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Executive Summary

¢ In Neurosciences and Psychology, learning, reinforcement and rewards are closely
related concepts but refer to distinct notions.

¢ Rewards and punishments are any external objects (or stimuli) that an organism would
make an effort to obtain or avoid, respectively.

e Reinforcement Learning (RL) is an area of machine learning concerned with how
intelligent agents ought to take actions in an environment to maximize cumulative
rewards in the future.

e There are multiple brain systems to detect one’s errors, to correct them and for
checking.

¢ The brain constantly makes predictions regarding the outcome of its choices.

e These brain systems are key for learning by reinforcement and for learning by trial and
error.

¢ Dopaminergic neurons located in the midbrain send a learning signal to many parts of
the brain, which plays a pivotal role in encoding prediction error signals (i.e. differences
between expected reward and the reward effectively delivered).

e Brain systems for learning via rewards and learning from punishments partially overlap
but are distinct.

e A variety of reinforcement schedules can be used fruitfully in education and serious
games, such as variable reinforcement schedules.

e These principles are useful for education in general and, not just at school.

Introduction

A key discovery was made in 1953 by Olds and Milner, called the Brain stimulation Reward
(BSR), defined as a pleasurable phenomenon elicited by direct stimulation of specific brain
regions. BSR allows animals to learn to execute novel behaviors, such as lever pressing in order
to receive short electrical stimulation in specific brain areas (Figure 1). This discovery was a
turning point in the study of the brain's reward system because BSR is able to act as a reward in
the absence of any peripheral sensory stimulation and any physiological need. The existence of
such a "pure reward" signal provided a proof that brain regions are specialized in hedonic
functions as well as in motivational aspects of the reward (Sugrue et al., 2005; Wise, 2002).
Stimulation activates the reward system circuitry and establishes response habits similar to those
established by natural rewards, such as food and sex. Thus, electrical brain stimulation, or
intracranial drug injections, can produce robust reward sensations as well as motivation to come
back for more due to direct activation of the reward circuit. This discovery illustrates that rewards
have several basic functions: (1) they induce subjective feelings of pleasure and contribute to
positive emotion; (2) they can act as positive reinforcers by increasing the frequency and intensity
of behavior that leads to the acquisition of goal objects, as described in classical and instrumental
conditioning procedures; (3) they can also maintain learned behaviors by preventing their
extinction (Schultz, 2000).
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Figure 1. Left. Positive reinforcement produced by self-electrical stimulation of the septal area and other
regions of rat brain. Right. A learning signal is sent by dopaminergic neurons located in the midbrain to the
striatum and prefrontal cortex to influence reward-dependent learning (Bayer et al., 2007; Schultz, 2000;
Schultz & Dickinson, 2000).

Learning signal as the difference between predicted outcome and outcome
effectively delivered

Rewards induce changes in observable behavior and serve as positive reinforcers by
increasing the frequency of the behavior that results in reward. In Pavlovian, or classical,
conditioning, the outcome follows the conditioned stimulus (CS) irrespective of any behavioral
reaction, and repeated pairing of stimuli with outcomes leads to a representation of the outcome
that is evoked by the stimulus and elicits the behavioral reaction. By contrast, instrumental
conditioning requires the subject to execute a behavioral response. Instrumental conditioning
increases the frequency of those behaviors that are followed by reward by reinforcing stimulus-
response associations.

Neuroscientists have identified neurons, called dopaminergic neurons, which fire at the
specific time of behavior when learning associations between stimuli and rewards during
Pavlovian and instrumental conditioning paradigms. Dopaminergic cell bodies are located in small
nuclei called the ventral tegmental area (VTA) and substantia nigra in the midbrain. These
neurons send projections to the basal ganglia, (in particular the ventral striatum), which are
engaged in motivation and learning, and, to the prefrontal cortex, engaged in cognitive control
and executive functions (Figure 1). Dopamine is released at these projection sites when
dopaminergic neurons fire, and this release modulates a large number of cognitive, motivational
and learning functions.

