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Abstract

Humans often learn about the world by observing, imitating, and receiving explicit instruction
from others'-*. Even when learning via trial-and-error or reflection, human adults often do so
immersed in a relevant context>!!l. But what happens when most of this scaffolding is re-
moved? How effectively can humans bootstrap learning in an information- and context-im-
poverished environment? In eight pre-registered experiments, we sought to understand how
effectively humans learn from ‘zero’ in a series of simple stimulus recognition tasks that sub-
jects easily learned when provided with explicit instructions. When no explicit guidance was
provided, fewer than half of the subjects learned the task despite receiving trial-by-trial feed-
back and monetary reward. Surprisingly, providing partial, explicit instructions about the struc-
ture of the task—a ubiquitous pedagogical approach—did not improve performance nor re-
duce individual variability. Instead, explicit instructions that constrained the action space (i.e.,
valid key presses) partially recovered performance but still pointed to action inhibition as par-
ticularly challenging to learn without explicit instructions. Our results suggest that individual
differences emerge in impoverished environments without reflecting underlying capacity, and
that a major driver of learning, even for the simplest of tasks, is a combination of luck and the
nature and quality of scaffolding available to the learner.
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Introduction

Imagine the challenge of inventing the Calculus from scratch, rather than learning it
in an advanced class. While arguably only two people in history—Leibniz and New-
ton—succeeded at the former, millions have succeeded since via instruction. Why is
some learning so much easier when we are instructed compared to when we must
figure it out for ourselves? May this be a feature of all human learning and not just of
complicated challenges like learning Calculus?

Receiving explicit guidance—anything from asking others for help to online tutorials
and formal training—is one of the most efficient ways to incorporate new knowledge
and new actions into one’s repertoire' ™. However, explicit information or cooperative,
knowledgeable agents are not always available. In conjunction and sometimes instead
of explicit guidance, humans also utilize exploration™’, trial and error’®, prior
knowledge'*'™", and logical inference”™" to learn. Moreover, explicit instructional in-
formation sometimes can affect our learning strategies'>*”*' and our actions” . Being
able to bootstrap learning is, therefore, a crucial capacity to navigate the world. In
everyday life, this happens more or less seamlessly in familiar conditions where context
or affordances from the environment guide our learning behavior. For example, if you
tind yourself looking for the exit in an unfamiliar building, you are likely to figure out
that the protruding object at mid-height attached to the big rectangular standing slab
is a doorknob. But how do we learn ‘from zero’ when previous knowledge is of little
to no use—like when trying to learn how to program for the first time without any
useful tutorials at hand or when navigating a social interaction with serious language
barriers and completely different social norms? How do we learn when an infor-
mation-impoverished context provides little to no guidance as to which previous
knowledge or actions are even relevant?

Laboratory experiments with non-human animals may offer insight into learning in
‘zero knowledge’ conditions. In behavioral experiments, researchers train animals to
perform novel tasks (e.g., fixating on a stimulus, finding the solution to a maze, press-
ing a lever under the right circumstances, etc.)*™. To do so, animals are often placed
in unfamiliar settings with an impoverished and evolutionary irrelevant environment
where they are meant to unmask artificial task structures and action sequences. The
gold standard to achieve this is via stimulus-reward associative learning. In this way,
animals from different species can learn complex stimulus-action rules and task-reward
structures without explicit instruction® .

How do humans learn a new task in an information-deprived environment without
the benefit of explicit guidance? How well and with which strategies may we learn
under these circumstances? Explicit instruction, often provided in linguistic form, is
so central to our learning practices that the answers to these questions are far from
obvious.
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Results

We trained subjects on a go/no-go (GNG) task where they pressed the spacebar in
response to certain shapes and withheld from pressing any key in response to other
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Figure 1. Experimental Design. (a) Subjects were first presented with a fixation cross
followed by the stimulus. When the question mark appeared, subjects had to press spacebar
after a target stimulus was presented (left stream) and withhold from pressing any key when
a foil stimulus was presented (right stream). Subjects received 1¢ for correct responses and
0¢ for incorrect responses. The stimulus-action mapping was counterbalanced across sub-
jects. (b) Subjects in all experiments were told that they would be presented with opportu-
nities to earn rewards and their goal was to discover how to do so. Subjects in Experiment
1 received full, explicit instructions while subjects in Experiment 2 were not given any spe-
cific instructions. In Experiments 3-5, subjects received varying levels of partial instructions.
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shapes (Fig. 1). We first confirmed that subjects provided with a complete set of ex-
plicit instructions rapidly learned this task, reaching expert performance between trial
9 to 24, with little inter-subject variability (Figs. 2a, 2c). Subjects reached near-perfect
performance (Fig. 2b) with 93% of subjects having at least one block of 100% accu-
racy. Subjects exhibited both high hit rates (pressing the spacebar on target trials;
M=95% correct, SD=0.22, Fig. 2b) and high correct rejection rates (not pressing any
key on foil trials; M=99% correct, SD=0.006, Fig. 2b).

