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Abstract

Transformers have demonstrated the ability to approximate in-context a rich class
of functions in supervised learning and more recently in reinforcement learning
(RL) settings. In this work, we investigate the transformer’s ability to in-context
learn the Gittins index, an online RL algorithm computed via dynamic program-
ming (DP) and known to be optimal in Bayesian Bernoulli bandits. Our experi-
ments show that the transformer can learn to approximate this strategy very well
in a pure RL manner, without expert demonstrations, especially after we account
for the problem’s underlying symmetric properties. Our results, therefore, serve
as empirical evidence that the class of RL algorithms transformers can learn in
context extends to include certain DP-based algorithms.

1 Introduction

LLMs like GPT4 have shown the ability to generalize well across a wide variety of tasks through
a phenomenon called in-context learning (ICL) [2]. When given a prompt of a few input-output
examples, the model can generate relevant predictions for novel queries without parameter updates.
The remarkable generalizability of ICL has motivated extensive research into which functions can be
in-context approximated by a transformer, the core architecture of LLMs [15]. Significant progress
has been made in supervised learning settings (e.g., [5, 16, 1]). Concurrently, transformers have
garnered increasing attention in RL [14], where the sequential nature of the problem is well-aligned
with transformers’ demonstrated success on sequential tasks (e.g., [3, 7, 9, 10]).

Our paper provides empirical insights into in-context reinforcement learning (ICRL), where the
goal is to train models to act like RL algorithms. The model should learn how to adapt the optimal
strategy to the current environment based on the observed past interactions. This fast adaptation
draws a connection to the field of meta reinforcement learning, where the goal is to learn algorithms
that generalize well across the distribution of RL tasks rather than excel at a single RL task. We
emphasize the learning aspect of these fields: rather than imitating the expert, the model should in-
dependently discover the optimum (via online RL), possibly outperforming existing SOTA methods.
This motivates the major question for our paper:

Which RL algorithms can transformers efficiently meta-learn in-context?
Researchers have explored this question for other architectures (e.g., Wang et al. [17] trained RNNs

and Duan et al. [4] trained LSTMs to solve different RL problems). Other works have studied
the transformer’s performance in the supervised pretraining setting, i.e. where the model aims to
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approximate expert solutions through demonstrations [9, 10]. The closest to our work, Mishra et
al. [11] proposes a modified transformer architecture called SNAIL which they show approximates
Gittins index [6] well. SNAIL manages to achieve this optimal strategy but at the expense of only
a finite context size. Namely, their model would have to grow as O(log(7")) in depth as the context
size T' (horizon) increases. In general, SNAIL’s architecture significantly differs from the original
transformer, which Mishra et al. claim was incapable of solving the bandits in their experiments. In
contrast, our work shows that the original transformer (and in fact, a transformer of modest size) can
approximate this Gittins index strategy very well, especially after being encouraged to respect the
problem’s underlying symmetry. Our results, therefore, serve as empirical evidence that the class of
RL algorithms transformers can learn in context extends to include certain DP-based algorithms.

2 Methodology

2.1 Bayesian Bernoulli Bandits and Gittins index

First, we remind the reader about the Bayesian Bernoulli bandit formulation. A single Bernoulli
bandit M is defined by a vector (u1, pia, ..., jtxc) € [0, 1] of unobserved arm means, where at each
stept =0, ...,T — 1 the agent chooses some action a; and receives the reward r; ~ Bernoulli(yy, ).
With the transformer fy parametrized by 6 (all weights and biases), at each step ¢ the agent
makes a decision based on the output fo(H¢) = fo(ao,70,...,at—1,7:—1), @ vector of probabili-
ties for choosing different arms. At the end of the episode, the agent observes the final trajectory
7 = (ag, 70, -, ar—1,r7—1) and receives a discounted reward R(7) = ZtT:_Ol ~tr;. Thus the distri-
bution of a trajectory 7 is defined by the policy and reward distributions, and so for a given bandit M
and policy fy, we will denote 7’s distribution by (M, fy). The Bayesian MAB assumes a prior dis-

tribution of single bandits {(u1, pa2, ..., ux ) ~ D (e.g., p; - Unif (0, 1)), with the goal to maximize
(or, equivalently, minimize the negative of) the expected reward across this whole distribution:

J(0) = (=1) - Epren[R(M)] = —Epep [Ere(ar, o) R(T)] ey

and we aim to find §* = arg min, J(#). During evaluation, at each step ¢ the model decides about op-
timal choices sequentially by analyzing the history of past interactions Hy = (ag, 7o, ..., Gt—1,Tt—1)
entirely in-context (parameters 6 are frozen), positioning our problem as in-context RL.

