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Metacognition  is the  ability  to  monitor  and  control  one’s  cognition.  Monitoring  may  involve either  public
cues  or  introspection  of  private  cognitive  states.  We  tested  rhesus  monkeys  (Macaca  mulatta)  in  a  series
of generalization  tests  to  determine  which  type  of cues  control  metacognition.  In Experiment  1,  monkeys
learned  a perceptual  discrimination  in which  a “decline-test”  response  allowed  them  to avoid  tests  and
receive a guaranteed  small  reward.  Monkeys  declined  more  difficult  than  easy  tests.  In  Experiments
2–4,  we  evaluated  whether  monkeys  generalized  this  metacognitive  responding  to  new  perceptual  tests.
Monkeys  showed  a trend  toward  generalization  in Experiments  2 & 3, and  reliable  generalization  in
Experiment  4.  In Experiments  5 &  6, we presented  the  decline-test  response  in a  delayed  matching-
to-sample  task.  Memory  tests  differed  from  perceptual  tests  in  that  the  appearance  of  the  test  display
ncertainty could  not  control  metacognitive  responding.  In Experiment  6, monkeys  made  prospective  metamemory
judgments  before  seeing  the  tests.  Generalization  across  perceptual  tests  with  different  visual  properties
and  mixed  generalization  from  perceptual  to memory  tests  provide  provisional  evidence  that  domain-
general,  private  cues  controlled  metacognition  in some  monkeys.  We  observed  individual  differences  in
generalization,  suggesting  that monkeys  differ in use of  public  and  private  metacognitive  cues.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Imagine that a child asks if I can spell a word on their spelling list.
ny well-informed observer could predict my  performance about
s accurately as I could, based on public cues, like my  age, education,
r experience. In contrast, if my  friend asked me  to spell a specific
amiliar but challenging word, like “bureaucracy,” I might have to
ry to remember the spelling to gauge my  ability to answer cor-
ectly. Although public cues, such as my  latency to respond, could
ontribute to my  judgement, the addition of the private result of
y memory search would improve the accuracy of my  judgment

ver that of an observer. Metacognition, or thinking about thinking,
an be controlled by multiple cues, both public and private (Flavell,
979; Hampton, 2009a; Basile and Hampton, 2014). Although both
ublic and private cues can serve similar functions in improving the
fficiency of cognition, the use of introspective private cues may

e of particular theoretical interest to the extent that use of such
ues implies explicit cognition, self-awareness, or consciousness.
he extent to which nonhuman metacognition results from pub-

∗ Corresponding author at: PAIS Building, 36 Eagle Row, Atlanta, GA 30322, USA.
E-mail address: emily.brown@emory.edu (E.K. Brown).

ttp://dx.doi.org/10.1016/j.beproc.2016.12.004
376-6357/© 2016 Elsevier B.V. All rights reserved.
lic and private cues remains undetermined (e.g., Hampton, 2009b;
Jozefowiez et al., 2009; Kornell, 2013; Le Pelley, 2012; Smith et al.,
2014).

Many metacognition paradigms for nonhumans have used psy-
chophysical discriminations as the primary task. The discriminanda
differ along a continuum, for example, sparse vs. dense fields of
dots, or high vs. low tones, with some difficult trials that fall close
to the just noticeable difference. Rats, humans, a dolphin, birds,
and monkeys have, at least under some circumstances, selectively
avoided difficult psychophysical discriminations when given the
option (Foote and Crystal, 2007; Smith et al., 1995, 1997; Nakamura
et al., 2011). Other paradigms assess the ability of subjects to make
metacognitive judgments about memory or learning, by testing
whether subjects decline memory tests when they have forgotten
or when they have not mastered a task (Fujita, 2009; Hampton,
2001; Kornell et al., 2007; Morgan et al., 2014; Suda-King, 2008;
Suda-King et al., 2013; Templer and Hampton, 2012; Washburn
et al., 2010). A major aim of metacognition research in nonhu-
mans has been to distinguish performance controlled by private

cues from performance controlled by public cues (Hampton, 2009b;
Roberts et al., 2012; Smith, 2009; Smith et al., 2012). Because intro-
spective private cues cannot be directly manipulated and observed
by experimenters, the use of these cues can only be inferred by

dx.doi.org/10.1016/j.beproc.2016.12.004
http://www.sciencedirect.com/science/journal/03766357
http://www.elsevier.com/locate/behavproc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.beproc.2016.12.004&domain=pdf
mailto:emily.brown@emory.edu
dx.doi.org/10.1016/j.beproc.2016.12.004
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xclusion of public cues. If there appears to be no public cue that
an account for metacognitive performance, private cues may  be
nvolved (Shettleworth and Sutton, 2003).

Generalization tests evaluate the extent to which metacogni-
ion depends on domain-general cues, by determining whether

etacognitive responses acquired in one context generalize to new
onditions (Basile et al., 2015; Hampton, 2001; Malassis et al.,
015; Smith et al., 2010; Templer and Hampton, 2012; Washburn
t al., 2006). When an appropriate novel primary task is intro-
uced, many cues that could have guided apparently metacognitive
esponding on the previous task are eliminated, including those
ased on specific public properties of the stimulus display at test. If
etacognitive judgments are controlled by domain-general cues

uch as confidence or uncertainty, metacognitive performance
hould immediately transfer to any new primary cognitive test that
licits similar private cognitive states. In contrast, if metacognitive
udgments are controlled by public cues that are specific to par-
icular tasks, generalization among tasks will not occur. When the
ublic cues that previously controlled metacognitive responding
ecome unavailable, subjects would lose the basis for metacog-
itive judgments. Generalization of metacognitive performance
cross a variety of primary cognitive tests would therefore pro-
ide evidence for control by domain-general cues. However, we
mphasize that while private cues such as states of uncertainty
r confidence would likely be domain general, the observation of
eneralization among primary cognitive tasks does not necessitate
ontrol of metacognitive responding by private cues. Some public
ues could also allow for substantial generalization. For example,
ubjects might attend to their own hesitation or vacillation, avoid-
ng tests if response latencies are long (e.g., Hampton, 2009b).

Memory tests may  provide a more stringent assessment of
hether private cues control metacognition than do perceptual

ests. Unlike psychophysical tasks, in memory tests trial difficulty
s not determined by the appearance of the test display alone.
erformance on memory tests depends on the persistence of an
nternal representation of the to-be-remembered sample over a
elay period (Metcalfe, 2008). Given that subjects are sometimes
orrect and sometimes wrong in memory tests, the quality of the
nternal representation of the sample clearly varies among trials.
rimates have often succeeded at making metacognitive judg-
ents about memory performance (Basile et al., 2015; Hampton,

001; Kornell et al., 2007; Templer and Hampton, 2012; Washburn
t al., 2010), whereas other nonhumans have shown more mixed
esults (Adams and Santi, 2011; Brauer et al., 2004; Goto and

atanabe, 2012; Inman and Shettleworth, 1999; Iwasaki et al.,
013; Roberts et al., 2009). Even when memory tests are used,

 subject’s own publicly observable behavior such as vacillation
r hesitation could control metacognitive judgments under some
onditions (Hampton, 2009a,b).

Memory tests provide unique opportunities to assess control of
etacognition by private cues because the metacognitive choice

an be provided before the test. Performance in memory tests
epends on a representation of the sample over a delay period,
nd we can expect the quality of that representation to vary across
rials and over delays. With psychophysical tasks, subjects cannot
ossibly judge the difficulty of a trial prior to presentation of the
est array. In contrast, there is at least the potential for subjects to

onitor the quality of a memory trace during the delay interval of a
emory test, a time during which the test display is not visible and

acillation and hesitation cannot occur. Public cues such as vacilla-
ion or hesitation can therefore be eliminated by requiring subjects
o make prospective metacognitive judgments, before test stimuli

re seen (Hampton, 2001).

