the search types (p > .35), and no interaction (p > .85). In contrast,
in two target trials, we found a significant main effect of search type (F(1,94.2) = 17.52, p < .001), and no effect of the set-size
factor (p > .31). The interaction was also significant, (F(1,94.2) = 9.61, p < .01): in the CS condition, the number of reported
targets decreased with set-size (F(1,77.8) = 8.43, b = �.02, p < .01), while the slope was not significant in FS (p > .88).
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3.3. Discussion

We confirmed that our FS induces an efficient search process, while our CS induces an inefficient process. Search is so
efficient in FS that a second target does not improve performance, while it does in the inefficient CS condition.

Our main interest was in the secondary task, which was a 3 alternative forced choice decision on the number of targets
perceived. The logic of the two targets trials was that if search in CS is capacity limited, then participants should miss more
second targets in CS, as an optimal strategy should be to stop the search as soon as they have detected the first one. Results
clearly confirmed this prediction: while IES considerably improved with a second target in CS, participants missed the sec-
ond target in this condition, and did so increasingly as set-size increased. One plausible interpretation is that performance
with 2 targets improves in CS because the probability of identifying the first target on the scene increases, thus, the visibility
of a second target decreases.

The illusory increase of perceived targets with set-size when only one target is presented mirrors the increase of SNSI
with set-size in the first experiment. Set-size might be a variable that is accessed very early in the search process. With
increasing set-sizes perceptual uncertainty on individual items will increase. Thus, identification of individual items might
depend more on expectations (de Gardelle, Sackur, & Kouider, 2009). This would translate, in this Experiment into the
increase of hallucinated second targets, and in Experiment 1, into the introspective increase in perceptual load.

In conclusion, Experiment 2 shows that our tasks generate capacity limits to which behavioral measures are sensitive.
Thus, the question of whether these limits are analogously accessible to introspection is meaningful.

We now discuss the possibility that the lack of introspection for capacity limitations that we found in Experiment 1,
should be specific to the implementation of the task. One aspect that might have had a decisive impact on our participants’
subjective reports is the short presentation time (200 ms). Indeed, Bergen and Julesz (1983) suggest that a short presentation
time favors feature searches. Time pressure in Experiment 1 may have created a bias on the first stages of the visual search
process, before attentional guidance could comes into play. Current integrated models of visual search (Wolfe, 2003, 2007;
Wolfe & Horowitz, 2004) distinguish a pre-attentional stage during which a target-like signal is extracted in parallel over the
scene, and a second stage of target selection, during which attention is guided, according to the signal extracted during the
first stage. In fast searches, an optimal strategy, minimizing time spent in the experiment while maintaining high perfor-
mance, would be to respond quickly, on the basis of the signal extracted during the first stage. This would explain both
the impact of the perceptual load in introspection and the absence of introspection of capacity limitations, as the favored
strategy would be biased towards the perceptual parallel stage.

We reasoned that in order to render capacity limitation accessible, we needed to allow more time for the search and to
force completion of the search. Participants should be forced not only to decide on the target presence, something they can
do on average with some reliability on the basis of the information extracted during the first stage. Participants should be
required to identify the target, something they cannot do until it has been put under attentional focus. To this end, we
required that participants report a feature of the target orthogonal to its defining feature.
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4. Experiment 3

In this experiment, we tested whether more favorable conditions would enable participants to introspect on capacity
limitations. Compared to Experiment 1, we introduced the following modifications: 1 – the first order task was to report
the target’s color in an array of randomly colored items; 2 – the stimulus array was presented until participants responded,
so as to discourage fast guesses based on incomplete processing; 3 – we added categories on top of the continuous
quantitative SNSI scale, a procedure inspired by the Perceptual Awareness Scale (RamsØy & Overgaard, 2004).

4.1. Materials and methods

4.1.1. Participants
Twenty-one normal adults, French speakers (18 women), aged between 19 and 28 (mean age: 21.3 years, SD: 2.1)

participated in the study.

4.1.2. Stimuli and procedure
The stimuli (see Fig. 5) consisted of a set of red (luminance: 58.4 cd/m2) and green letters (luminance: 50.1 cd/m2)

presented on an imaginary circle around a central fixation (radius: 6.2�). All the trials presented targets (‘‘X’’ or ‘‘L’’). Set-size
(4, 8 or 16 items) and the target and distractors (‘‘Ts’’) orientation (0�, 90�, 180�, 270�) were randomized across trials. Stimuli
were equally spaced on the imaginary circle.

