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Rhesus Monkeys (Macaca mulatta) Adaptively Adjust Information

Seeking in Response to Information Accumulated

Hsiao-Wei Tu, Alex A. Pani, and Robert R. Hampton

Emory University

Metacognition consists of monitoring and control processes. Monitoring has been inferred when non-
humans use a “decline test” response to selectively escape difficult test trials. Cognitive control has been
inferred from selective information-seeking behavior by nonhumans ignorant of needed knowledge. Here
we describe a computerized paradigm that extends previous work and assesses dynamic interactions
between monitoring and control. Monkeys classified images as containing birds, fish, flowers, or people.
To-be-classified images were initially masked, and monkeys were trained to gradually reveal the images
by touching a “reveal button.” Monkeys could choose to classify images at any time or to reveal more
of the images. Thus, they had the opportunity to assess when enough of an image had been revealed to
support accurate classification. In Experiment 1, monkeys made more reveal responses before classifying
when smaller amounts of the image were revealed by each button touch. In Experiment 2, to-be-classified
images were shrunk and covered by 1 critical blocker among other blockers that did not provide
information when removed. Monkeys made more reveal responses as the critical blocker was removed
later in the trial. In Experiment 3, monkeys were presented with previously classified images with either
more or fewer blockers obscuring the image than was the case when they chose to classify that image
previously. Monkeys made more reveal responses when information was insufficient than when it was
excessive. These results indicate that monkeys dynamically monitor evolving decision processes and

adaptively collect information as necessary to maintain accuracy.
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Humans often engage in metacognition, or thinking about think-
ing, to adaptively modulate cognitive processing. For example,
when preparing for an exam, a student may introspectively eval-
uate what she knows well already so that she can allot more time
to studying material she does not currently know as well. Such
metacognition involves feedback between monitoring, which as-
sesses the state of ongoing cognition, and control, which effects
change in cognitive processing (Beran, Brandl, Perner, & Proust,
2012; Metcalfe, 2000; Nelson, 1996; Nelson & Narens, 1990). For
example, our student might monitor what she knows and does not
know, and use the result of this evaluation to control subsequent
study time (e.g., Crystal & Foote, 2011; Flavell, 1979; Kornell,
2009; Metcalfe, 2000). Metacognition has been linked to con-
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sciousness (Koriat, 2007), executive control (Fernandez-Duque,
Baird, & Posner, 2000; Shimamura, 2000), theory of mind (Proust,
2007), and other challenging phenomena, raising interesting ques-
tions for comparative psychologists regarding the extent to which
it is a capacity unique to humans or shared with nonhuman
animals.

It is comparatively challenging to assess metacognition in non-
verbal animals because they are unable to provide verbal commen-
tary on their private cognitive states the way humans do. None-
theless, experimental designs have been developed to investigate
metacognitive abilities in various species (Basile & Hampton,
2014; Beran et al., 2012; Inman & Shettleworth, 1999; Smith,
Couchman, & Beran, 2014; Smith et al., 1995; Terrace & Son,
2009). The majority of experiments have emphasized information
monitoring and minimized opportunities for cognitive control by
providing an option to decline difficult trials without any oppor-
tunity to take corrective action to change cognitive state (e.g.,
Foote & Crystal, 2007; Hampton, 2001; Suda-King, 2008; Tem-
pler & Hampton, 2012; Washburn, Smith, & Shields, 2006). Some
studies have provided minimal opportunity to exercise control and
change cognitive state through information seeking, for example,
by choosing to see the location of hidden food before acting (e.g.,
Basile, Hampton, Suomi, & Murray, 2009; Call & Carpenter,
2001; Hampton, Zivin, & Murray, 2004; Kornell, Son, & Terrace,
2007; Marsh & MacDonald, 2012a). The results of these studies
are consistent with metacognitive monitoring and at least minimal
cognitive control. However, they provide only “one-shot” oppor-
tunities for collecting information and do not examine gradual
development of decisions through ongoing feedback between
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monitoring and control. It may be informative to extend the time
over which information is collected and begin to examine more
gradual and dynamic metacognitive decision making. It is likely
that much of the adaptive function of metacognitive monitoring
manifests in the role monitoring plays in providing feedback that
guides cognitive control.