It is likely that a variety of cues can control metacognitive
esponding in both humans and nonhumans and that subjects use
ifferent cues depending on what is salient and reliable in a given
cesses 135 (2017) 132–144 133

situation. But it is also possible that some domain-general state like
“uncertainty” or “confidence” that could be modulated in a wide
variety of tasks is the critical cue for a wide range of metacognitive
judgments (Smith et al., 2012, 2014). Weak memories, difficult dis-
criminations, and incomplete learning could all lead to changes in a
domain-general state of “confidence.” One challenge to determin-
ing which cues control metacognitive performance is that different
paradigms have only rarely been directly compared with gener-
alization tests (Washburn et al., 2006; Kornell et al., 2007). Thus,
even if private cues appear to control metacognitive responding in
a single prospective metamemory judgment, it is not clear that the
same private cue would be responsible for metacogntive perfor-
mance in a psychophysical task. For example, it has been proposed
that “memory strength” might control metacognitive responding in
prospective metamemory judgments (Basile et al., 2015; Hampton,
2001; Templer and Hampton, 2012), but memory strength would
be irrelevant in psychophysical tasks.

We evaluated the bases of metacognitive responding in mon-
keys by implementing a variety of transfer tasks that differed in
the availability of specific public and private cues for metacog-
nitive judgments. We  assessed immediate generalization of the
metacognitive response in each new task. In Experiment 1, we
trained a group of monkeys on a perceptual discrimination and
then provided a secondary metacognitive “decline-test” response
which allowed them to selectively avoid certain trials for a guaran-
teed small reward. In Experiments 2–4, we used 3 novel perceptual
tasks to evaluate whether control of the decline-test response gener-
alized in the absence of stimulus-specific cues from initial training.
With Experiment 5, we  evaluated whether the same cues control
metacognitive responding in psychophysical and memory tests,
by transferring monkeys to a delayed matching-to-sample task. In
Experiment 6, we evaluated whether the cue controlling metacog-
nition was private with a final transfer to prospective metamemory
judgments.

If metacognitive responding is under the control of private cues,
such as “confidence,” monkeys should immediately transfer use
of the decline-test response across the perceptual tests and the
concurrent and prospective metamemory judgments. If monkeys’
judgments are instead controlled by public cues, such as their own
behavior or some aspect of the stimulus display at test, they should
fail to generalize use of the decline-test response during the series
of transfer tests.

2. Materials and methods

2.1. Subjects

Subjects were 12 pair-housed male rhesus macaque monkeys
(Macaca mulatta), average age 5.6 years at the beginning of these
studies, with a one year history of computerized cognitive testing.
Six subjects had previous experience with a manual metacogni-
tion task, in which monkeys learned to use a decline-test option
in the context of a delayed match-to-location paradigm using an
apparatus like a WGTA (Templer and Hampton, 2012).

2.2. Apparatus

We tested monkeys in their home cages, using portable touch-
screen computer rigs consisting of a laptop computer (Dell, Round
Rock, TX) with generic speakers, a 15” color LCD touchscreen (ELO,
Menlo Park, CA), and two  automated food dispensers (Med Asso-

ciates Inc., St. Albans, VT) that dispensed into food cups beneath
the screen. Food reinforcement consisted of 94 mg  banana-flavored
pellets (Bio-Serv, Frenchtown, NJ) or 97 mg  fruity-flavored nutri-
tionally complete primate pellets (Purina TestDiet, Richmond, IN).
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Fig. 1. Stimuli used in the final phase of the size discrimination (top). Labels on the
circles indicate actual diameters, in pixels, used in the experiment, but were not
shown to the monkeys. At each level of difficulty (bottom), there were two absolute
34 E.K. Brown et al. / Behaviour

ost monkeys received banana-flavored pellets. Monkeys that
orked especially slowly were given fruity-flavored pellets to

nhance their motivation. We presented stimuli and collected
esponses using programs written in Presentation (Neurobehav-
oral Systems, Albany, CA).

.3. Procedure

.3.1. Monkey housing and testing conditions
During testing, pair-housed monkeys were separated by

ividers that allowed visual and physical contact through large
lots, but prevented access to adjacent testing equipment. Mon-
eys had access to their testing rigs up to seven hours per day,

 days per week. Each day, monkeys participated in 2–4 consecutive
xperiments, one of which was the study reported here. Concur-
ent experience included tests of memory for order, and was  not
xpected to affect performance in the present tasks. Eight mon-
eys received a full food ration daily. The other four monkeys were
n caloric restriction for part of this study. All dietary changes for
hese monkeys were supervised by veterinary staff and weights
ere monitored weekly. Water was available ad libitum.

.3.2. Training on perceptual discriminations
We trained monkeys on a series of perceptual discrimination

asks. Within each task, the target stimulus remained the same
cross trials, and difficulty was varied on a trial by trial basis by
hanging the discriminability of three identical distracters from the
arget. To start a trial, monkeys touched a green ready square at the
ottom center of the screen. All responses required two touches
FR2) to prevent recording undirected contacts with the touch-
creen as responses. The target and the three identical distracters
hen appeared in the four corners of the screen. Within each task,
he distracters differed from the target by 5 levels of difficulty along
ne stimulus dimension (size, brightness, arc length, or degrees
otation). Each difficulty level consisted of two different distracter
alues, one lesser (e.g. dimmer) and one greater (e.g. brighter) in
agnitude than the target by equal amounts. In the final phase of

ach experiment, distracters identical to the target were included
s the hardest trials. On such unsolvable trials, one location was
till assigned as the “target”, and selection of this location resulted
n reward as on correct trials; this target location was pseudo-
andomly assigned to ensure that each of the locations was used
qually often. Responses on unsolvable trials were rewarded at
he chance rate. Therefore, difficulty level 5 trials served to anchor
erformance by guaranteeing that the most challenging trials be
ufficiently difficult to elicit use of the decline-test response.

Choice of the target resulted in a distinctive auditory signal
nd food reinforcement. Selection of a distracter resulted in audi-
ory feedback and black screen for a timeout period. Initially,
ll timeouts following incorrect responses were 500-milliseconds,
ut during training, the timeout was titrated for each monkey to

ncrease the salience of trial difficulty. As training progressed, some
onkeys that failed to make appropriate use of the decline-test

esponse were given longer timeouts to increase attention to the
ifficulty of different trial types. Timeouts eventually ranged from
00-milliseconds to 240-s, according to individual learning and
otivation to use the decline-test response.
A 2-s inter-trial interval separated consecutive trials. Each ses-
ion consisted of 100 trials, with 20 trials from each difficulty level,
alf from each distracter that represented that difficulty level. Dif-
culty level and target location were pseudo-randomly intermixed
ithin a session to maintain counterbalancing.
distracter sizes. The easiest distracters (i.e., difficulty level 1) were 24 pixels larger or
smaller in diameter than the target, and the hardest (i.e., difficulty level 5) identical
to  the target.

3. Experiment 1- size discrimination

3.1. Training on size discrimination

Monkeys were required to select a target from distracters on the
basis of size. Stimuli were otherwise identical circles that differed
in size. The target circle was  a constant size. Over three phases of
increasing difficulty (Table 1), monkeys were trained to discrimi-
nate the target from distracters (Fig. 1).

We  titrated the difficulty of the task by changing the dimen-
sions, and thus the discriminability of the test stimuli. Training
consisted of three phases, each with different distracter sizes. Sub-
jects worked on each phase until they had completed at least five
100-trial sessions, with 85% accuracy on the easiest level of dis-
tracters for two  consecutive sessions. After completion of the third
phase of training on the size discrimination, monkeys began train-
ing on use of the decline-test response.