Participants were instructed to decide whether the target presented was red (‘‘Z’’ key) or green (‘‘A’’ key). Stimuli were
presented until participants responded. The SNSI scale was presented immediately after response. Under the scale four qual-
itative categories were specified (in French): ‘‘no item’’, ‘‘some items’’, ‘‘many items’’ and ‘‘all items’’. Each participant per-
formed 480 trials (8 blocks of 60 trials) with a 60 s pause between blocks. A training phase similar to the one of Experiment 1
was included. Participants were instructed to avoid fast or automatic responses, and they were told that the categories on the
scale were to be used as anchors for their subjective estimations, but that they should use all positions on the scale to report
their best subjective estimate.

4.2. Results

4.2.1. First order task
We excluded trials with response times below 200 ms and trials with response times 3 SD above the median (4%). Given

the low (3.8%) percentage of errors in this experiment we restricted our analyses to correct trials.
As in Experiment 1, we observed the expected interaction, reflecting the opposition of the capacity limited searches for CS

and non-capacity limited for FS (see Fig. 6A). Indeed, an LMM on median correct RTs (log-transformed) revealed a significant
main effect for search type (F(1,88.7) = 269.6, p < .001) and set-size (F(1,124.2) = 95.2, p < .001), and a significant interaction
between these factors (F(1,88.7) = 69.71, p < .001). The CS condition lead to a significant increase in response time as a func-
tion of set-size (F(1,41.0) = 307.6, b = .03, p < .001), and a marginal one in the FS condition (F(1,20.2) = 5.71, b = .004, p = .051).

4.2.2. Second order task
SNSI responses parallel response times (see Fig. 6B). A similar LMM performed on mean SNSI revealed a significant main

effect of search type (F(1,99.9) = 125.5, p < .001) and set-size (F(1,115.0) = 33.03, p < .001). The interaction between these fac-
tors was also significant (F(1,99.9) = 22.63, p < .001). Critically, set-size significantly impacted participants SNSI in CS
(F(1,20.0) = 92.98, b = .08, p < .001), but not in FS (p > .31).
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Contrary to what we had found in Experiment 1, here, participants were able to introspect on the difference in search
process generated by the FS and CS stimuli, as SNSI results parallel first order results. If we interpret first-order results as
evidence for capacity limitations in CS, it seems that participants are subjectively aware of such limitations. However, these
results may very well derive from inferences based on non-introspective sources of information. As discussed in the Intro-
duction, participants might have modulated, on a trial-by-trial basis, their introspective estimation on the basis of their RTs,
producing confabulatory introspective reports. To assess to what extent SNSI was contaminated by self-observation of
response times, we used mediation analyses (Bauer et al., 2006). The strategy consists in testing whether the impact of
search type and set-size on SNSI disappears when RTs are controlled. We focus our analysis on the interaction term between
search type and set-size, given that this effect is diagnostic of capacity limitations. Disappearance of this effect would suggest
that introspected capacity limitation is in fact due to self-observation of RT. Along these lines, we estimated the total effect
(the impact of the interaction term on SNSI), the indirect effect (the size of the interaction effect explained by RT, i.e., the
mediator variable) and the direct effect (the difference between the total and indirect effect, which denotes the impact of
the independent variables on SNSI not mediated by changes in RT). As in previous analyses, we considered that all these
effects can vary randomly between participants. Our mediation model has thus two levels: both the outcome (SNSI), the pre-
dictor (interaction between set-size and search type) as well as the potentially mediating variable (RT) constitute the first
level, which are nested within each participant (i.e., second level). To test the significance of the indirect effect, we used a
Monte Carlo confidence interval method (Preacher & Selig, 2012; Selig & Preacher, 2008). We refer the reader to the
Appendix for the details of the model.