For any prior distribution D, the strategy minimizing (1) with the infinite horizon T' = oo is known
to be the Gittins index [6]. At each step, it updates a scalar value independently for each arm
using dynamic programming and pulls the arm with the largest value. In reality, we can train the
transformer only for finite horizon 7', but in our settings of (v, T") Gittins index becomes almost
identical to the optimal solution for the finite horizon case.!

2.2 Gradient Estimate and Optimization

To minimize the objective (1), we use on-policy stochastic gradient descent. We follow the classic
REINFORCE algorithm [18] to derive an unbiased gradient expression (which is still valid if we
allow the policy to condition on the actions-rewards history H; = (ag, 70, -, Gt—1,Tt—1)):

T—1

Z Vo logmg(at|Hy)

t=1

- R(T) @)

Ve J(0) = —Em~p lET~(N[,fa)

This gradient is estimated using a batch of B trajectory rollouts 7; via Monte Carlo: we first draw
a bandit M; ~ D and then interact with this bandit for 7" timesteps according to the current policy
my (this is repeated in parallel for ¢ = 1, ..., B). To further reduce the variance of this estimate, we
use baselines (also from [18]), which we estimate with the value network, generalized advantage
estimates [13] (making the estimate slightly biased but with much lower variance), and entropy
regularization to encourage more exploration. The final total loss is the weighted sum between these
components mirroring the "A3C" approach ([12], further details can be found in the appendix A.1).
The transformer dimensions we used for our major experiments: n_embd=96, n_layer=6, n_head=3,
which results in approximately 0.5 million parameters. The code for the algorithm, along with all
other components of the work, can be found on the anonymized GitHub link.

"This is because v becomes negligible, e.g., with v = 0.9, 7 = 100,0.9'%° ~ 2¢ — 5.
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2.3 Symmetry modifications

In our problem, the optimal solution intuitively should be symmetric: if we swap the evidence (past
data rewards) between two arms, our beliefs about pulling those arms should also switch accord-
ingly. Formally, fy is considered to be symmetric if and only if for any permutation of arm indices

o:{1,.,K} LN {1,.., K} (B stands for bijection) and history H; = (ag, 7o, ..., at—1,7t—1), the
model’s forward pass operator and permutation ¢ on arm indexes are interchangeable:

o(fo(Hi)) = fo(o(Ht)). ©)

In this equation, the left side applies permutation ¢ on the resulting vector fp(H;) of K proba-
bilities for choosing different arms, while the right side first applies o on arm choices o(H;) =
(o(ag),roys -y o(at—1),r+—1) (rewards kept the same), and then applies the forward pass fp.

Looking ahead to the experiment results, we found that the transformer converges to asymmetric
solutions. This led us to incorporate into our experiments techniques that could alleviate the asym-
metry, which we briefly describe here:

(1) Symmetrization transformation fes on the original model fy modifies its forward pass by ap-
plying all possible permutations o to the input and averaging out the results. This makes the model
satisfy (3) and we call this modification a "symmetrized transformer".

(2) Symmetry regularization penalizes the original transformer model fy for asymmetric behavior,
namely any deviations between fy(H;) and o~ (f¢(o(H;))) for histories H; encountered during the
training (note that for a symmetric model those vectors should be the same and hence the penalty is
zero). As opposed to the symmetrization, the regularization does not change the original architecture
(forward pass remains the same), and therefore, sheds light on whether the original transformer can
represent the optimal solution without any modifications. Formal definitions of both methods can
be found in appendix A.2.

3 Experiments and Results

All our experiments are conducted for Bayesian Bernoulli bandits with different settings (arms £,
horizon T', prior distribution D) and different transformer designs (with/without symmetry modifi-
cations). We evaluate the models based on the final expected reward per episode (scalar value) and
training convergence dynamics. The major results for 7' = 100 and K = 5, 10, 50 are presented in
Figure 1, and more extended analysis can be found in the Appendix A.3.1.
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Figure 2: Training convergence for 10 arms for 3 models: original 'ed one), resulting in the opti-
transformer (red), symmetrized (green), and regularized (blue). mal solution in the end.

Note that the green/blue lines essentially achieve the optimal loss of the Gittins index at the end of
the training, while the red line plateaus at a higher level, suggesting that the original transformer
gets stuck with an asymmetric solution.

