2310.09753v1 [cs.CL] 15 Oct 2023

arxXiv

When can transformers reason with abstract symbols?

Enric Boix-Adsera*"?  Omid Saremi' Emmanuel Abbe'
Samy Bengio! Etai Littwin!  Joshua Susskind*
'Apple 2MIT S3EPFL
eboix@mit.edu, emmanuel .abbelepfl.ch
{osaremi,bengio,elittwin, jsusskind}@apple.com

October 17, 2023

Abstract

We investigate the capabilities of transformer large language models (LLMs) on relational reasoning tasks in-
volving abstract symbols. Such tasks have long been studied in the neuroscience literature as fundamental building
blocks for more complex abilities in programming, mathematics, and verbal reasoning. For (i) regression tasks, we
prove that transformers generalize when trained, but require astonishingly large quantities of training data. For (ii)
next-token-prediction tasks with symbolic labels, we show an “inverse scaling law”: transformers fail to generalize
as their embedding dimension increases. For both settings (i) and (ii), we propose subtle transformer modifications
which can reduce the amount of data needed by adding two trainable parameters per head.

1 Introduction

Reasoning can be defined as the ability to use logical rules to generalize outside of one’s training data. During most
of the history of Al, reasoning was widely thought to be achievable only through programs that manipulated mathe-
matical symbols using hand-coded logical rules [NSS59; Mar98]. However, recent developments have challenged this
paradigm: as large language models (LLMs) are trained with increasing quantities of data, they begin to exhibit the
ability to reason mathematically [Kap+20; Yua+23]. But why does more data help an LLM to reason outside of its
training set? And how efficient can we make LLMs in this regard?

In this paper, we focus on tasks involving relational reasoning about abstract symbols, where meaning is derived
from how the symbols interact with each other, rather than from the identities of the symbols themselves. The required
reasoning capability is basic, but has been hypothesized to be necessary for much of human cognition [Fod75; New80;
SKM84; Mar98; Hol12; Kri+13; WSC20]. For example, in mathematics or computer science, relational reasoning is
a key part of parsing a proof or a program: variable names are abstract symbols and the functionality of the proof or
program only depends on how they relate to each other and not on the variable names themselves. Furthermore, the
neuroscience literature often measures relational reasoning through psychometric tests such as Raven’s progressive
matrices [Web+20; WHL23; Web+23], because it is conjectured to underlie more complex tasks in verbal reasoning
[SKM84; Hol12].

Figure 1 provides an example of a simple relational reasoning task. We train an LLM to evaluate Python programs
x;, and return their output y;. Memorizing the training data is easy [Zha+21b], but we wish to measure reasoning: will
the LLM learn to treat the variable names as abstract symbols, enabling generalization beyond its training dataset?
To evaluate this, we adopt an out-of-distribution setting, where the train and test data distributions differ [Mar98;
Abb+23]. The test dataset consists of the same programs, but with new variable names never seen during training.
Remarkably, as the training set size increases, the LLM’s ability to reason outside of its training data improves, as it
learns to use the relations between the variable names to classify, instead of simply memorizing the training data.

In Figure 2, we consider a relational reasoning task with one extra layer of complexity: each sample is labeled with
a symbol (instead of a real number +1 or —1 as in Figure 1). For the LLM to generalize to symbols unseen at train
time, not only must it learn to track the value stored in a variable, but it also must learn to predict symbolic labels at
test time that do not occur in its training data. On this more sophisticated task, we observe that a transformer requires
much more training data to generalize.
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Figure 1: (a,b) Variable names in the test data never appear in the train data (indicated by lower/upper-case names).
(c) Our theory motivates a subtly modified transformer architecture (see Observation 1.2), which solves the reasoning
task with less training data. Details in Appendix A.
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Figure 2: (a,b) A relational reasoning task where labels are also symbols. (c) Our modified transformer learns the
reasoning task with less data (see Observation 1.2 and Theorem 1.4). Details in Appendix A.

1.1 Our contributions

To understand these phenomena, we study a framework of relational reasoning tasks of which Figures 1 and 2 are
special cases. (i) For real-valued label tasks as in Figure 1, we prove that transformers will learn to generalize, but
require a large quantity of data. (ii) For symbolic-label tasks as in Figure 2, we prove that transformers will fail
as their embedding dimension grows. For settings (i) and (ii) we propose parametrization adjustments that improve
data efficiency. Finally, we support our claims experimentally, and also cast light on how pretraining helps improve
reasoning abilities.

1.1.1 Template tasks: a framework for measuring reasoning with abstract symbols

Building on a line of work in neuroscience [Mar98; MK 16; KRS18; WSC20; Ker+22; Alt+23; WHL23], we formalize
a framework of reasoning tasks called template tasks. These come in two kinds: regression problems with real labels
as in Figure 1, and next-token-prediction problems with symbolic labels as in Figure 2.

Real-label template tasks A real-label template task is specified by a collection of “templates” labeled by real
numbers, which are used to generate the train and test data. For instance, the datasets in Figure 1 are generated from
the templates

“a=1;p=-1;print(a)” — label=+1 and “a=1;p=-1;print(8)” — label=-1, (D

because every sample (x;, ;) € X* x Y is formed by picking a template and replacing the placeholders «, 3 (which
we call “wildcards”) with variable names. By festing on symbols unseen in the train set, we measure the ability of an
LLM to learn logical rules on the relations between symbols. To succeed, the LLM must effectively infer the templates
from training data, and at test time match samples to the corresponding templates to derive their labels. Apart from
programming tasks as in Figure 1, this framework captures several natural settings:

* Same/different task. The simplest relational reasoning task is when the templates are “a«” and “«a3” labeled by
+1 and —1. This encodes learning to classify two symbols as equal (e.g., AA, BB) or as distinct (e.g., AB,
BC), even when the symbols were unseen in the training data. This task has been studied empirically in animal
behavior [MK16] and in neural networks [KRS18; WSC20].
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Figure 3: Example psychometric tasks from [Rav38; WSC20; Ker+22; Web+23] which fall under our theory. For all
of these tasks, networks are trained with one alphabet of symbols and then tested on held-out symbols. (a) The task
is to complete the bottom row so that the set of elements is the same as in the top row (answer: 2). (b) The task is to
match the first row to one of two alternative patterns (answer: 1). (c) A standard Raven’s progressive matrices task
[Rav38] (answer: three dark circles). Task (a) can be encoded with 144 templates, and task (b) with 40 templates; task
(c) combines three symbolic-label template tasks, each with 37 templates. Details in Appendix A.

* Mathematical relations. More complex relations of symbols are also easy to encode: e.g., with the set of
templates {aaf, aaa, affa} labeled with +1, and {«33} labeled with —1 the task is to learn whether the first
token occurs in the majority of the tokens of the string. In general, for length-£ strings, this can task can be
encoded with 2~ templates.

* Word problems. Word problems often have building blocks that follow simple templates. For example, the
template “If « gives 3 5 v, how many ~ does 3 have?” labeled by +5, could generate the data “If Alice gives
Bob 5 oranges, how many oranges does Bob have?” or the data “If Rob gives Ada 5 apples, how many apples
does Ada have?”

e Psychometric tests. Several psychometric tests of relational reasoning, which have recently been used to probe
LLMs [Rav38; WSC20; Alt+23; Ker+22; WHL23; Web+23], are special cases of template tasks. Figure 3
illustrates some examples.

Symbolic-label template tasks A symbolic-label template task is analogous, but each template is labeled by a
wildcard. The train and test datasets in Figure 2 are generated by:

“a="y";B="0";print ()" — label=y and “a="~4";B="0";print(5)” — label=0, 2)
where «, 8,7, § are wildcards. Other examples include:

* Programming. The template “print ("a")” labeled with « generates (print ("A"),A) or (print("dog"), dog),
and so an LLM that learns on the corresponding task can robustly evaluating print statements on symbols not
seen in the training data.

* Mathematical functions. For example, the set of templates {aacw, afa, aaf, faa} labeled by o encode the
task of outputting the majority token in a length-3 string with a vocabulary of two symbols. Similarly, for
length-k strings, the task of outputting the majority element can be encoded with 2~ templates.

» Word problems. The template “If « gives 3 4 -y, how many - does /3 have?”, labeled by 4, can generate several
of the above word problems. An LLM that solves this task will output the correct answer of, say 10 if § = 10 at
test time even if § # 10 in all training data.

In practice, template tasks may occur as an intermediate computation for a larger problem. Here we isolate template
tasks to perform a rigorous theoretical analysis. We analyze the real- and symbolic-label settings separately, as they
give complementary insights.

1.1.2 Analytical results for template tasks with real labels (regression setting)

(1) MLPs fail to generalize to unseen symbols A classical criticism of connectionism by [Mar98] is that neural
networks do not learn relational reasoning when trained. We support this criticism in Appendix I by proving that



classical MLP architectures (a.k.a. fully-connected networks) trained by SGD or Adam will not generalize in template
tasks on symbols unseen during training. This failure to reason relationally occurs regardless of the training data size.
The proof uses a permutation equivariance property of MLP training [Ng04; Shal8; LZA20; Abb+22; AB22].

(2) Transformers generalize to unseen symbols, but require large data diversity Nevertheless, the criticism of
[Mar98] is not valid for modern transformer architectures [Vas+17]. We analyze the training dynamics of a transformer
model and establish that it can learn to reason relationally:

Theorem 1.1 (Informal Theorem 4.4). For any real-label template task, a wide-enough transformer architecture
trained by gradient flow on sufficiently many samples generalizes on unseen symbols.

Here the key points are: (a) Universality. The transformer architecture generalizes on symbols unseen in train
data regardless of which and how many templates are used to define the reasoning task. (b) Large enough number of
samples. Our theoretical guarantees require the training dataset size to be large, and even for very basic tasks like the
two-template task in Figure 1, good generalization begins to occur only at a very large number of training samples
considering the simplicity of the task. This raises the question of how the inductive bias of the transformer can be
improved.

(3) Improving data-efficiency of transformers The proof of Theorem 1.1 inspires a parametrization modification
that empirically lowers the quantity of data needed by an order of magnitude, by making it easier for the transformer
to access the incidence matrix X X7 of the input:

Observation 1.2. Adding one trainable parameter a to each attention head so that W Wg is replaced by W Wg +
al dramatically improves transformers’ data-efficiency on template tasks.

1.1.3 Analytical results for template tasks with symbolic labels (next-token-prediction setting)

(4) Transformers fail at copying unseen symbols Surprisingly, the story is different for symbolic-label tasks.
Transformers’ performance degrades as the model grows (an “inverse scaling” law [McK+23]). Large transformers
fail even for the task of copying the input.

Theorem 1.3 (Informal Theorem 5.1). Transformers with large embedding dimension fail to generalize on unseen
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symbols for the copy-task outputting label “o” on template “a”.

(5) Modifying transformers for success However, we propose adding an attention-modulated skip connection,
which is a subtle modification that corrects this failure.

Theorem 1.4 (Informal Theorem 5.2). Adding one trainable parameter b to each attention head so that WVWOT is
replaced by Wy, Wg + bl makes transformers generalize on the task of Theorem 1.3.

1.1.4 Experimental validation and exploration

We conclude with experimental validation, including showing that the transformer modifications proposed in Ob-
servation 1.2 and Theorem 1.4 improve performance in GPT-2 trained on Wikitext. We also show data-efficiency
improvements on template tasks by fine-tuning a pretrained model, and give as an explanation the pronounced diag-
onals in W Wg and Wy W} matrices of pretrained models [TK23], which coincide with the proposed transformer
modifications.

1.2 Related literature

A spate of recent work studies whether and how LLMs perform various reasoning tasks, each focusing on one compo-
nent of reasoning: these include recognizing context-free grammars [Zha+23; AL23], generalizing out-of-distribution
when learning Boolean functions [Abb+23], performing arithmetic [Nan+23], learning in context [Gar+22; Ahn+23;
ZFB23], and evaluating indexing [Zha+21a]. Our setting is closest to that of empirical work studying neural networks
on relational reasoning tasks [Web+23]. For example, the four tasks in [WSC20], the matrix digits task in [WHL23],
the SET game task in [Alt+23], and most of the tasks in [Ker+22] (with the exception of the relational games tasks),



are examples of real-label template tasks that fall under our theory. Furthermore, [KRS 18] shows experimentally that
MLPs fail on the same/different template task, and we provide a proof for this in Appendix I. Finally, there is also
a literature on modifying training to improve relational reasoning: [Web+20] proposes applying Temporal Context
Normalization during training, and [San+17; San+18; PPW18; Sha+20; WSC20; Ker+22; Alt+23] propose new archi-
tectures. In contrast, our focus is on proving when the transformer architecture learns or fails to learn, and on applying
this theoretical understanding to give a subtle modification to improve its data-efficiency for relational reasoning.

2 Transformer definition

We interchangeably denote an input by a string & € X'* or a matrix X € R*¥*™ constructed by stacking the one-
hot vectors X = [e,,,...,e,, |7 of the string’s tokens. We study a depth-1 transformer architecture [Vas+17].
The transformer has H heads with parameters W, Wo n, Wy, Wo € RéreadXdems an embedding layer
W € R™Xdems positional embeddings P € R¥*demv an MLP layer with parameters W 4, W g € RmipXdems 3
final unembedding layer with weights wy € R%m¢, and an activation function ¢. The network takes in X € RF*™
and outputs

Srrans( X5 0) = ’U)%;ZQ eR (Unembedding layer)
where
29 = WEG(W 421) € Rdeme (MLP layer)
z1 = Z A;‘Cek € Reme (Attention layer output at final token)
he[H]
Ap, =smax(BZoWic ,\WonZ4) ZoWT, ,Wo,, € REXdemt (Attention heads)
Zo=XWpg+~P e RFdems (Embedding layer)

Here 8,7 > 0 are two hyperparameters that control the inverse temperature of the softmax and the strength of the
positional embeddings, respectively. The architecture is standard, except that we remove skip connections and layer
norm as these are not needed for our theoretical results. An additional notation is that in this paper we write [n] =

{1,...,n}.