3.2. Training on the decline-test response

Trials proceeded as described above, except for the addition of
a metacognitive choice phase that allowed monkeys to take the
test for a large reward if correct, or avoid the test for a small, guar-
anteed reward. In the metacognitive choice phase, two  additional
black and white clipart choice stimuli could be displayed concur-
rently with test stimuli. The accept-test stimulus, a check-marked
square, was vertically centered on the right side of the screen.
Touches to the accept-test stimulus extinguished metacognitive
choice stimuli and made the choice stimuli responsive to touch.
Choice of the target resulted in a distinctive auditory signal and two
food pellets. Selection of a distracter resulted in auditory feedback
and black screen for a timeout period. The decline-test stimulus, a
thumbs-down, was vertically centered on the left side of the screen.
Selection of the decline-test stimulus resulted in the immediate pre-
sentation of a red bar at the top center of the screen. Touches to this
guaranteed small reward stimulus resulted in a distinctive auditory
signal and one food pellet.

On 2/3 of trials, subjects were presented with both metacogni-
tive choice stimuli (Fig. 2, left side). On the other 1/3 of trials, only
the accept-test stimulus was presented, forcing subjects to take the
test (Fig. 2, right side). Chosen and forced trials were evenly dis-
tributed across difficulty conditions. Subjects were trained until
they had completed at least 20 sessions and showed at least 30%
difference in use of the decline-test response on easiest and hard-
est trials averaged across 5 sessions. Each session contained 180
trials, with 36 trials from each difficulty level, half larger and half
smaller than the target. Difficulty level and target location were
pseudo-randomly intermixed within a session, such that each diffi-
culty level was  represented twice in every ten trials and each target
location was correct twice every eight trials.
3.3. Data analysis

All proportions were arcsine transformed before statisti-
cal analysis to better approximate the normality assumption
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Table  1
Distracter size, diameters in pixels.

easy hard target hard easy

Phase1 50 54 58 62 66 100 134 138 142 146 150
Phase  2 60 68 76 84 92 100 108 116 124 132 140
Phase  3 76 82 88 94 100 100 100 106 112 118 124

Fig. 2. Steps to complete a trial of the training task with choice stimuli present. Monkeys touched the green ready square to initiate trials. Choice and test images then
appeared on screen: the target circle of constant size, three distracters identical to one another, and the accept-test and decline-test choice stimuli. On  1/3 of trials (right), the
decline-test response did not appear. Choice of the accept-test stimulus extinguished choice stimuli and activated test stimuli. Tests resulted in food reinforcement of two
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ellets  (correct) or a black time out screen (incorrect). Selection of the decline-test 

timulus resulted in guaranteed food reinforcement of one pellet. (For interpretation
f  this article.)

nderlying parametric statistics (Keppel and Wickens 2004, p.
55). Geisser–Greenhouse correction was used, and appropriately
djusted degrees of freedom reported, whenever the sphericity
ssumption was violated (Keppel and Wickens 2004, p. 378).

For all experiments, we assessed accuracy and proportion of
rials on which monkeys used the decline-test response as a func-
ion of difficulty level using repeated measures ANOVA. Follow-up
lanned paired t-tests were used to compare accuracy and use of
he decline-test response between difficulty levels 1 and 5. We also
ssessed differences in accuracy between forced and chosen tests,
ooled across all levels of difficulty, using paired t-tests. Because all
aired t-tests were planned a priori, we did not apply corrections to
ontrol for family-wise error. In Experiment 1, we conducted these
tatistical analyses on the final criterion session, to ensure that
e had successfully trained initial use of the decline-test response.

hereafter, all analyses were conducted on the first session of a new
eneralization task, before monkeys had completed any extended
raining necessary to move on to a subsequent task.

.4. Results and discussion
Eight of twelve subjects reached criterion with the decline-test
esponse. The following analysis is based on their performance on
he final criterion session. The other four monkeys never met  the
ecline-test criterion of 30% difference in use of the decline-test
nse caused the guaranteed small reward stimulus screen to appear. Touches to this
e references to colour in this figure legend, the reader is referred to the web version

response on easiest and hardest trials. Because subsequent tasks
evaluated transfer of criterion performance acquired in Experiment
1, these four were not included in this analysis or the remainder of
this study.

Accuracy on forced test trials differed as a function of the simi-
larity between the size of the distracters and the target (Fig. 3; F(4,
28) = 61.94, P < 0.001). Monkeys were significantly more accurate
on difficulty level 1 trials than on difficulty level 5 trials (t(7) = 13.41,
P < 0.001).

For the 8 monkeys that reached criterion for use of the
decline-test response, use of the decline-test response differed as
a function of task difficulty (F(1.415, 9.90) = 17.80, P = 0.001). Mon-
keys declined significantly more trials from difficulty level 5 than
level 1 (t(7) = −6.25, P < 0.001).

Each session, subjects were required to take the same number of
forced tests across difficulty levels; however, the proportion of cho-
sen tests from each difficulty level varied according to subjects’ use
of the decline-test response. Because subjects selectively avoided
more difficult trials, overall chosen test accuracy disproportion-
ately reflects performance on difficulty level 1 trials compared with
difficulty level 5 trials. Thus, monkeys could increase the proportion

of trials resulting in reinforcement by declining mostly trials from
higher difficulty-level discriminations, without improving accu-
racy on chosen over forced discriminations of the same difficulty.
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Fig. 3. Performance of 8 monkeys on the final criterion session of the size discrim-
ination metacognition training task in Experiment 1. Solid and dashed lines indicate
accuracy on chosen and forced tests according to difficulty level. The dotted line
indicates proportion of choice trials for which the decline-test response was  used.
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he filled bar represents overall accuracy on all trials the monkeys chose to take.
he unfilled bar represents overall accuracy on all trials the monkeys were forced to
ake. Error bars represent ±1  SEM.

Overall accuracy on chosen tests was significantly higher than
n forced tests (t(7) = 3.23, P = 0.014); thus monkeys experienced
ore reinforced trials by using the decline-test response. How-

ver, forced and chosen accuracy functions did not differ from
ne another (F(1,7) = 0.08, P = 0.790), indicating that monkeys dis-
riminated among the different difficulty levels, but either did not
erceive differences in difficulty between specific trials at a given
ifficulty level, or no such differences existed. If monkeys were able
o detect differences in difficulty within a given difficulty level, we

ight expect that they would selectively avoid those trials, result-
ng in higher chosen than forced accuracy at a given level. For this
ask, experimenter-defined difficulty levels correspond to absolute
ifferences in perceptibility, and all trials within a difficulty level
ontain identical elements. Within a difficulty level, there is little
o cue which trials monkeys will get right and which trials they will
et wrong. Cues associated with success or failure should be more
alient between trials of different difficulty levels.

Eight monkeys made selective use of the decline-test response
onsistent with metacognition in Experiment 1. Because monkeys
eceived extensive training with the choice stimuli in the context
f this size discrimination test, some specific aspect of the display
ould have controlled metacognitive responding. For example, the
istance between stimuli and the edge of the screen, the overall

uminance of the display, or some other feature could have cued
he probability of reinforcement. To address the concern that visual
ues present in the test could control metacognitive responding,
e conducted a transfer test with substantially different stimulus

ppearance in Experiment 2.

. Experiment 2- brightness discrimination

.1. Rationale

Monkeys received extensive training with the decline-test
esponse in the context of the size discrimination used in Exper-
ment 1. It is possible that use of the decline-test response was
ontrolled by learned associations between specific screen displays
nd probability of reinforcement. Generalization tests provide a
eans to assess which cues control metacognitive judgments

ecause changing the primary task eliminates some public cues
pecific to the original task. If domain-general cues, such as pri-

ate states of uncertainty, controlled use of the decline-test response
n Experiment 1, monkeys should immediately transfer to a novel
rightness discrimination in Experiment 2. This is because the new
ask should elicit similar private, cognitive states. In contrast, if
Fig. 4. Stimuli used in the final phase of the brightness discrimination (top). Labels
on the squares indicate actual RGB values used in the experiment. The difficulty
level 1 stimuli were 64 RGB brighter or darker than the target.

public cues specific to this particular test controlled the pattern
of performance in Experiment 1, the monkeys should fail to rapidly
generalize the metacognitive response.