Recently, the focus of metacognitive research in nonhumans has
advanced to the interplay between internal monitoring processes
and control of cognitive states. A new paradigm was developed in
an attempt to integrate these two aspects of metacognition in a
computerized delayed matching-to-sample task, in which the sam-
ple and the test were both occluded at the beginning of each trial
(Beran & Smith, 2011; Roberts et al., 2009). Monkeys and pigeons
were trained to use one cue to reveal the sample and the other to
reveal the comparison stimuli for a matching test. If subjects
metacognitively evaluated their own knowledge and responded
accordingly, they should always uncover the sample before pro-
ceeding to the test. To evaluate the alternative explanation that the
observed behaviors were due to a series of chained responses
learned during training instead of self-monitoring, multiple manip-
ulations were implemented (Beran & Smith, 2011). For example,
on some trials, the sample was already uncovered at the beginning,
and therefore the subjects were expected to respond immediately
to the icon that revealed the matching test. On other trials, both the
sample and the test stimuli were presented simultaneously on the
screen, in which case subjects should skip the cues and respond to
the task directly. Monkeys, but not pigeons, flexibly and adap-
tively changed their use of the “reveal” option in the different
probe conditions (Beran & Smith, 2011; Roberts et al., 2009).

However, unlike natural circumstances in which information
may be acquired gradually and the amount of information needed
to behave adaptively may vary from case to case, metacognition
experiments have defined “information” in an all-or-none fashion.
The location of the hidden food was either seen or not seen (Call
& Carpenter, 2001; Hampton et al., 2004); the next correct choice
was either provided or not provided (Kornell et al., 2007); the
sample was either presented or not presented (Beran & Smith,
2011). This dichotomous approach limits the investigation of dy-
namic interactions between monitoring of information accumula-
tion and seeking of additional information in the development of
behavioral decisions. To better understand the extent to which
online monitoring of gradually changing cognitive states controls
information seeking, we developed a paradigm that begins to allow
us to manipulate the amount of information available in a classi-
fication task and to examine information seeking and accuracy of
classification decisions. Specifically, images that could be classi-
fied as birds, fish, flowers, or people were partially or completely
occluded at the beginning of each trial. Monkeys were trained to
gradually uncover the image by repeatedly touching a “reveal”
button. A classification choice could be made at any time, whether
or not sufficient information was available to make a correct
response. We emphasize that we did not generate this paradigm
entirely de novo. Instead, it is a logical extension of the work by
Roberts et al. (2009) and Beran and Smith (2011). We conducted
three experiments to test the hypothesis that monkeys engage in
ongoing monitoring of accumulating information and seek the
information necessary for a correct response. Monkeys that mon-
itor and respond adaptively to accumulating information should
make many “revelation” responses when information is poor and

few such responses when information is rich. Alternatively, mon-
keys lacking monitoring or control should show no systematic
relation between use of the reveal button and available informa-
tion.

Experiment 1

Monkeys learned to accurately classify intact images of birds,
fish, flowers, and people. After reaching criterion in this training,
to-be-classified images were initially concealed behind gray rect-
angles and monkeys had to touch a button to view the image. Each
touch of the reveal button removed a single occluding rectangle. If
monkeys monitor the information obtained and use that knowledge
to determine whether sufficient information is available for a
correct response, we would expect the number of touches of the
reveal button before a correct classification decision to be greater
when the amount of the image revealed by each touch of the button
is lower.

Method

Subjects and apparatus. Six adult male rhesus monkeys
(Macaca mulatta) were used, each of which was tested with an
individual testing rig attached to the front of their home cage. Each
testing rig included a personal computer controlling the experi-
ment by custom programs written in Presentation (Neurobehav-
ioral Systems, Albany, CA), a 15-in. color LCD touch-sensitive
screen (Elo TouchSystems, Menlo Park, CA) running at a resolu-
tion of 1024 X 768 pixels, and two automatic food dispensers
(Med Associates, St. Albans, VT) that delivered nutritionally bal-
anced primate pellets (Bio-Serv, Frenchtown, NJ) into food cups
below the screen.

Monkeys were pair-housed, received a full ration of food each
day, and had ad libitum access to water. During the 6—7 hr of
testing in a day, pairs were separated by dividers that prevented
access to the rig in the adjacent cage but allowed limited visual and
physical contact. All monkeys had prior experience with auto-
mated cognitive tests using touch-screen computers and were
previously trained on clip-art visual matching-to-sample.

Stimuli. A total of 600 color photographs, 150 from each of
four categories (i.e., fish, flowers, birds, and people), were used in
the present study. All images were collected from the online photo
repository Flickr (Yahoo!, Sunnyvale, CA) and visually examined
to ensure that each photograph depicted one or more exemplars
from a single category. Duplicates were eliminated by DupDetec-
tor (Prismatic Software, Anaheim, CA) and visual inspection.
Images were resized to 300 X 400 pixels (Height X Width) by
Adobe Photoshop (Adobe, San Jose, CA).