3 Template tasks

We formally define template tasks with real labels. The case of symbolic labels is in Appendix J.

Definition 3.1. A template is a string z € (X U W)*, where X is an alphabet of tokens, and } is an alphabet of
“wildcards”. A substitution map is an injective function s : W — X. We write sub(z,s) € X* for the string
where each wildcard is substituted with the corresponding token: sub(z, s); = z; if z; € X, and sub(z, s); = s(z;)
if z; € W. The string = € X* matches the template z if = = sub(z, s) for some substitution map s and also
s(W) N {zi}iepn) = 0: i.e., the substituted tokens did not already appear in the template z.

Example Using Greek letters to denote the wildcards and Latin letters to denote regular tokens, the template
“aafST” matches the string “QQRST”, but nor “QQQST” (because the substitution map is not injective) and not
“QQSST” (because (3 is replaced by S which is already in the template).

A template task’s training data distribution is generated by picking a template randomly from a distribution, and
substituting its wildcards with a random substitution map.

Definition 3.2. A real-label template data distribution D = D (ttmpit, { fsub,z } z, [+, 0) is given by
* atemplate distribution fmpi: Supported on templates in (X U W)HF,
* for each z € supp(fiempit), @ distribution pis,p, > Over substitution maps s : W — X,

* template labelling function f, : supp(temprt) — R, and a label-noise parameter o > 0.



We draw a sample (z,y) = (sub(z,s), f«(2) + §) ~ D, by drawing a template 2 ~ fitmpk, a substitution map
§ ~ lsub,z» and label noise & ~ N(0, 02).

Finally, we define what it means for a model to generalize on unseen symbols; namely, the model should output the
the correct label for any string & € X'*, regardless of whether the string is in the support of the training distribution.

Definition 3.3. A (random) estimator f : X* — R generalizes on unseen symbols with (¢, §)-error if the following
is true. For any & € X'* that matches a template z € supp(Liemplt), We have

(f(x) = fo(2))? <e,

with probability at least 1 — § over the randomness of the estimator f .

Example If the training data is generated from a uniform distribution on templates “ac” with label 1 and “af3”
for label -1, then it might consist of the data samples {(AA, 1), (BB,1),(AB,—1),(BA,—1)}. An estimator that
generalizes to unseen symbols must correctly label string CC' with +1 and string C'D with —1, even though these
strings consist of symbols that do not appear in the training set. This is a nontrivial reasoning task since it requires
learning to use the relations between the symbols to classify rather than the identities of the symbols.

4 Analysis for template tasks with real labels

We establish that transformers generalize on unseen symbols on any real-label template task (i.e., the regression
setting), when trained with enough data. It is important to note that this is not true for all architectures, as we prove in
Appendix I that MLPs trained by SGD or Adam will not succeed.

Our achievability result for transformers requires the templates in the distribution fi¢mpl: to be “disjoint”, since
otherwise the correct label for a string « is not uniquely defined, because & could match more than one template:

Definition 4.1. Two templates z, 2’ € (X UW)* are disjoint if no = € X'* matches both z and z’.

Furthermore, in order to ensure that the samples are not all copies of each other (which would not help generaliza-
tion), we have to impose a diversity condition on the data.

Definition 4.2. The data diversity is measured by p = minesupp () Mitex m.
SMEsub,z

When the data diversity p is large, then no token is much more likely than others to be substituted. If p is on the
order of the number of samples n, then most pairs of data samples will not be equal.

4.1 Transformer random features kernel

We analyze training only the final wy layer of the transformer, keeping the other weights fixed at their random
Gaussian initialization. Surprisingly, even though we only train the final layer of the transformer, this is enough to
guarantee generalization on unseen symbols. Taking the width parameters H, demp, dmip, dheqaq to infinity, and the
step size to 0, the SGD training algorithm with weight decay converges to kernel gradient flow with the following
kernel Kirans,!

Katn(X, X)  Kan(X,Y) ) 3)
Kaen (Y, X)  Katn(Y,Y)
where Kuen(X,Y) = Epp(x),m(v) [smax(Bm(X))T (XY + +°I)smax(Sm(Y))]
XXT 4421 XYT +421 )
Y XT 4421 YYT 4921

Kirans(X,Y) = E,, »[6(u)d(v)] for u,v ~ N(O, [

[m(X), m(Y)] ~ N(0

The function outputted by kernel gradient flow is known to have a closed-form solution in terms of the samples,
the kernel, and the weight-decay parameter A\, which we recall in Proposition 4.3.

I'This kernel is derived in Appendix H, and assumes that every string a ends with a special [CLS] classification token that does not appear
elsewhere in the string.



Proposition 4.3 (How kernel gradient flow generalizes; see e.g., [Well3].). Ler (X1,y1),-..,(Xn,yn) be training
samples. With the square loss and ridge-regularization of magnitude )\, kernel gradient flow with kernel K converges
to the following solution

F(X) =y (K + M) 'k(X), )

where y = [Y1,...,yn] € R™ are the train labels, K € R™" s the empirical kernel matrix and has entries
K;; = K(X,;,X;), and k(X) € R" has entries k;(X) = K(X;, X).

4.2 Transformers generalize on unseen symbols

We analyze the solution to the kernel gradient flow with the transformer random features, which corresponds to training
the last layer with SGD with weight decay in the infinitely-wide, infinitely-small-step-size limit.

Theorem 4.4 (Transformers generalize on unseen symbols). Let pitmpi be supported on a finite set of pairwise-disjoint
templates ending with [CLS] tokens. Then, for almost any (3,, b1, ba parameters (except for a Lebesgue-measure-zero
set), the transformer random features with ¢(t) = cos(bit + be) generalizes on unseen symbols.> Formally, there are
constants c¢,C > 0 and ridge regularization parameter X\ > 0 that depend only /3,7, b1, b2, fitmplt, f+, 0, such that for
any x matching a template z € supp(pmpit) the kernel ridge regression estimator f in (4) with kernel K ans satisfies

/(@) = fu(2)] < CVlog(1/8)/n+C\/1/p,
with probability at least 1 — 6 — exp(—cn) over the random samples.

The first term is due to the possible noise in the labels. The second term quantifies the amount of sample diversity
in the data. Both the sample diversity and the number of samples must tend to infinity for an arbitrarily small error
guarantee.

Proof sketch (1) In Lemma 4.5 we establish with a sufficient condition for kernel ridge regression to generalize on
unseen symbols. (2) We prove that K., satisfies it.

(1) Sufficient condition. Let fizmpi; be supported on templates 21, . .., 2. Let R = U je[r]1%j,: } be the tokens
that appear in the templates. Let [n] = Z; U Zy LI - - - U Z,, be the partition of the samples such that if a € Z; then
sample (x,,y,) is drawn by substituting the wildcards of template z;. Two samples x,, x; that are drawn from the
same template z; may be far apart as measured by the kernel: i.e., the kernel inner product K (x,, «;) may be small.
However, these samples will have similar relationship to most other samples:

K(z,, ;) = K(xy, ;) formosti € [n]. (5)

Specifically, if the wildcards of x,, x; and x; are substituted by disjoint sets of tokens that do not appear in the
templates, then (5) holds. Therefore, as the sample diversity p increases, the empirical kernel matrix K becomes
approximately block-structured with blocks Z; x Z;,. For most samples x, x; corresponding to template z;, and
most ./, Ty corresponding to template z;» we have

K(z4,zq) = K(xp, xy ) = K(sub(zj, s),sub(zj,s")) == N, js , (6)
where s, s’ : W — X are substitution maps satisfying
sW)NsW)=0 and sW)NR=sW)NR =0. @)

One can check that (6) and (7) uniquely define a matrix N € R"*" which gives the entries in the blocks of K R
with one block for each pair of templates.® See Figure 4.

2We analyze the shifted and rescaled cosine activation function ¢(t) = cos(b1t + ba) out of technical convenience, but conjecture that most
non-polynomial activation functions should succeed.
3This assumes a “token-symmetry” property of K that is satisfied by transformers; details in the full proof.
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Figure 4: Illustration of structure of K and N for the same/different task, which has r = 2 templates z; = acr and
zo = aff. As the sample diversity p increases and the number of samples n increases, the empirical kernel matrix
K € R™™™ becomes approximately (r x 7)-block-structured, and within each block most of the entries are given by
N € R"*"; exceptions where this is not true, including the diagonals, are drawn in black. Furthermore, the spectrum
of K is increasingly determined by the spectrum of IV, and if IV is nonsingular then the top eigenspace increasingly
aligns with the span of the indicator vectors on 7y, ..., Z,.

If the matrix IN is nonsingular and the number of samples is large, then the span of the top r eigenvectors of K
will align with the span of the indicator vectors on the sets Z1, . .., Z,. Furthermore, when testing a string ¢ that
matches template z;, but might not have appeared in the training set, it holds that for most a € Z;, we have

E(x'*) = [K (2", @1),..., K2, z,)] ~ [K (Ta, 1), ..., K(xq, )] = K. .

5

In words, the similarity relationship of x*¢*! to the training samples is approximately the same as the similarity
relationship of x, to the training samples. So the kernel ridge regression solution (4) approximately equals the average
of the labels of the samples corresponding to template z;, which in turn is approximately equal to the template label
by a Chernoff bound,

P — es 1
y (K + M)t k(x') =~ T Z yi = fu(zj) . ®)
7 a€Z;

Therefore, kernel ridge regression generalizes on %, It is important to note that the number of samples needed until
(8) is a good approximation depends on the nonsingularity of IN. This yields the sufficient condition for kernel ridge
regression to succeed (proof in Appendix C).

Lemma 4.5 (Informal Lemma C.2). If IN is nonsingular, then (4) generalizes to unseen symbols.

(2) Kirans satisfies the sufficient condition. We now show that for any collection of disjoint templates 21, ..., 2,
the matrix Nyipaps := IN € R™*" defined with kernel K = K., is nonsingular. This is challenging because Kirans
does not have a closed-form solution because of the expectation over softmax terms in its definition (3). Therefore, our
analysis of the transformer random feature kernel is, to the best of our knowledge, the first theoretical analysis showing
that the transformer random features learn a nontrival class of functions of sequences. We proceed by analyzing the
MLP layer and the attention layer separately, observing that a“weak” condition on K, can be lifted into the “strong”
result that Ny,,,s is nonsingular. The intuition is that as long as K, is not a very degenerate kernel, it is unlikely
that the MLP layer has the cancellations that to make [V ,,,s nonsingular.

Lemma 4.6 (Nonsingularity of Nyans). Suppose for every non-identity permutation 7 € S, \ {id},

Z Katn(sub(z;, 8),sub(z;, ') # Z Katn(sub(z;, 5),sub(z-(;),5)), )

1€[r] ig[r]

where s,s' are the substitution maps in the definition of Nyuans in (7). Let the MLP layer’s activation function be
@(t) = cos(bit + be). Then for almost any choice of by, bs (except for a Lebesgue-measure-zero set), the matrix
N trans is nonsingular.

This is proved in Appendix E, by evaluating a Gaussian integral and showing N,a,s has Vandermonde structure.
Although we use the cosine activation function, we conjecture that this result holds for most non-polynomial activation
functions. Next, we prove the condition on IV zy,.



Lemma 4.7 (Non-degeneracy of Ku,). The condition (9) holds for Lebesgue-almost any 3, .

The proof is in Appendix F. First, we prove the analyticity of the kernel K, in terms of the hyperparameters 3
and ~y. Because of the identity theorem for analytic functions, it suffices to show at least one choice of hyperparameters
[ and ~y satisfies (9) for all non-identity permutations 7. Since K, does not have a closed-form solution, we find
such a choice of 8 and vy by analyzing the Taylor-series expansion of K, around 5 = 0 and v = 0 up to order-10
derivatives.

4.3 Improving transformer data-efficiency with WKW(g + al parametrization

Can we use these insights to improve transformers’ data-efficiency in template tasks? In the proof, the nonsingularity
of N in Lemma 4.5 drives the model’s generalization on unseen symbols. This suggests that an approach to improve
data-efficiency is to make IV better-conditioned by modifying the transformer parametrization. We consider here the
simplest task, with templates “a«”” and “«o3” labeled with +1 and —1, respectively. For tokens A, B,C, D € X, the
matrix IV is

N = K(AA,BB) K(AA,BC)
" |K(BC,AA) K(AB,CD)

If K is an inner-product kernel, K'(z, ') = £(3_;c (s 1(2; = 7)), as froman MLP, then K (A4, BB) = K(AA, BC)
K(BC,AA) = K(AB,CD) = k(0), so N is singular and generalization is not achieved. Intuitively, every sample
x; has approximately the same “similarity profile to other data” IA(L; = [K(x;,x1),. .., K(x;,2,)], so the kernel
method cannot identify the samples that come from the same template as x**!. In contrast, the transformer kernel
(3) succeeds by using information about the incidence matrix X X T which differs between templates, and does not
depend on the symbol substitution. We thus propose to emphasize the incidence matrix X X” by reparametrizing
each head to W KWg + aI, where a is a trainable parameter. This adds a scaling of X X T in the attention, and can
empirically improve data efficiency by an order of magnitude on several template tasks (see Figures 1 and 2, as well
as additional experiments in Appendix B).

S Analysis for template tasks with symbolic labels

In this section we switch to a next-token prediction setting with the cross-entropy loss. The symbolic-label variant
of template tasks is analogous to the real-label template tasks studied so far, except that the output label is a token
as in the example of Figure 2; formal definition is in Appendix J. The simplest symbolic-label task is template “a”
labeled by “a”. An example train set is {(A, A), (B, B), (C,C)}, where A, B,C' € X are tokens, and then we test
with (ztest ytest) = (D, D) which is not in the train set. Thus, this task captures the ability of a model to learn how to
copy a symbol, which is an important skill for LLMs that solve problems with multi-stage intermediate computations
and must copy these to later parts of a solution [CIS21].