Surprisingly, the symmetrized version has the fastest and most stable convergence even though we
use K times fewer independent samples at each training step. We do this because for the sym-
metrized transformer we perform K cyclic permutations for every input trajectory, and hence we
had to reduce our batch size K times in the Monte Carlo gradient estimates to fit into the training
time/memory constraints (details can be found in Appendix A.2). Given this, a clear lead over the
original transformer demonstrates how advantageous symmetrization is in our bandits problem.

While the regularization helped in smaller K settings (KX = 2,5,10), we found it ineffective for
K = 50, often resulting in unstable training and higher loss than the original transformer (appendix
A.3.1). Further investigation is needed to robustify the regularization function and optimization
process in this regime. In general, as K increases, the problem becomes harder since there is little
time for exploration (e.g., for K’ = 50 and T = 100 there are < 2 trials per arm on average, and the
problem becomes very noisy). Larger K seems to lead to larger asymmetry gaps as showcased in
our convergence plots for K = 50 (appendix A.3.1).

Furthermore, for K = 2, we compare decisions made by our model (arm a;) and Gittins (arm
g:) when they observe the same history of past interactions H; by calculating the ‘difference scores’
Z;F:_Ol 7' 1(as # g¢). This is done for every ‘region’ of size 4 x + where the true arm means y11, 112
can be situated within the unit square, which allows observing directly how our model deviates from

Gittins depending on the underlying bandit. These scores are presented as a heatmap in Figure 3.
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Another notable pattern is the decrease in difference scores from low to high p’s (bottom left to top
right for the symmetrized transformer). We believe, to some extent, this is just the nature of the our
problem and provide a detailed discussion in Appendix A.3.2.

We further test the effectiveness of the transformer by conducting an out-of-distribution (OOD)
experiment. For ' = 2 we change the prior of arm means from Uniform to Beta(10, 10), making
the chances of uq, po falling close to O or 1 negligibly small. During test time we compare the
performance on the "held-out" regions when those means fall on the boundary of a unit square. We
find that the fitted transformer solution generalizes very well out-of-distribution, on par with the
Gittins index. Details about this experiment can be found in the Appendix A.4.

To conclude, our work aims to deepen the understanding of which reinforcement learning algorithms
transformers can learn in-context. In this paper specifically, we study the Gittins Index algorithm,
which is typically computed via dynamic programming. Our scientific approach hypothesized that
the transformer could approximate it well in context. Our empirical evidence, however, indicates
that this is not entirely the case for the original transformer, as it demonstrated suboptimal perfor-
mance across various settings (# of arms and horizon). This led us to formulate a new hypothesis:
that the asymmetry was causing the problem, which was further validated via experiments with sym-
metrizing interventions. These interventions helped to stabilize the training and obtain the optimum
in most regimes.

One of the interventions, regularization, does not affect the transformer’s architecture but simply
adjusts the optimization process via loss modifications. This result serves as empirical evidence
that the original transformer can approximate the Gittins index, and, as a result, achieve a perfect
exploration-exploitation balance. In contrast, recent works [8] have shown that LLMs like GPT4
fail to do even basic exploration in bandits, let alone approximate the optimum. We, therefore,
hypothesize that this lack of exploration stems from the training procedure (next-token prediction)
rather than inherent limitations in the transformer’s architecture, and we hope that further research
into online in-context RL at scale can open up novel powerful model capabilities.
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A Appendix

A.1 Training details

The primary "policy" loss during our training can be defined as:

Lp(0) = —En Erunr g, (Z(logﬂe(aﬂﬂt) - (Ryy (1) ='"Va, (Ht))> “

t=1

This closely follows the gradient expression from (2), except that we use R (7) = Yors+ytre +
.+yT == 1rr_ instead of R(7) and estimate baseline with the value network Vy,, (H;), which mir-
rors the approach from REINFORCE [18] and A3C [12] papers. We further modify this difference
with the generalized advantage estimate (GAE, [13]) AGAEZ(2) (1), where ) is the tuned hyper-
parameter that balances the bias-variance tradeoff. Finally, we add the value I//‘\/(G) and entropy
Zemmpyw) losses, mirroring the approach from [12].

During training, we cannot compute exactly either of the three losses (that would require integrating
over all MABs and trajectories 7), so they are replaced with the Monte-Carlo estimates. For instance,
the estimate for the policy loss is:

LT»<0>:—;Z<

Ti

T
(D logmo(acl Hy)) - (Rypy(rs) = 7'Vay (Hi,t))> ; )

t=1

We use the largest batch size that fits into the memory: for ' = 10, B ~ 20000 was enough, but for
T = 100 we used B = 5000. Putting all parts together, the pseudocode is presented in the algorithm
1, and the code implementation, along with all other components of the work can be found on the
anonymized GitHub link.