Providing zero instructions resulted in decreased performance and increased
learning variability across subjects.

In contrast, when subjects were placed in an information-poor environment without
any explicit guidance, 60% (36/60) of individuals failed to master the task despite re-
ceiving trial-by-trial feedback and monetary reward. Moreover, there was far greater
inter-subject variability compared to Experiment 1 (Experiment 2, SD=0.3 vs. Exper-
iment 1, SD=0.13). Even when considering maximum performance in any block of
trials, subjects given zero instructions performed far worse than those given full, ex-
plicit instructions (Fig. 2b, M=69% correct, SD=0.28; overall % correct one-way
ANOVA: F(4, 295)=21.08, p<0.0001, post-hoc Exp. 1 vs Exp. 2: p<0.0001, 95%
CI=[-0.39, -0.16]) and reached their subject-specific peak performance much later (tri-
als 33-48 versus trials 9-24). Only 42% of subjects had at least one block of 100% (Fig.
2a). This overall lower performance was driven by lower hit rates with large variance
(Fig. 2b, M=55% correct, SD=0.48; hit rate one-way ANOVA: F(4, 295)=25.49,
p<0.0001; post-hoc Exp. 1 vs Exp. 2: p<0.0001, 95% CI=[-0.57, -0.22]). Interestingly,
correct rejection rates were slightly, but non-significantly, lower compared to subjects
given full instructions (Fig. 2b, M=83% correct, SD=0.36; CR rate one-way ANOVA:
F(4,295)=9.12, p<0.0001; post-hoc Exp. 1 vs Exp. 2: p=0.09, 95% CI=[-0.33, 0.01]).
Subjects were aware of how well they learned the task: their performance correlated
with their explicit confidence (max performance vs. confidence: r=0.746, p=7.68e-12;
explicitly reported knowledge of shape-action contingencies vs. confidence: r=0.84,
p=7.41e-17; Pearson’s correlation test).
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Figure 2. Majority of subjects fail to learn in the absence of explicit instructions. (a)
Average percent correct values from trial block 1 to trial block 10 (8 trials per block) for
GNG Full Instructions (Exp. 1) and GNG Zero Instructions (Exp. 2). (b) Percent correct
averaged across each subject’s maximum performance block, both overall (black line) and
separated by trial-type (target trials: green bar, foil trials: orange bar). (c¢) Individual Learn-
ing Trajectories for Experiments 1-2. All subjects were sorted by final block percent cor-
rect, from least to most accurate. (d) Maximum performance (% correct) in target (green
bar), foil (orange bar), and all trials (black line) when the subjects’ first valid action (either
a spacebar press or a withhold) was correct or incorrect. Full instructions: spacebar correct
(n=31) vs. incorrect (n=29), withhold correct (n=47) vs. incorrect (n=13). Zero Instruc-
tions: spacebar correct (n=23) vs. incorrect (n=22), withhold correct (n=306) vs. incorrect
(n=23). Mean ZSEM.
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What might explain the poor performance and high inter-subject variability in subjects
provided with zero instructions? We conducted a detailed analysis of error types across
subjects and found three primary drivers. First, subjects often pressed keys other than
the spacebar (Fig. 3b, ‘go errors’, M=0.09, SD=0.25 and ‘no-go errors’, M=0.1,
SD=0.27; Extended Data Fig. 1b). This suggests that subjects extensively explored
the action space but failed to pinpoint the spacebar as the key of interest and/or failed
to realize that refraining from pressing any key was a valid option. Second, many sub-
jects chose to stop pressing any keys at all. These subjects typically pressed many, dis-
tinct keys for many trials but then subsequently stopped pressing any key (Extended
Data Fig. 1b), even for target trials, when compared to subjects provisioned with
complete instructions (Fig. 3b, ‘miss’, M=0.35, SD=0.44; miss rate one-way ANOVA:
F(4, 295)=16.39, p<0.0001; post-hoc Exp. 1 vs Exp. 2: p<0.0001, 95% CI=[0.14,
0.47]. This likely reflects that these subjects were either content with a 50% reward
rate of, alternatively, gave up on the task due to frustration. Either interpretation, how-
ever, suggests that the subjects found the task extremely difficult. Third, we focused
on subjects who have performed a valid action during the task (i.e. pressed the space-
bar or withheld from pressing any key) at least once. When these subjects were re-
warded on their first valid action (i.e. pressed the spacebar for the first time on a target
trial or did not press any key for the first time on a foil trial) they were more likely to
learn the relevant action (Fig. 2d, p<0.001, Wilcoxon rank sum test). One possibility
is that those who were rewarded on their first valid action had a more targeted strategy
of using spacebar presses and withholding. However, this was likely not the case as
these subjects executed the valid action on similar trial numbers compared to subjects
who were not rewarded on their first valid action (Extended Data Fig. 2c, difference
in first spacebar press trial number when first spacebar press is correct vs. incorrect:
p=0.84, difference in first withhold trial number when first withhold is correct vs.
incorrect: p=0.42; Wilcoxon rank sum test). When considered together, all three driv-
ers suggest that in the absence of explicit instructions, chance—and not strategy or
capacity—governs task success.