For simplicity, we consider the architecture with just the attention layer, and we tie the embedding and unembed-
ding weights as in practice [Bro+20]:

fattn (X7 0) = WE'Zattn e R™. (10)

Despite the simplicity of the task, fa, does not generalize on unseen symbols when trained, as we take the
embedding dimension large. Our evidence is from analyzing the early time of training. Define the train loss and test
loss as follows, where £ is the cross-entropy loss and z‘*%? is a token that does not appear in the training data,

1 n
Lirain(0) = = > M foren(2:50),51)  and  Lics(6) = ¢(faun ("), y"*™").
=1

We train with gradient flow, and show that the generalization loss on unseen symbols does not decrease for infinite-
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width transformers on the symbolic-label “copying” task where the template is “a’” and is labeled by “a””.
Theorem 5.1 (Failure of transformers at copying). For any learning rates such that — 2% ain |, _o= O(1), we must
have that % lt=0— 0 as depmp — 0.




(a) Vanilla transformer (b) Transformer with Wy, Wg + bl

1.5 1.5
— dim=64
. dim=128 N
g10 — dim=256 21.0
o — dim=512 e
A —— dim=1024 n
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= — dim=2048 =
dim=4096 N
0.0 51 10 10° 0.0 5t 102 10°
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Figure 5: (a) Inverse scaling law: Transformers fail on the copying task as embedding dimension d.,,; grows (Theo-
rem 5.1) (b) Success when reparametrizing Wy, Wg as Wy, Wg + bI (Theorem 5.2). Details in Appendix A.

Dataset GPT-2 | GPT-2 + trainable identity scalings
Wikitext2 64.00 60.46
Wikitext103 | 16.83 16.40

Figure 6: Perplexity of GPT-2 trained with Adam learning rate 3e-4 for 20 epochs on Wikitext (smaller is better).
GPT-2 has 117M parameters, and we add an extra 288 parameters (2 per head).

Because the template has length k£ = 1, the architecture simplifies to

fon(X50) =Wr( Y WE, Wy ) (WX +4P"). (11)
he[H]

The intuition is that comes from examining (11), and noting that at early times the evolution of the weights Wgy Wy
will roughly lie in the span of {Wgeziefi W g }icin)» Which as the embedding dimension becomes large will be ap-

proximately orthogonal to the direction Wg € test ef,tm W g that would lower the test loss. However, this suggests
the following modification to transformers allows them to copy symbols never seen at training:

Theorem 5.2 (Adding one parameter allows copying). After reparametrizing the attention (10) so that in each head
Wg’ WW v is replaced by Wg, WWvn + by where by, is a trainable parameter, there are learning rates such that

Lgain |, o= O(1) and — 2=t |,_g= Q1) as demp — 0.

Figures 2 and 5 illustrate the benefit of this additional per-head parameter on the copying task. Note that our
proposed reparametrization is not equivalent to adding a trainable skip connection as in ResNet [He+16]. Instead, the
addition of by, I encodes an attention-modulated skip connection that allows copying tokens between the transformer’s
streams.

6 Experiments

Figures 1 and 2 (and additional experiments in Appendix B) show that our reparametrizations can give a significant
data-efficiency benefit on template tasks. Figure 6 shows they can also give improvements on real data. In Figure 7,
we find that fine-tuning a pretrained model helps with a template task. This might be explained by several heads
of the pretrained model with diagonals stronger from other weights (originally observed in [TK23]). These learned
diagonals resemble our proposed transformer modifications and so might be driving the data-efficiency of fine-tuning
a pretrained model. Appendix B provides extensive experiments on the effect of hyperparameters, inductive biases of
different models, and varying levels of difficulty of the template task.

7 Discussion

We have shown that transformers are a universal architecture for template tasks in the regression setting: when trained
with SGD, they learn to reason relationally once there is enough training data. However, transformers are far from
optimal, since in practice they still require large amounts of data to learn basic tasks, and in the next-token-prediction
setting they fail altogether at copying unseen symbols. Thus, we have proposed architectural modifications that are
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Effect of pretraining Wik Wg Head 12, Layer 5 Wy, WOT Head 12, Layer 11

2.0
—— GPT-2 from scratch OrwEm
wl.5 GPT-2 pretrained 20 i
3
=1.0 408
s 60
Fos
80
0-07pr 102 103 104

Number of training samples

Figure 7: Left: Pretrained versus randomly-initialized GPT-2 test loss when fine-tuned on aSa vs. a3 template task.
Right: example GPT-2 pretrained heads that have learned diagonals (zoomed in to 100x100 top-left corner).

a step towards promoting an inductive bias towards logical reasoning in LLMs. In the future, it seems promising
to explore architectural modifications based off of analyses of other reasoning tasks (for example, reasoning with
syllogisms, reasoning by symmetry, and compositional reasoning). Apart from architectural modifications, it may also
be fruitful to study data augmentation approaches (e.g., concatenating the tensorization X X T to the input, so as to
encourage use of relational information).
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Transformer performance InFigure 1, The architecture is a 2-layer transformer with 16 heads per layer, embedding
dimension 128, head dimension 64, MLP dimension 256, trained with Adam with learning rate le-3 and batch-size
1024. The n training samples are chosen by picking the variable names at random from an alphabet of n tokens. The
test set is the same two programs but with disjoint variable names. The reported error bars are on average over 5 trials.
The learning rate for each curve is picked as the one achieving best generalization in {1075,107%,1072,1072}. In
Figure 2, the setting is the same except that the transformer is 4-layer transformer and has embedding dimension 512.
In Figure 5 the same hyperparameters as in Figure 1 are used. In order to measure the generalization performance
of the learned model on unseen symbols, we evaluate it on a test set and a validation set which each consist of 100
samples drawn in the same way as the training dataset, but each using a disjoint alphabet of size 100. Therefore, there
is no overlap in the support of the train, test, and validation distributions. We use the validation loss to select the best
epoch of training out of 1000 epochs. We report the test loss on this saved model.

Psychometric tasks We describe how the tasks in Figure 3 fall under the template framework.

* Distribution of 3. To input this task into a language model, a token is used to represent each symbol. The
example in the figure matches template “a3y yall ea8v”, with label +2. There are other templates for this
task, corresponding to different arrangements of the objects, such as “afvy Sy ayeS” with label +1, and
“afi~y vB0 eBary” with label +3. In total there are 144 templates, since the first 3 elements of the template are
always a7, and then there are 6 choices for the permutation in the next row, and finally 24 choices for the
permutation in the final row.

Relational match-to-sample. Again, a token is used to represent each symbol. The example in the figure matches
“afB 6§ eeT” with label +1. A simple combinatorial calculation gives a total of 40 templates (5 possible
patterns in the first row, times 2 choices for whether the first option or the second option is correct, times 4
choices for the pattern of alternative option).

* Raven’s progressive matrices. For each of the dimensions of shape, number, and color, we have a “distribution
of 3” task with a symbolic label. For example, for the shapes in the figure, the task is “a/37y Sy« 57" with label
a. Since another possibility is for each row to be constant (as in, e.g., the case of numbers), another possible
template is “caa 60 yy?” with label , and so there is a total of 36+1 = 37 possible templates per dimension.
This discussion assumes that the only patterns in the progressive matrices are distribution of 3, and constant. If
progressions are also allowed as in [WHL23], these can be incorporated by adding corresponding templates.

B Additional experiments
We report extensive additional experiments probing the template task framework. In each of these, the training dataset

consists of n random training samples. Each sample is drawn according to a template distribution. The following are
template tasks on which we test.
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e afa vs. afp task. Uniform on two templates oS and o35 with labels 1, -1 respectively and « and /3 are
wildcards.

e afaf vs. aafS task. Same as above, except with templates oS and aa35.

s Length-k majority task. Uniform on 28~1 templates o x {c, 3}¥~1 where o and /3 are wildcards. A template z
has label 1 if its first token occurs in the majority of the rest of the string, and -1 otherwise. Namely, f.(z) =

{1, iz =2} > (k+1)/2.

—1, otherwise

* Random template task. A certain number r of templates are drawn uniformly from (W U X)*¥, conditioned on
being pairwise distinct. The task is the uniform distribution over these r templates, with random Gaussian labels
centered and scaled so that the trivial MSE is 1.

For any of these tasks, we generate n training samples as follows. We substitute the wildcards for regular tokens using
a randomly chosen injective function s : W — X where X is an alphabet of size n (which is the same size as the
number of samples). For example, if a given sample is generated from template oS with substitution map s mapping
s(A) =12, s(B) = 5, then the sample will be [12, 5, 12]. Error bars are over 5 trials, unless otherwise noted.

B.1 Effect of transformer hyperparameters

We test an out-of-the-box transformer architecture on the aSar vs. o303 task, varying some of the hyperparameters
of the transformer to isolate their effect while keeping all other hyperparameters fixed. The base hyperparameters
are depth 2, embedding dimension 128, head dimension 64, number of heads per layer 16, trained with Adam with
minibatch size 1024 for 1000 epochs. Our experiments are as follows:

* Learning rate and n. In Figure 8§ we vary the learning rate and n.

* Learning rate and depth. In Figure 9 and Figure 10, we vary the learning rate and the depth, for n = 512 and
n = 1024, respectively.

* Learning rate and number of heads. In Figure 11 and 12, we vary the learning rate and number of heads, for
n = 512 and n = 1024, respectively.

* Learning rate and embedding dimension. In Figure 13 we vary the learning rate and embedding dimension for
n = 1024.

* Learning rate and batch size. In Figure 14, we vary the learning rate and batch-size for n = 512. In Figure 15
we vary the batch-size and n for learning rate 0.001.
B.2 Effect of complexity of task

We test an out-of-the-box transformer architecture with depth 2, embedding dimension 128, head dimension 64, num-
ber of heads 16, trained with Adam with batch-size 1024 for 1000 epochs, on various template tasks.

* Comparing difficulty of various tasks. Figure 16 we plot the performance on various simple tasks.
* Random tasks. In Figures 17, 18, 19, and 20, we test on random template tasks, and investigate the effects of
template length, wildcard alphabet size, regular token alphabet size, number of templates.
B.3 Effect of inductive bias of model
We provide experiments probing the effect of the inductive bias of the model:

* Different architectures. In Figure 21, we plot the test loss for different architectures on the afa vs. a3 tem-
plate task, including transformers with trainable identity perturbations to Wo W1, to Wy W2, to both WoW L
and Wy WQ, or to neither. Figure 22 illustrates on the beneficial effect of the transformer modification for the
majority task with different lengths, lowering the amount of data needed by an order of magnitude.
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¢ Size of model. In Figure 23 we compare the test loss of fine-tuning small, medium and large pretrained GPT-2
networks on the aSa vs. o35 template task.

o MLP with XX data augmentation vs. transformer. In Figure 24, we compare the test loss of a transformer
with the test loss of an MLP where the input data has been augmented by concatenating vec(X XT'), which is a
data augmentation that improves performance under the NTK criterion similarly to the discussion in Section 4.3
and the discussion section.

00Transformer test loss vs. learning rate and number of samples 5 0(;I'ransformer train loss vs. learning rate and number of samples
— n1l6 — n16
1.75 1 ——n3 1.75 1 ——n32
— n64 — n64
— n128 " — n128
1501 — n256 g 1501 — n256
— n512 S — n512
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Figure 8: Learning rate versus n = number of samples = training alphabet size. Taking too large or too small of a
learning rate can hurt generalization even when the train loss is close to zero.

00 Transformer test loss vs. learning rate and depth, at n = 512 5 00Transformer train loss vs. learning rate and depth, at n = 512
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Figure 9: Learning rate vs. depth at n = 512. No clear relationship between depth and generalization. Too large or
too small of a learning rate can hurt generalization.
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Figure 10: Learning rate vs. depth at n = 1024. Unlike n = 512 case, in previous figure, larger depth typically
performs better.
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Figure 11: Learning rate vs. number of heads per layer at n = 512. More heads are better than one head.

Trgr})soformer test loss vs. learning rate and number of heads, at n = 1024 Traznggormer train loss vs. learning rate and number of heads, at n = 1024
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Figure 12: Learning rate vs. number of heads at n = 1024. More heads are better.
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Transzf(agmer test loss vs. learning rate and embedding dimension, at n = 1024 Transg%r(;ner train loss vs. learning rate and embedding dimension, at n = 1024
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Figure 13: Learning rate vs. embedding dimension at n = 1024. Smaller embedding dimension is generally better.
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Figure 14: Learning rate vs. batch-size at n = 512. Smaller batch size is better.
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Figure 15: Batch size vs. n = number of training samples = training alphabet size. Smaller batch size is generally
better, which is most visible at n = 512.
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Transformer test loss on various tasks Transformer train loss on various tasks
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Figure 16: Test and train loss of transformer for various tasks. The afa vs. a5 task consists of two templates oS
and o83 with labels +1, -1. The aa35 vs. afap task has templates +1, -1. For each k, the length-k majority task
consists of all templates in {a} x {a, B}, where each template has label 1 if o occurs more times in the last & — 1
entries, and label +1 if o occurs fewer times in the last £ — 1 entries. The trivial model that outputs 0 always will
achieve test loss of 1.
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Figure 17: Performance on tasks corresponding of two, distinct random templates with two wildcards «, 3, and with
labels 1, —1, respectively. Performance degrades as the template length increases.
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Tranzs(f)c())rmer test loss on random tasks with different wildcard alphabet sizes Trangfg)ormer train loss on random tasks with different wildcard alphabet sizes
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Figure 18: Performance on tasks corresponding of two random templates of length 5, labeled with 1, —1, respectively.
Each template is sampled randomly from W3, conditioned on the two templates being distinct. We vary the wildcard
alphabet size |WW)|. Performance generally degrades as the wildcard alphabet size increases.