In agreement with the previous analysis, we found a significant total effect of the interaction term on SNSI
(F(1,19.9) = 194.0, c = .02, p < .001). We also found that the interaction term impacted RTs (F(1,19.8) = 489.5, a = .04,
p < .001). In addition, controlling the interaction effect on SNSI, RT presented a significant relationship with SNSI
(F(1,20.1) = 171.3, b = .29, p < .001), which is required for RTs to be considered as potential mediator. Finally, after controlling
the RT effect on SNSI, we found that the impact of the interaction on SNSI was reduced (direct effect: F(1,19.9) = 39.34,
c0 = .007, p < .001). Thus, we found a partial mediation of SNSI by RTs: the size of the indirect effect was .013 (C.I. [.011,
.016]). In other terms, 65% of the effect of the interaction term on SNSI was mediated by RTs.

4.3. Discussion

In this experiment, we again observed the contrast between feature searches (FS) and conjunction searches (CS): increas-
ing set-sizes gave rise to a significantly steeper RT slope in CS than in FS. Errors were not informative, which is a consequence
of the search array being presented until participants’ responses. Results on the SNSI scale suggest that participants’ intro-
spection not only showed a global difference between the search conditions, but also and importantly, SNSI increased as a
function of the number of distractors in the array only in CS. Furthermore, the impact of the interaction between set-size and
search type on the subjective number of scanned items was only partially mediated by response times. Thus, capacity limits
are, at least in part, introspectively accessible by pure mental monitoring, provided that the context of the task makes them
sufficiently salient.

Even though the introspective task was identical in Experiments 1 and 3, the context influenced how it was performed: in
Experiment 1, high speed demands favored introspection based on the first perceptual stage, and we found only an effect of
perceptual load in introspection. Here, the demands of the task shifted towards the second, target identification stage, and
participants’ introspection followed suit. We suggest that when task contexts vary, introspection flexibly adapts to different
aspects of the same cognitive processes.

Our mediation analyses showed that response times have a major impact on introspection. We can speculate on how this
comes about: first, it may happen through a contaminating bias, i.e., introspective response times were automatically
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computed, in parallel with the pure SNSI, and then biased responses. Second, response times may impact the estimates on
the SNSI scale through confabulation, i.e., if participants have a theory about the link between response duration and the
number of scanned items during the decision process. Third, there might be a real introspective process link: without any
explicit theory, participants’ spontaneous introspective task setting might use diverse sources of information, including deci-
sion duration and self-observation of response times.

In the next experiments, in order to control and possibly factor out the use of self-observation in introspection, we used a
fixed stimulus presentation time and a late response window (Experiment 4a and 4b), and we recorded (Experiment 4a) or
controlled (Experiment 4b) eye movements.

5. Experiments 4a and 4b

In these experiments we seek to better understand the nature of the information used by participants’ introspection. For
this purpose, we kept the same first-order stimuli and second order task as in Experiment 3. We only introduced a fixed stim-
ulus duration and a response window: responses could only be produced during a 1000 ms response window that began
immediately after a fixed 3000 ms stimulus presentation. In addition, we recorded gaze position during stimulus presenta-
tion so as to include eye movements as possible mediators in the analysis of introspective responses. The only difference
between Experiment 4a and 4b, was that in the former eye movements were allowed but not in the latter.

5.1. Materials and methods

5.1.1. Participants, stimuli and procedure
In Experiment 4a, eighteen normal adults, French speakers (9 women), aged between 18 and 28 (mean age: 22.8 years,

SD: 2.7) participated. Each participant performed 288 trials (8 blocks of 36 trials) with a 60 s pause between blocks. A similar
training to the one of Experiment 1 was administered before the main experimental blocks. Eye movements were recorded
monocularly with an eye tracker (EyeLink 1000 system, SR Research, Canada), with a sampling rate of 1000 Hz and a spatial
accuracy better than 1� (camera-eye distance: �55 cm). Saccades were determined using a conservative algorithm (velocity
threshold: 30�/s, acceleration threshold: 8000�/s2, motion threshold: 0.15�). For all participants the right eye was recorded.
Stimuli were identical to those of Experiment 3, except that their duration was fixed at 3000 ms. Participants could only
respond during a 1000 ms window beginning at stimulus offset. A recalibration procedure for the eye tracker was conducted
before each block.