One important function is to learn to associate a cue (stimulus) with a reward. At the time
of expected reward delivery, dopaminergic neurons send a learning signal to efferent brain
structures which reflects a difference between what is expected and what is effectively delivered
(actual outcome — predicted reward). Prediction errors thus measure deviations from previous
reward expectations. A prediction error can either be positive (when the reward delivered is better
than expected) or negative (less or no reward delivered at the expected time) (Schultz et al., 1997;
Sutton & Barto, 2018). Prediction errors are used to learn the value of states of the world and are
critical for learning how to make better choices in the future. Electrophysiological studies in
monkeys indicate that dopaminergic neurons code this prediction error signal in a transient
fashion at the time of the outcome.

Interestingly, in classical conditioning experiments, where an association has to be learnt
between a conditioned stimulus and a rewarding outcome (unconditioned stimulus), dopaminergic
neurons fire not only at the time of the outcome delivery but also at the time of the conditioned
stimulus (Figure 2). The signal coded at the time of the conditioned stimulus reflects the



subjective value associated to the reward. Different factors such as reward magnitude, probability,
timing uncertainty and delay, influence this subjective value signal as well as the prediction error
signal. In particular, the phasic response of dopaminergic neurons to the conditioned stimuli
monotonically increases with probability and magnitude, but decreases with increasing reward
probability at the time of the outcome, as predicted from a prediction error signal (Fiorillo et al.,
2003; Kobayashi & Schultz, 2008). Taken together, these results indicate that dopamine
responses reflect at least 2 important signals: the subjective value of the cue which predicts the
future rewarded outcome, and the prediction error signal at the time of outcome (Figure 2).
Finally, in addition to the roles of dopamine in encoding these two signals, electrophysiological
studies also indicate that dopaminergic neurons may code a sustained signal between the cue
and the outcome, that reflects reward uncertainty (maximal when reward probability=0.5) (Fiorillo
etal., 2003). This signal may be functionally important for risk seeking behavior and/or exploratory
behavior. This signal may explain why gambling, with its intrinsic reward uncertainty
characteristics, has reinforcing properties that share common mechanisms with addictive drugs
(Fiorillo et al., 2003).
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Figure 2. Dopaminergic neurons have been proposed to code 3 types of theoretical measures. The signal
coded at the time of the conditioned stimulus reflects the subjective value associated to the reward. The
phasic response of dopaminergic neurons to the conditioned stimuli monotonically increases with
probability. During the delay between the cue and the outcome, dopaminergic neurons also encode a
sustained signal that reflects reward uncertainty (maximal when reward probability=0.5). Finally, at the time
of reward outcome, dopaminergic neurons encode a prediction error signal reflecting the difference
between expected reward and reward effectively delivered. This signal decreases with increasing reward
probability at the time of the outcome.

Human neuroimaging studies on reinforcement learning

One key property of dopaminergic neurons is that the Prediction Error signal can be
formally described by an algorithm developed in the field of reinforcement learning (Schultz et al.,
1997). In the Reinforcement learning framework, an agent learns a policy that maximizes the
"reward function" that accumulates from the immediate rewards (Figure 3). A basic reinforcement
learning agent interacts with its environment in discrete time steps. At each time t, the agent
receives the current state s(t), and reward r(t). It then chooses an action a(t) from the set of



available actions, which is subsequently sent to the environment. The environment moves to a
new state s(t+1) and the reward r(t+1) associated with the transition between s(t), a(t), s(t+1) is
determined. The goal of a reinforcement learning agent is to learn a policy which maximizes the
expected cumulative reward.

The beauty of this framework is that cognitive neuroscience has now combined RL models
with functional neuroimaging in the so-called model-based fMRI approach. In this approach the
signal observed in fMRI experiments is regressed with the computational signals coming from the
RL framework, such as the signals encoding the value of each possible actions (called action
value) and the prediction error signal. Model-based fMRI has been used to investigate the neural
correlates of the prediction error signal in the whole brain. A number of studies suggest that
activity in the ventral striatum and ventromedial prefrontal cortex correlates with the reward
prediction error (Abler et al., 2006; Berns et al., 2001; Bray & O’'Doherty, 2007; Dreher et al.,
2006; Fletcher et al., 2001; McClure et al., 2003; O’'Doherty et al., 2003). Moreover, the magnitude
of the prediction error signal in the striatum has been found to correlate with behavioral
performance (Pessiglione et al., 2006; Schonberg et al., 2007).
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Figure 3. In the reinforcement learning (RL) framework, an agent learns a policy which maximizes
the expected cumulative reward. At each time step, the agent is in a current state with a reward
value function and it chooses an action a from a set of available actions, which is subsequently
sent to the environment.