Tragsofé)rmer test loss on random tasks with different regular alphabet sizes Trar%sggrmer train loss on random tasks with different regular alphabet sizes
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Figure 19: Performance on tasks corresponding of two random templates of length 5, labeled with 1, —1, respectively.
Each template is sampled randomly from (W U X)?, conditioned on the two templates being distinct. We keep
|[W| = 2 and vary the regular token alphabet size |X'| between 0 and 2. Performance quickly improves as the regular
token alphabet size increases.
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Trarzw%fé)rmer test loss on random tasks with different numbers of templates Trar;sggrmer train loss on random tasks with different numbers of templates
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Figure 20: Performance on tasks corresponding of two random templates of length 5, labeled with 1, —1, respectively.
Each template is sampled randomly from (W U X)°, conditioned on the two templates being distinct. We keep
|[W| = 2 and vary the regular token alphabet size |X'| between 0 and 2. Performance quickly improves as the regular
token alphabet size increases.
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Figure 21: Different architectures on aScv vs. a3 task. Transformer outperforms, especially with the reparametriza-
tion that prioritizes identities in heads.
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Transformer test loss on majority tasks 200 Transformer + KQ, VO identity, test loss on majority tasks
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Figure 22: Comparison of test loss of architectures on length-%k majority task with different k. Left: vanilla transformer
architecture. Right: transformer architecture plus the trainable identity scalings on each attention head’s Wk Wg and
Wy Wg matrices. Notice that again the transformer reparametrization lowers the amount of data needed by at least an
order of magnitude.
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Figure 23: Pretrained GPT-2 of different sizes fine-tuned on afSa vs. a0 task.
MLP vs. MLP with XX data augmentation, test loss MLP vs. MLP with XX data augmentation, train loss
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Figure 24: Test loss of MLP with X X7 data augmentation, where it is concatenated to input, versus MLP without
data augmentation, versus transformer.
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C Proof of Theorem 4.4

There are two main parts to the proof. First, in Section C.1 we establish a lemma with a sufficient condition for a
kernel method to have good test loss. Second, in Section C.2 we prove that the transformer random features kernel
Kans satisfies this condition for almost any (3, v, b1, by parameters. We conclude in Section C.3.

C.1 Part 1. General sufficient condition for good test loss

We restrict ourselves to token-symmetric kernels, which are kernels whose values are unchanged if the tokens are
relabeled by a permutation.

Definition C.1 (Token-symmetric kernel). K is token-symmetric if for any permutation 7 : X — X we have
K($, y) - K([W(gjl)v s ,W(iﬂk)], [7r<y1)7 s aﬂ—(yk)])'

Token-symmetry is a mild condition, as most network architectures used in practice (including transformers) have
token-symmetric neural tangent kernels at initialization. We emphasize that token-symmetry is not sufficient for good
test loss since MLPs are a counterexample (see Appendix I.)

To state the sufficient condition for good test loss, let {z1,...,2,} = supp(ttmpit) be the template distribution
support. Define also the set R = Uje[x),je[r1{2;.i} of tokens that appear in the templates. Finally, define N € R™*"
by

N;; = K(sub(z;, s),sub(z;,s")), (12)
where s, s : W — X are substitution maps satisfying
sW)NsW)=0 and sW)NR=sW)NR=10. (13)
One can check that because of the token-symmetry of the kernel K, the matrix IV is uniquely-defined regardless of
the substitution maps s, s’ chosen, as long as they satisfy (13).

Lemma C.2 (It suffices for IN to be nonsingular). If K is a token-symmetric kernel, and N is nonsingular, then kernel
ridge regression achieves vanishing test loss.

Formally, there are constants c¢,C > 0 and ridge regularization parameter X > 0 depending only on [itmplt, O,
W, [N and ||K || = maxg K (z, ), such that for any x matching a template z € supp(fitmpie) the kernel
ridge regression estimator f in (4) with kernel K satisfies

) - ra) <0y YD o) 2

with probability at least 1 — 6 — exp(—cn) over the random samples.

The proof is in Appendix D, but we develop an intuition here on why the nonsingularity of the matrix IV is
important. Let [n] = Z; UZy U --- U Z,, be the partition of the samples such that if ¢ € Z; then sample (z;,y;) is
drawn by substituting the wildcards of template z; with substitution map s; : W — X’. We show that for any string
x matching template z;, the kernel ridge regression solution (4) is approximately equal to the average of the labels of
the samples corresponding to template j,

X 1
y (K + M) 'k(x) ~ i > i fulz). (14)
J iEIj

In order to see why this is true, consider the regime in which the sample diversity is very high, i.e., p > 1. Since p is
large, any particular token is highly unlikely to be substituted. This has the following implications:

* For most sample pairs ¢ # i’ € [n], the maps s; and s, have disjoint range: s;(W) N si(W).
¢ For most samples i € [n], the substituted tokens are not in the templates: s;(W) "R = ().

These are the same conditions as in (7). So by the token-symmetry of the kernel, for most pairs of samples the
empirical kernel matrix is given by IV:

f(iﬂ;/ = K(:]Bi,.’lli/) = Njﬂ‘/ for most i € Ij,i/ € Ij/ .

So if IN is nonsingular, then K has r large eigenvalues, and n — r much smaller eigenvalues. This turns out to be
sufficient for (8) to hold. We refer the reader to Appendix D for more details.
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C.2 Part 2. Analyzing the transformer random features kernel

We show that the transformer random features kernel K. satisfies the sufficient condition of Lemma C.2 for van-
ishing test loss. It is clear that the kernel is token-symmetric because the definition is invariant to the permutation
relabelings of the tokens. The difficult part is to show that the matrix Nyans := IV defined with kernel K = Kiyans
in (12) is nonsingular. The main challenge is that the transformer kernel does not have a known closed-form solution
because of the softmax terms in its definition (3). Furthermore, the result is especially challenging to prove because it
must hold for any collection of disjoint templates z1, ..., 2.

We analyze the MLP layer and the attention layer of the transformer separately. We observe that a “weak’ condition
on Ky, can be lifted into the “strong” result that Ny.,,s is nonsingular. Intuitively, as long as Ky, iS not a very
degenerate kernel, it is very unlikely that the MLP layer has the cancellations that would be needed to make N ans
nonsingular.

Lemma C.3 (Nonsingularity of Nans, restatement of Lemma 4.6). Suppose for every non-identity permutation T €

Sy \ {id},

Z Katn(sub(z;, 8),sub(z;, ') # Z Katn(sub(z;, 5),sub(z-(;),5)), (15)

1€[r] ig[r]

where s, s' are the substitution maps in the definition of N yans in (13). Let the MLP layer’s activation function be
@(t) = cos(bit+bz). Then for almost any choice of by, by (except for a Lebesgue-measure-zero set), the matrix N yrans
is nonsingular.

This lemma is proved in Appendix E, by explicitly evaluating the Gaussian integral, which is possible since the
activation function is the cosine function. Although in our proof we use the cosine activation function, we conjecture
that this result should morally hold for sufficiently generic non-polynomial activation functions. Next, we prove the
condition on N 4tp.

Lemma C.4 (Non-degeneracy of Ky, restatement of Lemma 4.7). The condition (15) holds for Lebesgue-almost
any 3,7.

The proof is in Appendix F. First, we prove the analyticity of the kernel K, in terms of the hyperparameters (3
and y which control the softmax inverse temperature and the positional embeddings. Because of the identity theorem
for analytic functions, it suffices to show at least one choice of hyperparameters J and -y satisfies (15) for all non-
identity permutations 7. Since K, does not have a closed-form solution, we find such a choice of 8 and ~y by
analyzing the Taylor-series expansion of K, around S = 0 and v = O up to order-10 derivatives, which happens to
suffice.

C.3 Concluding the proof of Theorem 4.4

By Lemma C.2, it suffices to prove the nonsingularity of the matrix N ans defined in (12) with kernel K = Kiyaps.
Lemma 4.6 gives a condition for nonsingularity that holds for almost any b1, b2. Lemma 4.7 proves this condition for
almost any f3, . Therefore, Theorem 4.4 follows.

D Sufficient condition for kernel method to generalize on unseen symbols
(Proof of Lemma C.2)

We restate and prove Lemma C.2. Let K be a token-symmetric kernel as in Definition C.1. Let fttmpl: be a distribution
supported on disjoint templates z1,..., 2, and define R = U,c}, jefrji2i,;}- Recall the definiton of the matrix
N € R"™*" with

Niiw = K(sub(zy,s),sub(zy,s")).

for substitution maps s : W — X, s’ : W — X satisfying s(OV) N s’ (W) = s(W)NR = s'(W) NR = (. Recall
that this is well-defined by the token-symmetry of the kernel K.
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Lemma D.1 (Restatement of Lemma C.2). Suppose that K is token-symmetric and N is nonsingular. Then there are
constants 0 < ¢ < C and 0 < ¢ < C' depending only on fimpi, o, [W|, | N | and || K || oo = max, K (z, x) such
that the following holds. Consider any regularization parameter \ € [¢'n, C'n|, and any string x matching template
z € supp(puempit). Then with probability > 1 — § — exp(—cn), the kernel ridge regression estimator f achieves good

accuracy on xX.!
A log(1/6) 1
7@ - ()] < c\/T+o\fp.

Proof. Note that some proofs of helper claims are deferred to Section D.1. Let (x1,y1),. .., (€, y») be the samples
seen by the kernel method. We know from (4) that kernel ridge regression outputs the estimator

fx)=y" (K + X)) o(z), (Kernel ridge regression)

where the empirical kernel matrix K e R s

Ki;=K(zi,z;),

andy = [y1,...,yn), and v(x) = [K (21, x),..., K(x,, x)] € R™.

Idealized estimator when sample diversity is high If the sample diversity is sufficiently high, then for most pairs
of samples i # i’ € [n], it will be the case that x; and x,s do not share any of the wildcard substitution tokens. In
other words, the wildcard substitution map used to form a; will have disjoint range from the wildcard substitution map
used to form x;,. This means that we should expect the estimator f to perform similarly to the following idealized
estimator:

~_ideal

fideal ((E) _ yT(K + )\I)+vid€al(w) , (16)

~_ideal . ~
where K € R™ ™ and v’ (z) € R™ are idealized versions of K and v(x), formed below. They correspond
to the limit of infinitely-diverse samples, when all token substitution maps have disjoint range. For each j € [r], let
Z; C [n] be the indices of samples x; formed by substituting from template z;. For any i € Z;,i’ € Z,, let

Ky =Ny, "
Also, similarly define v'**!(z) € R™. For any i € T, let
videal () = K(sub(z, s),x), o

where 5 : W — X is a substitution map with s(OV) N R = s(W) N {x;}icpr) = 0, i.e., it does not overlap with the
templates or with @ in the tokens substituted for the wildcards. The expressions (17) and (18) are well-defined because
of the token-symmetry of the kernel.

If the sample diversity is high, then we show that the idealized estimator f ideal j5 indeed close to the kernel ridge
regression solution f .

Claim D.2 (Idealized estimator is good approximation to true estimator). Suppose || K |lcoc = maxy |K(x, )| < oo.
Then there are constants C, ¢ > 0 depending only on |\W|, || K ||, k, r such that the following holds. For any x, with
probability at least 1 — exp(—cn),

rideal n c Cn
|f (w)_f(w”ﬁx‘f'r\/ﬁ»

where p is defined in Definition 4.2 and measures the diversity of the substitution map distribution.
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. ~_ideal .
Analyzing the idealized estimator using its block structure The matrix K has block structure with blocks
Th,...,T.. Namely, it equals K; ; = N, j: forall i € Z;,i’ € Z;/. Similarly, v'¢® () also has block structure with
blocks Z1, . .., Z,. This structure allows us to analyze estimator f?¢%! and to prove its accuracy.
In order to analyze the estimator, we prove the following technical claim. The interpretation of this claim is that if
. . . »ideal
x matches template z,, then v'¥?(z) is equal to any of the rows in K that correspond to template a. In other

- ideal | L o
words, we should have (K e ytwvideal(z) = 17, /|Z,|, which is the indicator vector for samples that come from

template a. The following technical claim is a more robust version of this observation.

Claim D.3. Let T be a string that matches template z,. Suppose that 0 < X\ < T := minje[y \Z;|/IIN Y. Then

~_ideal

(K + M) is invertible and the following are satisfied

~_ideal : 1 T
K A —1, ideal <
I A o @) < [ (),

and, letting 17, € R™ be the indicator vector for set L,

1 T

11@ ~_ideal (
|Zo] " — A

Iy~ (K an T @) <

Using the above technical claim, we can prove that f ideal js an accurate estimator. The insight is that since
2 -ideal ; . . .1 .
(K T )~lwdeal(z) is approximately the indicator vector 17, /|Z,| for samples corresponding to template a,

the output of the idealized estimator is the average of the labels for samples corresponding to template a.

Claim D.4 (Idealized estimator gets vanishing test loss on unseen symbols). There are ¢,C > 0 depending only
on W), tmpit, 0 such that the following holds for any 0 < A < cn. Let x be any string that matches template
z € supp(fuempit). Then, for any 6 > 0, with probability > 1 — 6 — exp(—cn) over the random samples, the idealized
estimator has error upper-bounded by

|fideal(w) _ f*(z)l <C 10g(1/(5> ]

n

Proof of Claim D.4. Let E; be the event that npmpie(2;) > |Z;]/2 for all j € [r], i.e., all templates are well-
represented in the dataset. By a Hoeffding bound,

PIE1] > 1 — exp(—nptempi(2a)/2).

Suppose that & matches template z,. By Claim D.3, under event F1, there is a constant C' > 0 such that

|fideal(w) _ f*(za)| _ |yT(IA(ideal + )\I)_lvideal(m) _ f*(za”

]-I 1 T
< T ©_ f(z, 1
<" R s Y
17 1
< T—e _ *\<~a Cy/—.
<ly z (za)| + O/~
We conclude since IP’[|yT|IIi:| — fu(za)| > C M | E1] < 4 by a tail bound for Gaussians. O

Putting the elements together to conclude the proof of the lemma Combined, Claims D.2 and D.4 imply the
lemma if we take A = O(n), then we obtain error O(y/log(1/d)/n + \/1/p) with probability at least 1 — § —
exp(—Q(n)). O
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D.1 Deferred proofs of claims

. . o ideal . .
Proof of Claim D.3. Let w, ..., w, be an orthogonal basis of eigenvectors for K Y with eigenvalues vy, ..., Vy.

. . o id o-ideal . .
Notice that these are also eigenvectors of K " 4 M. Because of the block structure of K, its eigenvectors and
eigenvalues have a simple form. Define

M = diag(IV/ITil, ... IL ) Ndiag(VITL ... I T)

A ~_ideal . . .

