A reward shaping method for promoting metacognitive learning
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Abstract

The human mind has an impressive ability to improve itself based on experience, but this potential for cognitive growth
is rarely fully realized. Cognitive training programs seek to tap into this unrealized potential but their theoretical foun-
dation is incomplete and the scientific findings on their effectiveness are mixed. Recent work suggests that mechanisms
by which people learn to think and decide better can be understood in terms of metacognitive reinforcement learning.
This perspective allow us to translate the theory of reward shaping developed in machine learning into a computational
method for designing feedback structures for effective cognitive training. Concretely, our method applies the shaping
theorem for accelerating model-free reinforcement learning to a meta-decision problem whose actions are computations
that update the decision-maker’s probabilistic beliefs about the returns of alternative courses of action. As a proof of con-
cept, we show that our method can be applied to accelerate learning to plan in an environment similar to a grid world
where every location contained a reward. To measure and give feedback on people’s planning process, each reward was
initially occluded and had to be revealed by clicking on the corresponding location. We found that participants in the
feedback condition learned faster to deliberate more and consequently reaped higher rewards and identified the optimal
sequence of moves more frequently. These findings inspire optimism that meta-level reward shaping might provide a
principled theoretical foundation for cognitive training and enable more effective interventions for improving the human
mind by giving feedback that is optimized for promoting metacognitive reinforcement learning.
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1 Introduction and Background

One of the most remarkable aspects of the human mind is its ability to improve itself based on experience. Such learning
occurs in a range of domains, from simple stimulus-response mappings, motor skills, and perceptual abilities, to problem
solving, cognitive control, and learning itself (Green & Bavelier, 2008; Bavelier, Green, Pouget, & Schrater, 2012). Demon-
strations of cognitive and brain plasticity have inspired cognitive training programs. The success of cognitive training
has been mixed and the underlying learning mechanisms are not well understood (Owen et al., 2010; Anguera et al.,
2013; Morrison & Chein, 2011). Feedback is an important component of many effective cognitive training programs, but
it remains unclear what makes some feedback structures more effective than others, and there is no principled method
for designing optimal feedback structures.

Recent work suggests that cognitive growth can be fruitfully conceptualized in terms of a metacognitive reinforcement
learning mechanism that identifies which cognitive operation should be executed depending on the current mental state
(Krueger, Lieder, & Griffiths, 2017). One instance of metacognitive reinforcement learning is learning how to decide. This
includes learning when to rely on habits versus planning and learning how far to plan ahead. Concretely, Krueger et al.
(2017) found that an approximate Q-learning algorithm qualitatively captured how quickly people learn to plan farther
ahead depending on the reward structure of their training problems. This perspective allows us to translate methods
for accelerating reinforcement learning in robots (Ng, Harada, & Russell, 1999) into feedback structures for cognitive
training in humans.

Reinforcement learning problems are commonly modeled as Markov decision processes (MDPs) which are defined by a
set of states .S, a set of actions A, transition probabilities 7', a reward function 7, and a discount factor v (Sutton & Barto,
1998). The goal is to learn a policy 7 : S +— A that attains the highest possible sum of (discounted) rewards V*(s) that can
be attained starting from any state s. Ng et al. (1999) showed the model-free reinforcement learning can be accelerated
without changing the optimal policy by adding pseudo-rewards (PR) of the form

PR(s,a,s') = -V (s') = V(s) (1)

to the reward function  where V' is an approximation to V*. For instance, a robot learning to navigate a maze may
receive a positive PR for moving towards its target location and a negative PR for moving away from it. The resulting
reward structure 7’(s, a, s) = r(s, a,s’) + PR(s, a, s') makes the optimal policy easier to learn because it aligns immediate
reward with long-term value.