4.2. Subjects

The eight monkeys who met  criterion with the decline-test
response in Experiment 1 were used in Experiment 2.

4.3. Training on brightness discrimination

Monkeys were required to select a target from distracters on
the basis of brightness. Stimuli consisted of greyscale squares that
differed in brightness, but were identical along all other dimen-
sions, with difficulty varied according to the same scheme used in
Experiment 1 (Fig. 4; Table 2).

4.4. Pre-transfer review

Prior to transfer, we  assessed monkey performance on the size
discrimination task from Experiment 1 and performance on the
new brightness discrimination. Monkeys had to complete a 180-
trial session of the size discrimination. Then, monkeys had to
complete a session of the brightness discrimination without the
decline-test response available. Monkeys had to complete this cycle
at least five times (10 sessions total). In order to proceed to the
transfer task, they had to demonstrate in consecutive sessions a 30%
difference in the use of the decline-test response between difficulty
levels 1 and 5 for size discriminations and 85% accuracy on level
1 trials of the brightness discrimination across the last 2 sessions.
This ensured that the earlier pattern of decline-test responding was
intact and that the brightness discrimination had sufficient varia-
tion in difficulty to elicit both decline-test and accept-test responses.
Note that this pre-transfer review does not involve any exposure
to the decline-test response in the context of the new brightness
discrimination.

4.5. Transfer of the decline-test response

Trial contingencies were the same as those described for Exper-
iment 1.

4.6. Data analysis

To test for rapid generalization of metacognitive responding, we
analyzed only the first session of the new discrimination for which
the decline-test response was available.

4.7. Results and discussion

Accuracy on forced test trials differed as a function of the similar-
ity between the brightness of the distracters and the target (Fig. 5;
F(4, 28) = 52.01, P < 0.001); monkeys were significantly more accu-

rate on the difficulty level 1 trials than on difficulty level 5 trials
(t(7) = 12.58, P < 0.001).

In the first transfer session, use of the decline-test response
showed a trend toward a relation with task difficulty, but the effect
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Table  2
Distracter brightness in RGB values.

easy hard target hard easy

Phase 1 64 74 84 94 104 128 152 162 172 182 192
Phase  2 64 74 84 94 128 128 128 162 172 182 192

Fig. 5. Performance of 8 monkeys on the brightness discrimination transfer test in
Experiment 2. Solid and dashed lines indicate accuracy on chosen and forced tests
according to difficulty level. The dotted line indicates proportion of choice trials for
which the decline-test response was  used. The filled bar represents overall accuracy
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Fig. 6. Stimuli used in the final phase of the arc length discrimination (top). Labels

basis of length. Stimuli consisted of arcs that differed in length, but
n all trials the monkeys chose to take. The unfilled bar represents overall accuracy
n  all trials the monkeys were forced to take. Error bars represent ±1 SEM.

as not statistically significant (F(1.65,11.53) = 3.26, P = 0.082).
onkeys did not use the decline-test response more at difficulty

evel 5 trials compared with difficulty level 1 trials (t(7) = −1.72,
 = 0.129). Thus, as a group, monkeys failed to generalize use of
he metacognitive response to a new perceptual discrimination,
uggesting that metacognitive responding in Experiment 1 was
ontrolled by cues specific to that task. However, overall use of
he decline-test response was high in Experiment 2 compared to
xperiment 1 (69.17% (SEM = 0.106) of trials on which the response
as available in Experiment 2, compared to 39.69% (SEM = 0.055)

n Experiment 1). Two monkeys declined all trials for which they
ad the option. When these animals are excluded from the analy-
is, the remainder of the group shows a significant relation between
ifficulty level and use of the decline-test response (F(4,20) = 3.67,

 = 0.021). High use of the decline-test response may  have been a
eaction to task novelty, as this response had only previously been
vailable with one type of discrimination. Another possibility is
hat this pattern of responding reflected a discrepancy in perceived
ifficulty between the two tasks.

The difference between overall forced and chosen accuracy was
ot statistically significant for the six monkeys for whom data were
vailable (t(5) = 2.13, P = 0.086). This comparison does not include
he two monkeys that declined all trials for which they had the
ption, because accuracy on chosen trials could not be determined.

As a group, the monkeys did not generalize adaptive use of the
ecline-test response to the novel perceptual discrimination. How-
ver, they did show a trend toward a relation between difficulty
evel and use of the decline-test response, and several individ-
al monkeys that did not use the decline-test response on 100%
f opportunities appear to have generalized. Excessive use of the
ecline-test response may  have been caused by the novelty of its
ppearance in a less familiar task. We  reasoned that the decline-test
esponse could be controlled by multiple cues, some specific to a
iven task, and some more general across tasks. Exposure to the
ecline-test response in multiple contexts may  degrade the asso-
iation between the decline-test response and specific test stimuli

nd strengthen the association with private cues that are similar
cross tests. Previous research in the domain of concept-learning
as indicated that a greater number of training exemplars facili-
on the arcs indicate actual length of distracters, given in degrees missing from the
circle, that were used in the experiment. The difficulty level 1 stimuli were 25 ◦

longer or shorter than the target.

tates rule-learning (e.g., Wright and Katz, 2007). To provide further
practice with the decline-test response in multiple contexts, we
extended training and provided another novel generalization task,
described in the next experiment.

5. Experiment 3- arc length discrimination

5.1. Rationale

The generalization test in Experiment 2 yielded ambiguous
results. Some monkeys showed evidence of generalization; how-
ever, the effect of difficulty level on use of decline-test response was
non-significant. Overall use of the decline-test response was  very
high, at least in part because 2 monkeys declined all tests for which
the option was  available, a result which is difficult to interpret.
Given these results, and the possibility that additional generaliza-
tion opportunities may  decouple specific aspects of the test from
the metacognitive response, we provided another transfer task, an
arc length discrimination, in Experiment 3.

5.2. Subjects

Seven of the eight monkeys from Experiment 2 participated in
Experiment 3. One monkey was  released from our animal care and
use protocols because he consistently finished experiments much
more slowly than other monkeys. He had met  criterion for use of
the decline-test response in Experiment 1 and used the decline-test
response for all available trials in Experiment 2. He is not included
in the remainder of this study.

5.3. Pre-training on known discriminations

Following the initial transfer session in Experiment 2, monkeys
were required to cycle through the size and brightness discrimina-
tions with the secondary metacognitive task, in the order described
in the pre-transfer training for that experiment, until they demon-
strated a 30% difference between difficulty levels 1 and 5 in use
of the decline-test response on the brightness discrimination. This
ensured that the pattern of decline-test responding from Experi-
ment 1 was intact, a necessary foundation for a subsequent transfer
task.

5.4. Training on arc length discrimination

Monkeys were required to select a target from distracters on the
were identical along all other dimensions (Fig. 6; Table 3A). Training
was otherwise the same as in Experiments 1 and 2. One monkey’s
performance was still at chance after 20 sessions of training. At this
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Table 3
Distracter size, degrees of gap missing from circle.

A

easy hard target hard easy

Phase 1 70 65 60 55 50 45 40 35 30 25 20
Phase  2 70 65 60 55 45 45 45 35 30 25 20

B

easy hard target hard easy

Phase 1 80 75 70 65 60 

Phase  2 80 75 70 65 45 

Fig. 7. Performance of 7 monkeys on the arc length discrimination transfer test in
Experiment 3. Solid and dashed lines indicate accuracy on chosen and forced tests
according to difficulty level. The dotted line indicates proportion of choice trials for
which the decline-test response was used. The filled bar represents overall accuracy
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n all trials the monkeys chose to take. The unfilled bar represents overall accuracy
n  all trials the monkeys were forced to take. Error bars represent ±1 SEM.

oint, he was given distracters more discriminable from the target,
o make the task easier (Table 3B).

