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Abstract

Transformer models, notably large language models (LLMs), have the remarkable
ability to perform in-context learning (ICL) — to perform new tasks when prompted
with unseen input-output examples without any explicit model training. In this
work, we study how effectively transformers can generalize beyond their pretraining
data mixture to identify and in-context learn new tasks, i.e. functions, which are
outside the pretraining distribution. The data mixtures are comprised of one or
multiple fask families, each of which is a function class such as linear models or
sinusoids. To investigate this question in a controlled setting, we focus on the
transformers ability to in-context learn functions from simulated data. While these
models do well at generalizing to new tasks within the pretrained function class, we
demonstrate various failure modes of transformers when presented with tasks which
are out-of-distribution from their pretraining data. Together our results suggest
that the impressive ICL abilities of high-capacity transformer models may be more
closely tied to the coverage of their pretraining data mixtures than inductive biases
that create fundamental generalization capabilities.

1 Introduction

One of the impressive capabilities demonstrated by large language models is their ability to do
few-shot learning by providing examples in-context and asking the model to generate a response to
follow the final input provided [Brown et al.,|2020]. Researchers have taken the underlying machine
learning technology, transformer models, and demonstrated that they can perform also in-context
learning tasks in domains other than language [Garg et al.|[2022} |Akytirek et al., 2022 L1 et al., [ 2023].
In these works, they demonstrate the ability of transformers to learn high-dimensional and non-linear
functions of the inputs from in-context examples, often matching or exceeding the performance
of state-of-the-art machine learning models tuned for the purpose of learning those functions. For
example, |Garg et al.|[2022] showed that after pretraining on sparse linear data, a transformer network
can in-context learn unseen sparse linear functions as well as the Lasso, which is known to be
statistically optimal for data being modeled.

In these models, as in the large language models that they are designed to reflect, pretraining (or
fine-tuning) the model with relevant data to teach the model how to perform in-context learning is
critical to enabling this capability. In this work, we focus in on a specific aspect of this pretraining
process—the data used in pretraining—and investigate how it affects the few-shot learning capabilities
of the resulting transformer model.

The few-shot learning setup that we study follows |Garg et al.| [2022], where the goal is to use a set of
provided inputs and labels, ((x1, f(x1)), (x2, f(X2)), - .. (Xn, f(X,))) to make a prediction about
the label f(x,,4+1) for a new input x,,11. The number of examples provided is small relative to the
amount of data used to pretrain the meta-learning model used to perform this task (hence the “few-shot”
nomenclature). A common approach to apply sequence models for few-shot learning is first to pass
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Figure 1. Comparing predictions from models pretrained on different data sources after providing 3
sets of in-context examples (shown in red). Predictions are made by sweeping over x values passed in
as the last element of the sequence after the in-context examples.
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the examples in sequentially, alternating inputs and labels, as (x1, f(x1), X2, f(X2), ..., Xn, f(Xn)).
Finally, the test input point x,,; is passed as the final element of the sequence, and model prediction
for the next item in the sequence is treated as the predicted label.

Given a data source D containing sequences s; = (X;.1, f(Xi 1), -+, Xi,n, f(Xi,n)), we pretrain the
parameters 6 of the transformer model mg(s) by performing loss minimization on

L(0) = ﬁ SN (i) malsiag) (1.1)

s; €D j=1

for the squared-loss £, where we use s; 1.; to refer to the i-th sequence up to (but not including) the
j-th output f(x; ;). We use a 9.5M parameter decoder model with 12 layers, 8 attention heads, and a
256-dimensional embedding space as in |Garg et al.|[2022]. Details on the model and our training
setup are in Appendix [A.T]

The focus of this paper is understanding how the construction of the data source D affects the in-
context learning abilities of the model in the controlled setting of learning function classes. |Garg et al.
[2022], | Akytirek et al.|[2022], 'Von Oswald et al.| [2023]],Zhang et al.|[2023]] and |L1 et al.| [2023]] show
that for certain function classes (such as linear functions and a few types of non-linear functions),
when D is generated with functions all drawn from the same function class, J, the model is able to
perform in-context learning on new functions from this class. [Garg et al.,[2022]] argues transformers
generalize well to tasks/function drawn from the same distribution as the training data.