Training procedure. Each subject received one session per
day, 6 days a week. Monkeys were trained to classify color
photographs into four categories: birds, fish, people, or flowers. A
total of 100 photographs per category were randomly chosen from
the pool for initial training. Each trial started with a green square
(100 X 100 pixels) at the bottom center of the screen. After
touching it twice (FR2), a single photograph was presented at the
center of the screen. This to-be-classified image was selected from
one of the categories with the restriction that images from the same
category did not appear more than four times consecutively. Mon-
keys touched the image (FR2) and four category icons appeared in
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the four corners of the screen (Figure 1a). Icons always appeared
in the same corner, such that monkeys could map the categories to
either response location or to the identity of the icon. Touching
(FR2) the correct icon was rewarded with one pellet together with
a positive sound. Incorrect responses resulted in a negative sound,
a 5-s timeout, during which the screen stayed black, and a correc-
tion trial. The correction trial proceeded as the primary trial with
the same to-be-classified image presented again. Responses were
reinforced in the same way, except that incorrect responses led to
a third trial, during which only the correct classification icon was
present at test. Monkeys had to touch it (FR2) to receive positive
auditory feedback and a food reward. Only performance on the
first iteration of each trial was used in analyses. Consecutive trials
were separated by a 3-s intertrial interval. Each to-be-classified
image appeared once in a session of 400 trials, and the images
were repeatedly used across sessions. When the monkeys per-
formed above 70% correct in a session, an additional 50 new color
photographs of each category were intermixed with the original
400 photographs to encourage and evaluate generalization. When
the overall accuracy of this set of 600 mixed images was above
70% in a single session, monkeys proceeded to the next stage of
training.

Monkeys were trained to use the “reveal” button to uncover
to-be-classified images. Trials proceeded as before, except that,
after monkeys touched the green start square, a gray rectangle
appeared with the image “concealed” underneath, and a purple
reveal button appeared below the covered image (see Figure 1b).
Monkeys could touch one of the four category symbols at any
time, including while the image was completely concealed. One
touch (FR1) to the reveal button uncovered the entire to-be-
classified image. There was no restriction on how many times the
reveal button could be touched, but extra touches after the image
had been uncovered had no effect. Monkeys advanced to the test
session when classification accuracy was greater than 80% correct
for each of three consecutive 600-trial sessions.

Test procedure. There were four testing stages that varied in
the amount of the gray rectangle that was removed by each touch
of the reveal button. Specifically, the to-be-classified image was
segmented into grids of 150 X 200, 100 X 100, 50 X 50, or 30 X
40 pixels in Stage 1, 2, 3, and 4, respectively. Each segment of the
image was covered by a gray rectangular blocker. Each touch
(FR1) to the reveal button removed one randomly selected blocker,
revealing part of the image. With smaller blockers, more touches

Figure 1.

were required to reveal the same amount of the image. There were
160 trials in each session, including 40 images from each category
randomly chosen from the training session without replacement.
Monkeys had to perform better than 80% correct on each of three
consecutive sessions before moving to the next stage.

Data analyses. The primary dependent variable in this exper-
iment was the average number of reveal button touches before
classification in the last three sessions with each of the four
different blocker sizes. Data from all trials were compared across
the four stages of different blocker size by repeated-measures
analysis of variance. Post hoc analyses were conducted by paired
t tests. We report standardized Cohen’s d, for within-subjects
designs (Lakens, 2013) and the 95% confidence interval (CI) for
this measure of effect size for each ¢ value larger than 1.

Results and Discussion

On average, 7.17 sessions were needed for classification per-
formance to reach 70%, and all monkeys transferred immediately
to the 50 new images from each category without decrease in
accuracy (M = 77% with only the 200 new images and M = 81%
across all images vs. the 70% criterion for moving to this gener-
alization test). This indicated that the monkeys had learned the
classification task. Monkeys were trained for an additional 5.17
sessions on average to use the reveal button. At the end, all
monkeys revealed at least part of the image before making a
classification decision at least 97% of the time (M = .99). Mon-
keys stayed in Stage 1, 2, 3, and 4 for 4.33, 6.83, 13.67, and 9.17
sessions, respectively, before meeting criterion.

Monkeys made more touches to the reveal button when more
were needed to reveal sufficient information for classification. The
average number of reveal button touches in the last three sessions
differed significantly across different blocker sizes, F(3, 15) =
35.66, mean squared error (MSE) = 61.43, p < .001, 3 = 0.88
(see Figure 2). Post hoc analyses showed that monkeys made
significantly more touches to the reveal button with each decrease
in the size of the blocks removed by the reveal button, Stage 1
versus Stage 2: #(5) = 6.98, p = .001, d_ = 2.85, 95% CI [0.93,
4.66]; Stage 2 versus Stage 3: #(5) = 5.69, p = .002, d_ = 2.32,
95% CI [0.70, 3.91]; Stage 3 versus Stage 4: #(5) = 2.79, p = .04,
d,=1.14,95% CI [0.06, 2.16]. These results suggest that monkeys
monitored their evolving decision process and collected more
information as necessary to reach a reliable decision.