From the computing perspective, we used a single 80GB A-100 GPU for our major transformer
model config (n_embd=96, n_layer=6, n_head=3). The number of training steps was usually in the
range of 1K to 5K, which resulted in an average of 1.5-2 days of runtime.

Algorithm 1: Training procedure

Initialize 6, and 6y, (all shared except the last layer)

2 for step in range(total steps) do

10

Draw B bandits M; from the distribution D. Generate actions ag by random (tensor of
B x 1), get rewards 7o[¢] by pulling ag[¢] in bandit M; for each s.
fort=1..T-1 do
Perform model’s forward pass on H; = (ag, 70, .-, @t—1,7¢—1) // this input
tensor has shape B Xt x 2 (because we group each action-reward
pair together)
Use model’s output logits to sample actions a; // tensor B x 1
Obtain rewards r; by pulling arms a;[é] for each bandit M.

Using the last history Hr = (ag, ro, ..., ar, 1), calculate Monte Carlo estimates for the
policy, values, and entropy losses and symmetry loss in (7) when using regularization.
Perform backward pass on the combined sum

5;3(97 )\GAE [t]) + Cy - Z\\/(e) + Cent’r‘opy [Step] . Zentropy(e) + Asymﬂ%etry : Zsy?ﬂmetry (9)

| Update the parameters by performing one gradient step with learning rate = Ir[step].

There are many hyperparameters in this algorithm: calibration of ¢y, A\GaE, Centropy, Asymmetry
coefficients in the loss calculation, learning rate scheduling, and the number of training steps:

— cy is the coefficient of the value function and is typically set between 0 and 0.5; in our case, we
chose ¢y = 0.1, being constant throughout the training.

— Asymmetry controls the symmetry regularization strength; we chose the values empirically depend-
ing on the convergence dynamics.
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— Centropy f0llows the dynamic annealing scheduling: it starts with 0.2, decreases to 0 as an arith-
metic progression for the first half of the training, and stays at O for the remaining half. We remind
the reader that higher ccy,tropy penalizes the model for deterministic outputs mg(H;), implying that
the model is artificially encouraged for exploration.

— Agag follows the dynamically rising scheduling: it starts with 0.3, increases to 1 as an arithmetic
progression for the first half of training, and stays at 1 for the remaining half. We remind the reader
that Acag = 1 corresponds to the unbiased estimates for the gradient, and A\garp < 1 implies
biased estimates with a lower variance, which decreases the influence of future rewards.

— The Learning rate in all experiments was tuned. It followed a warm-up and then a constant schedule
with Adam Optimizer. In several experiments, we observed that the learning rate can affect the
convergence outcome (i.e., converge / not converge to the optimum). Therefore, we did some basic
learning rate exploration. We usually chose the lowest learning rate and the largest number of
training steps when reporting the final findings, as those produced consistent results.

We experimented with different parameter dimensions (depth/width, number of attention heads) and
were able to get to the optimum performance with a small-sized transformer (maximum dimensions
sizes we tried were: N_embed = 256, N_layer = 12, n_head = 8.) One further direction for research
is to investigate how the training convergence/asymmetry phenomenon (of the original transformer)
develops with the model and data scale, which we did not have a chance to explore fully in our case.
In particular, we would like to know how much deeper and wider the network should be to find the
global optimum without any modifications. From the data perspective, increased batch size could
also help the model to get out of asymmetric local minimum.

A.2 Symmetry modifications
A.2.1 Symmetrization

For a given model fy (e.g. transformer), symmetrization fég can be defined as:

f5(Hy) = Ave [0 (fo(o(H)) Vo : {1,., K} 2 {1,.., K}, (6)

i.e. we apply the 0~ 1(fs(o(+))) operator on H; for all possible permutations o and average out

results. It is easy to see that this definition makes the model f(;9 symmetric: assume we have any
?
permutation oy and we want to check fy'(H;) = oy '(f5 (00(H;))), which is equivalent to the

original symmetry condition (3). Substituting the definition of f9S on the right side:
o (f§ (00(Hy))) = o5 (Ave, [07 (fo(o(00(Hy))))]) = Ave, [0 (07! (fo(o(oo(H))))]) =
Ave, [(0000) " (fol(o 0 00)(H)))] = f (He),

where the second equation follows because Ave and o, ! operators are interchangeable, the third
equation simply combines o and o into the composition of permutations, and last equation follows
because o o o still spans all permutations as ¢ did before.