The nonzero eigenvalues of K correspond to the nonzero eigenvalues of M, because for any eigenvector u € R’
. . . - ideal . . . .

of M there is a corresponding eigenvector of K “““" with the same eigenvalue by letting each of the blocks Z; consist

L1
of copies of the entry u;/+/|Z;|. Therefore, all nonzero eigenvalues of K have magnitude at least

il vl = 1M 2 min /N = 7>

~_ideal

So K + AI is invertible, which is the first part of the claim. Write III“ in the eigenbasis as

Za|
= =Y e,

for some coefficients c;. By construction,

. ~ zdeal]_
,Uzdeal(w) — I ZMLCzwzy
SO
H(Kideal Y ) 1 zdeal ”2 _ H Z C w; H _ Z( Vi )2(;2
7 Wy - Vz+)‘ g
v; 1 T
< 7 2 < 2.
< ml_ax(yi +/\) AR IH?X(T — /\)
Similarly,
1Z ~_ideal —1 ideal 2 Vi 2 Y %c
s (K A)~Hyidee = L pyawillt =2 0= ’
I~ + D) tyideal ()| Hzi:( el XZ} e Ols
v; 1 T
< 1— 1 2 < 1- — 2 .
< mZaX( Vi+)\) Za] = m?X( T—A)
O]
~_ideal

Claim D.5 (Bound on difference between kernel regressions). Suppose that K is p.s.d and that (K +\I)~videal (g)
is well-defined. Then, for any A > 0,

fidea ¢ ”yH idea ideal £ -ideal -1, idea
|f* l(w)—f(w)IST(Hvd o) —v(@)|+ K- K (K + AT el (@))
Proof of Claim D.5. By triangle inequality,
|fla) - fiteel ()| = Hy (K + D) o(a) — y" (K 4 A1) ot (@)

< lyll - | (K + M)~ () — (K + M)~ o' (a)|

Term 1

ideal

+llyll - | + AN o @) — (K + M) 7o' (@)

Term 2
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The first term can be upper-bounded because ||(K + AI)~'|| < [[((A)~] = 1/, so

[v*teet(z) — v(@)|

Term 1 <

The second term can be upper-bounded by

ideal ~_ideal

Term 2 = ||(K + AD)~L((K + MK £ 3D~ — (K" £ AD K™ + AD)~Y)videa (z)]|

ideal ~_ideal

=[[(K+M)"Y K -K )K= +X) i (g)]

~_ideal ~_tdeal

1, - .
< SIE - K I+ AD) T e  (@))

O

Proof of Claim D.2. Let E; be the event that |Z;| > npmpie(z;) for all j € [r]. By Hoeffding, there is a constant
¢ > 0 such that P[E;] > 1 — exp(—cn). By Claim D.3, under event E}, there is a constant C' > 0 such that

~_ideal

[(K + M)~ o' (x) (19)

<<
\/ﬁ

Next, recall the parameter p used to measure the spread of the substitution map distributions {ftsub, = } z €supp (jump) »
as defined in (4.2). For each i € [n], let s; : W — X be the substitution map used to generate the sample x;. Let P;
be the number of samples (7, 4’) such that their substitution maps overlap, or have range that overlaps with the regular
tokens in the templates. Formally:

P={1<i<i<n:s;(W)NsyW)#0Bors;(W)NR #Dorsy(W)NR # 0} .

Similarly, let P be the number of samples that (i,’) such that their substitution maps overlap with that used to
generate x, or they overlap with the regular tokens in the templates:

Py=[{1<i<n:sW)NR#Dorsi(W) N {z;}jen # 0}

By the definition of p, we can upper-bound the expected number of “bad” pairs P; and “bad” indices P> by:

n2 n ’I’L2
EP<| Y Y Plsi(w)=sa(w)] | +n ) Y Pltes;(W)< o, % < on”

4,4 €[n] w,w €W i€[n] teR

EP] <> Y  PtessW)<

Cn
i€n] t€{es 1y e UR P

By Hoeffding’s inequality, the event Fs that P; < CT”Z and P, < % occurs with probability > 1 — exp(—cn).
Under event Es,

~_ideal

|IK-K" " ||<C+Cn/\p and |v(x)—vi%d(x)| < C\/n/p. (20)
By Claim D.5 and (19) and (20), under events F1, Fs, and using that ||y|| < C'\/n, we have

<

C(1+n)
NV

NP

) <

Fet @) — fla)] < SOVl + (O + On/y)
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E Nonsingularity of random features after MLP layer (Proof of Lemma 4.6)

Consider a kernel K5 formed from a kernel K as follows:

Ki(z,y) Ki(z,y)
K1<iL',y) Kl(w’y)

Here ¢ : R — R is a nonlinear activation function. Such a random features kernel arises in a neural network
architecture by appending an infinite-width MLP layer with Gaussian initialization to a neural network with random
features with kernel K.

We wish to prove that a certain matrix N € R"*" given by

KQ(ma y) = Eu,vwzl(w,y) [QS(U)QS(U)] ’ 21($, y) =

is nonsingular, where x1,...,x,,y;,...,¥y, are inputs. The intuition is that if ¢ is a “generic” activation function,
then only a weak condition on K is required for the matrix N to be invertible. We provide a general lemma that
allows us to guarantee the invertibility if the activation function is a shifted cosine, although we conjecture such a
result to be true for most non-polynomial activation functions ¢. This is a generalization of Lemma 4.6, so it implies
Lemma 4.6.

Lemma E.1 (Criterion for invertibility of N). Consider the matrix N € R"*" defined in (21) where x1, . .., x, and
Yq,-- ., Y, are inputs. Suppose that for all nontrivial permutations 7 € S,. \ {id} we have
> Ki(@iy) # Y K@i, y,a)) - (22)
i€[r] i€lr]

Suppose also that the MLP activation function is ¢(t) = cos(kt + ¢) for two hyperparameters k, c. Then, N is
nonsingular for all (k, c) € R? except for a Lebesgue-measure-zero subset of R?.

Proof. Let f(k,c) := det(N). We wish to show that {(k, c) : f(k,c) = 0} is a measure-zero set. By Claim E.2, is an
analytic function of ¢ and k, and by the identity theorem for analytic functions [Mit20], it suffices to show that f # 0.
Fixing ¢ = /4, by Claim E.2,

k2

1
Ka(®,y) = 5 exp(——

5 5 (Ki(z, ) + Ki(y,y) — 2K (x,y)))-

Therefore

flk,m/4) = Z sgn(7) H Ka(xi, Y. ;)

TES, i€[r]

2
— o iy Ki(mimi)+Ka(y,,,)) Z sgn(7) exp(k2 Z K1($i7y7(i)))~
TES, i€[r]

It remains to prove that as a function of k£ we have

> seu(r)exp(k? Y Ki(@i,y.;) #0,

TES, 1€[r]
This holds because for any distinct ¢y, . .., ¢; the functions exp(cit), . .., exp(¢t) are linearly independent functions
of ¢, since their Wronskian is a rescaled Vandermonde determinant

exp(cit) .. exp(cgt) 1 .01

% exp(cit) % exp(cit) ! c ... q

. . = eXp(Z ¢it) :

: : P :

-1 -1
(?tl rexp(cit) ... ddtl T exp(¢t) c g
—eXchl H (¢j—c;)#0
1<i<j<l
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Below is the technical claim used in the proof of the lemma.

ClaimE.2. Let U,V ~ N(0, [Z ﬂ ). Then for any k, ¢ € R,

1 .
Elcos(kU + ¢) cos(kV + ¢)] = 56_%k2(“+b)(6_k2” cos(2¢) + ekz") .

Proof. By Mathematica, we have the following Gaussian integrals

— e—%kz(a+b+2p)
b

E[eikU+ikV] — E[e—ikU—ikV]

_ 67%k2(a+b72p) '

E[eikaikV] _ E[efikUJrikV]
Since cos(kt + ¢) = (eikt+ic + e*i’”*ic)/z

E[COS(/CU + C) COS(kV + C)] _ E[(eikU-i-ic + 6—ikU—ic>(eikV+ic + e—ikV—iC)]

(e—%kz(a+b+2p)(€2ic+e—2ic> +2e—%k2(a+b—2p))

DO | =] =

e_%kZ(’”'b)(e_kQ” cos(2c) + ekzp) .

F Analysis of attention layer features (Proof of Lemma 4.7)

For any inputs X, Y, we write the kernel of the random features of the attention layer as
Katn(X,Y) = Epn(x),m(v) [smax(8m(X))" (XY + 4*I)smax(Sm(Y))]

XXT+21 XY? + 421

X Y)~N
m( )am( ) (07 YXT+’72I YYT+’)/2I )a

as stated Section 4.1; see also Section H for the derivation of this kernel in the infinite-width limit of the transformer
architecture. For shorthand, we write kx v (8,7) = Kaun(X,Y) to emphasize the attention kernel’s dependence
on the hyperparameters S and + which control the softmax’s inverse temperature and the weight of the positional
embeddings, respectively.

We prove Lemma 4.7, which is that K, satisfies the property (9) required by Lemma 4.6 for the transformer
random features kernel to succeed at the template task.

Namely, consider any disjoint templates z1,. .., z, and two substitution maps s, s’ : W — X

« that have disjoint range: s(W) N s’ (W) = 0,
* and the substituted tokens do not overlap with any of the tokens in the templates: sOV)NR =s'(W)NR =0
where R = Uie[r}yje[k]{zj(-i)}.
Then we define X;,Y; € RF*™ to be the strings (where we abuse notation slightly by viewing them as matrices
with one-hot rows) after substituting z; by s, s’ respectively:
X,; =sub(z;,s) Y,;=sub(z;,s).

Lemma F.1 (Restatement of Lemma 4.7). Define g-(8,7) = >_;c, £x,,Y ;) (B,7)- Then for all but a Lebesgue-
measure-zero set of (3,7) € R? we have gia(3,7) # g-(B,7) for all permutations T # id.

No closed-form expression is known for kx y (8,7), so our approach is to analyze its Taylor series expansion
around 8 = v = 0. Our proof proceeds in stages, where, in each stage, we examine a higher derivative and progres-
sively narrow the set of 7 that might possibly have ¢, (5,v) = ¢ia(8,7). In Section F.1, we list certain low-order
derivatives of kx y (,) that will be sufficient for our analysis. In Section F.2, we analyze some of the terms in these
expressions. In Section F.3 we put the previous lemmas together to prove Lemma F.1.

To avoid notational overload, in this section we will not use bolded notation to refer to the matrices X, Y, but
rather use the lowercase X, Y.
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F.1 Low-order derivatives of attention kernel

In the following table we collect several relevant derivatives of -2
1, j we use ¢i,¢a, ...

35 867] kx,y(0,0) fori < 6 and j < 4. For each

to denote constants that depend only on k, and on the derivative 4, j being computed. Certain

constants that are important for the proof are provided explicitly. These derivatives were computed using a Python
script available in our code. The colors are explained in Section F.2.

Derivative

Expansion

RXx y(o 0) =

+e 1T XY

2 2
6652 aa,YQ RX Y(Oa O) =

+ep 1T XV teatr(XYT)

6764/‘6)(,)/ (0, 0) =

+e1l XY’l +el TXXT XY T 4e3 1T XVTIVY T ey 1T X XTXXT XY
+es(1T XV (AT X XTL) 41T XYTY XTI XY e (1T XY (1T XY
+eg TV XTXVTIVY T 4eo(1T XYV ATYYTL) 4eo(1T X XT XY (AT X XTT)

+c11(1T XVIYYTD (AT X XTL) dep(1T XY D)(T X XT XV
+013( XY ’) VDT XY e (VT XXXV (ATY YT

+e15(1 XYTYY HATYYTL) e (T YT HATXXTH (AT X XTY)
+c17(11 XYy1 l)(lTXXTXXTl) +es (17 XYV 1)(11 XYTHaTxxTr)
+er (1T XY T DT Xy T (1T XV T1) ego(1T XV (ATXXT)(1TYYTT)
+021(1T xyrnyat Xy HatyyT) +c22(1TM HatyyTyaTyy™)
teas(1T XYV ATYYTYYTT)

4 42
3854 3872 RXx Y(Oa 0) =

+er 1T XY T +eotr(XYT) +e31 T X XTXY T 4egtr( X XTXYT) 4e51T XY TYY T
et (XY YY) e (1T XY T (AT X XTL) reg(tr(XYT)) (1T X XT )
+eo(1T XV T (AT XV 1) 4e10(1 XY T (XY T)) 4en (17 Xy T (ATYYTT)
—|—6121TXY1-XY'[1 +613(ff(XY1>)(1TYYT1) —|—Cl41TYXTYYT1 —|—Cl511-XXTYXT1
161" X XTY Y1 4017(1TYYT1) (1T X XTT)

6 g4
aaimaaiw“X,Y(OaO) =

Fer 1T XY T 4eatr(XYT) +e31 T X XTXY T 4eqtr( X XTXYT) 4e51TXYTYY T
+eetr(XYTYYT) 4+er(1T XY T 1) ATXXTL) +eg(tr(XYT)(1TXXTT)
+eg(tr(XY TN (T XYY tero(1T XY DATYYTL) e (1T XY D) (1T XY
+epl T XY T XY T 4epz(tr(XYI)D)ATYYT1) 4o 1T XXTY XTI 51TV XTY YT
—|—Cl6f7’<XYTXYT) —|—Cl7(f7(XY1))(f7(XY1>) +c18 —|—0191TXXT1

ool TXXTXXT1 4eop 1T X XTY YT 4ol TV YT 4eo3(1T X XT1) (1T X XTT)
+624(1TYYT1)(1TXXT1) +cC25 +0261TYYTYYT1
+ear(1TY YT (1TY YY)

Furthermore,

* in the expression for rx y (0,0) we have ¢; = 1/k* > 0,

« in the expression for aa—;aa—;mxy(o, 0), we have c; = 8/k? > 0,

« in the expression for 68—;/@(,3/(0, 0), we have cog = 24/k5 > 0,

* in the expression for 86—;83—;2&)(,;/(0, 0), we have c16 = 48/k* > 0,

* and in the expression for 68—;668—;/{;(,3/(0, 0), we have co5 = 17280/k* > 0.