.5. Pre-transfer review

We  assessed monkey performance on the size, brightness, and
rc-length discriminations. Monkeys had to complete a 120-trial
ession of the size discrimination followed by a 120-trial session
f the brightness discrimination, both with decline-test response
vailable, as described in Experiments 1 and 2. Then, monkeys had
o complete a session of the arc length discrimination. Monkeys
ad to complete this cycle at least eight times (24 sessions total).

n order to proceed to the transfer task, they had to demonstrate in
onsecutive sessions a 30% difference in the use of the decline-test
esponse between difficulty levels 1 and 5 for size and brightness
iscriminations and 85% accuracy on level 1 trials of the arc length
iscrimination across the last two sessions. This ensured that the
arlier pattern of decline-test responding was intact and that the
rc-length discrimination had sufficient variation in difficulty to
licit both decine-test and accept-test responses.

.6. Transfer of the decline-test response

Trial contingencies were the same as those described for Exper-
ment 1.

.7. Results and discussion
Accuracy on forced test trials differed as a function of the simi-
arity between the arc length of the distracters and the target (Fig. 7;
(4, 24) = 29.47, P < 0.001); accuracy was higher on the easiest trials
han unsolvable ones (t(6) = 9.16, P < 0.001).
45 30 25 20 15 10
45 45 25 20 15 10

Use of the decline-test response showed a trend toward a
relation with task difficulty, but the effect was not statistically
significant (F(1.23, 7.40) = 4.59, P = 0.062); however, the difference
between difficulty level 5 vs. difficulty level 1 trials was significant
(t(6) = −2.50, P = 0.046).

Average performance on chosen tests was higher than on forced,
but this difference was not significant (t(5) = 1.40, P = 0.221). This
comparison does not include the one monkey that declined all trials
for which he had the option, because accuracy on chosen trials could
not be determined. The monkey that declined all trials for which he
had the option was one of the monkeys that did so in the previous
experiment.

6. Experiment 4- rotation discrimination

6.1. Rationale

Experiment 3 provided stronger evidence of transfer than
Experiment 2. Use of the decline-test response as a function of
difficulty level approached significance, and monkeys declined
significantly more difficulty level 5 than difficulty level 1 trials.
Although monkeys showed improved evidence of transfer, they
still did not show the robust transfer that would be associated with
strong control of metacognitive responding by a cue that is present
across tasks. Given that the monkeys appeared to be increasing
proficiency with the decline-test response, we presented monkeys
yet another perceptual task: a rotation discrimination transfer test.
This task could also provide new training exemplars that encourage
attention to the commonalities shared across perceptual tasks.

6.2. Subjects

The seven monkeys from Experiment 3 participated in Experi-
ment 4.

6.3. Pre-training on known discriminations

Following the initial transfer session in Experiment 3, monkeys
were required to cycle through size, brightness, and arc length dis-
criminations with the secondary metacognitive task, in the order
described in the pre-transfer training for that experiment, until
they demonstrated a 30% difference between difficulty levels 1 and
5 in use of the decline-test response on the arc-length discrimina-
tion. This ensured that the pattern of decline-test responding from
Experiment 1 was  intact, a necessary foundation for a subsequent
transfer task.

6.4. Training on rotation discrimination
In Experiment 4, monkeys were required to select a target from
distracters based on degrees of rotation. Stimuli consisted of circles
containing an array of small dots. Stimuli differed in rotation from
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Table  4
Distracter rotation from target, in degrees.

easy hard target hard easy

Phase 1 −50 −40 −30 −20 −10 0 10 20 30 40 50
Phase  2 −50 −40 −30 −20 0 0 0 20 30 40 50

Fig. 8. Stimuli used in the final phase of the rotation discrimination (top). Labels
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Fig. 9. Performance of 7 monkeys on the rotation discrimination transfer test in
Experiment 4. Solid and dashed lines indicate accuracy on chosen and forced tests
according to difficulty level. The dotted line indicates proportion of choice trials for
n  the stimuli indicate actual rotation, in degrees, used in the experiment. The
ifficulty level 1 stimuli were rotated 50 ◦ from the target, either clockwise or
ounter-clockwise.

he center point of the outer circle, but were identical along all other
imensions. The target stimulus was held at a constant rotation
Fig. 8; Table 4). The initial dot array used made it very difficult for

onkeys to discriminate the target from the rotated distracters.
he first two monkeys on the task continued with these stimuli.
ubsequent subjects received stimuli with a greater number of dots,
rganized in a more linear pattern, as shown in Fig. 8.

.5. Pre-transfer review

We  gave monkeys at least one 180-trial review session of each
f the size, brightness, and arc-length discriminations with the
ecline-test response available as described in Experiment 1 to
nsure that they maintained their prior appropriate use of the
ecline-test response. Because monkeys had extensive prior expe-
ience making metacognitive judgments in the context of known
iscriminations, we determined that it was not necessary to use
s many review sessions as in previous experiments. Over these
rials, monkeys were required to show a 30% difference between
ecline-test response use on difficulty levels 1 and 5 on at least one
rior task. Review sessions alternated with sessions of the rotation
iscrimination, for which monkeys were required to maintain 85%
ccuracy on difficulty level 1 trials. This ensured that the earlier
attern of decline-test responding was intact and that the rotation
iscrimination had sufficient variation in difficulty to elicit both
ecline-test and accept-test responses.

.6. Transfer of the decline-test response

Trial contingencies were the same as those described for Exper-
ment 1. Ceiling use of the decline-test response, exhibited by some

onkeys in prior experiments, could obscure an effect of diffi-
ulty level. To prevent ceiling use of the decline-test response, we
etitrated the number of required touches to the guaranteed small
eward stimulus for the monkey who declined all tests in Experi-
ent 3. Following a session when he declined over 70% of trials,

he number of required touches to the stimulus to obtain the guar-
nteed food reward was doubled. Following a session when he
eclined fewer than 30% of trials, this number was halved.

.7. Results and discussion

Accuracy on forced test trials differed as a function of the simi-
arity between the degrees rotation of the distracters and the target
Fig. 9; F(4, 24) = 23.99, P < 0.001); accuracy was higher on difficulty
evel 1 than level 5 (t(6) = 7.50, P < 0.001).
Use of the decline-test response differed as a function of diffi-
ulty level (F(1.432, 8.592) = 5.93, P = 0.031), and monkeys declined
ignificantly more difficulty level 5 trials than difficulty level 1
t(6) = −2.81, P = 0.031). This was the first task on which mon-
which the decline-test response was used. The filled bar represents overall accuracy
on  all trials the monkeys chose to take. The unfilled bar represents overall accuracy
on  all trials the monkeys were forced to take. Error bars represent ±1 SEM.

keys showed generalization of the decline-test response as a group,
indicated by the relation between use of the response and trial
difficulty.

Monkeys increased the proportion of trials resulting in rein-
forcement by declining the most difficult trials when given the
option. Overall performance on chosen tests was significantly
higher than performance on forced tests (t(5) = 3.07, P = 0.028), indi-
cating that differential decline of difficult trials improved overall
performance. This comparison does not include the one monkey
that declined all trials for which he had the option, because accu-
racy on chosen trials could not be determined. The monkey that
declined all trials for which he had the option had not done so in
the previous experiments.

Monkeys transferred adaptive use of the decline-test response
for this final perceptual task. We  identify several possible rea-
sons monkeys improved across subsequent generalization tasks.
First, transfer may  have improved as monkeys completed multiple
tasks simply because they increased expertise with the decline-test
response as they got more practice with it. Another possibility is
that application of the decline-test response to multiple perceptual
domains degraded task-specific associations and increased con-
trol by a general cue shared across tasks. Use of the decline-test
response on this final perceptual task generalized immediately,
suggesting that monkeys used a cue that was available across per-
ceptual domains. It is possible that monkeys were able to generalize
use of the decline-test response to new perceptual tasks because
metacognitive responding was  controlled by a domain-general pri-
vate cue, such as “uncertainty.” However, in each perceptual task,
the appearance of the display likely provided a highly salient pub-
lic cue about probability of success and reinforcement on the test,
perhaps in the form of self-generated behavior. On difficult percep-
tual tests, for which stimuli were highly similar or even identical
to one another, the objective perceptual similarity of the stimuli
could prevent the monkey from immediately arriving at a solution.
The absence of a decisive response, a public cue, could then control
use of the decline-test response. Memory tests provide an opportu-

nity to further reduce the possibility of control of the metacognitive
response by display-specific public cues because memory tests can
be conducted using identical test displays on every trial. If found,
metacognitive responding in such tests is more likely to result from
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rivate metacognitive cues, possibly an internal representation of
he stimulus seen at study or degree of “uncertainty.” To further
valuate the type of cues monkeys use to make the decline-test
esponse the next transfer tests were to memory tasks.