In Experiment 4b, fifteen normal adults, French speakers (11 women), aged between 19 and 29 (mean age: 22.7 years, SD:
2.5) participated. The stimuli and procedure did not differ from those of Experiment 4a, except that in this study, participants
were requested to fixate on the cross at the center of the stimuli during the entire 3000 ms presentation time. An invisible
circle (radius: 3.0�) around fixation determined the degrees of freedom of eye movements: participants were told that if their
gaze moved away from the fixation cross, the trial would be considered incorrect, and the next trial would begin immedi-
ately. During the training period, participants were trained to suppress eye movements during the presentation of the
stimuli.
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5.2. Results

5.2.1. Experiment 4a: First order task
Given the low percentage of errors in this experiment (2%), they were not analyzed. Although the response window

greatly sped-up motor responses (see Fig. 7A, dashed lines), they still showed a pattern analogous to the one of Experiment
3. An LMM was run on median log-transformed RTs. All main effects and the interaction were significant (search type:
F(1,69.8) = 15.59, p < .001; set-size: F(1,17.2) = 33.56, p < .001; interaction F(1,69.8) = 14.88, p < .001). As in Experiment 3,
we found a significant and steeper slope for CS (F(1,17.7) = 38.40, b = .013, p < .001) than for FS (F(1,17.3) = 10.28, b = .005,
p < .01).

Next, we analyzed the latency of the first fixation on the target (First Target Fixation Latency, FTFL). We defined a square
window around the target (0.8� � 0.8�), and measured the latency with respect to the first fixation of at least 50 ms within
this window. As shown in Fig. 7A, the latency of the first fixation on the target mirrors the interaction pattern previously
found on response times. We ran an LMM on median FTFL (log-transformed) within correct trials. Again, the main effects
and the interaction were significant (search type: F(1,75.4) = 103.7, p < .001; set size factor: F(1,24.0) = 131.8, p < .001; inter-
action: F(1,75.4) = 44.22, p < .001). The CS condition showed a steeper slope as a function of set-size (F(1,28.1) = 115.8,
b = .05, p < .001) than for FS (F(1,19.2) = 31.88, b = .01, p < .001). In addition, as shown in Fig. 7B (light gray bars), the number
of saccades (log-transformed) follows a similar patter; the two main effects and the interaction term were significant (search
type: F(1,72.3) = 56.63, p < .001; set-size: F(1,13.8) = 114.9, p < .001; interaction: F(1,72.3) = 23.27, p < .001; CS:
F(1,35.0) = 135.3, b = .05, p < .001; FS: F(1,35.0) = 23.45, b = .02, p < .001). Finally, we also analyzed mean saccade amplitudes
(log-transformed), during the same time window, with a similar LMM. We observed again that the two main effects and the
interaction term were significant (search type: F(1,67.8) = 10.14, p < .01; set-size: F(1,20.8) = 109.8, p < .001; interaction:
F(1,67.8) = 4.00, p = .051). A more detailed examination indicated that both in CS (F(1,22.2) = 116.5, b = �.02, p < .001), as
well as in FS (F(1,35.0) = 39.71, b = �.01, p < .001), the saccade amplitude decreases as a function of set-size (see light gray
bars in Fig. 7C). This decrease may be due to the fact that the radius of the imaginary circle for stimuli is constant. Conse-
quently, with small set-sizes, participants’ search will involve greater amplitude eye movements, because stimuli are farther
apart.

5.2.2. Experiment 4b: First order task
One participant was excluded from the analyses because he had unusually high error rates (>50%). In this experiment 8%

of the trials were excluded from the analysis because eye movements exceeded the acceptable fixation zone.
As previously, RTs exhibited the typical visual search interaction (see Fig. 7D) and this was confirmed by an LMM on med-

ian correct (log-transformed) RTs (set-size: F(1,14.5) = 29.35, p < .001; search type: p > .25; interaction F(1,57.6) = 24.99,
p < .001). We also found a significant increase of RTs as a function of set-size in CS (F(1,14.5) = 28.64, b = .02, p < .001), but
not in FS (p > .10). In the similar LMM on error rate (arcsine transformed) we found the same significant effects (set-size:
F(1,24.0) = 24.24, p < .001; search type: p > .64; interaction: F(1,72.0) = 33.34, p < .001), which was characterized by a higher
increase in CS (F(1,18.3) = 24.66, b = .01, p < .001) than for FS (F(1,18.2) = 5.88, b = .001, p = .05).

As expected, the instruction to fixate introduced a drastic change in eye movements (see Fig. 7B and C). No significant
effects of the experimental variables were found on the number of saccades nor on the saccade amplitude (all ps > .10).