However, one general open question is how these models perform on examples that are out-of-
distribution from the training data. In the setting studied here, we interpret the generalization question
as the following: “Can a model generate good predictions with in-context examples from a function
(task) not in any of the base function classes (task families) seen in the pretraining data mixture?" In
this paper, we turn this question into a series of precise empirical experiments, for which we find
little evidence of good generalization.

2 Out-of-Distribution Generalization for In-Context Learning

We examine the ICL generalization capabilities of models along two axes. First, we motivate
exploring and test ICL performance on functions the model has both never seen in training and
also could plausibly predict: convex combinations of functions drawn from the pretraining function
classes. Second, we evaluate ICL performance on functions which are extreme versions of functions
seen in pretraining (ie., sinusoids with much higher or lower frequencies than those typically seen in
pretraining). In both cases, we find little evidence of out-of-distribution generalization. When the
function is significantly far from those seen during pretraining, the predictions are erratic. However,
when the function is sufficiently close to the pretraining data, the model approximates it well with
predictions from the function classes on which it was pretrained.



Figure 2. Predictions from transformer models pretrained on linear functions (blue), sinusoids (orange),
or both (green) when provided the red examples in-context, coming from a combination of a linear
function and sinusoid, with the relative weights noted in the titles of each plot.
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Garg et al.| [2022] showed that transformer models can effectively learn linear models—i.e., linear
combinations of the inputs. Given that the models have the capability to combine the raw inputs,
they may be able to combine a few predictions that they are capable of making into one. Hence, one
may hypothesize that the model has some inductive bias that allows it to combine pretrained function
classes in nontrivial ways. For instance, one may suspect that the model can produce predictions
from the combination of the functions that it saw during pretraining. To test this hypothesis in a
context with clearly disjoint function classes, we study the ability to perform ICL on linear functions,
sinusoids, and convex combinations of the two. We focus on the one dimensional case to make
evaluating and visualizing nonlinear function classes straightforward.

Figure [I] shows that while a model pretrained on a mixture of linear functions and sinusoids (i.e.
D(F) = 0.5 D(Finear) + 0.5 - D(Fsne)) is able to make good predictions for either of these
functions separately, it is unable to fit a function that is a convex combination of the tw However,
it continues to support the narrower hypothesis that when the in-context examples are close to a
function class learned in pretraining, the model is capable of selecting the best function class to use
for predictions.

Figure [Ic|showed a specific convex combination of a linear function and a sinusoid. In Figure 2] we
sweep over the relative weights of the linear function and sine wave in the convex combination. Here,
we observe that when the combined function is predominantly from one function class or the other —
i.e. well-approximated by the function classes learned during pretraining — the in-context predictions
are reasonable. However, when both functions contribute significantly to the convex combination,
the model makes erratic predictions not well-justified by the in-context examples. This shows that
the task-family selection capabilities of the model are limited by proximity to the pretraining data,
and suggests that broad coverage of function space is critical for generalized in-context learning
capabilities.

The previous convex combinations were specifically constructed so that the model had never seen
similar functions in pretraining. Shifting to the scenario where sections of the function class space
are increasingly rare in the pretraining data, we find that the model generalization starts strong and
then degrades dramatically as the tasks become so rare as to be out-of-distribution. Specifically, we
trained models on a mixture of sinusoids with frequencies drawn from a GAMMA (6, 1/6) distribution.
This distribution ensures that the average frequency is 1. Frequencies below 0.01 or above 5 are
extremely rare: the probability of a sampling a frequency outside this range is less than 1 x 1077, i.e.