An example of a regular classification trial (a). There was no reveal button, and the monkeys had to

touch the image (FR2) for the category symbols to appear for a decision. Each category symbol was always
presented at the same corner. An example of a trial in Experiment 1 (b). The image was completely occluded
by gray blockers at the beginning of each trial, but the size of these blockers and the “information” given per
reveal button touch decreased across sessions. An example of a probe trial in Experiment 2 (c). The image was
shrunk to the size of a 60 X 80 blocker, and the timing for it to be revealed was manipulated. See the online

article for the color version of this figure.
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Figure 2. The average number of reveal button touches before correct
and incorrect classification in the last three sessions of each testing stage in
Experiment 1. As the blockers became smaller, the monkeys revealed more
before making a classification decision. Error bars indicate standard errors.

In the last three sessions of Stage 1 where the blockers had the
largest size, the average number of reveal button touches on
incorrect trials (M = 2.38) was significantly lower than that on
correct trials (M = 2.71), #(5) = 7.46, p = .001, d_, = 3.05, 95%
CI [1.04, 5.03]. This finding is consistent with more information
promoting higher accuracy, but also raises the question why mon-
keys did not make more reveal responses on incorrect trials so that
they could respond correctly. However, the difference in reveal
responses between correct and incorrect trials was not significant
in the following three stages, where the area uncovered by each
touch became smaller (see Figure 2), Stage 2: #(5) = 2.25, p =
.074,d. = 0.92, 95% CI [—0.09, 1.86]; Stage 3: #(5) = 0.70, p =
.52; Stage 4: #(5) = 0.78, p = .47. The lack of a difference in the
number of reveal responses on correct and incorrect trials in the
last three stages of testing raises the possibility that monkeys used
the reveal response without sensitivity to the amount of informa-
tion they had collected. One might expect errors to be associated
with lower numbers of reveal responses. However, a metacogni-
tive account of use of the reveal button is premised on monkeys
making a subjective assessment of the adequacy of the information
available, and this assessment will not always be accurate. Mon-
keys may make classification responses before sufficient informa-
tion is available, either out of misjudgment of the information
available or as a result of poor impulse control. With the current
design, the objective state of the image and the subjective state of
the decision process could not be rigidly linked, although they
must be related. Because we do not know precisely when sufficient
information is available for monkeys to respond correctly, we
designed Experiment 2 to clearly link use of the reveal response to
the availability of a sufficient, and in fact maximal, amount of
information.

Experiment 2

In Experiment 1, monkeys were familiarized with the use of the
reveal button and used it in an apparently metacognitive manner,
matching effort spent seeking information to information required.
Specifically, the number of touches to the reveal button increased
as the area uncovered by each touch decreased. However, because

we introduced the different blocker sizes sequentially, it is possible
that monkeys learned at each stage that a specific average number
of touches was required to secure a reward, rather than learning to
monitor their developing decision process and the information
available. Such learning is consistent with the lack of significant
differences in the number of reveal responses on incorrect and
correct trials in most phases of Experiment 1. Experiment 2 was
designed to test whether reveal button touches were controlled by
an association with a given blocker size or stage of training, or
instead was controlled by the status of the classification decision
process or the available information.

With the method used in Experiment 1, it was not possible to know
how much of a particular image monkeys had to reveal to successfully
classity it. For this reason, it was not possible to determine whether
they only revealed enough of the image to support classification.
To provide a specific test of whether monkeys regulated use of the
reveal button in response to information, we shrank the to-be-
classified image and placed it under a single blocker among
others on probe trials. Only revealing this critical blocker would
offer the information necessary for correct classification. If
monkeys learned in Experiment 1 to emit a certain number of
touches to the reveal button before classifying, rather than
monitoring the amount of information accumulated, they should
emit that number of responses whether or not the critical
blocker had been removed.

Method

The same 600 color photographs used in training were used
here. Blockers were 60 X 80 pixels (Height X Width), resulting in
a gray rectangle consisting of 25 blockers. Each touch to the reveal
button (FR1) removed one blocker. Monkeys were allowed to
touch the reveal button as many times as they wished and to
classify at any time. Due to a programming error, we did not
record extra touches after all 25 blockers were removed. This
bounded the number of recorded touches at 25.