. Experiments 5 and 6- transfer to memory tests

.1. General methods for memory tasks

We  trained monkeys on a delayed matching-to-sample (DMTS)
emory task to assess generalization of the decline-test response to

 non-perceptual cognitive domain. A small set of 4 clipart images
as used across all sessions, such that every image was seen at test

n every trial. All responses required two touches (FR2) to prevent
ecording undirected contacts with the touchscreen as responses.
o start a trial, monkeys touched a green ready square at the bottom
enter of the screen. A sample image then appeared in the center
f the screen. Touches to this image resulted in a blank screen for

 delay. Choice of the sample image seen immediately prior to the
elay resulted in a distinctive auditory signal and food reinforce-
ent. Selection of a distracter resulted in auditory feedback and

lack screen for a timeout period. A 5-s inter-trial interval sepa-
ated consecutive trials. Sample image, target location, and delay
ength were balanced and pseudo-randomized within each session.
uring training, 6, 12, 24, and 48- second delays were intermixed

n each session.
Following training in the matching-to-sample procedure, mon-

eys were given the opportunity to transfer use of the decline-test
timulus to the memory test. Contingencies were the same as
escribed for perceptual discriminations. On memory tasks, the
hoice stimuli could appear concurrently with the test as described
n Experiment 5, or prospectively before the test as described in
xperiment 6 (Fig. 10).

. Experiment 5- concurrent choice metamemory

.1. Rationale

The fact that monkeys generalized immediately to the final
erceptual discrimination in Experiment 4 suggests that by this
oint in training, domain-general cues had gained control of the
etacognitive response. But because the task difficulty in Experi-
ents 1–4 relies on the appearance specific to the stimuli at test,

t is still possible that some public feature of the test displays,
hared at least by the tests used in Experiments 3 and 4, controlled
etacognitive responding. In Experiment 5 we used a memory

ask, with the same four images shown on every test. Because all
ests used the same four images, the appearance of the test dis-
lay cannot provide any useful cues about task difficulty. If use
f the metacognitive response in Experiment 4 was  controlled by

 domain-general cue, we expect monkeys to transfer use of the
ecline-test response to the memory domain. Generalization would
ot require control of the metacognitive response by a private
ue. Public self-generated cues, such as vacillation or hesitation,
ould still control metacognitive responding in a memory test, but
ther public cues present across the perceptual discriminations are
nlikely to be present in this novel mnemonic test.
.2. Subjects

The seven monkeys from Experiment 4 participated in Experi-
ent 5.
cesses 135 (2017) 132–144

8.3. Pre-training on known discriminations

Following the initial transfer session in Experiment 4, monkeys
were required to cycle through size, brightness, arc-length, and
rotation discriminations with the secondary metacognitive task, in
the order described in the pre-transfer training for that experiment,
until they demonstrated a 30% difference between difficulty levels 1
and 5 in use of the decline-test response on the rotation discrimina-
tion. This ensured that the pattern of decline-test responding from
Experiment 1 was  intact, a necessary foundation for a subsequent
transfer task.

8.4. Training for memory task

Prior to Experiment 5, monkeys completed 20 sessions of DMTS
with retention intervals of 6, 12, 24, and 48-s delays intermixed.
After these training sessions, a very short delay length was added,
so that delays lasted 0.2, 6, 12, 24, or 48-s. Difficulty level for this
task was  based on delay length, such that difficulty level 1 trials
included a 0.2-s delay, difficulty level 2 trials included a 6-s delay,
etc.

8.5. Pre-transfer review

We  gave monkeys at least one review session of each of the prior
perceptual discriminations with the decline-test response available
as described in Experiment 1. Over these trials, monkeys were
required to show a 30% difference between decline-test response
use on difficulty levels 1 and 5 on at least one prior task to ensure
that they maintained their prior appropriate use of the decline-test
response. Review sessions alternated with sessions of DMTS, for
which monkeys were required to maintain 85% accuracy on diffi-
culty level 1 trials. Monkeys that demonstrated accuracy below 85%
on difficulty level 1 trials after 4 sessions were given 10 remedial
sessions of DMTS only. If accuracy was  still below 85% at the end of
this remedial block, the ITI was  increased by 5-s to decrease inter-
ference. Performance was re-evaluated every 4 sessions, at which
time ITI was increased by 5-s intervals or monkeys were returned
to pre-transfer review.

8.6. Transfer of the decline-test response

Trial contingencies were the same as those described for Exper-
iment 1. The monkey who  declined all of the trials in Experiment 4
was given a changing FR to obtain his small guaranteed reward, as
described in Experiment 4. Following a session when he declined
over 70% of trials, the number of required touches to the stimu-
lus to obtain the guaranteed food reward was doubled. Following a
session when he declined fewer than 30% of trials, this number was
halved. As in prior experiments, in Experiment 5, the choice stimuli
were presented concurrently, at the same time as test stimuli.

8.7. Results and discussion

Accuracy on forced test trials differed as a function of the delay
length (Fig. 11; F(4, 24) = 3.12, P = 0.034); accuracy was higher on
difficulty level 1 than level 5 (t(6) = 2.45, P = 0.050).

Use of the decline-test response differed as a function of task
difficulty (F(4, 24) = 23.94, P < 0.001), and monkeys declined sig-
nificantly more difficulty level 5 trials than difficulty level 1
(t(6) = −7.77, P < 0.001).

Monkeys were numerically more accurate on forced tests than

on chosen tests on difficulty level 5 trials. Because monkeys were
declining the vast majority of difficulty level 5 trials, there are
likely too few chosen trials represented for such a forced-chosen
accuracy difference to be meaningful. Overall performance on
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Fig. 10. Steps to complete a trial of the memory task with metacognitive choice stimuli. Monkeys touched the green ready square to initiate trials (not shown). A sample
clipart  image then appeared on screen. On 2/3 of trials, the decline-test and accept-test stim
in  concurrent metamemory judgments (Experiment 5, above) or before the test in the case
of  the references to colour in this figure legend, the reader is referred to the web version 

Fig. 11. Performance of 7 monkeys on the concurrent metamemory transfer test in
Experiment 5. Solid and dashed lines indicate accuracy on chosen and forced tests
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ccording to difficulty level. The dotted line indicates proportion of choice trials for
hich the decline-test response was  used. The filled bar represents overall accuracy

n all trials the monkeys chose to take. The unfilled bar represents overall accuracy
n  all trials the monkeys were forced to take. Error bars represent ±1 SEM.

hosen tests trended toward being higher than performance on
orced tests, although the difference was not statistically significant
t(6) = −2.29, P = 0.062).

Monkeys transferred adaptive use of the decline-test response
rom familiar perceptual tests to the novel memory test. This
mmediate generalization indicates that the use of the decline-test
esponse was controlled by a cue shared across both perceptual
iscriminations and memory tests. Transfer could indicate control
f metacognitive responding by a private cue, or control by a self-
enerated public cue shared across the perceptual discriminations
nd memory test. Monkeys are most likely to self-generate public
ues in response to the appearance of the test, so in Experiment
, we decoupled the metacognitive decision from the appearance
f the test. By presenting the prospective metamemory judgments
efore the test stimuli appeared, we tested whether metacogni-
ive responding is controlled by a self-generated public cue such
s hesitation, or by a private cue shared across tests, such as a
tate of “uncertainty.” Generalization to prospective metamem-
ry judgments would be most likely if private cues contribute to
etacognitive responding.