Previous work suggested that these pseudo-rewards can also be used to improve human decision-making (Lieder &
Griffiths, 2016). Concretely, Lieder and Griffiths (2016) found that presenting pseudo-rewards as incentives increases
decision-quality. While this intervention aligned people’s choices with the optimal policy, it is unlikely to have improved
their planning process in ways that would benefit them in novel environments, because the incentives eliminated the
need for planning. Hence, to promote learning to plan it might be more effective to let people plan how to solve the orig-
inal problem and provide feedback on their planning process. Providing such feedback is challenging for two reasons:
first, planning processes cannot be observed directly, and second planning performance is difficult to score automati-
cally. To overcome this first challenge, we leverage the newly developed Mouselab-MDP paradigm (Callaway, Lieder,
Krueger, & Griffiths, 2017) that makes it possible to measure people’s planning processes by tracing the information they
acquire during planning (see Figure 1). To overcome the second challenge, we model optimal planning as the solution to
a meta-level MDP (Hay, Russell, Tolpin, & Shimony, 2012) whose actions are cognitive operations and whose states are
the planner’s beliefs about the rewards it can harvest from the environment by taking a certain action in a certain state. A
meta-level MDP M formalizes the problem of selecting the optimal sequences of computations for a resource-bounded
computational architecture. This is known as rational metareasoning in the artificial intelligence literature (Russell &
Wefald, 1991). Concretely, a meta-level MDP

Mneta = (Ba C, Timeta; Tmeta) (2)

is a Markov decision process whose actions C are cognitive operations, states B represent the agent’s probabilistic be-
liefs, and transition function Tieta models how cognitive operations change the agent’s beliefs. In addition to a set of
computations C that update the agent’s belief, the cognitive operations also include the meta-level action L that termi-
nates deliberation and translates the current belief into action. The meta-level state b; encodes the agent’s probabilistic
beliefs about the domain it is reasoning about. The meta-level reward function rmeta captures the cost of thinking and
the reward r the agent expects to receive from the environment when it stops deliberating and takes action. The com-
putations C' do not yield any external reward. Their only effect is to update the agent’s beliefs. Hence, the meta-level
reward for performing a computation ¢ € C'is rmeta(bs, ¢) = —cost(c). By contrast, terminating deliberation and taking
action (L) does not update the agent’s belief. Instead, its value lies in the anticipated reward for taking action, that is

Tmeta(bt, L) = arg max, bi“ ) (a), where bg” ) (a) is the expected reward of taking action a according to the belief b,.

Here, we apply reward-shaping to a meta-level MDP of the planning process to derive an optimal feedback structure for
accelerating metacogntive reinforcement learning in people.
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Figure 1: Illustration of Mouselab-MDP paradigm used to trace and give feedback on how people plan. Participants plan
a sequence of three moves so as to maximize the sum of rewards along the path while minimizing the cost of planning.
Each trial starts with a new set of occluded rewards. To observe these rewards participants have to click on them (a) and
are provided with feedback after each flight (b). Each click costs 10 cents.

2 A Method for Designing Optimal Feedback Structures for Metacognitive RL

Building on the research summarized above, our method for designing optimal feedback structures to promote metacog-
nitive learning proceeds in the following four steps:

1. Model the cognitive function to be improved (e.g., planning) and the available cognitive operations (e.g., deter-
mining the reward for taking a certain action in a certain state) and their costs as a meta-level MDP.

of the meta-level MDP.

3. Translate the approximate meta-level value function Vi, into integrated meta-level pseudo-rewards

2. Approximate the optimal value function V.,

PR(by,¢r) = E [Vmeta(3t+1)|bt — Vineta(bt) + I [Tmeta (b, ¢, br41)]
4. Translate these PRs into rewards and punishments that provide meaningful feedback to people (e.g., Figure 1b).

This method is very general and widely applicable. Here we apply it to accelerating the process by which people learn
to plan in the Mouselab-MDP paradigm (Callaway et al., 2017). In this paradigm the task is to find a sequence of moves
(m) to collect as much reward as possible from the locations (I) along the resulting path (see Figure 1a). Critically, all of
the rewards r are initially occluded. They can be uncovered by clicking on their location and each click has a cost.