Multiple brain systems for learning by trial and error

Learning by trial and error has important implications for education and learning in general,
outside of the classroom. This learning process engages different brain systems in addition to
midbrain dopaminergic neurons that encode the difference between what is predicted and what
is effectively obtained after one’s actions. First, when we make an error in a cognitive task, a
signal that reflects internal errors, (called Error Related Negativity, ERN), is generated rapidly, (in
less than 80 ms), by a region called the supplementary motor area (Figure 4). This results in an
automatic slowing down of our motor action, (post-error slowing), at the behavioral level.
However, the ERN signal does not indicate what correction needs to be made, and does not in
itself provide the solution. Another cognitive control mechanism subsequently engages a third
brain region, (the anterior cingulate cortex), which encodes a signal known as the feedback-
related negativity (FRN), an Event Related Potential (ERP) component reflecting error monitoring
after the feedback has been obtained from the world. This signal is generated around 250 ms
after we receive external information, (e.g. a teacher's comment), which has a discrepancy with
our expectations. The anterior cingulate cortex is connected to other brain areas engaged in
decision making, and can thus set in motion cognitive flexibility and strategic thinking that takes
into account the mistake. To date, it seems that the signal encoded in midbrain dopaminergic
neurons (prediction error signal) is sent to the anterior cingulate cortex, in which populations of
neurons detect feedback and propose explorative strategies for adaptive behavior. Thus, errors
are key information for the brain to learn and correct previous predictions to allow adaptive
learning.

Pre-Supplementary motor area

Anterior cingulate cortex

Midbrain dopaminergic
neurons:
Prediction Error (PE)

Figure 4. Different brain regions and systems are engaged when learning by trial and error. A learning
signal (Prediction Error: PE) is sent by midbrain dopaminergic neurons to the frontal cortex and basal
ganglia. This signal encodes a difference between what is predicted and what is effectively obtained after
one’s action. After error, a signal detecting internal errors (ERN) is sent by the pre-Supplementary Motor
Area in less than 80 ms to motor regions to delay subsequent motor responses. Another cognitive control
mechanism subsequently engages the anterior cingulate cortex (ACC), which encodes the feedback-
related negativity (FRN), about 250 ms after reception of the feedback.

By “error” we often mean failure or a negative result, which can be subjectively perceived
as a punishment. However, what is covered in this section is that the brain systematically
recognizes whether it is wrong, whether for bad or for good: what the brain detects is deviations
from its expectations. These are prediction errors, and they can be either better or worse than
predicted. Concretely, how does this fundamental knowledge help to understand what happens
when a student learns from trial and error? The computation of the difference between the reward
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expected by the student (e.g. expecting a correct answer to a question in the classroom) and the
one actually received, (the answer was wrong), allows her to constantly adjust her representations
of the world according to this signal. Such trial and error learning involves feedback from the
teacher or environment with respect to the student's performance. This feedback is not
necessarily a sanction from the teacher, but may simply consist of the correct answer. If it is done
regularly, targeted and finely adjusted, the student will rapidly learn from her mistakes. In addition
to feedback from the teacher, there are also many softwares and electronic games which today
allow students to monitor their errors and to self-regulate. These educational games can be
adapted to the rhythm of each pupil in a class.

Decision bias must be overcome for effective learning

Why do we persist in making errors, even after receiving appropriate feedback? One
reason is that we have a natural tendency to overestimate the value of an option previously
selected. This decision bias is known as “choice-induced preference change” (Brehm, 1956),
which inhibits learning from one’s mistakes. This phenomenon is based on the fact that one’s
choices influence one’s values, such that actions or items seem to acquire value simply because
one has chosen them. If a child chooses the wrong item between two items having equal value,
they may persist in that choice. This type of persistent error may be difficult to overcome because
decision biases are deeply rooted in evolution. One interesting proposal to overcome such errors
is to favor teaching methods based on the observation of mistakes made by others (Monfardini et
al., 2017). Indeed, when people are free from the preferences created by their own choices, they
may learn very efficiently from the mistakes of others. A number of fMRI studies in humans, as
well as direct single-cell recordings in non-human primates, indicate that learning by observation
of others’ action or outcomes may engage partially different brain systems than learning from
one’s own mistakes (Joiner et al., 2017). These basic principles can be translated inside the
classroom into steps taken to promote correction procedures that focus on the correction of
others’ mistakes. In this way, distinct brain systems can be recruited for learning by observation
of others. These may be less prone to the decision bias when making choices for oneself.