5.2.3. Experiment 4a: Second order task
As shown in Fig. 8, participants’ introspection depended on the two factors of set-size and search type. In an LMM per-

formed on mean SNSI, we found that both main effects, as well as the interaction were significant (search type:
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F(1,70.0) = 89.17, p < .001; set-size: F(1.17.0) = 21.13, p < .001; interaction: F(1,70.0) = 22.54, p < .001). A more detailed look
at the interaction revealed that SNSI increased as a function of set-size in CS (F(1,35.0) = 53.92, b = .10, p < .001), but not in FS
(p > .60).

Then, we investigated the possible contamination of this interaction effect by self-observation. First, we ran a multilevel
mediation model with RTs as mediator. The analysis showed a significant interaction between set-size and search type on
SNSI (F(1,16.9) = 260.5, c = .06, p < .001) and on RTs (F(1,17.3) = 128.3, a = .01, p < .001). Second, controlling the interaction
effect on SNSI, we found a significant impact of RTs on SNSI (F(1,13.8) = 54.35, b = .32, p < .001). Finally, when the impact
of RTs on SNSI was controlled, the interaction effect was marginally reduced (F(1,381.4) = 520.7, c0 = .05, p < .001, indirect
effect: .005, C.I. [.003, .006]; 8% contaminated). Following this logic, we found that the interaction between set-size and
search type had a significant impact on first target fixation latency (FTFL) (F(1,17.3) = 387.3, a = .06, p < .001). At the same
time, FTFL presented a significant relationship with SNSI, after controlling the interaction term (F(1,17.1) = 85.89, b = .67,
p < .001). Then, after controlling FTFL, we observed that the interaction impact on SNSI was only partially mediated by
the latency of the first fixation on the target (F(1,379.9) = 127.6, c0 = .01, p < .001, indirect effect: .04, C.I. [.037, .045]; 66%
contaminated).

Moreover, we found a significant interaction effect between set-size and search type on the number of saccades
(F(1,17.1) = 542.5, a = .06, p < .001), a significant impact of the number of saccades on SNSI, after controlling the interaction
term (F(1,17.2) = 93.26, b = .17, p < .001) and a significant interaction effect on SNSI, after controlling the number of saccades
effect on SNSI (F(1,17.8) = 35.01, c0 = .05, p < .001). These results suggest a marginal mediation effect of the number of sac-
cades (indirect effect: .01, C.I. [.009, .014]; 16% contaminated). Finally, we found a significant interaction effect between
set-size and search type on the saccades amplitude (F(1,16.6) = 37.91, a = �.01, p < .001). Then, after controlling this effect,
we observed a significant impact of the saccades amplitude on SNSI (F(1,17.8) = 55.40, b = .16, p < .001) and a significant
interaction effect on SNSI, after controlling the mediator (F(1,16.4) = 261.5, c0 = .06, p < .001). However, the indirect effect
was not significant: �.002, C.I. [�.008, .008]).

5.2.4. Experiment 4b: Second order task
Participants’ introspection presented the same pattern as in the previous experiment. A similar LMM on mean SNSI

showed that both main effects, as well as the interaction, were significant (search type: F(1,55.3) = 18.05, p < .001; set-size:
F(1,14.8) = 33.19, p < .001; interaction: F(1,55.3) = 32.81, p < .001). This interaction was characterized by a significant SNSI
increase as a function of set-size in CS (F(1,14.2) = 47.21, b = .19, p < .001), but not in FS (p > .10, see Fig. 8). Then, we eval-
uated whether this interaction effect was mediated by RTs or eye-movements, even though both were restricted in this
experiment. Multilevel mediation models showed that the interaction between set-size and search type presented a signif-
icant effect on SNSI (F(1,13.2) = 67.74, c = .03, p < .001) and on RT (F(1,15.0) = 49.72, a = .01, p < .001). After controlling the
interaction effect, we found a significant RT/SNSI relationship (F(1,14.1) = 31.38, b = .10, p < .001). Finally, controlling this
RT effect, the interaction effect on SNSI was only marginally reduced (F(1,13.1) = 63.24, c0 = .03, p < .001, indirect effect:
.0018, C.I. [.001, .002]; 6% mediated). The same model ran on the number of saccades (a = .007, p > .53) and on the saccade
amplitude (a = .006, p > .13), confirmed that none of these variable presented a significant relationship with the interaction
term.