F.2 Simplifying terms

Let X € R¥*™ and Y € RF*™ be matrices with one-hot rows (i.e., all entries are zero except for one).

For the submatrix corresponding to rows S and columns 7', we use the notation [X]sx1 € RS*T If v is a vector,
then the subvector consisting of indices I is [v];.

Let R C [m)] be a set containing the intersection of the column support of X and Y: i.e., forall i € [m]\ R, either
[X]ikxi = 0 or [Y]()x; = 0. We analyze the terms in the expressions of Section F.1 below.
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F.2.1 Assuming [17X]r = [1TY]r

Suppose that [17 X]r = [17Y]r. Then any of the terms can be written as a function of only X or only Y.
. = |17 X]rlf?
: — 17 Xdiag(1TX)YT1 = (1TX)22 . (17Y) = |17 X ]
: — 17 Xdiag(1TY)Y 71 = (17X) - (17Y)%2 = |17 X}
. = 1T Xdiag(17 X)diag(1T X)Y 71 = ||[1T Xz ||}
. = 1T Xdiag(17Y)diag(1" X)YT1 = |17 X% ||}
. = 1TYdiag(17 X)diag(17Y)YT1 = |[1T X% ||}
. = trace(Xdiag(1T X)Y7T) = Dick] ve[m] Xiw(1TX), Y5 = Diclk] 2ver Xi(17X), =

17 X diag(17X)1r = [|[17 X
. = ILTY ]2 = 117 X]=?

F2.2 Assuming [X]pxr = [Y]gxr

Suppose that X3 r = Y[xjxr (i-e., the restriction of X and Y to the R rows is equal). Then any of the orange terms
can be written as a function of only X or only Y.

YT = 5 g Sty Xio¥oo = Soer S X2 = 17X 1 = 17V 1g
VXYTXYTL =30 e Lwa = 90) 1o = ye) = 17 Xur (Vi xr) " Xixr (Yingxr) 1
= 1T X r (X r) T Xy xr (Xpgxr)*

1ITXXTYyXx"1 = Yabe Ll@a=a0)lyp =2c) =3, 4 . Lwa = 7)1y = 2 € R)

=Y e l@a=z Ry =2 €R) =3, L(xa=2p ER)L(zp =2, ER) =

17 X er (X )T Xy r (X xr) T 1

Y XTYYTL = 1T Xy ur (X xr) T X xr (X pxr) ' 1

trace(XYTXYT) =30 1(za = yo)1(xs = ya) = 2,4 Lwa =y € R)L(zp = ya €ER) =3, , L(wa =
zp € R) = trace((Xpgxr) (X x=) ")

F.2.3 Assuming 17X X71 =1TyY"1

Suppose that 17 X X71 = 17YY 1. Then any of the blue terms can be written as a function of only X or only Y.
¢« 1TXXT1 =1TYYT1
 1TyYyT1 =1TXXT1

F.2.4 Assuming 17X X7 =17yYy7”

Suppose that 17 X X7 = 17YY”. Then any of the teal terms can be written as a function of only X or only Y.

s 1ITXXTYYTT = [1TXXT|?2 = NTYYT?
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F.3 Proof of Lemma F.1

‘We combine the above calculations to prove Lemma F.1.

Proof. By the technical Lemma G.1, we know that g,(/3,~) is an analytic function for each 7. Therefore, by the
identity theorem for analytic functions [Mit20], it suffices to show that for each 7 € S,. \ {id} we have g;4(8,v) #
9-(B,7)-

Stage 1. Matching regular token degree distributions.

Claim F.2. If g;4(0,0) = g,(0,0), then [T X;]r = [1TY,(;)]r for all i € [r].

Proof. From the table in Section F.1, there is a positive constant c¢; > 0 such that

9:(0,0) =1 Y 1"XiV 1 =1 > 17X = [V e

i€[r] i€[r]

S ST X= L Y=
ie[ ]

Z 17 X= )12 > N7 Yo =12
i€[r]
= || 1TX =%,

1€[r]

where (a) is by Cauchy-Schwarz and holds with equality if and only if [17 X;]r o< [17Y, ;)] for all . Similarly (b)
is by Cauchy-Schwarz and holds with equality if and only if ||[17 X;]z|| = ||[17Y,(;)] r|| for all i. Notice that (a) and
(b) hold with equality if 7 = id, since [17 X;]z = [17Y;] for all i. O

Stage 2. Matching regular token positions.

Claim F.3. [f 2 257 322 9-(0,0) = 62 oy 26:a(0,0) and 1" X]x = [17Y,)|r for all i € [r], then we must have
[(Xilkxr = [Yr()l ) xr for all i € [r].

Proof. For a constant co > 0,

82 82 .
3628 2gT Z 1 +621,re1(‘(\(X,Y;1(1))
1€[r]
= e > I XR)? | + {2 Y trace(X, (V7)) |
i€[r] i€[r]

by the calculation in Section F.2.1. The first sum does not depend on 7, so we analyze the second sum. Here,

CQZtmu XSI( —CQZ Z

1€[r] i€[r] a€lk]

=) > ) Xl

1€[r] vER a€lk]

ZZZ ZZZ Yot Jan)?

| vER a€k] i€[r] veER a€lk

:c221 Xil,

i€(r]

where (a) is by Cauchy-Schwarz and holds with equality if and only if Xéﬁ,) = cYa(J ®) for some constant c. We must
have ¢ = 1 because of the CLS token, so (a) holds with equality if and only if [X;](yxr = [Yr@i)lkx= foralli € [r].
Specifically (a) holds with equality if 7 = id. O
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Stage 3. Matching wildcard token degree histogram norm.

Claim F4. Suppose that (17 X;]r = [1TY, )|z, and that -2 357 gT(O 0) = ﬁ4 gld(O 0). Then 1" X; X1 =17V, )Y, &t
foralli € [r].
Proof. Use [1TX;]x = [1TY,(;)]» and the calculations in Section F.2.1 for the terms. Every term of 8‘9—; 9-(0,0)

can be written as depending only on one of X; or Y7 (;), with the exception of the coo term. Namely, we have

%QT(O’ 0) = Z a(Xi) +0(Yr())

i€[r]
+ cao( )T XX ATY 0 YD),

for some functions a, b. Since 7 is a permutation, only the term with coefficient cog depends on 7. Here, cog > 0. This
term corresponds to

ca0 Y ("X Y1 DAT XX ) (7Y () Y1)

1€[r]
= o0 Y |17 X= |17 Yr )= I (AT X XT D) (ATY2 ) Y1)
i€[r]
( )
(O 1T XRIPAT XX 1)) (Y 117 Yo RIP (1T Yoo Y 1)
i€[r] 1€[r]
= > I X P17 XX 1)
i€[r]
where (a) is by Cauchy-Schwarz and holds with equality if and only if [|[17 X;] = [ 217 X; X;1 = ¢||[1TY, ()= P17 Y, (i)
for all ¢ and some constant c. This constant ¢ = 1 because the former is a permutation of the latter over i € [r]. Since
T X;)=]1? = [I[17Y;]®=||? > 1 by assumption and since we have the CLS token, we know that (a) holds with equal-

ity if and only if 17 X; X1 = 1Y,y Y[;)1 for all i € [r]. This is the case for 7 = id by construction of X; and

Y;. O

Stage 4. Matching wildcard degree distributions.

Claim F.5. Suppose that [ dxr = [Ye@)wxr and 17 X; X1 = 17Y, ()Y, ? )lfor all i € [r]. Suppose also that

2:2:9:(0,0) = 2 Z5ia(0,0). Then 17X, XT =17V, (YT, for alli € [r].

Proof. Similarly to the proof of the previous claim, because of the calculations in Sections F.2.1, F.2.2 and F.2.3 for
the , orange, and blue terms, respectively, we can write 68—54 6‘9—;2 as a sum of terms that each depends on either X
or Y., plus Ziem c6lT X, X ,TY YHT( >l This latter sum is the only term that depends on 7, and the constant c;¢
satisfies c1¢g > 0. Similarly to the previous claim, by Cauchy-Schwarz

i€[r] i€[r]

> asl" X XY o Y1 < sl VT X XTIV ) Vi L

with equality if and only if 17 X; XT = 17Y, )Y, T(  for all i, since {X; X'}, is a permutation of {Y. ;) 7("1.)}1'. This
condition holds for 7 = id. O

Stage 5. Matching wildcard positions.

Claim F.6. Suppose that [(Xilgxr = [Yr@ )][k]xn and 1T X, XTI = 1TYT( )Y (0 Jor all i € [r]. Suppose also that
6 4
3 o197 (0,0) = am = 2 6ia(0,0). Then X, XTI =Y, )Y, iy foralli € [r].
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Proof. Write 8‘9—;;—; g-(0,0) as a sum of terms each depending only on either X; or Y(;) by using the calculations

in Sections F.2.1, F.2.3, F.2.2, and F.2.4 to handle the , orange, blue, and teal terms, plus (for co5 > 0),
Z C25 < Z C25||XiXiT||F||YT(i)YT:€i)||F )
i€[r] i€[r]

with equality if and only if X; X1 = T(i)YTT(i) for all ¢ € [r]. This equality holds if 7 = id, concluding the claim. [
Combine the above four claims to conclude that if g, (3,7) = gia(53,7), then we have X; X! = r(z‘)Yf&) and

[Xihk]x’R = [Y‘r(i)][k]X'R for all ’i, so T = id.

G Analyticity of attention kernel (technical result)
We prove the analyticity of kx % (3,7) = K, 57(X, X)) as function of 3 and ~.
Lemma G.1 (Analyticity of K,i,). For any X, X, the function k x % is analytic in R2.
Proof. Note that we can write
m:=m(X)=X¢(+yp, m:=m(X)=X{+p,

where ¢, ¢ ~ N(0, I,,) and p ~ N (0, I},) are independent Gaussians. So we can rewrite Kx x as

%X,x(ﬂ,v) = Eg,&,p[f(ﬁfﬁ ¢ &71’)]7
where

FB:¢Ep) = 8T (XX +47T)3.
and

s =smax(BX¢ + Byp)t, 5= smax(ﬂj(& + Bvp) .
The main obstacle is to prove the technical Lemma G.9, which states that for any k1, k2, we have

o o

EC,Z,IJHaﬁIﬂ W

F(B.7:¢,6,p)l < C(L+ )k lkol(C(IB] + [y )M HF2)

So by smoothness of f and dominated convergence, we know that we can differentiate under the integral sign, and

dk k2 gkt g2 N -
|Wd,y7k2ﬂx,x’(5ﬁ)|:|Eg,g,p[wmﬂﬂﬁ;){,X;C:CP)H

< C(L+)k1 k2 (C(18] + ) HE2).
Because of the bound on the derivatives and its smoothness, xx x(f3,) is real-analytic. O

The proof of the technical bound in Lemma G.9 is developed in the subsections below.

G.1 Technical lemmas for quantifying power series convergence

In order to show that the values of the attention kernel are real-analytic functions of in terms of 3, v, we will need to
make quantitative certain facts about how real-analyticity of is preserved under compositions, products, and sums. For
this, we introduce the notion of the convergence-type of a real-analytic function.
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Definition G.2 (Quantifying power series convergence in real-analytic functions). Let U C R™ be an open set. We
say that a real-analytic function f : U — R has (71, 72)-type for functions 71 : U — Rsg and 75 : U — Ry if the
following holds. For any ¢, consider the power series of f around ¢,

Z ac,u(€—Co)" -
o

Then for any ¢ such that || — {|lcc < 71(C;) this power series converges absolutely.

ST lagyullC = Col" < ma(Co) -

p St pu>1
We provide rules for how convergence type is affected by compositions, products, and sums.

Lemma G.3 (Composition rule for type; quantitative version of Proposition 2.2.8 of [KP02]). Let U C R™ and let
V C Rbeopen. Let fi,..., fn: U — V be real-analytic with (71, 72)-type, and let g : V" — R be real-analytic with
(01, 02)-type. Then the composition h = g o (f1,..., fn) is real-analytic with (min(y, (o1 0 f) - %), g o f)-type.

Proof. Fix some ¢, and let y, = [f1({y), - - -, fn(Cp)], and let a?o)’ . be the coefficients of the power series expansion
for f; around {,. Define p = min(1, 01 (yo)/72(¢y))- Then, for any ¢ such that || — (yllee < p11(¢y) and i € [n]
we have

Soodad k=Gl < YT 1l e r(Co) ! < pra(Co) < aulvo)-

w St p|>1 u St pul>1

So, letting >~ by, o (¥ —Yo)” be the series expansion of g around y,,, we have the following absolute convergence

Vi
00 n

St I DD leflc—¢olt| < o).

v, S.t. [v|>1 =1y S.t. |u|>1
So we may rearrange the terms of

vi
n

o [T Y o, —¢o”

=1 \p S.t. |p|>1
as we please, and we get an absolutely convergent series for g o f around (. O

Lemma G.4 (Sum and product rules for type). Let f : R™ — R and g : R™ — R be real-analytic functions of
(11, T2)-type and (o1, 02)-type respectively. Then h = [ + g is real-analytic of (min(7y,01), 72 + T2)-type, and
h = fg is real-analytic of (min(71,01), 7202 + T2|g| + | f|o2)-type

Proof. Both of these are straightforward from the definition.
O

Lemma G.5 (Derivative bound based on type). Let f : R™ — R be real-analytic with (71, 72)-type. Then, for any
multi-index p,

o ™ (Co)
|87C,Lf(Co)| < #O;MH'

Proof. Let ac,,, be the coefficients of the power series of f at ;. Since f is of (71, 72)-type, we have

Yo lagullm(Co)l™ < m(o) -

p St pu>1

Since all terms in the sum are nonnegative, for all u with || > 1,

[ay ul < 72(Co) - (1/m (Go)™

The lemma follows by Remark 2.2.4 of [KP02], which states glél,l J(Co)l = lac, ulp. O
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G.2 Application of technical lemmas to attention kernel

We now use the above general technical lemmas to specifically prove that the attention kernel is analytic in terms of 3
and 7.