Implicitly constraining the action space does not improve performance

The previous experiment points to extensive exploration of the action space as a major
driver of poor performance in the zero instructions task. We sought to control this
exploration through implicit spacebar training, a shaping procedure often used in ani-
mal learning to link responses to outcomes. Specifically, subjects were not given any
explicit instructions but instead experienced a pre-task shaping phase in which they
learned the response-outcome association (pressing the spacebar results in a small
monetary reward). This shaping procedure successfully constrained the action space
during subsequent task learning but, surprisingly, it did not improve performance com-
pared to receiving zero instructions (Fig. 3a, M=74% correct, SD=0.24; post-hoc
Exp. 3 vs Exp. 2 (overall % correct one-way ANOVA): p=0.83, 95% CI=[-0.07, 0.10]).
Subjects given implicit spacebar training exhibited a significant increase in spacebar
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presses for both target and foil trials, which indicates that implicit training generally
increased spacebar presses in a non-discriminative manner (hits: M=85% correct, SD
= 0.33; post-hoc Exp. 3 vs Exp. 2 (hit rate one-way ANOVA): p<0.0001, 95%
C.1.=]0.12, 0.48]; false alarms: (M=0.3, SD=0.39, false alarm rate one-way ANOVA:
F(4, 295)=13.4, p<0.0001; post-hoc Exp. 3 vs Exp. 2: p<0.01, 95% C.1.=[0.03, 0.30]).

Interestingly, while subjects rarely pressed alternate keys on target trials, some contin-
ued to do so on foil trials resulting in similar no-go error rates (M=0.08, SD=0.21)
compared to subjects who received zero instructions (M=0.1, SD=0.27; no-go error
one-way ANOVA: F(4, 295)=5.1, p<0.001; post-hoc Exp. 3 vs Exp. 2: p=0.96, 95%
CI=[-0.19, 0.02]). Implicit spacebar training thus had little impact on limiting action
exploration for subjects during foil trials (Fig. 3b-c, Extended Data Fig. 1c). These
subjects preferred to explore other key presses rather than exploring behavioral inhi-
bition, suggesting that o pressing the spacebar (i.e. behavioral inhibition) is less likely
to be explored than pressing an alternate key. Subjects benefited from implicit instruc-
tions in an extremely narrow manner—increases in that specific action (i.e. spacebar
presses)—but remain unable to construct an accurate model of the task to enable im-
proved performance.

Explicit instructions constraining the action space partially restore task per-
formance