Learning by carrots or sticks: appetitive versus aversive systems

Neuroimaging studies in humans and electrophysiological investigations in animals have
not only focused on instrumental learning paradigms that require learning by trial and error to
select the most rewarding option. A number of studies have also investigated the other side of
the coin: that is learning to avoid options that are more punishing than the others. In this latter
case, punishment has often been operationalized as a monetary loss or physical harm (pain such
as heat to the skin inside the scanner). These two types of instrumental learning paradigms have
helped to identify that in addition to the appetitive system described above, an aversive system
also functions as an opponent system. While learning from stimuli-reward associations
preferentially engages the striatum, the aversive system often engages the bilateral insula. In
addition, some regions, such as the ventromedial prefrontal cortex (vmPFC) and amygdala show
some degree of overlap, and are engaged regardless of valence type. In particular, the vmPFC
may integrate information about both appetitive and aversive values across different reinforcer
modalities (from rewards such as food to more abstract ones such as social reinforcers), so as to
compute a net value that might guide decision making in a cost-benefit type of calculation.

fMRI studies also provide examples of overlapping appetitive and aversive processes in
the human brain. As noted above, the striatum is not only engaged in appetitive learning and
reward processes but is also engaged in aversive learning (Delgado et al., 2011), perhaps
reflecting a role in avoidance learning (Delgado et al., 2009; Palminteri et al., 2012). There may
also be some functional segregation within the striatum, with more anterior regions showing
relative selectivity for rewards and more posterior regions for losses (Seymour et al., 2007).
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Consistent with a role of the striatum in reinforcement learning, we have observed both appetitive
and aversive prediction error signals in this region, consistent with a salience prediction error. In
this fMRI study, we used RL modelling during a classical conditioning learning paradigm to
investigate the prediction error related to different types of reinforcement (juice versus image),
and also compared prediction error for rewards and punishments (Metereau & Dreher, 2013)
(apple juice, salty water, money and aversive picture). Trials consisted of two phases: an
anticipatory period followed by the outcome presentation. The results showed that the putamen,
the insula and the anterior cingulate cortex code the taste prediction error, regardless of valence,
i.e. for both the appetitive and the aversive liquids (juice and salty water). A different pattern of
activation was observed in the amygdala, which coded a prediction error only for the
primary/immediate reinforcers (apple juice, salty water and aversive pictures). These results
demonstrate the different contributions made by distinct brain regions to compute prediction error
depending upon the type and valence of the reinforcement (Figure 5).

Taken together, neuroimaging evidence suggests that appetitive and aversive processing
overlap in regions such as the striatum, but also show some functional segregation depending on
contexts. These contexts are important because engagement of specific brain systems in
appetitive/aversive conditioning depends on the specific contingencies of the associations to be
learned. For example, in a simple Pavlovian conditioning paradigms in which one cue predicts
either a reward or no reward delivery, and another cue predicts a punishment or no punishment
delivery, the same outcome, i.e. absence of reward may be perceived as a punishment in the first
case whereas the absence of punishment may be perceived as a reward in the second case.
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Figure 5. Left. Reinforcers can be positive (rewards) or negative (punishments) and can be classified as
primary (innate value) vs secondary (learned from experience). Right. Salient Prediction Error (SPE) signal.
Statistical parametric maps showing that activity in the anterior cingulate cortex, bilateral putamen, and
bilateral insula correlates with the SPE in the gustatory conditions.. Reinforced and unreinforced trials are
plotted separately. Bottom right. lllustration of computational signals expected for the salient PE and the
Reward PE. The SPE signal responds to reward and punishment in the same way, as motivationally salient
events, generating positive PE for reinforced trials and negative PE for unreinforced trials. The RPE signal
responds to rewards and punishments in opposite ways, generating a positive PE when an unexpected
reward is delivered or when an expected punition is missed and generating a negative PE when an



unexpected punishment is delivered or an expected reward is missed (Unreinf., Unreinforced; Reinf.,
Reinforced).