5.3. Discussion

In Experiment 4a, we tried to factor out response times, so as to assay whether participants could still do the introspective
task without access to this behavioral information. Our use of a response window had a drastic influence on response times,
without totally eliminating the information they carry about the search processes, as evidenced by the fact that we still find a
pattern of response times characteristic of capacity limited and unlimited searches. Eye movement results agree with the
literature: the number of saccades was higher in CS than in FS, increasing with greater intensity in CS as a function of the
number of distractors in the scene. Most importantly, the latency of the first fixation on the target exhibited the same inter-
action pattern as response times.

Our second order measure also showed the interaction between search type and set-size factors, that we interpret as a
sign of introspective access to capacity limitations. Thus, even though we managed to greatly diminish the saliency of behav-
ioral responses with the response window, this manipulation did not drastically modify participants’ subjective estimate,
confirming the robustness of our results, and suggesting that introspection can diagnose differences between the search con-
ditions. In line with this result, we found that the mediating role of response times with respect to SNSI is now greatly
reduced although not absent. This suggests that self-observation of overt response behavior is not a necessary source of
information for the form of introspection that we elicit from participants.

In Experiment 4b, we controlled eye movement during the first order task, because Experiment 4a demonstrated that eye
movements were a potential source of self-observation as they acted as mediating variables. We hypothesized that if par-
ticipants’ introspection, as reported in Experiments 3 and 4a, is not solely due to eye movement, we should observe the same
SNSI pattern if we controlled them. This was indeed the case. Thus, it seems that introspection is still possible when self-
observation both of manual response times and eye-movements are not available.
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6. General discussion

In this article, we investigated whether one could have introspective access to cognitive processes, as opposed to intro-
spective access to the cognitive states or behavioral consequences that they generate. To do so, we used two visual searches
as our test bed: a difficult, capacity limited search, and an easy, non-capacity limited search. We thus endeavored to test
Nisbett and Wilson’s (1977) thesis about the limits of introspection, within the context of elementary cognitive processes.
We devised an introspective task such that participants had to report how many items they felt they had scanned during the
search process (the Subjective Number of Scanned Items, SNSI), which we took as an index of the subjective access to capac-
ity limitation, or an inverse index of the strength of attentional guidance.

Two broad classes of results emerge from the series of four experiments we present, and they all point to flexibility and
contextual modulation of introspection. The first class of results stems from the contrast between Experiment 1 and the four
other experiments. In Experiment 1, we discovered that participants’ reports of SNSI were sensitive only to the overall num-
ber of items in the search array, without much hint at sensitivity to the difference between capacity limited and unlimited
processes. This negative result was all the more notable than in the same experiment, the two other second order tasks we
used (i.e., confidence and introspective response times) did show good metacognitive sensitivity. As opposed to this null
result, in Experiments 3, 4a and 4b we found clear evidence of behavioral and introspective access to the difference in capac-
ity limitations. The critical distinctions between the two sets of experiments were the short presentation time of stimuli in
Experiment 1 (200 ms) compared to the long presentation (unlimited/3000 ms) in the others, on the one hand, and the fact
that the search task demanded identification of the target in the last group of experiments, as opposed to simple detection in
the first experiment, on the other hand.

The null result of Experiment 1 with respect to introspection of capacity limitation has, first, an important methodological
import: it means that the SNSI task we rely on is not trivially contaminated by confabulation. It is not the case that partic-
ipants report that they scanned more items when the task is more difficult, or even, when they search for an L among Ts as
opposed to an X among Ts, because they rely on a theory that the former must require extensive scanning. In fact, as results
on confidence ratings and subjective duration of the task showed in Experiment 1, participants clearly introspected at the
trial level that capacity limited searches were more difficult and took longer to perform than capacity unlimited searches.
But that did not translate into an increase of the number of items they subjectively felt they had scanned. As further exper-
iments showed, on the contrary, that the SNSI task can be sensitive to capacity limitations, the null result of Experiment 1
must be interpreted as a sign of introspective inaccessibility. To make sure that there was indeed a genuine difference
between our two searches, in other words, that the pattern of behavioral first-order results was not simply mimicking dif-
ferences in capacity limitation, we used a non-introspective procedure in Experiment 2, which demonstrated that our two
searches did create two qualitatively different search processes. In brief, something was available to introspection in Exper-
iment 1, but it was not accessed.