Given the failure of implicit spacebar training to improve overall performance despite
partially constraining the action space, we next sought to understand how explicit
spacebar training would fare. In Experiment 4, we provided subjects with written guid-
ance that the only valid key to press was the spacebar. Subjects showed significant
performance improvement compared to those given zero instructions (Exp. 2) as well
as subjects given implicit action training (Exp. 3) (Fig. 3a, M=87% correct, SD=0.2;
post-hoc Exp. 4 vs Exp. 2 (overall % correct one-way ANOVA): p<0.001, 95%
C.1.=[0.06, 0.29]; post-hoc Exp. 4 vs Exp. 3 (overall % correct one-way ANOVA):
p=0.01, 95% C.1.=[0.02, 0.24]). Subjects never pressed a key other than the spacebar
for target trials and rarely did so on foil trials (M=0.02, SD=0.13). Interestingly, while
the overall rate of incorrect responses on target trials was dramatically reduced com-
pared to subjects who received zero instructions (miss rate: M=0.02, SD=0.09, post-
hoc Exp. 4 vs Exp. 2 (miss rate one-way ANOVA): p<0.0001, 95% C.1.=[-0.50,- 0.17];
go-error: M=0, post-hoc Exp. 4 vs Exp. 2 (go-error rate one-way ANOVA): p=0.03,
95% C.1.=[-0.18, -0.004]), the overall rate of incorrect responses for foil trials remained
similar due to the comparatively higher false alarm rate (i.e., spacebar press for foil
stimuli; Fig. 3b, M=0.23, SD=0.37; post-hoc Exp. 4 vs Exp. 2 (false alarm rate one-
way ANOVA): p<0.01, 95% C.1.=[0.03, 0.30]). Overall, these data demonstrate that
explicit instructions are more effective than implicit response-outcome training in con-
straining the action space.
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Figure 3. The nature of instructions impacts overall performance and the under-
lying error types. (a) Percent correct averaged across each subject’s maximum perfor-
mance block, both overall (black line) and separated by trial-type (target trials: green bar,
foil trials: orange bar). When compared with subjects given zero instructions (Exp. 2),
only explicit action instructions improved overall performance. Implicit action training
improved hit rates but decreased correct reject rates. (b)-(e) Errors were classified into
four types. Errors for target trials (red) could be due to inaction (misses) or incorrect key
press (go errors). Errors for foil trials (blue) could be due to incorrect spacebar presses
(false alarms) or other key presses (no-go errors). Mean ZSEM.
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Explicit instructions outlining the task structure had minimal impact on sub-
ject behavior

Given the effectiveness of explicit action instructions for improving performance, we
next sought to test whether explicit instructions regarding the structure of the task
would improve performance by increasing the likelihood of withholding. In Experi-
ment 5, subjects were provided with written instructions to respond by either pressing
or not pressing a key, without telling them which key to press. Surprisingly, these sub-
jects performed the worst out of the three partial instruction experiments, with overall
performance (M=65% correct, SD=0.26; post-hoc Exp. 5 vs Exp. 2 (overall % correct
one-way ANOVA): p=0.77, 95% C.I1.=[-0.16, 0.06]), hit rates (M=49% correct,
SD=0.48; post-hoc Exp. 5 vs Exp. 2 (hit rate one-way ANOVA): p=0.84, 95% C.L.=[-
0.24, 0.11]), and correct reject rates (M=80% correct, SD=0.35; post-hoc Exp. 5 vs
Exp. 2 (correct reject rate one-way ANOVA): p=0.99, 95% C.I.=[-0.20, 0.14]) on-par
with subjects given zero instructions (Fig. 3a).

Another unexpected result was that instructions regarding the task structure had little
effect on the rate of correct rejections compared to zero instructions (Fig. 3a). Despite
being told that not pressing a key was a valid response, many subjects still explored
pressing different keys during both target and foil trials (Fig. 3e). Moreover, subjects
in this experiment pressed multiple distinct keys per block, creating a distribution that
closely resembles the key presses of subjects given zero instructions (Extended Data
Figs. 1b, 1e). These data suggest that, for non-learners, despite being explicitly told
that not pressing a key was a valid option, these subjects did not internalize behavioral
inhibition into their exploratory strategy. This can also be seen in Exp. 1 where signif-
icantly more subjects, even when given full, explicit instructions, press spacebar on the
first trial but do not try, on average, to withhold until around trial 6 (Extended Data
Fig. 2b, p<0.0001, Wilcoxon rank sum test).

A two-response task complements core results

Lastly, we tested whether our results were unique to a go/no-go paradigm due to the
requirement for exploration via behavioral inhibition. We trained subjects on a two-
response task. The structure of this task mirrored the existing go/no-go paradigm,
except that the ‘no-go’ component was replaced with a return key press, requiring the
subject to learn the mapping of the stimuli to their respective key press (the spacebar
or the return key). Subjects who participated in this task were given either full instruc-
tions (Exp. 0), zero instructions (Exp. 7), or implicit action training (Exp. 8). Subjects
given full instructions in the two-response mapping task (Exp. 0) easily learned the
task with little variability between subjects (Fig. 4). Subjects reached near-perfect over-
all accuracy in their maximum performance block (Fig. 4a-b, M=97% correct,
SD=0.11). Subjects also reached almost perfect performance on both spacebar and
return trials (Fig. 4b, spacebar: M=99% correct, SD=0.03; return: M=95% correct,
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Figure 4. Replacing withholding with a return key press recapitulates our previ-
ous results. (a) Average percent correct values from trial block 1 to trial block 10 (8
trials per block) for the two-response mapping task with Full Instructions (Exp. 6), Zero
Instructions (Exp. 7), and Implicit Action Training (Exp. 8). (b) Percent correct averaged
across each subject’s maximum performance block, both overall (black line) and sepa-
rated by trial-type (spacebar target trials: green bar, return key target trials: orange bar).
(c)-(e) Individual Learning Trajectories for Experiments 6-8. Individual Learning Tra-
jectories for Experiments 6-8. All subjects were sorted by final block percent correct,
from least to most accurate. Mean ZSEM.