In each session, 15 trials per category were randomly selected as
probe trials, and the remaining 540 trials (135 trials per category)
were presented as regular trials. On regular trials, the to-be-
classified image was 300 X 400 pixels, covered by 25 blockers.
On probe trials, a rescaled to-be-classified image (60 X 80 pixels)
was positioned behind a randomly selected “critical blocker.”
Removing this blocker revealed the shrunken image, whereas
removing the other blockers revealed only an uninformative
light yellow background (see Figure 1c). The critical blocker
was programmed to be removed on the Ist, 7th, 13th, 19th, or
25th touch to the reveal button. Each revealing schedule was
applied to three probe trials in each of the four categories. Probe
trials were distributed pseudorandomly in a session so that no
two probe trials occurred consecutively. Contingencies of rein-
forcement stayed the same as in Experiment 1 for both regular
trials and probe trials, but there was no correction trial for
incorrect responses. Each monkey was tested for five sessions.
Trials from each of the revelation schedules were pooled across
image categories for analysis, yielding a total of 60 probe trials
per revealing schedule. Accuracy in each schedule and average
number of blockers removed before classifying were analyzed
in the same way as in Experiment 1.
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Results and Discussion

Classification accuracy did not differ significantly across
changes in the number of reveal responses required to remove the
critical blocker, F(4, 20) = 2.18, MSE = 0.01, p = .11, n} = 0.30,
showing that monkeys used the reveal button at least enough to
uncover the critical blocker. In contrast, the average number of
reveal button touches prior to classification did vary significantly
as a function of the number required to remove the critical blocker,
F(4,20) = 61.82, MSE = 2.64, p < .001, m3 = 0.93 (see Figure
3). The average number of touches increased significantly with
each increase in the number of responses required, 1 touch versus
7 touches: #(5) = 3.26, p = .02, d. = 1.33, 95% CI [0.17, 4.46];
7 touches versus 13 touches: #(5) = 9.20, p < .001, d_ = 3.76, 95%
CI [1.37, 6.14]; 13 touches versus 19 touches: #5) = 6.51, p =
.001, d. = 2.66, 95% CI [0.86, 4.43]; 19 touches versus 25
touches: #«5) = 3.72, p = .01, d. = 1.52, 95% CI [0.28, 2.70].
Thus, the monkeys adjusted use of the reveal button adaptively to
ensure they acquired the information necessary for accurate clas-
sification, and did not touch the reveal button according to any
fixed schedule.

However, monkeys did not immediately stop touching the reveal
button when the critical blocker was removed, especially when the
removal happened early in a trial. There were significantly more
touches to the reveal button than were needed on probe trials when
the shrunken image was revealed after 1, 7, and 13 reveal button
touches, 1 touch: M = 9.19, #(5) = 7.69, p = .001, d, = 3.14, 95%
CI[1.09, 5.17]; 7 touches: M = 11.87, #(5) = 8.19, p < .001, d_ =
3.34, 95% CI [1.18, 5.49]; 13 touches: M = 16.11, #«(5) = 4.09,
p = .01,d. = 1.67,95% CI [0.36, 2.93], but not when 19 or 25
touches were required, 19 touches: M = 19.39, #«5) = 037, p =
.73; 25 touches: M = 21.87, #(5) = 2.02, p = .10, d_ = 0.82, 95%
CI [—0.15, 1.74]. In addition, two of the six monkeys may have
shown a bimodal distribution, such that they sometimes touched 25
times when not necessary. This result indicates that monkeys tend
to “overshoot” use of the reveal button, uncovering more blockers
even after the to-be-classified image had already appeared. Be-

Figure 3. In Experiment 2, monkeys made significantly more touches to
the reveal button as the number of blockers needed to be removed before
the to-be-classified image appeared increased. The accuracy did not change
significantly among different revelation schedules. Error bars indicate
standard errors.

cause the reveal button was presented at approximately the same
location as the green start square, which the monkeys had to touch
twice to start the trial, they may have often continued touching that
location before examining the to-be-classified image and reacting
metacognitively. These touches were very easy to make because
their hand was already in position and tapping. Also, because
nearly all trials required some touches before sufficient informa-
tion was available, monkeys may have emitted several touches
before checking whether sufficient information was available. By
this account, we would expect to observe the most overshoot when
only one touch was required to remove the critical blocker and
progressively less as the number of responses required was higher,
and that is what we observed.