There are K! different permutations, so for large K this becomes computationally infeasible, and
hence we restrict the permutations ¢ to some subgroup G'i. A natural choice of such G is the
group of cyclic shifts, i.e. 05(i) = i+ s mod K for s = 0,..., K — 1, and it serves our goal of
eliminating bias towards any one of the arms: none of the arms will be dominate the others now.
This is because if, say, original model fy favors arm 1, then large output probabilities for this arm 1
will be transferred to all other arms 7 > 1 after applying cyclical shift o;_; on the output fes .

A.2.2 Symmetry Regularization

With symmetrization, we "engineer" our prior knowledge about the optimal solution (namely that it
should be symmetric) and change its architecture accordingly. Therefore, it remains unclear whether
the original transformer is just incapable? of representing the optimal, symmetric solution, or it is
capable of doing that, but it faces very non-convex optimization problem and gets stuck in a local
minimum. Our second method addresses these concerns via symmetry regularization, which adds

*Remark: in theory, transformer model can approximate well any function if its architecture is big enough;
here "incapable" refers to the abilities of a small-size transformer



-

the penalty component for asymmetric behaviors in the total combined loss, without any changes to
the architecture / forward pass. An additional benefit of the regularization is the ability to control its
strength (via the calibration of the penalizing A constant) and its flexibility of what kind of beliefs
can be reflected in our penalties (e.g., it is unclear how symmetrization can help when the optimal
solution requires symmetry along only a subset of coordinates or even asymmetry). We provide a
formal description in the Algorithm 2:

Algorithm 2: Symmetry Regularization

Perform the regular training procedure: roll out trajectories and calculate the policy, value, and
entropy losses as previously. This step is unmodified and produces B final trajectories
T; = Q0,70,01,T1, -, ar, T7 (1=1..B);
Choose a random subset 7; of size [B / K] among 7 ; // K is the number of arms
For each chosen 7;, consider K augmented trajectories by applying all permutations from G :

7js = 0s(7j) = ((ap + ) mod K,rop, (a1 +s) mod K,rq,...,(ar +s) mod K,rr)

where s = 0, ..., K — 1 ("s" for shift). There will be [B/K| - K < B trajectories overall ;
// all the actions are shifted by some number s modulo K and rewards are
kept the same

Stack these trajectories together in a single batch of size B. Perform one forward pass and
obtain the policy output P: the tensor with the shape (B, T, K); // the third dimension
is K because it corresponds to K logits of the policy output

For simplicity, we assume the first dimension can be indexed via pair (j, s) so that
P(4,5),t] = fo(os(;))[t] - the result of the original model on permuted 7; ; = o4(7;) at
time step t. Recall that each of P[(j, s), t] is still a K-dimensional vector, not a scalar.

For each index j and time step ¢, calculate the symmetry loss L; ; as the variance between the
permuted back versions of the outputs:

Ljy = Ave [Vare—o..x {07 (P[(j, ), 1])}] = Ave [Vars—o..ic{o" (fo(ou(1)[])}]

where the variance inside is taken coordinate-wise and then Averaged out across those K
coordinates to obtain the final scalar value.

Finally, This loss is summed up across time horizons and averaged over the batch, where
discounting happens for the same reason as with value and entropy losses:

B T
1
Lsymmetry = /\symmetry . E § E ’YtLj,fn (7)
j=1t=1

Return this loss and add it to the other components of the total loss before the gradient update
step. Asymmetry 1S @ hyperparameter controlling the strength of regularization.

One significant benefit of the regularization, as opposed to symmetrization, is computational effi-
ciency: we perform only one additional forward pass, while the symmetrized transformer "needs"
to perform K times more forward passes at every step ¢ of the rollout trajectory (because we shift
every input K times).

Due to these computational and memory constraints, we had to reduce the batch size of the sym-
metrized transformer from B to B/ K, which effectively means that it learns from K times less of
independent trajectories ("independent" means not the ones created by us via permutation). Surpris-
ingly, the training dynamics, as presented in Figure 2 in the results section, shows that even then
the symmetrized transformer has significantly more stable and faster convergence. This emphasizes
that symmetry represents a very powerful inductive bias in our bandits problem with transformers.