. Experiment 6- prospective metamemory
.1. Rationale

Prospective metamemory judgments allow presentation of the
etacognitive choice before the test can elicit public responses
uli appeared after a delay. The choice stimuli could appear with the test of memory
 of prospective metamemory judgments (Experiment 6, below). (For interpretation

of this article.)

such as hesitation or vacillation. Thus prospective metamem-
ory judgments allow us to discriminate between control of the
metacognitive response by self-generated public cues and by pri-
vate cues.

9.2. Subjects

We assessed transfer for six of the seven monkeys from Exper-
iment 5. One monkey included in prior experiments was removed
from this study during pre-transfer review of the DMTS task
because he did not maintain above-chance performance in memory
tests.

9.3. Pre-training on known discriminations

Following the initial transfer session in Experiment 5, monkeys
were required to cycle through all known discriminations with the
secondary metacognitive task, in the order described in the pre-
transfer training for that experiment, until they demonstrated a
30% difference between difficulty levels 1 and 5 in use of the decline-
test response on the concurrent memory task. This ensured that the
pattern of decline-test responding from Experiment 1 was intact, a
necessary foundation for a subsequent transfer task.

9.4. Pre-transfer review

Prior to the transfer task, monkeys were required to complete
at least 5 sessions of prospective metamemory judgments with all
forced trials. These sessions were intended to familiarize monkeys
with completing the choice phase before seeing the test, a change
which could have been distracting or confusing if first seen at trans-
fer. Monkeys were required to maintain 85% accuracy on difficulty
level 1 trials to proceed.

We gave monkeys at least one review session of the rotation
discrimination with the decline-test response available as described
in Experiment 1. Over these trials, monkeys were required to show a
30% difference between decline-test response use on difficulty levels
1 and 5, to ensure the maintenance of prior appropriate use of the
decline-test response.
9.5. Transfer of the decline-test response

In Experiment 6, the choice stimuli were presented prospec-
tively before test stimuli.
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Fig. 12. Performance of 6 monkeys on the prospective metamemory transfer test
in  Experiment 6. Solid and dashed lines indicate accuracy on chosen and forced tests
according to difficulty level. The dotted line indicates proportion of choice trials for
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hich the decline-test response was used. The filled bar represents overall accuracy
n all trials the monkeys chose to take. The unfilled bar represents overall accuracy
n  all trials the monkeys were forced to take. Error bars represent ±1 SEM.

Trial contingencies were the same as those described for Exper-
ment 1. Both monkeys who experienced a changing FR to receive
uaranteed reward continued to experience this contingency.

.6. Results and discussion

Accuracy on forced test trials differed as a function of the delay
ength (Fig. 12; F(4,20) = 6.70, P = 0.001); accuracy was higher on
ifficulty level 1 than level 5 (t(5) = 4.37, P = 0.007).

Use of the decline-test response differed as a function of difficulty
evel (F(4, 20) = 6.59, P = 0.001). Monkeys trended toward declining

ore difficulty level 5 trials than difficulty level 1, but this effect
as not statistically significant (t(5) = −2.42, P = 0.060).

Monkeys declined numerically more difficulty level 1 than dif-
culty level 2 trials. Higher use of the decline-test response on
ifficulty level 1 trials was matched by a numerical dip in pro-
ortion correct on chosen difficulty level 1 trials compared with
ifficulty level 2 trials. Although we might expect that monkeys
ould decline the fewest difficulty level 1 trials, congruent choice

ccuracy and decline-test use may  indicate that monkeys are attend-
ng to subjective trial difficulty.

Overall performance on chosen tests was higher than perfor-
ance on forced tests, but this difference was not statistically

ignificant (t(5) = −1.89, P = 0.117).
Monkeys used the decline-test response more on more diffi-

ult trials, indicating generalization of metacognitive responding
o novel prospective metamemory judgments. However, they did
ot avoid the most difficult trials significantly more than the least
ifficult trials, as they did in Experiment 5, nor did their use of
he decline-test response significantly improve chosen over forced
ccuracy. Generalization of metacognitive responding was weak in
his last transfer test, but the general pattern of decline-test use
cross difficulty levels suggests that metacognitive behavior may
e controlled, at least in part, by a domain-general private cue.

0. General discussion

Generalization of metacognitive performance between percep-
ual and memory tasks suggests that metacognitive responding
as controlled, in part, by a domain-general, private cue, at least

fter extensive training on a series of diverse perceptual and
nemonic tasks as was done here. We  used a relatively large num-

er of primary cognitive tests, both perceptual and mnemonic,

nd a relatively large number of subjects (n = 12 initially) to eval-
ate the extent to which monkeys make adaptive metacognitive
esponses. Perhaps because our subject pool was so large—one of
he largest reported for a study of this kind – we found considerable
cesses 135 (2017) 132–144

inter-individual variation in acquisition of metacognitive respond-
ing and in generalization between tasks. Whereas some monkeys
generalized metacognitive performance after training in a single
perceptual task, others required training in additional tasks, or
transferred inconsistently on a task-by-task basis. In Experiment 5,
monkeys transferred adaptive metacognitive responding from the
perceptual to the memory domain, suggesting that monkeys relied
on a domain-general cue. In Experiment 6, monkeys made prospec-
tive metamemory judgments. Because these judgements are made
prior to the appearance of the test, they cannot be controlled by
public cues present at test. Together, transfer in Experiment 5
and partial transfer in Experiment 6 suggest that metacognitive
responding was controlled, at least in part, by a domain-general
private cue, such as “uncertainty.”

Because each generalization test involved substantial change in
the specific stimuli present at test, the specific test stimuli could not
occasion use of the decline-test response across tasks. In the percep-
tual tests, the appearance of the display varied substantially across
tasks. Because target stimuli were not visually similar, the visual
display is unlikely to have controlled generalization across percep-
tual domains. The generalization from perceptual metacognition
to metamemory in Experiment 5 provides strong evidence against
specific test stimuli controlling the decline test response. In mem-
ory tests, the stimulus displays contained the same four images
every trial. Because the same four images were present on each
trial, but which image was correct varied from trial to trial, specifics
of the test display could not elicit adaptive use of the decline-test
response. Perceptual tests and memory tests were procedurally and
visually very distinctive, and the monkeys generalized between
them here, as has been demonstrated in prior studies (Kornell et al.,
2007; Washburn et al., 2006). However, in the case of the tasks used
in prior studies, self-generated hesitation or vacillation in response
to the test could have provided a salient cue to control generalized
metacognitive responding. Prospective metamemory judgments,
as we used here, attenuate the likelihood that public cues alone
could control metacognitive responding. Because subjects made
metacognitive judgments prior to the test, self-generated behav-
ioral cues elicited at test, such as hesitation or vacillation, could
not control use of the decline-test response. These results provide
preliminary evidence that a common private assessment of cogni-
tive state, relevant to both memory and perceptual discrimination,
can control use of the decline-test response in monkeys.

10.1. Cues controlling the use of the decline test response

Because monkeys generalized use of the decline test response
from perceptual tests to memory tests, the cue controlling use
of this response appears to be a cognitive state elicited by both
tasks. The strength of a memory for the sample seen at study has
been proposed as a private cue that could be the basis for accu-
rate metacognitive responding in memory tests (e.g., Hampton,
2001, 2009b). Such a cue could account for performance in Experi-
ments 5 and 6, where memory was the relevant cognitive domain.
However, memory strength would not be relevant to metacogni-
tive responding to perceptual discrimination tests in Experiments
1–4, and therefore memory strength would not provide a basis for
generalization between perceptual and memory tests. Either a gen-
eral “difficulty signal” controlled behavior across tasks, or different
cues controlled the decline-test response in our different tasks. We
note that the cues controlling metacognitive responding in this
study could be different than those in other studies. It is possible
that monkeys trained exclusively in metamemory tasks do indeed

attend to memory strength (Basile et al., 2015; Hampton, 2001;
Templer and Hampton, 2012), but when trained in multiple tasks,
as we did here, cues general to both perceptual and memory tasks
gain control of the metacognitive response. Metacognitive transfer
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ight be considerably easier within a single cognitive domain, such
s variants of memory tests (e.g., Basile et al., 2015), than between
omains, such as the transfers between perceptual and memory
ests done here.