We also found that there were significantly fewer touches to
the reveal button in the last session than in the first session
when the critical blocker was removed after 1, 7, and 13 reveal
button touches, 1 touch: #(5) = 3.87, p = .01, d. = 1.58, 95%
CI[0.31, 2.79]; 7 touches: #(5) = 2.88, p = .03, d_. = 1.18,95%
CI [0.08, 2.21]; 13 touches: #(5) = 3.31, p = .02, d_ = 1.35,
95% CI [0.18, 2.46], but, in the last session, monkeys still
revealed significantly more than needed when the to-be-
classified image appeared after 1 and 7 reveal button touches, 1
touch: M = 8.22, #(5) = 598, p = .002, d. = 2.44, 95% CI
[0.76, 4.16]; 7 touches: M = 11.39, #(5) = 3.82,p = .012,d_ =
1.56, 95% CI[0.30, 2.76]. Although this indicates that monkeys
might have learned to better control their button touch behavior
with practice, it is difficult to distinguish whether the monkeys
had learned to behave metacognitively or had learned to “keep
revealing until a nonblank blocker is revealed,” which may not
involve metacognitive processes.

Experiment 3

In Experiment 2, we found that monkeys made fewer reve-
lation responses when fewer responses were required to remove
the critical blocker, suggesting that they monitored whether the
information needed for accurate classification was available
and flexibly controlled use of the reveal button. However, a
viable nonmetacognitive explanation is that monkeys had
learned to “keep revealing until a nonblank blocker is re-
vealed.” To further evaluate the extent to which monkeys match
use of the reveal button to the amount of information accumu-
lated, three types of manipulations were used in Experiment 3.
Using only correct regular trials from Experiment 2, we recon-
structed the images monkeys saw at the point they chose to
make the classification response. Given that the monkeys re-
sponded correctly, we inferred that most of the time these
displays contained sufficient information for accurate classifi-
cation. These partially revealed images were presented in probe
trials with the exact number of blockers in exactly the same
positions as when each monkey had chosen to classify in
Experiment 2. We hypothesized that the monkeys would reveal
no more and respond immediately because there should be
enough information for them to classify correctly. In a second
condition, we put some blockers back on these partially re-
vealed images before they were presented to the monkeys, so
that the images were more occluded than they had been when
the monkey chose to classify in Experiment 2. If the behavior of
monkeys is controlled metacognitively, they should touch the
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reveal button more times on these trials in order to receive more
information before classifying. Finally, we also removed addi-
tional blockers from these partially revealed images so that
more information than required was presented for making a
decision. If use of the reveal button is controlled entirely by the
information available, monkeys should classify immediately
without touching the reveal button.

Method

The same 600 color photographs used in Experiment 2 were
used here. Blockers of 60 X 80 pixels (Height X Width) were used
to cover the entire image on regular trials and partial images on
probe trials. Each touch to the reveal button randomly removed
one blocker. Monkeys were allowed to touch one of the category
icons at any time.

A total of 100 images (25 of each category) that had seven
blockers revealed (i.e., 18 blockers remained on the image) at the
time of correct classification were randomly selected among all
correct regular trials in Experiment 2. Each of these 100 images
was manipulated in three ways, resulting in 300 probe trials. First,
in the “unchanged” condition, exactly the same seven blockers
were removed, leaving 18 blockers cover exactly the same areas on
the images as when they were classified in Experiment 2. Second,
in the “more revealed” condition, five additional blockers were
randomly removed from each image so that only 13 blockers
remained. Third, in the “less revealed” condition, five extra block-
ers were randomly added to each image so that 23 blockers
obscured the image. Twenty probe trials from each condition were
selected to include in a session with the constraint that the same
image only appeared once in each session.

There were 540 regular trials and 60 probe trials in a session. On
regular trials, the entire to-be-classified image was covered by 25
blockers at the beginning, whereas, on probe trials, the manipu-
lated images were presented immediately after the monkeys
touched the green start square at the beginning of each trial. Each
monkey was tested for five sessions yielding 100 of each type of
probe trial. Test procedures and data analyses remained the same
as in Experiment 2.

Results and Discussion

Classification accuracy remained similar across different condi-
tions (M = .99) regardless of how much of the to-be-classified
image was revealed at the beginning of a trial, F(2, 10) = 0.24,
MSE = 0.004, p = .79, m3 = 0.05, indicating that monkeys
normally revealed at least enough information for accurate classi-
fication. More importantly, monkeys adaptively adjusted their use
of the reveal button in response to different initial states of the
to-be-classified image. The number of additional blockers revealed
at test differed significantly across the three conditions (see Figure
4), F(2, 10) = 63.94, MSE = 0.17, p < .001, m3 = 0.93.
Specifically, significantly more blockers were removed when less
of the image was revealed initially, less revealed condition versus
unchanged condition: #5) = 16.82, p < .001, d. = 6.87, 95% CI
[2.71, 11.07]; unchanged condition versus more revealed condi-
tion: #(5) = 2.57, p = .05, d. = 1.05, 95% CI [0.00, 2.04].
Monkeys thus acquired more information when less was revealed
than had been when they classified images in Experiment 2, and

Figure 4. In Experiment 3, the number of additional blockers revealed at
test differed significantly across the three conditions. Specifically, more
blockers were removed before classification when the image was largely
occluded, whereas fewer blockers were removed before classification when
the image was almost completely showed. Error bars indicate standard
erTors.

tended to acquire less information if more was available than had
been at the time they chose to classify in Experiment 2.