First, we model deciding how to plan under cognitive constraints as a meta-level MDP. The set of cognitive operations C
comprises the computations C' = {c1, - - -, ¢,, }, each of which retrieves the reward of one of the n locations (e.g., by clicking
on one of the locations in Figure 1a) and updates the belief state accordingly, and the operation L which executes the
move with the highest expected return according to the current belief state b;. The belief state b, € B is defined by the
means /i ,,, and variances oy ,, of normal distributions on the Q-values Q(I, m) of performing move m in location [ of
the environment shown in Figure 1 and the current location /. The probability of the next belief state b;:11 given the
current belief state b, and a computation ¢, that is Timeta (bs, ¢t, bi41), is defined by the assumptions that the reward of the
inspected location will be sampled from the reward distribution P(R) = N (ug,or) and the belief state will be updated
according the the laws of probability theory. The meta-level reward 7meta(bs, ¢;) 0of performing a computation was set
to a constant —\ which represents the cost of generating and processing another piece of of information. The meta-
level reward for acting is the expected reward of the resulting action minus the cost of planning, that is rmeta (b, L) =

E [r(l, arg max, Ml(bfn))] = T Y men, #m,where 7 is the planning cost per step, M is the set of paths starting from

location I, and #m is the length of the path m. Here, we set the parameters of this meta-level MDP such that the
benefit of complete planning according to perfect information far outweigh its cost (i.e., pr = 4.50, cr = 10.60, A = 0.10,
and 7 = 0.01). Because of the chosen parameters we can approximate the optimal meta-level value function under the
assumption that the agent will deliberate enough to eventually select the best move. We thus approximate the value of
performing computation ¢, in belief state b; by

Vineta(be) = I |max Q(Ue, m)[br| = A+ #0p, =7+ > #m, ©

meM,;



where #Uj, is the number of unobserved locations ahead of the current location.

The resulting pseudo-rewards PR(b;, ¢, bi41) = E {Vmeta(Bt+1)|bt] - Ameta(vt) + E [Fmeta (b, ¢, by11)] satisfy intuitive

desiderata: They are negative when the agent decides prematurely, wastes time on irrelevant information, or takes an
action that is suboptimal with respect to the current belief state. Since the rewards of the task environment (Figure 1)
are monetary, the meta-level pseudo-rewards can be interpreted as the expected future monetary consequences of the
cognitive operations the participant performed or failed to perform. We can therefore convert the pseudo-rewards into
a delay-penalty by assuming that our participants value each hour of their time at about $10. Critically, pseudo-rewards
for thinking reflect the expected gain in decision quality regardless of whether it made the person more optimistic or
more pessimistic. Next, we evaluate whether the resulting feedback can accelerate the rate at which people learn to plan
better in the Mouselab-MDP paradigm shown in Figure 1.

3 Experimental Test of the Method’s Efficacy

3.1 Methods

We recruited 60 participants on Amazon Mechanical Turk. The task took 29.7 minutes on average and participants
were paid $1.50 plus a performance-dependent bonus equal to 5% of their earning from one randomly selected trial; the
average bonus was $1.76. There were two experimental conditions: In the feedback condition, participants received a
delay penalty computed by the reward shaping method described above along with feedback messages. In the control
condition, the delay was constant regardless of performance and participants received no feedback. The assignment
of participants to conditions was counterbalanced using psiTurk (Gureckis et al., 2016). All participants solved twenty
planning problems that were rendered using the Mouselab-MDP plug-in for JsPsych (Callaway et al., 2017). In each
problem, participants had to route an airplane from the center of the screen to one of eight final destinations, with two
additional stops along the way (Figure 1a). Each state adds or subtracts money, and the value of each state is initially
occluded, but can be revealed at any time by clicking on it. Each click incurs a cost of $0.10. Participants were required
to spend at least 45 seconds on every trial, to ensure that clicking doesn’t incur a time cost.

The twenty planning problems differed only in the reward function. These reward functions were generated indepen-
dently of one another and their order was randomized across participants. All rewards were integers between —20 and
+18 with mean 4.2 and standard deviation 10.3. The reward functions were designed such that three-step planning based
on complete information led to significantly higher average returns than 2-step planning, 1-step planning, and random
choice ($38.35 vs. $16.06-$18.30). One-step planning performed at chance level.