A.3 Experiments
A.3.1 Comparison with other methods

In this section we focused on evaluating transformer’s performance against other methods in the

setting where all arm means followed Uniform prior, i.e., p; K Unif (0,1). We take the results
of [11] as a benchmark as their "SNAIL" meta-learner has achieved state-of-the-art performance in
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most of the settings for bandits. Following their experiments, we tested all combinations of 7' =
10,100 and K = 5, 10, 50. Table 1 presents the results. We also present the convergence dynamics
of all three models for horizon 7" = 100 (and all possible numbers of arms K = 5,10,50). We
remind the reader that the empirical loss function in bandits is the discounted regret, Z;T:_Ol v (g —
lia, )» where i+ = maxy {u } is the highest available of the arm means (note: the discounted regret
also equals minus expected discounted reward up to an additive constant).

Methods
Experiment Gittins  (op- || TS SNAIL Transformer | Transformer | Transformer
(T, K) timal with regularized symmetrized
T — o0)

10,5 6.6 5.7 6.6 + 0.1 6.3+ 0.1 6.6 = 0.1 6.6 + 0.1

10, 10 6.6 5.5 6.7 £ 0.1 6.4+ 0.1 6.7 £ 0.1 6.7 + 0.0

10, 50 6.5 52 6.7 + 0.1 6.3+0.0 6.4 +0.1 6.7 + 0.1

100, 5 78.3 74.7 791 +1.0 || 77.8 £ 0.2 78.1 £ 0.1 78.4 + 0.3

100, 10 82.8 76.7 83.5+0.8 || 80.7 £ 0.1 83.1+0.1 83.5+0.1

100, 50 85.2 64.5 851+0.6 || 81.2+0.1 81.0 £ 0.1 84.5 + 0.5
Table 1: Total undiscounted reward on multi-arm bandits. Estimates are given with 95% confidence

intervals. For each experiment, we highlight all models whose performance is not statistically sig-
nificantly different from the best model (based on a one-sided t-test with p = 0.05)

Regret convergence, K=5

) = symmetrized = reg_lam=1 = original

-

20

Regret convergence, K=5 (zoom in)
— symmetrized — reg_lam
15 "

10

8k 19k 2k 2.1k 22k 2.3k 2.4k

wn

training step
0 500 1k 1.5k 2k

Figure 4: Training convergence for 5 arms, comparing 4 models: original transformer (red), sym-
metrized (green), and two regularized ones (blue) with different penalties. The right figure zooms in
on the later stage of training (highlighted with a black rectangle) for closer comparison
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Regret convergence, K=10

= symmetrized reg_lam=0.5 = original transformer

25

g

9
20 =

o

o
15
10
5 T

training step
0 1k 2k 3k 4k
Figure 5: Training convergence for 10 arms
Regret convergence, K= 50
° ° reg_lam=0.005 reg_lambda=0.5 = reg_lambda=0.05 =— =— original_[r=0.003
= original_[r=0.0003 = symmetrized

30 = g A

)

g
25 3

©

o
20
15

e
10
'_\ training step
0 2k 4k gk optimum

Figure 6: Training convergence for 50 arms. This problem was particularly hard for both the original
and regularized transformers. Different curves show learning rate exploration and Aymmetry €Xplo-
ration. Symmetrized transformer still achieves the global optimum. (Note: the dots in the middle of
some curves represent the runs that were interrupted and continued later)

Note that Regularization failed to work for K = 50. In general, this experiment turned out to be
the hardest for both the original and regularized transformers, as both the table of rewards and the
convergence plots indicate. Here, the regularized transformer converged very close to the original
one, but the convergence was way longer and more unstable (light blue curve on the figure A.3.1).
There are some interesting patterns that we do not understand about its convergence, for instance, a
significant drop in regret next to the 2500th training step: observe that the light blue curve becomes
close to red (original) and green (symmetrized). Further investigation is needed of what kind of
learning happens in these moments.

The symmetrized transformer still achieved state-of-the-art performance (as we can judge from the
cumulative rewards table), and had a stable convergence curve. Again, this is quite surprising be-
cause, in this experiment, it only learned from % = 3090 — 100 "independent" trajectories as

50
opposed to 5000 that of the original transformer.
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A.3.2 Direct comparison with Gittins