Lemma G.6. For any j € [m], the function f : R™ — R given by f({) = smax(C); is real-analytic of (1/(2¢?),1)-
type

Proof. Write f = gohforg:Rso— Randh:R¥ — R givenby g(y) = 1/y, and h({) = Y-, %%,
The power expansion of g(y) around yo € R~p, is given by

= ptn
g(y) = Z k+1 (y - Z/O) ’
k=0 Y0

so one can see that g is of (p1, p2)-type for p1(yo) = yo/2 and p2(yo) = 1/yo . Finally, write the series expansion for
h(¢) around ¢,

hC) =1+ e~ G Z €% =1+ Z Z 60,5 30— 5I) COJ CJ ZeCo zi’))

ie[m)\ {5} i€[m]\{j} 1=0

Note that this expansion converges absolutely for all ¢, as the absolute series is

3 —@WQJ o 16 = S0l wa
b+ D, Qe Z )

ie[m]\{j} =0
=1+ Z e_CO,j"FCO,i"F‘Ci_CO,iH‘IC]'_CO,J"
i€[m]\{j}
< eQHC’COH“’h(C) .

Specifically, h is of (1,e?h)-type. So by the composition rule of Lemma G.3, it must be that f is real-analytic of
(71, 72)-type for 7y = min(1, (p1 o h) - =3;) = 1/(2¢*) and 7 = ppo h =1/h < 1. O

Lemma G.7. For any j € [m] and X, ¢, p, the function f : R? — R given by f(8,7) = smax(8X¢ + Byp); is
real-analytic of (min(1,1/(2¢?|| X ¢|loo + 2¢2(18] + [7)|IPlls0), 1)-type.

Proof. Write f = go hforg:R™ — Rand h: R? — R™ given by g(v) = smax(v); and h(8,7) = BX¢ + B7p.
We know from Lemma G.6 that g is real-analytic of (1/(2¢?), 1)-type. And it is easy to see that h is real-analytic of
(1, IX<loo + (18] + 7D IIPlloo)-type. Apply the composition rule of Lemma G.3 to conclude. O

Lemma G.8. For any X, X, ¢, ¢, p, the function [+ R?2 — R given by f(B,y) = smax(8X¢ + 5'yp)T(XXT +
v2I)smax(3X ¢ + Byp) is real-analytic and of type

1 ! 1 1

2e? | X¢lloo + (18] + YDIIPllsc " 2¢% | X ¢[00 + (18] + V) 1Pl

where C'is a constant depending on the context length k.

(min(1, ),C(1+%),

Proof. Each entry of (XXT + ~I) is real-analytic in y and of (1,~)-type. So by combining with Lemma G.7 the
product rule and sum rule (Lemma G.4), and the fact that each entry of the smax is at most one. O

As a consequence, we can bound the derivatives of f(8,~; X,X,¢, ¢ p) = smax(BX¢ + ﬂyp)T(XXT +
v2I)smax(BX ¢ + Bvyp), which was what we needed to prove Lemma G.1.

Lemma G.9. Forany ki,ks >0,

ok ks -
|aﬂk1 Wf(ﬂu’YaX7X7C7C7p)|

< O(1+7%) max(1, ((2¢*) (1 XClloo + 1 X Clloe + (18] + YDIIPlloe))™ 52k ths!

Proof. Direct consequence of Lemma G.5 and Lemma G.8. O
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H Derivation of transformer kernel

We informally derive the transformer random features kernel in the infinite-width limit.

H.1 Transformer architecture

We consider a depth-1 transformer architecture (without skip connections or layernorm, for simplicity). This ar-
chitecture has H heads, each with parameters W, Wqo n, Wy, Wo € RdneadXdemb and embedding layer
W g € R™*dems positional embeddings P € R¥*demsan MLP layer with parameters W 4, W g € R¥mipXdems
and a final unembedding layer with weights wy € R%m. The network takes in X € R**™ and outputs

Srrans(X50) = ngQ (Unembedding)
where
1 T 1 d
zg= —Wpgo(———=W 421) € R%m (MLP layer)
vV dmlp demb
1 T d .
zZ1= — Aj e, € Rmb Attention layer output at CLS token
€[H]

ZoWEL WorZl — Wl , Wo,,
Ay = smax(ﬂ 0~ Kb~ QhT0 VZ, Vih Z O ¢ RExdems (Attention heads)

demb V dhead V dheaddemb
Zy=XWg +P c RF*dems (Embedding layer)

Here 8,7 > 0 are two hyperparameters that control the inverse temperature of the softmax and the strength of the
positional embeddings, respectively. Note that only the output of the attention layer at the final kth position CLS token
is used, since this is a depth-1 network. Also, in the above definition the weights are rescaled compared to Section 2,
but this is is not important since what matters is the

H.2 Random features kernel

We choose that initialization so that each of the entries of the intermediate representations Z, z1, z5 is of order ©(1).
In order to accomplish this, we initialize W g, P, Wk 1, W n, Wy, Wo n, Wa, W g withiid. N(0, 1) entries.

We also initialize wy; = 0, and only train wy while maintaining the rest of parameters at initialization. The
random features kernel corresponding to training wy is

Xtrans(Xa Y) = Z2 (X)Tz2(Y)/demb 5

where we view zo as a function of the input (either X or Y'), and depending on the randomly-initialized parameters
of the network.

In the limit of infinitely-many heads H, infinite embedding dimension dc,;, and MLP dimension d,,;, and head
dimension dj,cqq, the kernel f(trans tends to a deterministic limit K ans, Which can be recursively computed (see, e.g.,
[JGH18]). Assuming that the final token of both X and Y is the same token (i.e., a CLS token), the deterministic
limiting kernel K aps is given by:

Kuns(X,Y) = By o [o(w)o(v)] for u, v ~ N(0, [Ilgz g §)> ffgzgf Q]) 23)
where K1(X,Y) = Eppy(x) m(y) [smax(8m(X))T(XY” + 7*I)smax(8m(Y))]

T 2 T 9
m(X),m(Y) ~ N(0, (1 +~?) {XX +9% XY +w}),

YXT 421 YYT 4421
Notice that the covariance matrix in the above definition of the distribution of m(X), m(Y") is rescaled compared

to that in the main text in Section 4.1, but this is inessential, since we can simply reparametrize 8 as 8 +— 3/4/1 + 2
to recover the expression in the main text.
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H.3 Informal derivation

We provide an informal derivation of (23) below. Informally, by law of large numbers we have the following almost
sure convergence

2(X)T2o(Y)  0(7=Wazi(X))"WpWgo( Z—=Wazi(Y))

Rans (X, Y) = S5 2000 = g
em. om. lp
domyroe I A=W az1(X)) 0 (A=W az,(Y))
dmlp
dm,lp*}OO Kattn(X, _X) Kattn(X, Y)
= Bwploo)foru, v~ N0 5" Ny X)) KoY. Y|

= Ktrans(Xa Y) s
where K, is the kernel corresponding to the attention layer in the infinite-width limit, defined as:

A (XY) _ Liwerm b An(X)Aw(Y) e,

K. X)Y) =
attn( ) ) demb Hdemb
1 T 5Z0(X)W£hWQ nZo(X)" T
== ’ 4 Zo(X
Hdheaddgmb Z EkSInaX( demb\/ dhead ) 0( )WVJ—LWOJL
h,h'€[H]
BZo(Y)W i )y W o Zo(Y)”
WL Wy Zo(Y) smax : : Te
on W v o e T )
0 s 1 Zo( X)WL, WonZo(X)T
dhead— 4;;167nb_> = Z egsmax(ﬂ 0( ) KhYY Q,h O( ) )(XYTJr’yQI)
H he[H] demb\/m
Smax(BZO(Y)WII;,hWQ,hZO(Y)T Ve
: k
dembm
~ Zo( X)WL , Wa,Zo(X)T
" E[egsmax(ﬂ o EWicnWaonZo(X) WXYT + 420
demb dhead
BZo(Y )W i 2 WonZo(Y)" 1
- smax( )" ek
demb dhead
el Zo( X WL , WonZo(X)T
:]E[smax(ﬁk o(X) K)h 72 Qb o(X) )(XYT+72I)
demb\/dhead
Bel Zo(Y )W i ,2W o nZo(Y)T
- smax( )]
demb dhead
dcmbﬁoo,_ﬂih,deOOE . N (xy? 21 %
m(X),m(y) [smax(Bm(X))" ( +*I)smax(fm(Y))]
= attn(XaY)7
where

XX"++21 XYY" +4%1
X Y)~ N(0, (1 +~7

m( )7m( ) (7( +P)/) YXT+’}/2I YYT+’Y2I)7
because due to the randomness in Wk ;, and W ;, we have that

Zo( X)WL Wk nZo(X) ey,

demb dhead

and
Zo(Y)WhH Wk nZo(Y) ey

demb dhead
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are jointly Gaussian with covariance:

Zo( X)WL Wk nZo(X) ey, el Zo(Y )W ;W o1 Zo(Y)T

N(X,Y)=E
( ) WK’h)WQ’h’WEJ)[ demb dhead demb dhead

l,-

Since this is an expectation over products of jointly Gaussian variables, for any 4, j € [k] we can calculate:

o S (Zo(X0N[Zo(Y)]s trace(Zo(X) " exel Zo(Y )]

emb r,5€[demb]
:]EWE,P[dQL Y (20X Z0(Y))55[Z0(X)ke[Z0(Y)]ie]

emb . s t€(dems)

i j(X,Y) =Ew, p|

1
=EBw,plm— Y, [XWg+ Pl [YWg+ P [XWg + Pl [YW g + 7P|y
emb T"S?te[dem,b]

a ].
W - > Ew,p[XWg+vPLi[YWg + 7Pl

emb 1 s€(dems)

' Z Ewp, p([XWEg + Pl [YW g + vPlii] + O(1/demp)

t€[demp]
1
=—— Y Ew, p[XWg+Pli[YWr+Pli] (1+9°) + O(1/dens)
emb rr‘se[dmnb]
a 1
w = Y Bwo pXWe Pl [Y W 4P - (1+5%) + O(1/derw)
em Te[devnb]

= [XYT]Z‘]‘ + 7251‘]‘ . (1 + ’72> + O(l/demb) ,

where in (a) we use that [ X W g+~ P4 and [Y W g+ P],; are independent of [ X W g+~ P).q and [Y W g+7vP].q
unless b = d. So

S(X,Y) “m5 (14 42)  (XYT +420).

I MLPs fail to generalize on unseen symbols

A natural question is whether classical architectures such as the MLP architecture (a.k.a., fully-connected network)
would exhibit the same emergent reasoning properties when trained with enough data. In this section, we prove a
negative result: an SGD-trained or Adam-trained MLP will not reach good test performance on the template task. This
is in sharp contrast to the positive result for transformers proved in the previous section.

MLP architecture The input to the MLP is a concatenation of the token one-hot encodings. The MLP alternates lin-
ear transformations and nonlinear elementwise activations. Formally, the MLP has weights 8 = {W,..., W w}
and outputs

fup(z;0) = w2 (z;0) € R where (24)
2(x;0) = p(Wyzo_1(2;0)) € R?  for £ > 1
z0(x;0) = zo(x) = [ey,, ..., e, ] € RF™.

We consider training the MLP with SGD.

Definition I.1 (One-pass SGD training). The learned weights 8" after ¢ steps of SGD training are the random weights
given by initializing 8° so that each of W?, cee W%, w? have i.i.d. Gausian entries, and then updating with 8" =
0" — Vo (furp(xt;0) — y')? |g_g:—1 for (xt,y") ~ D and some step size 1; > 0.
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We show that SGD-trained MLPs fail at the template task since they do not generalize well in the case when the
templates consist only of wildcard tokens. In words, if the template labels f, are a non-constant function, the MLP
will not reach arbitrarily low error no matter how many training steps are taken. Let X,,,s C X" be the subset of tokens
not seen in the train data. We assume that |X,,,,s| > k, which guarantees that for any template there is at least one
string matching it where all the wildcards are substituted by tokens in X;,,s. Under this condition:

Theorem 1.2 (Failure of MLPs at generalizing on unseen symbols). Suppose that the label function f, is non-constant,
and that all templates in the support of [impic consist only of wildcards: z € WE for all z € supp(tiemplit). Then, for
any SGD step t there is a string & € (Xyns)* that matches a template z € Supp(femplt) Such that

Eq:[(furp (a:0") — £.(2))*] 2 ¢ >0,
where c is constant that depends only on [iimpic and f..

The proof is deferred to Appendix I, and relies on the key observation that SGD-training of MLPs satisfies a
permutation invariance property [Ng04]. This property guarantees that MLP cannot consistently distinguish between
the unseen tokens, and therefore, in expectation over the weights @, outputs the same value for any sequence x €
(Xuns)*. We make four remarks.

Remark 1.3. MLPs are universal approximators [Cyb89], so there are choices of weights 8 such that fy p(-; 0) has
good generalization on unseen symbols. The theorem proves that these weights are not found by SGD.

Remark 1.4. The theorem does not assume that training is in the NTK regime, i.e., it holds even for nonlinear training
dynamics.

Remark I.5. The theorem also holds for training with Adam, gradient flow, and minibatch-SGD, since the permutation-
invariance property of MLP training also holds for these. See Appendix I.

Remark 1.6. As a sanity check, we verify that MLP kernel does not meet the sufficient condition for generalizing
on unseen symbols from Lemma 4.5. The kernel for an MLP is an inner product kernel of the form Ky p(x,x’) =
H(Zle 1(x; = x})) for a function x : R — R. Therefore, the matrix N € R"*" has all of its entries equal to
N;; = k(0), so it is singular and the condition of Lemma 4.5 is not met.