SD=0.22). In contrast, subjects failed to adequately learn the two-response mapping
task when given zero instructions (Fig. 4a-b, d, Exp.7; M=40% correct, SD=0.32;
overall % correct one-way ANOVA: F(2, 177)=80.9, p<0.0001; post-hoc Exp. 6 vs
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Exp. 7: p<0.0001, 95% C.I.=[-0.68, -0.406]). Subjects given zero instructions had sig-
nificantly lower spacebar hit rates (M=57% correct, SD=0.45; spacebar hit rate one-
way ANOVA: F(2,177)=26.65, p<0.0001; post-hoc Exp. 6 vs Exp. 7: p<0.0001, 95%
C.I.=]-0.57, -0.29]) and lower return key hit rates (M=24% correct, SD=0.306; return
hit rate one-way ANOVA: F(2, 177)=85.19, p<0.0001; post-hoc Exp. 6 vs Exp. 7:
p<0.0001, 95% C.1.=[-0.57, -0.29]) compared to subjects given full instructions (Fig.
4b). Subjects also, on average, had a higher spacebar hit rate compared to the return
hit rate; this could potentially be because the spacebar is larger and more centrally
located on the keyboard, making it more salient over the return key.

Subjects in Experiment 8 were given implicit action training on both the spacebar and
the return key, gaining implicit information about both actions of interest. Here, we
see that subjects given implicit action training in the two-response mapping task were
able to recover a large proportion of performance lost when zero instruction were
given. Subjects given implicit action training showed a significant increase in overall
accuracy (M=79% correct, SD=0.27; post-hoc Exp. 8 vs Exp. 7 (overall % correct
one-way ANOVA): p<0.0001, 95% C.1.=[0.28, 0.50]), spacebar hit rate (M=80% cot-
rect, SD=0.32; post-hoc Exp. 8 vs Exp. 7 (spacebar hit rate one-way ANOVA):
p<0.001, 95% C.I.=]0.10, 0.37]), and return key hit rate (M=79% correct, SD=0.34;
post-hoc Exp. 8 vs Exp. 7 (return hit rate one-way ANOVA): p<0.0001, 95%
C.1.=[0.42, 0.68]), compared to subjects given zero instructions (Fig. 4a-b). This in-
crease in performance in Experiment 8 is in stark contrast to the effect of implicit
action training in the go-no-go task (Experiment 3). In Experiment 8, subjects were
likely able to internalize that there were two possible alternatives (spacebar and enter)
from the implicit training while in the go/no-go task, subjects had to infer that not
pressing any key was, indeed, a valid option. However, these subjects still fell well short
of subjects given full instructions in overall accuracy (post-hoc Exp. 8 vs Exp. 6 (over-
all % correct one-way ANOVA): p<0.001, 95% C.1.=[-0.28, -0.07]), spacebar hit rate
(post-hoc Exp. 8 vs Exp. 6 (spacebar hit one-way ANOVA): p<0.01, 95% C.I.=[-0.33,
-0.06]), and return key hit rate (post-hoc Exp. 8 vs Exp. 6 (return hit rate one-way
ANOVA): p<0.05, 95% C.I.=[-0.30, -0.03]), indicating that while the implicit infor-
mation gained from key press training improved performance and provided subjects
with a more complete model of the task, explicit instructions are still necessary to reach
peak performance (Fig. 4a-b).

Discussion
A significant portion of how we understand and cope with the world is acquired by

observing, imitating, and receiving explicit instruction from others . Even when we
learn via direct observation and reflection, human adults typically do so while im-

10
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mersed in a meaningful context, with a wealth of prior knowledge about their envi-
ronment. But what happens when this scaffolding is removed? How effectively can
we bootstrap learning in an information and context-barren environment? Are there
(minimal) kinds of information that support learning better than others?