As mentioned in the experiments section, we noticed an interesting pattern on the diagonal of the
heatmaps 3: the progression of difference scores from low p-s to high p-s. Seems like the model is
almost identical to Gittins when arm means are high, but it struggles more with lower means. We
believe that, to some extent, this is just the nature of the multi-armed bandit’s problem: observing
positive reward influences the model’s actions "more deterministically” rather than observing neg-
ative reward. Namely, when both arm means are high (for instance, in the top right corner of the
heatmap), Gittins pulls some arm, observes success, pulls it again, observes another success, etc. —
continues pulling it until the end of the episode. It is reasonable to expect that the model will have
the same behavior. However, the situation is different when both arm means are low (e.g., bottom
left corner): in the beginning, we mostly see failures until the first couple of successes. One hypoth-
esis could be that the model is not deterministic enough (recall, we do not force it to be so), i.e.,
maybe it has higher output chances for the correct arm, but it still gives some non-negligible chance
for the incorrect one. When we change its decisions to be deterministic, the difference scores overall
decrease, yet just slightly, and the diagonal pattern remains, so it does not explain the full picture.

A.4 Out-of-Distribution analysis (OOD)

We train the model on the bandits with arm means drawn from the Beta(10, 10) distribution. The
density for this distribution is presented below (figure A.4). This is a symmetric distribution, which

is very centered around the middle 0.5 point. In particular, the probability of being below % or above

% is below 0.01%. Therefore, all regions on the boundary of the square in the previous heatmaps
can be treated as OOD regions. The Gittins index, which changes its priors from Uniform to Beta,
still remains optimal for the same goal of minimizing discounted regret when drawing bandits from
this prior.

4
3
2
1
0
0.0 0.2 04 0.6 0.8 1.0
b 4
p=EX)=05 o=5SDX)=0.1091 %= Var(X)=0.0119
Figure 7: Beta(10, 10) density
Methods
Gittins with Beta(10, || Thompson Transformer Transformer Transformer
10) prior (optimal) regularized symmetrized
0.62 + 0.10 0.84 + 0.01 0.64 + 0.01 0.638 £0.01 | 0.635+£0.01
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Regret convergece, K=2 (beta)

— original transformer = symmetrized
L
11 @
>
0
1 o
a
0.9
0.8
0.7
0.6 training step
0 200 400 600 800

Figure 8: Training convergence with Beta(10, 10) priors: the original transformer (red) and sym-
metrized (green)

This time, we noticed that the gap between the original and symmetrized transformers was much
smaller. This suggests that during regular training with Uniform priors, the original transformer is
more prone to be greedy/biased towards one of the arms because of observing arms with high means.
The lack of asymmetry is also demonstrated in the heat maps below (similar to the previous section).
The asymmetry of the original transformer (on the left) is barely noticeable as the heatmap seems to
be relatively symmetric with respect to the 111 = po diagonal.

00..014 014.029  029..043  043..057  057..071  071..086 0.86...1.0

Figure 9: Heatmaps of difference scores with Gittins and Beta(10, 10) prior; the original (left) and
symmetrized (right) transformers

Perhaps another surprising phenomenon is the pattern on the diagonal "flipped": the difference
scores go up as the arm means become higher, and we also found that the model actually outperforms
the Gittins index in that top right corner. One interpretation of this pattern is that the model became
"less greedy" than the Gittins and explores more, which might pay off in the long run when dealing
with arm means that are both high (close to 1).

In general, this experiment demonstrates that the fitted solution generalizes well out-of-distribution
(since the model almost never observed any of the bandits in the regions of the heatmaps during the
training). Hence, the transformer learned a quite effective in-context reinforcement learning strategy.
In addition, we also see that the training data from the Uniform experiment seemingly pushes the
transformer the transformer towards more greedy, asymmetric policies, whereas the more balanced
Beta(10,10) training data encourages more exploratory solutions.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: We investigate the transformer’s capabilities in Bayesian bandits, claim their
optimal performance when trained in a pure RL manner (this is mentioned both in the
abstract and introduction), and benchmark our results against the current state-of-the-art
methods (mentioned in the introduction). We also investigate the asymmetry phenomenon
(mentioned in the abstract).

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

e It is fine to include aspirational goals as motivation as long as it is clear that these
goals are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: Limitations of the training settings (model size/batch size limitations) are
discussed in Appendix A.1. We also point out the limitations of the symmetrization method
in its definition in appendix A.2 and symmetry regularization as empirically found for K =
50 in the appendix A.3.1. Major assumptions for our data (e.g., i.i.d. of bandits) are robust
due to the synthetically generation procedure.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means
that the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The au-
thors should reflect on how these assumptions might be violated in practice and what
the implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

» The authors should reflect on the factors that influence the performance of the ap-
proach. For example, a facial recognition algorithm may perform poorly when image
resolution is low or images are taken in low lighting. Or a speech-to-text system might
not be used reliably to provide closed captions for online lectures because it fails to
handle technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to ad-
dress problems of privacy and fairness.
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* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [NA]

Justification: The paper focuses mostly on the transformers’ empirical performance, with-
out theoretical analysis. The only theory includes the symmetrization/regularization justifi-
cations (in the appendix), which are supplementary and not central to the main contribution
of the work.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

 All assumptions should be clearly stated or referenced in the statement of any theo-
rems.