Variable vs fixed Reinforcement schedules: how can they help in learning and
education?

Schedules of reinforcement are the rules that control the timing and frequency of reinforcer
delivery to increase the likelihood a target behavior will happen again, strengthen or continue. In
a schedule of reinforcement, the reinforcers are only applied when the target behavior has
occurred, and therefore, the reinforcement is contingent on the desired behavior. There are two
main categories of schedules: intermittent and non-intermittent. Non-intermittent schedules apply
reinforcement or no reinforcement at all, after each correct response. Intermittent schedules apply
reinforcers after some, but not all, correct responses. Among intermittent schedules, different
schedules can be distinguished and one is of particular interest: the variable interval schedule.
Variable interval schedules deliver the reinforcer after a variable time interval has passed since
the previous reinforcement. This schedule usually generates a steady rate of performance due to
the uncertainty of the time of the next reward, and is thought to be habit-forming.

One application for education is the schedule of exams.Variable interval schedules are
more effective than fixed interval schedules of reinforcement in teaching and reinforcing behavior
that needs to be performed at a steady rate. Students whose grades depend on the performance
of unpredictable exams throughout the semester study more regularly as they cannot know in
advance when exams will occur. In contrast, fixed interval schedules deliver a reward when a set
amount of time has elapsed. This is the case when the date of the final exam is fixed. Many
students whose grades depend entirely on a final exam do not study much at the beginning of the
semester, but increase their work only when the exam date approaches.

Another concrete example for education is the used of multiple schedules of reinforcement
as a behavioral intervention strategy to allow teachers to signal to students specific contexts under
which behaviors will be reinforced or not. To signal when a teacher’s attention is available (i.e.,
reinforcement) versus when it is not (i.e., extinction), different types of cues (e.g. color cards) can
be used (Vargo, 2020). This has proven useful to reduce disruptive behaviors such as
interruptions by students, which often disrupt the academic environment (Akers et al., 2019;
Vladescu & Kodak, 2016). These papers offer important examples for teachers to know how to
design and implement effective behavior management strategies to decrease problem behaviors
and simultaneously increase academic-related behaviors.

A final example comes from the field of serious games which frequently use reinforcement
schedules (Mayer, 2019; Nagle et al.,, 2014). Some studies have directly compared distinct
methods of scheduling rewards in games, such as fixed ratio schedules, in which rewards are
given after a fixed number of correct responses, and variable ratio schedules, in which they are
given after an unpredictable number of correct responses. The results of one study indicate that
giving rewards according to a player-centered variable-ratio schedule has the potential to make
serious games more effective. The results also showed that enjoyment, performance, duration of
gameplay and likelihood to play again were significantly higher when variable-ratio schedules
were used.

Together, these behavioral findings demonstrate that variable reinforcement schedules,
which are more likely to generate Prediction Error signals from dopaminergic neurons, are usually
more effective in promoting study and learning.



Conclusions

Fundamental neuroscience knowledge derived from Reinforcement Learning and
characterization of dopaminergic signals, (e.g. Prediction error) has important practical
implications for learning and education in general. First, learning by trial and error requires
learners to confront their mistakes. As one often tends to experience mistakes, learners need to
be reassured. Students need to understand that mistakes should not be perceived as
punishments and that they actually learn from trying something and receiving negative feedback
(i.e. that they can be incorrect). Making a mistake allows us the opportunity to improve our skills
over time. Another aspect concerns the rich field of reinforcement learning schedules, which has
direct practical implications, such as the fact that frequent exams/tests will reduce the stress that
results from the exam itself. Second, over the course of repeated tests, via trial and error and
informative feedback, students will consider the test itself and their mistakes as a less stressful,
and more importantly, as a necessity for successful learning. The benefits of discovery by oneself
through the trial and error process reinforces the relationships between the correct actions and
outcomes, thereby serving the learning purpose. Further aspects include personality traits such
as confidence and metacognitive abilities to judge the relationship between perception of oneself
and one's abilities.
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