Note here convex combination refers to a weighted combination of the function outputs, not the weighted
mixture distribution used in pretraining which samples f from either either one or the other for the prompt
sequence.



we expect to see approximately 100 examples out of the 1 billion used in pretraining. Figure [3]shows
the predictions from all of the models on a variety of frequencies inside and outside this range.

Figure 3. Predictions from transformer models pretrained on sinusoids (orange), or both sinusoids
and linear functions (green) when provided the red examples in-context, coming from sinusoids of

increasing frequency (noted in the plot title).
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3 Conclusion

We have empirically explored the role of the pretraining data composition on the ability of pretrained
transformers to in-context learn function classes both inside and outside the support of their pretraining
data distribution. An important question is understanding how the observations we make here
carry over to tokenized models and to questions represented in natural language. We attempted an
experiment to train a tokenized model for the one-dimensional examples presented in Section [2]
by binning the scalar values into buckets, and treating the bucket indices as tokens input into a
transformer-based language model. We trained this model for SM epochs with a cross-entropy loss as
typically used in language models, but were unable to significantly decrease the loss. Understanding
the challenges to training such a model and evaluating whether this framing has different task-family
selection or out-of-distribution generalization properties is important future work. In the natural
language setting, the intuitive notions of how to appropriately define task families (in our case
function classes), precise pretraining mixtures, and convex combinations are all less clear. We believe
bridging the gap between the notions presented here and in language modeling may help to improve
our understanding of the power of ICL and how to effectively enable it.
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A Architecture Training and Data Generation

A.1 Architecture and Training

Following (Garg et al.|[2022]’s approach to convert a sequence of n alternating x values and f(x)
values into a single embedded sequence for the transformer, we produce a sequence of 2n "tokens"
of x; and f(x;), each of which is a real-valued scalar. We insert a (learnable) linear layer to project
each input into the transformer’s model dimension. Correspondingly, we insert another (learnable)
linear layer to reverse the embedding and produce a 1-dimensional output representing x or f(x),
depending on the sequence position. The loss at training time uses the next-token prediction squared
loss computed over alternating positions: that is, the loss is only computed over the x; positions
and ignores the x;1 value predicted by the transformer structure for each f(x;) in the input. As in
prior work, the model is pretrained on simulated data for different data-generating setups. We do not
fine-tune a pretrained language model and do not train on actual text. Concretely, each training batch
consists of k& prompts. Each prompt is a sequence of x;, f(x;) pairs, with the x’s sampled from D
(i.e. M(0,1)) and a single f ~ Dz per prompt. We use a fixed w per pretraining run.

We trained a decoder-only Transformer [Vaswani et al.,[2017]] model of GPT-2 scale implemented
in the Jax-based machine learning framework, Pa with 12 layers, 8 attention heads, and a 256-
dimensional embedding space (9.5M parameters) as our base configuration [Garg et al.,|2022]. We too
set the dimensions of x as 20 (except when specified otherwise) and used standard cosine positional
embeddings in our model. We trained 1 million steps with a training batch size of 1024. We used the
Adam optimizer with standard values set to 31 = 0.9, 32 = 0.999, ¢ = 10~ and no weight-decay.
We used a linear ramp-up schedule followed by an inverse-square root learning rate decay. We
empirically tuned to find a learning rate of 1 with 5,000 warm-up steps to be effective. We present
our results without noise in the data generation although find similar results adding label noise.

A.2 Data Generation and Function Classes

Throughout our paper we always use N (0, 1) for the covariate distribution (so each x; ~ N (0, 1).
For the function classes considered in the text we use:

e For the class of linear functions D(F near) We generate a random 3 ~ A(0, 1) and define
D(Funear) = {f(xi) : f(xi) = Bxi}.

e To sample f ~ D(Fgne), first, we sample w ~ I'(6,1/6), then sample 5 ~ N (0, 1), and
let f(x) = B cos(2mw).

*https://github.com/google/paxml
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