» The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a
short proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be comple-
mented by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main
experimental results of the paper to the extent that it affects the main claims and/or conclu-
sions of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: All the major details are included in the Experiments section 3, and further
discussion is in the appendix. The code has supportive explanations in the documentation
of functions/training methods.

Guidelines:

» The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

* If the contribution is a dataset and/or model, the authors should describe the steps
taken to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture
fully might suffice, or if the contribution is a specific model and empirical evaluation,
it may be necessary to either make it possible for others to replicate the model with
the same dataset, or provide access to the model. In general. releasing code and data
is often one good way to accomplish this, but reproducibility can also be provided via
detailed instructions for how to replicate the results, access to a hosted model (e.g., in
the case of a large language model), releasing of a model checkpoint, or other means
that are appropriate to the research performed.

* While NeurIPS does not require releasing code, the conference does require all sub-
missions to provide some reasonable avenue for reproducibility, which may depend
on the nature of the contribution. For example
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(a) If the contribution is primarily a new algorithm, the paper should make it clear
how to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to re-
produce the model (e.g., with an open-source dataset or instructions for how to
construct the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case au-
thors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: We provide the anonymized GitHub link in the core part of the paper.The
instructions for reproducing the training/results are included in the ReadMe file of that
folder. Data was synthetically generated during the training.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not
be possible, so No is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

 Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: As the core part of the paper discusses, data was synthetically generated (we
draw data from the desired distribution at every step of online RL training). All training
details (hyperparameters, learning rate schedules, optimizer, etc.) are provided in the ap-
pendix A.1.

Guidelines:

* The answer NA means that the paper does not include experiments.

» The experimental setting should be presented in the core of the paper to a level of
detail that is necessary to appreciate the results and make sense of them.
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* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropri-
ate information about the statistical significance of the experiments?

Answer: [Yes]

Justification: The major experiment comparing our models with other methods reports
results with 95% confidence intervals as indicated in the table 1 of the Appendix A.3.1.
Other quantitative results, such as difference scores comparing the transformer with Gittins
in the heatmaps 3, were provided with Monte-Carlo estimates with statistical significance
(though, the exact errors were omitted for better readability).

Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

It should be clear whether the error bar is the standard deviation or the standard error

of the mean.

¢ Itis OK to report 1-sigma error bars, but one should state it. The authors should prefer-
ably report a 2-sigma error bar than state that they have a 96% ClI, if the hypothesis of
Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: Compute requirements were modest (just a single 80 GB GPU), which is
discussed in the training details in the appendix A.1.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments
that didn’t make it into the paper).

9. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
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Justification: We have reviewed the Code of Ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

10. Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: The paper focuses on scientific findings with little immediate societal impact.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

* Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact spe-
cific groups), privacy considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitiga-
tion strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: we use synthetically generated data and our models are trained from scratch.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by re-
quiring that users adhere to usage guidelines or restrictions to access the model or
implementing safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.
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12. Licenses for existing assets

13.

14.

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]

Justification: The only external source we use is the GPT-2 configuration from the Trans-
formers library by Hugging Face, which is open-source software.

Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the pack-
age should be provided. For popular datasets, paperswithcode.com/datasets has
curated licenses for some datasets. Their licensing guide can help determine the li-
cense of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New Assets

Question: Are new assets introduced in the paper well documented and is the documenta-
tion provided alongside the assets?

Answer: [NA]
Justification:
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can
either create an anonymized URL or include an anonymized zip file.
Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the pa-
per include the full text of instructions given to participants and screenshots, if applicable,
as well as details about compensation (if any)?

Answer: [NA]
Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research

with human subjects.

¢ Including this information in the supplemental material is fine, but if the main contri-
bution of the paper involves human subjects, then as much detail as possible should
be included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, cura-
tion, or other labor should be paid at least the minimum wage in the country of the
data collector.
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15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]

Justification:

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research
with human subjects.

* Depending on the country in which research is conducted, IRB approval (or equiva-
lent) may be required for any human subjects research. If you obtained IRB approval,
you should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity
(if applicable), such as the institution conducting the review.
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