Here, we demonstrate that robust individual differences during learning emerge in in-
formation-poor contexts that are completely absent when learners are provisioned
with clear, explicit instructions. In seeking to understand how effectively humans learn
from ‘zero’ in a series of simple stimulus recognition tasks, we found that fewer than
half of the subjects learned these tasks without instructions despite receiving trial-by-
trial feedback and monetary reward. We reasoned that providing explicit instructions
about the structure of the task (i.e., the general rule governing the task: pressing a key
or not pressing a key) could improve learning. This type of ‘rule instruction’ is a com-
mon pedagogical approach in which educators instruct based on conceptual rather
than concrete scenarios. However, an unexpected result was obtained: explicit instruc-
tions about the task structure did not improve performance nor reduce individual var-
iability. Instead, explicit instructions that constrained the action space (i.e., valid key
presses) partially recovered performance but still pointed to action inhibition as par-
ticularly challenging to learn without explicit instructions. This is in consonance with
previous results showing that action inhibition is harder than action ** and, more
generally, that doing nothing is a difficult exploratory state for humans ***. Taken
together, we find that individual variability in the learning of even extremely simple
tasks is highly sensitive to the nature and form of explicit instructions. The nature of
the instructional scaffolding heavily influence performance and learning differences.

These results suggest that information- and context -impoverished environments cre-
ate the veneer of individual variability that does not necessarily reflect differences in
underlying capacity. By recruiting many subjects (almost 500 across experiments), we
show that individual differences in learning are largely driven by the nature of instruc-
tions rather than underlying capacity. These findings have major implications for how
we interpret cognitive performance both in experimental and real-word settings. More-
ovet, our data show that small changes in the nature and content of instructions (in
our case, explicit limits on action exploration) can lead to profound changes in final
performance and cross-subject variability. Explicit instruction that limits action explo-
ration improves performance and reduces variance far more than implicit behavioral
shaping and explicit instructions regarding general task structures. This lesson is of
utmost importance for how we understand and promote learning when individuals
have little to no background knowledge, such as when learning a new subject or en-
tering a radically different context. A direct, actionable instruction that reduces explo-
ration produces more efficient learning outcomes compared to laying out a more gen-
eral, albeit abstract and therefore not immediately actionable, picture of the task at
hand.

11
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Another implication is that luck plays a disproportionate role in learning outcomes. In
the absence of any explicit guidance, subjects who’s first allowed action was correct
(which occurs by random chance), performed much better than subjects who despite
performing the right action (i.e., pressing spacebar or withholding) were unlucky to do
so at the wrong time (when the ‘wrong’ stimulus was on the screen). This finding
reveals the vicissitudes of learning and how underperformers might lag behind for no
fault of their own.

Unlike human infants who start learning about the world without any background and
therefore rely on core principles and non-linguistic cues to accrue knowledge “*, hu-
man adults may favor learning from explicit linguistic instruction rather than purely
from experience. In our study, we treat humans as we would non-human animals in a
standard laboratory task *~'. We mimicked, as closely as possible, the task structure
(including stimulus presentation, response window, feedback) of rodent learning tasks.
In such a scenario, it is surprising that more than half of the human subjects were
unable to learn the task (despite clear evidence that they were trying to). While there
is ample evidence of human implicit learning in different domains (with and without
feedback) *** these data suggest that many humans do not immediately learn from
trial-level feedback (especially when no other context is provided). Instead, subjects
potentially adopt a ‘model-based’ strategy **>>~’, continually testing abstract models of
the world rather than privileging low-level feedback to guide future actions.

Human learning rarely takes place in a complete void. This is why many can learn
Calculus even if only a couple humans have ever invented it. However, it is easy to
underestimate the crucial role played by subtle background knowledge, explicit instruc-
tion, and luck in learning even the simplest of tasks. Future work should explore how
these variables interact in more complex, real-world scenarios where historically dis-
advantaged backgrounds, ambiguous feedback, and/or hidden cutricula are at play.
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Methods

Open science

All our experimental procedures and main analysis were preregistered (https://aspre-
dicted.org/36bv9.pdf and https://aspredicted.org/2reds.pdf). Raw data, stimuli, ex-
perimental and data analysis code can be accessed at https://osf.io/k3gdq/).

Subjects

This study includes data from 480 participants (60 participants for each of the eight
experiments) who were recruited online via the participant recruitment platform Pro-
lific (www.prolific.co). We prescreened our participants to be located in the US, be-
tween the ages of 18 and 40, native English speakers, and have normal or corrected-
to-normal vision. At the start of the experiment, all participants consented to being
included in the research study. We excluded participants who were unable to complete
the study and participants with corrupted or incomplete data files. Participants re-
ceived monetary compensation for their completion of the study, including a base rate
of $9.32/hr and additional bonus payments of $0.01 for every correct response
throughout the task. All experiments were approved by the Johns Hopkins Home-
wood Institutional Review Board.