We now prove Theorem 1.2. We first show that trained MLPs cannot differentiate between tokens in the set Xy, .
Let X = Xseen U Xyuns be the partition of tokens into those seen and not seen in the train data. Here X, is defined
as the smallest set such that x € X% almost surely for (x, y) ~ D.

seen

Lemma 1.7 (Trained MLPs cannot distinguish unseen tokens). For any number of SGD steps t, and any learning rate
schedule 1y, . .. 1y, the learned MLP estimator cannot distinguish between sequences of unseen tokens. Formally, for
any xi,Ts € Xk we have

Egt [fuip(21;0°)] = Eg: [fup (z2;0")] .

Proof of Lemma 1.7. The proof of this result is based on a well-known permutation-invariance property of MLPs
trained by SGD. This property has previously been used to show sample complexity lower bounds for learning with
SGD-trained MLPs [Ng04; LZA20], as well as time-complexity lower bounds [Shal8; Abb+22; AB22]. In this
lemma, we use the permutation invariance property to show poor out-of-distribution generalization of SGD-trained
MLPs.

First, construct a permutation IT € R¥™*k™ guch that Tlzg(x1) = 2zo(x2), but which also satisfies that for any
& € (Xseen)® we have [z () = zo(&). This permutation can be easily constructed since neither & nor 5 contains
tokens in X, Next, define the following network f,\r,,[LP, analogously to (24) but with the first-layer inputs permuted
by II

fifp(x;0) = w2 (x;0) e R where
2 (x;0) = p(W iz 1 (2;0)) € R for ¢ > 1

2(x;0) = 2z (x) = T[e,,, ..., e,] € RF™.
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Now let us couple the weights 8°, . . ., 8" from SGD training of fyp on dataset D, with the weights 80 ... 9™
from SGD training of f,\l}LP on dataset D. The coupling is performed inductively on the time step, and we can maintain
the property that 87 = 0" for all t. For the base case 7 = 0, we set 8% = 0™ For the inductive step, 7 > 1, we
update the weights with the gradient from some sample (z7,y"). Since ™ € (X*¢")* almost surely, we know that
zo(z7) = 2z (x7) almost surely, which means that 8 = ™" almost surely. We conclude the equality in distribution
of the weights

o' L gt (25)

Next, let us inductively couple the weights 6°, ..., 0" with the weights 8™, ... 8™ in a different way, so as to
guarantee that for any time 0 < 7 < ¢, we have

T=W]"Tland W] = W}"" forall 2 < ¢ < Land w™ = w'"" .

almost surely. The base case 7 = 0 follows because the distribution of W(l) and Wlf’o is equal and is also invariant
to permutations since it is Gaussian. For the inductive step, couple the sample updates so that SGD draws the same
sample (z7,y") ~ D. One can see from the chain rule that the invariant is maintained. We conclude the equality in
distribution of the weights

6" = (W', Wi w} L wihimwilt . wibt T (26)
Combining (25) and (26), we get
Ht = {Wt1’ MR Wt[/’ wt} g {W§H7 W;? MR thﬂwt}’

which,since I1zy(x1) = zo(x2), immediately implies

faee(21560") = fuie (o (WL WS, . W w'}) £ fuie(22:6")
which proves the lemma. O

Theorem 1.2 follows as a consequence. Note that the key lemma proved above only relied on a permutation invari-
ance property of SGD on MLPs that also holds for Adam training, gradient flow training, and SGD with minibatch
(see [LZA20]). Therefore, the result holds for training with those algorithms as well, beyond just SGD.

Proof of Theorem 1.2. Pick any two templates z, 2" € supp(mpie) such that f,(z) # f.(2'). Recall that z, 2’ € W*

by assumption. Since we assumed that |X,,,s| > k, there are strings =, 2’ € X* _ matching templates z and 2/,

respectively. Furthermore, by Lemma 1.7, if we define a = Eg:[fuip (z; 0")] = Eg: [fmLp(x'; 6")], we have
max(Eg: [(fuwe (:0") — f.(2))?], Eoe[(fure (2';6°) — f.(2"))%])
> max((a — f.(2))%, (a — fu(2))?)
(fe(2) = fu(2))? = > 0.

J Deferred details for symbolic-label template tasks

J.1 Definition of symbolic-label template tasks

In symbolic-label template tasks the output is a token in &X". This corresponds to the next-token prediction setting, and
the appropriate loss is the cross-entropy loss for multiclass classification. The formal definition of these tasks is:

Definition J.1 (Multi-class prediction version of template). The data distribution D,,uiticiass = Pmuiticiass (tmpits {fsub.z |5 fx)
is specified by: (i) a template distribution figmpr supported on (X' U W)k; (i1) for each template z, a distribution figyp,~

over substitution maps s : W — X’; (iii) a labelling function f. : supp(pitmplt) — X UW. A sample (z,y) € X* x X

drawn from D,,uiticlass 1S drawn by taking & = sub(z, s) and y = sub(f.(z), s), where z ~ fismpit and § ~ fsyp. »-
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J.2 Failure of transformers to copy and modification that succeeds

We provide the deferred proofs for Section 5.

Attention layer architecture For simplicity in this section we consider a transformer with the attention layer only,
since the MLP layer does not play a role in the ability to copy unseen symbols. Our architecture has H heads with
parameters W, W, Wy, Wo s, € RireadXdems - an embedding/unembedding layer W € R™*deme | po-
sitional embeddings P € R¥*dems an MLP layer with parameters W 4, W g € R®mirXdems 3 final unembedding
layer , and an activation function ¢. The network takes in X € R**™ and outputs

fatn(X;0) = Wgz, € R™ (Unembedding layer)
where
z] = Z Aley,
he[H|
Ap, = smax(BZoW i y\WoinZ) ZoW 1, ,Wo,, € RF*demt (Attention heads)
Zy=XWg +P c RF*dems (Embedding layer)

and we tie the embedding and unembedding weights, as often done in practice, for example in GPT-2 [Bro+20]. Here
B, > 0 are two hyperparameters that control the inverse temperature of the softmax and the strength of the positional
embeddings, respectively.

Simplification in our case We consider here a next-token prediction setup, where there is no final [CLS] token
appended to the string. Namely, given a string & € X¥, this is inputted to the network as a stacked matrix of one-hot
vectors for the tokens of the string X = [ey,,. .., e, ]. We study a very basic template task: template “«” labeled by
a, where « is a wildcard. An example dataset generated from this template could be {(A, A), (B, B), (C,C)}, where
A, B,C € X are tokens. Because the template has length k& = 1, X € R**™ is a one-hot vector encoding the input
token. Furthermore, the softmax output is always a 1 x 1 matrix with the entry 1, so the architecture simplifies to

farn(X;0) = Wp( Y WE Wy, (WX +4PT). 27)
he[H]

We initialize the entries of P and W g be i.i.d. N(0,1/dems), the entries of W 5, be N(0,1/(demp)), and the
entries of Wy, be N(0,1/dpeqq), so that as de,,p, — oo the variance of the output vanishes as O(1/dcy,p) as in the
mean-field scaling [MMN18; MMM19; SS22; CB18; RV18; YH21].

Derivation of kernels driving dynamics at small times Despite the simplicity of the task, the architecture does
not generalize well on unseen symbols. Our evidence for this will be by analyzing the early times of training. For
these times, the dynamics are governed by the neural tangent kernel (NTK) of the network at initialization [JGH18;
COB19]. Let us derive the neural tangent kernel of this architecture. This is a network with output of dimension m,
so for each i, € [m] we will derive K;;0(X,X"), Kijv(X,X'), K;; p(X,X"), K;j, (X, X') which give the
dynamics at small times for training the {Wo 1, }ne[n], the {Wv i }heim), the Wp, and the W weights at small
times, respectively. Writing W g = [wg 1,...,Wg] ', by the law of large numbers,

Kijo(X,X)= Y (a[fatt"(X39)]i>T(3[fattn(X’;9)]j>

helH] OWO,}L 8Wo7h
1
x > (XWg+yPYW, Wy (WX + P ) wj we
he[H]

dpead—00,demp—>00
= 0

ij (6171;1/1 + 72)
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Kijv(X,X")= > (a[fa“”(X59)]i)T<5[fattn(X’;0)}j)

wein © - W W v
d€7n/
dib wi W6 nWonwe j(XWg +vP) (X'Wg +7P)
head he[H]
et T wp j(XW g +vP)T(X'W g ++P)
demb 300

— 57,']' (5x1,3v’1 + 72)

2. ..T demb 300 2
> =y wgwe; " 9ij

Kijp(X,X') = (a[fm”(X; 0)l: > ! <3[fatm(X’; 0));

oP oP
Kiip _ O farn (X5 0)] 8[fattn(X/;0)]j
B oWg oW g
=0 (XWg+P)( Y WLWou)( Y W5, Wy (WiH(X)" +1P")
he[H] he[H]
+ 0o wh, (> WEWuR) (Y Wi, Wonwk
he[H] he(H]
0w wh (Y WEWv) (Y WE W) (wea, +vP7)
he[H] helH]
+ 6 wh (Y WEWy)( Y WE W) (wg e +vPT)
he[H] helH]

dhgad—H)O,dﬂb—H)O,H—M)O 5

i (25r1,z'1 + 72) s

since only the first two terms do not vanish as the embedding dimension and number of heads go to infinity.

Training loss and testing loss Let (z1,41), ..., (Zn,yn) € X x X be a training set of data points drawn from this

task, where due to the structure of the template task each of the context strings is length-1 and we have x; = y;. We will

test the model on a data point (¢ y¢s) which does not appear in the test set: i.e., 215t = ytest & {z ...z, }.
The training loss is given by

1 n
Lirain(8) = — > U foren(2:50), 1)
=1

where / is the cross-entropy loss, and the test loss is given by

Liest(0) = £( faren (255, y'e51) .

Theorem J.2. For any learning rates no,nv,np,NE such that |az:%%m

= O(1) as demp, dhead, and H — o,

we have |%\ < o(1). In other words, the error for generalization on unseen symbols does not decrease during
training for infinite-width transformers.

Proof. Consider training with gradient flow with learning rates no,nv,np,ne on the parameters {Wo p}nela,
{Wv.n}ner), Wp, and W g, respectively. In the limit as de,,p — 00 we have foren (X5 60) — 0, s0

oL rain 1 - 1 afa n Xua
—Ztrain —0,= ﬁz(*l —e, )TM

€z, 9=60, -
—m ‘ 00 lo=0,
1=
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So at time ¢ = 0, the training loss decreases as

T|to—> S Y Y (m=6.)1/m = be,)

HG[ 134,5"€lm]
(v K v( X, Xar) + noKjjro(Xi, Xir)
+npKjy p(Xi, Xi) +np K p(Xi, Xir)).

So we must take no = O(1/H),ny = O(demp/dhead), np = O(1), and ng = O(1) for us to have % =0(1)
be bounded by a constant that does not grow with de,,p, dpeqd, and H.

Under these choices of learning rates, the test loss on token x*¢*¢ which is not in the training dataset {z1,..., 2.},
evolves as
OLyest 1
7 |t:0_>—ﬁ Z Z (l/m—5j7wi)(1/m—5j/’xtest)

i€[n] 5,5’ €[m]
: (nVij/_’V(Xi, XteSt) + nOijQO(Xl', Xtest)
+ 77191(3]‘,713()(2,7 XteSt) + nEij’,E(Xi; Xtest))

- 7% Z Z (1/m - 6]7901)(1/7” - 6j’)xt,est)

i€[n] 4,7’ €[m]
dhead
. (( demb

+ 0P850 + 2HNE0; jr (6, wreet + 7))

dea
Z > (1fm = 850 )(1/m = i) - (= + Ho + 1 + 205)

emb

nv + Hno)6j i+ (62, atest +7°)

n] j€[m]

- n Z Z (1/m — 5j7$i)(1/m — 5j7$test)

i€[n] je[m]
=—-C/m+C/m+C/m=C/m>0.
O

On the other hand, now we consider the fa, architecture where in each head we replace W‘T, #Wo,n with

W‘T/ wWo.n + bpI, where by, is a trainable parameter and I € Rdembxdems ig the identity matrix:
fon(X;0) = Wpgz € R™ (Unembedding layer)
where
Zi= > (A) e
he[H]
W= smax(ﬂZOW};,hWQﬁZOT)ZO(W‘T/ﬁWo,;,,er;LI) € RFxdems (Attention heads)
Zy=XWg +P ¢ RF*dems (Embedding layer)
Again, for the case of k£ = 1 that we consider, the network simplifies considerably to
Floan(X50) =Wr( Y WE, Wyt )(WEX" ++PT). (28)
he[H]

We initialize b, = 0 for all h, so that the neural tangent kernels K;; o, K;;v, Kij p, K;ij g are the same as above.
Now we also have a neural tangent kernel for training the parameters {bs },¢(m):

a[fattn(X; 0)}7 a[fattn (le 0)] 1
Z oby, oby, :

Kim(X,X’) =
he[H]
xwp ;(WEXT +yPT)(XWg+vP"wg ;

demb—)oo
= Giwy 0,
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We prove that under this parametrization the test loss does decrease with training, which shows that adding this
trainable identity scaling allows transformers to succeed at this task.

Theorem J.3. There is a choice of learning rates ny, nv,Mo,NE,Np such that as demp, Apead, H — 00 we have
|8L17‘aln| li—o= O(1) and — 8£tm li—o= Q(1).

Proof. Training just the parameters {by, } (7] With learning rate 7, (keeping the learning rates 0y, no,np,ng = 0,
so the training loss decreases as

aﬁrain
ét Z Z (1/m = 8;0,)(1/m = b 2, ) Kjje p( X, Xir)

Hé[n]m €[m]

so we should take 1, = ©(1/H) for the train loss have derivative on the order of ©(1). The test loss decreases as:

OLtes s
5 =0 — —% SN (/m= b0 (1) m = Gjr e ) Ko (X3, X1
i€ln] 5,5’ €[m]
H
nb Z Z 1/m 57 )(1/m 5j/7mtest)(Sj@i(sj'/’mtest
i€[n] 5,5’ €[m]
H
==y (1/m-1)(A/m - 1)
i€[n]
= —Hny(1 —1/m)?
=Q(1),
for ny, = Q(H), as demp, H — 0. O
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