0.2. Uncertainty

The generalization of metacognitive responding described here
s consistent with “uncertainty” being the private cue controlling
he metacognitive response, as put forth previously by Smith and
olleagues (e.g., Smith et al., 2012). Nonhuman’s subjective internal
tates are challenging to operationalize, so it is helpful to consider
hat such an uncertainty signal would entail. For example, uncer-

ainty might be related to processing fluency.
Task fluency, the ease of processing the primary cognitive task,

ould control metacognitive responding (Kornell, 2013). High flu-
ncy would correspond to low uncertainty. Monkeys could attend
o different types of task fluency across the two  primary tasks:
uency in response to the test in Experiments 1–5 and ease of
etrieval in Experiments 5–6. Alternatively, monkeys may  rely on
ome sort of domain-general fluency available across tasks, such
s the ease with which the target item is retained or brought into
orking memory. Kornell (2013) has proposed tests of a task flu-

ncy hypothesis, in which ease of processing could be manipulated
y altering contrast in a perceptual task, or familiarity in a memory
ask, perhaps inducing metacognitive bias or errors independent of
rimary task accuracy. The individual differences in metacognitive
esponding that we observed in these studies may  indicate individ-
al differences in processing fluency, or perceived task difficulty.

0.3. Metacognitive responding may  be controlled by both
ubjective and objective difficulty

Whereas we might expect that metacognitive responding con-
rolled solely by a public cue would map  rigidly onto objective
ask difficulty, some individuals immediately generalized to novel
asks, whereas others did not. This finding could be consistent with

 subjective internal cue, such as processing fluency or “uncer-
ainty.” This perceived difficulty could provide a private cue that
licits use of the decline-test response. Forced test difficulty was
nitially titrated to produce a similar range of accuracy for each task.
till, each task may  have elicited different subjective perceptions of
ifficulty across individual monkeys, perhaps as a result of differ-
nt motivation to work and cognitive effort necessary to maintain
ccuracy. The control of metacognitive responding by subjective
erception of difficulty is consistent with the task-by-task differ-
nces we observed in transfer. Individual differences in the use of
he decline-test response are consistent with some human models
f metacognition, which posit that just as cognition is not entirely
ccurate, metacognition is also subject to errors and individual dif-
erences in metacognitive sensitivity (Maniscalco and Lau, 2012;
elson, 1996).

Consistent with individual variation in metacognitive accu-
acy, monkeys demonstrated substantial task-by-task variation in
verall use of the decline-test response. Upon initial transfer in
xperiment 2, two monkeys chose the decline-test response for
very trial on which it was available and some other monkeys
hose the decline-test response with high frequency. This pattern of
esponding resulted in a higher overall proportion of trials declined
n Experiment 2 compared with training performance in Experi-

ent 1. Some monkeys may  have increased use of the decline-test
esponse at transfer in part because use of the decline-test response

as directly rewarded, a reinforcement contingency that differs

rom that used in some other paradigms (e.g., Smith et al., 2006;
ouchman et al., 2010). Alternatively, novel tasks might be per-
eived as particularly difficult or effortful, with such a subjective,
cesses 135 (2017) 132–144 143

private state increasing use of the decline-test response according
to perceived difficulty even when objective difficulty, as measured
by accuracy, is fairly constant.

10.4. Alternatives to monitoring of private information

Our transfer tasks were designed to dissociate control of
metacognitive responding by private from control by public cues,
but we  cannot rule out the possibility that some public cues
were shared across tasks. All primary psychophysical and mem-
ory tasks relied on experimenter-generated difficulty levels, which
could cue reinforcement probability on a given trial. Such associa-
tive explanations have been proposed to account for apparently
metacognitive behavior in nonhumans (Jozefowiez et al., 2009; Le
Pelley, 2012). Our use of generalization tasks makes such an account
unlikely, but not impossible. The overt cues that might signal
low reinforcement probabilities are not consistent across memory
and perceptual tasks. However, if monkeys develop “established
response gradients” as they learn tasks, the decline-test response
could be controlled by factors consistent across multiple tasks
despite superficial task differences (Smith et al., 2008). We  also can-
not rule out the possibility that the appearance of test stimuli and
the duration of the retention interval elicited similar self-generated
public cues, which could control the metacognitive response. For
instance, difficult trials, across domain, could elicit anxious behav-
iors associated with a low probability of food reward (Carruthers,
2008). In this way, the animal’s external, publicly observable state
could occasion use of the decline-test response. Such an account
may  beg the question of how the subject would become anxious
without being directly sensitive to task difficulty.

11. Conclusions

The results presented here provide provisional evidence that
rhesus monkeys use domain-general, private cues, such as “uncer-
tainty,” to monitor the status of cognitive processes and knowledge
states, as has been proposed by Smith and colleagues (e.g., Smith
et al., 2012). Much of the previous research on metacognition in
nonhumans has focused on determining whether nonhumans man-
ifest any metacognitive behavior, but less work has been devoted
to identifying the mechanisms that underlie apparently metacog-
nitive performance. Specifically, we  do not know what cues or
cognitive states control metacognitive responses. Because differ-
ent paradigms have often been used in isolation, it has been
unclear whether a domain-general private cue could account for
metacognitive performance across diverse tasks. In comparing
across previous work, it has been unclear whether cues control-
ling metacognitive behavior on perceptual tasks were the same
cues controlling behavior on memory tasks. Even in instances when
performance was  likely controlled by a private cue (e.g., Hampton,
2001), it is unclear whether monkeys’ behavior was  controlled
by a domain-general cue, like uncertainty, or a private cue spe-
cific to memory monitoring. One possibility generated by previous
research was that monkeys attend to different cues depending on
the nature of the primary cognitive task.

We are not the first to use transfer tests to assess the cues
that control metacognitive responding. Monkeys generalized a
concurrent “uncertain response” from discrimination learning to
match-to-sample memory tests (Washburn et al., 2006), and also
generalized retrospective “confidence” judgments across percep-
tual and serial order memory tests (Kornell et al., 2007). Use

of retrospective metacognitive choices and transfer tests that
demanded generalization across domains strengthen the claim that
metacognitive responding was  controlled by an internal state. Our
test of generalization to a prospective metamemory judgment in
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magnetically erased, a monkey knows he is uncertain. Biol. Lett. 6, 160–162,
http://dx.doi.org/10.1098/rsbl.2009.0737.

Wright, A.A., Katz, J.S., 2007. Generalization hypothesis of abstract-concept
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xperiment 6 further strengthens the hypothesis that metacogni-
ive responding can be controlled in part by a private state, because
he prospective metamemory judgment reduces the likelihood that

etacognitive responding was controlled by behaviors like hesita-
ion or vacillation that are typically elicited by difficult tests.

Here, we described a set of experiments that assessed the extent
o which public or private cues control rhesus monkeys’ metacog-
itive choices. Monkeys showed some evidence of generalization
f the decline-test response across tasks. Because control of the
ecline-test response by task-specific cues would not predict rapid
eneralization, use of the decline-test response is not likely to be
ontrolled exclusively by such publicly available, external cues in
his case. However, when trained with any one task in isolation,
ask specific cues may  well control metacognitive responding. Our
ata make a case for control of metacognitive responding by a cue
hat is both domain-general and private, such as “uncertainty”, but
he nature of this cue remains unclear. Future studies may  focus
n establishing refined characterizations of this domain-general
rivate cue.
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