In the less revealed condition, five additional blockers were
added to conceal more of the occluded image from Experiment 2.
Therefore, on those probe trials, one might predict that the mon-
keys would, on average, make about five touches to the reveal
button before classification. This is close to what we found. The
number of revelations did not differ significantly from five in the
“less revealed” condition, #(5) = 1.61, p = .17, d_ = 0.66, 95% CI
[—0.26, 1.53], consistent with our hypothesis that monkeys should
stop touching the revelation cue when enough information was
obtained for a correct classification decision. However, on trials in
which the image was revealed sufficiently at the beginning, mon-
keys still removed some blockers instead of choosing one of the
category symbols immediately, unchanged condition M = 3.65,
#(5) = 11.40, p < .001, d_, = 4.65, 95% CI [1.76, 7.55]; more
revealed condition: M = 3.08, #(5) = 16.36, p < .001, d_ = 6.68,
95% CI [2.63, 10.77].

We found that the number of these unnecessary button touches
was significantly lower in the last session compared with the first
session, unchanged condition: M, = 4.23, M, = 3.12, #(5) =
4.11, p = .01, d. = 1.68, 95% CI [0.36, 2.94]; more revealed
condition: My, = 3.63, M\, = 2.85,#(5) = 2.81,p = .04, d_ =
1.15, 95% CI [0.06, 2.18], indicating that monkeys did learn to
better control excessive responding with experience. But again, we
cannot determine whether this reflects improved cognitive control,
better attention to the to-be-classified image early in trials, or
trial-and-error learning that fewer responses were required.

General Discussion

We allowed monkeys to incrementally reveal occluded images
and freely determine when to classify these images in Experiments
1 and 3. Monkeys rarely classified images immediately, but in-
stead revealed information that increased the probability of correct
classification. This suggests that monkeys privately evaluated an
evolving decision process and collected more information until
they could confidently classify the images. Thus, monkeys appear
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to dynamically monitor their knowledge states, and this monitoring
exerts feedback to regulate information seeking, constituting a type
of cognitive control. The “revelation” paradigm used here repre-
sents an advance in nonhuman metacognition research because it
extends previous work to provide an opportunity to study sustained
interactions between cognitive monitoring and cognitive control.
Previous research on animal metacognition has focused mostly on
monitoring, using decline test paradigms in which subjects can
avoid difficult tests but have no opportunity to alter the course of
cognitive processing by collecting more information (e.g., Smith,
Redford, Beran, & Washburn, 2010; Smith & Washburn, 2005;
Suda-King, 2008; Templer & Hampton, 2012). Other studies have
addressed cognitive control in a minimal way by including an
active “one-shot” information-seeking component (e.g., Basile et
al., 2009; Beran & Smith, 2011; Call & Carpenter, 2001; Castro &
Wasserman, 2013; Hampton et al., 2004; Marsh & MacDonald,
2012b; Roberts, McMillan, Musolino, & Cole, 2012). Although
cognitive monitoring alone can be useful in avoiding situations
where needed information is not available, it is likely that the
critical role cognitive monitoring plays in adaptively regulating
cognitive control is a major reason for the evolution of cognitive
monitoring. Further studies of the dynamic interplay between
cognitive monitoring and cognitive control will allow us to better
understand how the feedback from monitoring modulates cogni-
tive control.

Monkeys adaptively adjusted information seeking in re-
sponse to variations in information available, but their use of
the reveal button was not optimal. Monkeys tended to make
more revelation responses than necessary when information
was easy to get (e.g., when the critical blocker was the first one
to be revealed in Experiment 2) or already given (e.g., when the
to-be-classified image was already more revealed than when it
was correctly classified earlier in Experiment 3). One nonmeta-
cognitive interpretation is that the monkeys learned to touch the
reveal button numerous times before emitting a classification
response, rather than monitoring the accumulations of informa-
tion necessary for a decision. Based on this account, the number
of button touches before classification should not differ as a
function of the size of the blockers or the amount of information
available. In contrast, we observed that monkeys used the reveal
button more when each response revealed smaller parts of the
to-be-classified image and that use of the reveal button de-
creased immediately when the blocker size changed from 30 X
40 pixels in the last manipulation of Experiment 1 (M = 9.77)
to 60 X 80 pixels in the first session of Experiment 2 (M =
7.94). These findings suggest that the monkeys dynamically
monitored the information available to them and changed their
information-seeking behavior accordingly. We consider this
monitoring dynamic because different numbers of reveal re-
sponses were adaptive depending on how rapidly information
was revealed. It would be of interest to extend these tests to a
situation in which the amount of information revealed by each
reveal response is unpredictable, putting more demand on on-
going monitoring of the information accumulated.