Stimuli

At the beginning of each trial, a white fixation cross appeared in the middle of the
screen, occupying 6% of the window’s height and width. This was followed by the
presentation of one of the stimuli. Stimuli consisted of simple, white geometric shapes
(triangle, circle, star, square) presented against a mid-gray background. These shapes
appeared in the center of the screen occupying 25% of the window’s height and width.
A white question mark occupying 10% of the window’s height and width was centrally
presented after stimulus offset, indicating that the subject’s response was expected. A
1¢ or O¢ white legend, occupying 10% of the window's height and width, was used to
provide feedback on each trial for correct and incorrect responses, respectively.

General procedure
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All experiments presented a stimulus-action mapping task to subjects, where they must
discover which keypress corresponded to which stimuli. All experiments presented the
same stimuli, but the actions (keypresses) differ between Experiments 1-5 and Expet-
iments 6-8. Experiments 1-5 followed a simple go/no-go task structure in which two
of the four shape stimuli were associated with ‘go’ (pressing the spacebar on the key-
board) and the other two shapes were associated with ‘no-go’ (not pressing any key on
the keyboard); stimulus-action assignments were counterbalanced across subjects. Tri-
als began with a small white fixation cross displayed on the computer screen for 2
seconds followed by the presentation of a shape for 500 milliseconds. Next, a white
question mark was displayed on the computer screen for 2.5 seconds during which the
participant had to make their response: press the spacebar for ‘go’ trials or withhold
pressing any key for ‘no-go’ trials. Participants then were provided feedback by receiv-
ing either a 1¢ or O¢ reward for correct or incorrect responses, respectively (see Fig.
1a). A trial block consisted of 4 ‘go’ trials and 4 ‘no-go’ trials, and the task consisted
of 10 trial blocks (80 trials in total). At the end of each trial block, the participants’
total cumulative earnings were briefly displayed on the computer screen, and they were
asked to press the return key on the keyboard to advance to the next trial block. At
the end of the task, participants were given a brief multiple-choice survey that asked
about their experience with completing online studies and their confidence in figuring
out the task correctly. The survey also asked how participants responded when seeing
each stimulus during the task; subjects indicated whether they pressed return, the
spacebar, pressed another key besides the spacebar, did not press any key, or none of
the above. Completing the experiment required approximately 10-15 minutes.

Experiments 6-8 followed a modified structure in which the ‘no-go’ response was re-
placed by a ‘return’ key press. This resulted in a two-response mapping learning task,
where one pair of shapes was associated with pressing the spacebar and another pair
was associated with pressing the return key on the keyboard; these stimulus-action
assignments were also counterbalanced across subjects. Experiments 6-8 followed the
same general procedure and were approximately the same length as experiments 1-5.
Participants were asked to press the ‘a’ key on the keyboard instead of the return key
to advance between trial blocks to reduce bias in learning the proper stimulus-response

mapping.
Go/no-go task procedures (Fig. 1b)

General instructions: Subjects in all experiments were explicitly informed that their per-
formance could earn them up to 50% extra payment. They were also informed about
the relevant time period for earning such a payment (while the question mark was on
the screen) and that their goal was to figure out how to earn it. The rest of each exper-
iment proceeded as follows:
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Experiment 1—LFull instructions. Subjects received full, explicit instructions about the na-
ture of the task and how to navigate it. They were informed that a reward was associ-
ated with pressing the spacebar when some shapes appeared (‘go’ or ‘target’ trial) and
not pressing any key when some other shapes appeared (‘no-go’ or ‘foil’ trial) and that
their goal was to discover which shapes corresponded to which contingency. Subjects
were also explicitly told that they needed to press the spacebar or withhold from press-
ing any key when the question mark appeared. Subjects were informed about the pres-
ence of feedback. Subjects saw examples of the relevant experimental screens, and
they performed four practice trials before starting the experiment. No feedback about
the shape-response association was provided during the practice trials, but if subjects
pressed a key different from the spacebar, they were reminded that the only allowable
actions were pressing the spacebar or no key at all.

Experiment 2—Zero instructions. Except for the general instructions, subjects received
no further information about the task or its goal, and the experimental trials started
promptly.

Experiment 3—Implicit action training. In addition to the general instructions, before start-
ing the experiment subjects saw a blank screen with a question mark and were required
to discover that pressing the spacebar was the action of interest by exploring different
actions with their keyboard or mouse. Subjects received feedback via the presentation
of ‘1¢’ on their screen after each spacebar press. After subjects pressed the spacebar
five times (not necessarily consecutively), the experiment began.

Experiment 4—Explicit action instructions. In addition to the general instructions, subjects
were explicitly told that the key that mattered in the task was the spacebar.