We now interpret this result in the light of recent models of visual search (Wolfe, 1994, 2003, 2007; Wolfe et al., 2011)
that distinguish two stages: a first parallel stage consisting of extraction of visual features, and a second, possibly guided,
stage of target selection. We hypothesized that when the stimuli are presented for a brief duration, the search process is
imbalanced in favor of the first stage; so that responses are generated mostly on the basis of the information extracted dur-
ing the first parallel pass. A rational cost/benefit analysis of optimal behavior, in the sense of maximizing correct responses
while minimizing time in the experimental booth, might show that in such circumstances it is best not to commit too much
resources in guided target selection, as this would lengthened each decision without much benefit to performance. In this
situation, the decision variable simply integrates the information available after feature extraction over the entire display.
On the contrary, in the latter group of experiments, both modifications concur to shifting the optimal behavior towards
slower, possibly guided searches; as the display is shown for a longer time, it is beneficial to spend more time in the search.
In addition, as the task requires target identification, the cost of not finishing the search would be disproportionate.

According to this speculative hypothesis, the controversy between pure signal detection models of visual search
(Cameron et al., 2004; Carrasco & McElree, 2001; Carrasco & Yeshurun, 1998) and guidance models might be more a matter
of relative weighting of search subprocesses according to task context, than a question about the essence of visual search.
Furthermore, we suggest that introspection tracks the imbalance of these sub-processes: when the first pass dominates,
the subjective number of scanned items corresponds to the complexity of the scene. When the context of the task renders
the second, selection stage critical to optimal performance, then it contributes to introspection, and participants are subjec-
tively aware of the presence or absence of guidance in the search. This takes precedence on whatever subjective salience the
complexity of the scene could have had.

Critically, what we hypothesized as an imbalance in the search processes is not marked in the pattern of response times
which, in each and every of our 4 experiments, exhibited the traditional interaction of set size and search type factors. How-
ever, we suggest that this surface similarity across the first and latter experiments hides processing differences that intro-
spection is able to reveal. The notion of ‘‘model mimicking’’, familiar from the literature on serial versus parallel processes
(Townsend & Wenger, 2004), is precisely meant to capture the fact that this interaction, which could easily be taken as diag-
nostic of the opposition of limited and unlimited processes, is in fact a non-sequitur. Here we argue that in our Experiment 3
the interaction is indeed a sign of the opposition of two types of processes, whereas in Experiment 1 it is not. We base this
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conclusion on the absence of any introspective difference between the search processes in Experiment 1, as opposed to clear
differences in the last experiments.

If the above reasoning is correct, the increase in SNSI reports with set-size in Experiment 1 corresponds to the increasing
perceptual load, caused by information accrual during the first stage of feature extraction, while in the latter experiments it
corresponds to an introspective access to capacity limitation. Of course, this interpretation raises the difficulty that the very
same instruction to introspect is in fact ambiguous and corresponds to different internal targets for introspection. Indeed, we
did not change the wording of the instruction for the SNSI across experiments. However, we should note here that this
ambivalence of instructions with respect to introspection is in fact not an accident but an essential feature of introspection
(Jack & Roepstorff, 2002), as there is by definition no external fact of the matter to which performance can be aligned. More-
over, our study demonstrates that this ambivalence can be tamed, so that introspective data can be used both, on the one
hand, with a view to complementing basic behavioral responses in order to better understand cognitive processes, and on
the other hand, in order to understand the process of introspection itself.

The second class of results concerns the purity of the introspective judgments. In Experiments 4a and 4b, we successfully
isolated reports on the number of internally scanned items from two major potential contaminants, namely response times
and eye movements. We showed, using both experimental controls and statistical analyses, that introspection on the target
selection stage is not a construction based on other informational sources that are already known to be accessible to self-
observation, e.g., response times (Corallo et al., 2008; Marti et al., 2010).