While modulation of use of the reveal button suggests infor-
mation monitoring, excessive use of the reveal button still
indicates that this behavior is not always tightly controlled by
metacognition. There are likely other sources of stimulus con-
trol for use of the reveal button, and they may operate in parallel

with metacognitive monitoring. On the nonprobe trials that
made up most trials in each session, monkeys always had to
remove multiple blockers before images could be reliably clas-
sified correctly. Thus, they may have learned to always make at
least several reveal responses before checking whether enough
information was available to classify. The effect of such an ex-
pectation, or habit, would be exacerbated by the fact that the reveal
button appeared near the green start square that initiated trials (see
Figures 1b and 1c), making it very easy to switch from touching
the start square to touching the reveal button at the beginning of a
trial. Future studies might reduce this by delaying the presentation
of the reveal button to ensure that monkeys inspect the to-be-
classified image before contacting the reveal button, and by mov-
ing the reveal button away from the green start square. In contrast
to this rapid and simple exercise of habitual touching of the reveal
button, metacognition may require hierarchical cognitive process-
ing (Metcalfe, 2000; Nelson, 1996; Nelson & Narens, 1990) that
develops over a period of time longer than that needed to initiate
a simple motor response (McLaughlin, Simon, & Gillan, 2010).
Therefore, although on some probe trials an immediate classifica-
tion response was optimal, unnecessary responses to the reveal
button may have occurred before metacognitive control of re-
sponding became active. This new “revelation” paradigm may
offer an opportunity for future study of the interactions between
stereotypical, habitual motor movements and higher level cogni-
tive control that can modulate such behaviors.

A third possible explanation for the excessive button touches is
that our monkeys “double checked” before making classification
responses, even though they already had enough information to
make a decision. Similar behaviors may be common in humans
(Call, 2010; Call & Carpenter, 2001). For example, we may
repeatedly confirm that we have our passport in possession when
traveling, even when we are quite certain it is in our pocket,
because the cost of forgetting to bring the passport is extremely
high. Our monkeys appear to have revealed more blockers than
necessary only when information was easy to obtain (e.g., when
the critical blocker was the first one to be revealed in Experiment
2) and rarely spent the time necessary to reveal the entire image,
suggesting that they were able to evaluate the cost and benefit of
seeking more information and metacognitively to determine
whether more information was needed.

We have argued that use of the reveal response in these exper-
iments is consistent with metacognitive monitoring of a mental
state reflecting the status of a decision process. However, we
recognize that use of the reveal response is subject to other
explanations, some of which were discussed above. One major
interpretive issue that is very difficult to address directly with this
paradigm, or any information-seeking paradigm, is that the meta-
cognitive response brings about a change in the physical stimulus
controlling the primary cognitive response. In the present case, the
putatively metacognitive response of pressing the reveal button
changed the visibility of the image and therefore the ability of the
image to control a correct classification response. So we are left
without a certain answer whether cessation of reveal responses was
controlled “directly” by the change in the image, or was mediated
by a change in a mental state reflecting the status of the classifi-
cation decision process. Because the status of the decision process
is surely determined by that status of the to-be-classified image, it
is difficult or impossible to entirely discriminate between the
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alternatives of control of behavior by the physical image or by a
cognitive state. At some level, attempting to make this distinction
is incoherent given that cognitive states arise from physical stim-
uli. The two cannot be entirely decoupled.

Conclusion

We have presented converging data indicating that rhesus mon-
keys flexibly adjust information seeking based on monitoring of
the amount of knowledge accumulated over time. By allowing
monkeys to gradually uncover to-be-classified images in a visual
classification test, we have begun to study the dynamic interactions
of cognitive monitoring and cognitive control in a simple decision-
making process in monkeys. It is likely that cognitive monitoring
plays much broader roles in cognitive function than simply trig-
gering “one-shot” avoidance of difficult situations. Studies of how
cognitive monitoring provides feedback for ongoing cognitive
control of decision making promise to better document the adap-
tive value of cognitive monitoring.
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