Experiment 5—Task structure instructions. In addition to the general instructions, subjects
were told that they could respond by pressing a key on the keyboard or not pressing a
key at all. Subjects were not provided with information revealing that the spacebar was
the key of interest.

Two-response mapping task

Experiment 6—Full instructions. Subjects received instructions identical to subjects in
Experiment 1 except that subjects were tasked with discovering which shapes required
them to press the spacebar and which shapes required them to press the return key
(instead of not pressing any key) to earn a reward.

Experiment 7—Zero instructions. Subjects received instructions identical to subjects in
Experiment 2.

Experiment 8—Implicit action training. Subjects received instructions identical to subjects
in Experiment 3 except that subjects implicitly trained for both the spacebar and the
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return key and were required to press each key five times before advancing to the
experiment.

Data Collection & Analysis

All experiments were designed in PsychoPy v2021.1.4 and launched online using Pav-
lovia, an online behavioral experiment platform, to host the study. Prolific, an online
research subject recruitment platform, was used to recruit subjects; subjects who were
recruited were directed via a URL to complete the study. The primary experimental
data was collected from Pavlovia and additional demographic data was collected from
Prolific. Unless otherwise, the number of subjects in each group for all statistical anal-
yses 1s n=060.

All analyses were performed using MATLAB R2021a and, unless otherwise stated, all
statistical values are calculated using each subject’s maximum performance block (i.e.
the block with the highest performance throughout the experiment); if a subject had
two or more blocks of their maximum performance, we used the first of their maxi-
mum performance blocks. We use maximum performance block instead of total aver-
age performance to distinguish performance from block to block, allowing us to in-
vestigate learning trajectories. Note that the use of final block performance instead of
maximum block performance produces similar statistical results.

We use hits to denote pressing the spacebar when the target stimulus is presented
(Exps. 1-5); in Experiments 6-8, spacebar hits denote correctly pressing the spacebar
for target stimuli and return key hits denote correctly pressing the return key for foil
stimuli. Correct rejections are foil trials where subjects correctly withhold from press-
ing any key (Exps. 1-5). False alarms denote spacebar presses when the foil stimuli is
presented, and misses are target trials where the subject does not press any key (Exps.
1-5). Additionally, go errors refer to key presses other than spacebar during target trials
and no-go errors refer to key presses other than spacebar during foil trials. Unless
otherwise noted, all statistical analyses were one-way Analysis of Variance (ANOVA)
tests, and all post-hoc tests were Tukey’s honestly significant difference [HSD].
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Extended Data Figure 1. Individual variability in key press behavior depends on
nature of instructions. (a)-(e) All subjects were sorted by final block percent correct,
from least to most accurate. Most subjects given full (a) or explicit action (d) instructions
in the GNG task pressed only one distinct key per block. In contrast, subjects given zero
(b), implicit action (c), or task structure (e) instructions are shown to press multiple distinct
keys per block. For some subjects, the action space was extensive, especially in (b).
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Extended Data Figure 2. (a) The effect of a subject’s first valid action on performance is
specific to that action’s appropriate trial type (target trials for spacebar presses and foil
trials for withholds). Maximum performance (% correct) in target (green bar), foil (orange bar),
and all trials (black line) when the subjects’ first valid action (either a spacebar press or a withhold)
was correct (Exp. 1: n=78, Exp. 2: n1=59) or incorrect (Exp. 1: n1=42; Exp. 2: n=45). (b) Subjects
press the spacebar significantly earlier than they withhold when given full, explicit in-
structions. Trial number when a subject in Exp. 1, on average, first presses the spacebar (dark
grey bar) or withholds (light grey bar) depending on whether that action is correct or incorrect.
Full instructions: spacebar correct (n=31) vs. incorrect (n=29), withhold correct (n=47) vs. incor-
rect (n=13). (c) Subjects press the spacebar and withhold on similar trial numbers regard-
less of whether that action was cotrect or incotrect. Trial number when a subject in Exp. 2,
on average, first presses the spacebar (dark grey bar) or withholds (light grey bar) depending on
whether that action is correct or incorrect. Zero Instructions: spacebar correct (n=23) vs. incot-
rect (n=22), withhold correct (n=36) vs. incorrect (n=23). Mean £SEM.
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Extended Data Figure 3. Subjects, on average, learn both target stimuli and both foil
stimuli at similar rates. Average percent correct values from trial block 1 to trial block 10
(8 trials per block) for each of the 4 counter- balanced stimuli (2 target and 2 foil stimuli)
in Exp. 2 (Zero Instructions). Mean £SEM.
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