In the feedback condition, we calculated a pseudo-reward for each of the participant’s clicks and moves according to
meta-level reward shaping. Whenever the participant chose a move the sum of the pseudo-rewards obtained since the
last move was translated into a delay penalty according to a conversion rate of $10 per hour. If the resulting penalty was
less than 1 second participants could move on immediately. Otherwise, the move was followed by a timeout period that
lasted for the computed duration. During this period the participant could not proceed with the task, the countdown
on the minimum trial duration stopped, and a feedback message was shown. As illustrated in Figure 1b, this message
gave feedback on whether the participant had considered too few possible paths, whether they had considered irrelevant
states, and whether their decision was suboptimal relative to what they knew at the time.

3.2 Results

We quantified how much planning our participants performed by how many of the 16 relevant locations they inspected

(# clicks). The quality of the resulting decisions was measured by the relative reward Tmtx%rm (where ryax and 7y, are
min

the highest and the lowest total return achievable on that trial) and by the frequency with which participants selected the

optimal sequences of moves (% optimal routes).

We found that participants in both conditions learned to collect more information and make better plans (Figure 2). To
quantify these effects we fitted the learning curves y(t) shown in Figure 2 by a sigmoidal function of trial number ¢,

1
1+ exp (—(B1 4 (B2 + B3 *¢) * t))

where 3y determines asymptotic performance, 3; determines initial performance, 3, is the learning rate in the control
condition, 83 measures how much learning is accelerated by feedback (¢ = 1 indicates the presence of feedback), and
¢ is an iid. random perturbation. To determine whether performance improved with experience and whether this
improvement was modulated by feedback we performed a nonlinear regression analysis (fitnlmin Matlab 2015Db)
to estimate the coefficients 5 and test whether > and 83 were significantly greater than zero. This analysis revealed
significant effects of learning on the number of clicks (¢(1197) = 5.04, p < .0001), the frequency of choosing the optimal

g(t) = (1= PBo) -

+¢, 4)
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Figure 2: Learning curves for the number of outcomes considered during planning (a), the frequency of identifying the
optimal path (b), and relative reward earned (c) with versus without feedback.

route (¢(1197) = 5.35,p < .0001), and the relative reward (¢£(1197) = 5.67,p < 0.0001) in both conditions. Critically,
feedback significantly increased the slope of the sigmoidal learning curves of the proportion of inspected cells (¢£(1197) =
2.02,p < .05), relative performance (¢(1197) = 3.43,p < .001), and the relative frequency of the optimal route (¢(1197) =
3.29,p < .001). Model comparisons confirmed that the full model including the feedback regressor explained the data
significantly better than the restricted model without it (clicks: F(1,1196) = 95.39,p < 10~!5, frequency of optimal
solution: F'(1,1196) = 38.90,p < 1077, relative reward: F(1,1196) = 33.12,p < 10~7). This indicates that the feedback
we generated from the meta-level pseudo-rewards significantly accelerated the process by which people learned to plan
more and better. As a result, participants in the feedback condition learned to consider more possible outcomes (11.9/16
vs. 9.1/16, F(1,1160) = 100.38,p < 0.0001) and consequently earned more relative reward than participants in the
control condition (92% vs. 84%, F(1,1160) = 43.03,p < .0001).

4 Conclusion

We have derived a computational method for designing feedback structures that promote metacognitive learning and
illustrated its potential to help people learn to plan better. The results presented here build on recent work showing that
cognitive plasticity can be understood in terms of meta-level reinforcement learning (Krueger et al., 2017; Lieder, Shen-
hav, Musslick, & Griffiths, in revision). Together with the preliminary results presented here these findings inspire hope
that theory and tools of reinforcement can be leveraged to improve the human mind by promoting metacognitive learn-
ing. The results presented here are a first step in evaluating meta-level reward shaping as a theoretical foundation for
cognitive training. Future work will rigorously evaluate this feedback mechanism against alternatives, assess retention,
and evaluate transfer. If successful this line of research might lead to principled and more effective tools and inter-
ventions for training high-level cognitive functions such as planning and decision making, cognitive control, reasoning,
problem solving, attention, and learning.
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