It seems that we succeeded in eliciting pure mental process monitoring from our participants. Miller et al. (2010) used a
simple go/no-go tasks to probe pure mental monitoring of decision time, and concluded that ‘‘decision time reports are not
very accurate but they may be usable for some purposes’’. To reach this conclusion they relied on manipulations of difficulty
in the primary task, which is supposed to influence internal decision time, and on manipulations of the complexity of the
response, which by contrast is not supposed to impact decision time. However, note that the authors did not use a direct
manipulation of the response time itself. Therefore, the purity of the subjective decision time reports is not beyond doubt,
and reports may well be in part contaminated by self-observation of behavior. By contrast, we made sure that introspection
of the cognitive processes in visual search derives from direct access to them, and does not build on inferences based on overt
or covert behavior. The SNSI task is thus, to our knowledge one of the first clear instance of pure mental monitoring, as
opposed to behavioral self-observation. Of course we must be cautious with respect to the selectivity of our introspective
measure: rather than reporting the number of scanned items, participants may have reported their internal decision time.
These two variables are of course highly correlated, and it is difficult to decide between them, as the only diagnostic feature
might be whether the distribution of responses is discrete or continuous. Be that as it may, both cases are clear cases of pure
mental monitoring, the possibility of which was the main question of our study.

Thus, contrary to the claims of Nisbett and Wilson (1977), we should state that introspection of mental processes, and not
only of mental states, is possible. Of course, we should keep in mind the very specific conditions under which this is true:
Fig. 9. Schematic representation of the flexibility of introspection. The model represents the flexibility of introspection in two dimensions. The first
dimension (mental monitoring – self observation) organizes sources of information on which introspection is focused. When an introspective index
primarily uses behavioral information sources, introspection is conceptualized as a process of self-observation. By contrast, when the introspective source
of information comes from the cognitive processes, the index is properly conceptualized as mental monitoring. The second dimension (early versus late sub-
processes) specifies different stages, during the development of the first order task, at which mental states are available to introspection.
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First, the first order task that is the target of introspection is elementary and short. Our results may not extend to more com-
plex and longer tasks, where the latitude for confabulations may be higher. However, the results on the rehearsal literature
(Kroll, Kellicutt, & Parks, 1975; Montague, Hillix, Kiess, & Harris, 1970) suggest that in some cases introspection could be
reliable at longer time scales than ours. Second, we designed the first order task so as to maximize the salience of the atten-
tional guidance in the target selection stage of our visual search. Third, introspection was performed systematically and
immediately after the first order task, so that participants were trained to focus on the processes of interest, and could report
their introspection while it was still present in working memory. It is notable that all these conditions correspond to the rec-
ommendations of previous and contemporary researchers on introspection (Schooler, 2002; Titchener, 1899).

We can tentatively synthesize our results in a descriptive model of introspection (see Fig. 9). In this model we represent
two dimensions that define the space within which introspection can flexibly be focused: first, the dimension that opposes
mental monitoring and self-observation, and second the timing with respect to task processes. Previous results (Corallo et al.,
2008; Marti et al., 2010) and the present ones suggest that participants can focus their introspection on data that are more or
less objective. We suggest that there is a gradation with respect to the purity of introspection, with pure mental monitoring
at one extreme and pure self-observation at the other. On the other dimension, we suggest that participants are able to intro-
spectively focus on different stages of a given task process. This is evidence in our study by the contrast between Experiment
1 and the last two. We must also mention here the literature on error monitoring (Yeung & Summerfield, 2012) that opposes
conflict monitoring (van Veen & Carter, 2002; Yeung, Botvinick, & Cohen, 2004) and post-decision processing (Petrusic &
Baranski, 2003; Resulaj, Kiani, Wolpert, & Shadlen, 2009) as potential sources of error detection. This opposition can also
be understood in terms of whether introspection is focused on early or late task processes.

This model can serve as a framework for further research on the mechanisms of introspection: if it is true that introspec-
tion can flexibly move within this task processes space, it is not self-evident that it could be divided, so that different portion
of this space could be simultaneously monitored.

These questions are critical with respect to the possibility of compound introspective tasks, an issue which is particularly
important with respect to confidence. The bases of confidence judgments, which one may think as the most important intro-
spective task, from a behavioral perspective, are so far unclear. Indeed, recent models of confidence (e.g., Pleskac &
Busemeyer, 2010; Ratcliff & Starns, 2009) suppose that confidence in simple choices is driven by the rate of information
accrual during the decision. Transposed within the present framework, this would mean that confidence is the resultant
of mental monitoring of the speed to reach the decision. An alternative hypothesis, which admittedly is so far purely spec-
ulative, would be that confidence is a compound metacognitive judgment, which might integrate various sources accessible
to introspection.
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