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Abstract

Attention mechanism is a fundamental component
of the transformer model and plays a significant
role in its success. However, the theoretical under-
standing of how attention learns to select tokens
is still an emerging area of research. In this work,
we study the training dynamics and generalization
ability of the attention mechanism under classifi-
cation problems with label noise. We show that,
with the characterization of signal-to-noise ratio
(SNR), the token selection of attention mechanism
achieves “benign overfitting”, i.e., maintaining
high generalization performance despite fitting
label noise. Our work also demonstrates an inter-
esting delayed acquisition of generalization after
an initial phase of overfitting. Finally, we provide
experiments to support our theoretical analysis
using both synthetic and real-world datasets.

1. Introduction

The transformer models (Vaswani et al., | 2017) have greatly
succeeded across a wide range of fields, including natural
language (Devlin et al., 2018; |Brown et al., [2020), vision
(Dosovitskiy et al.,[2021; Touvron et al., 2021)), and have be-
come a foundational architecture in modern machine learn-
ing. The key component that characterizes the transformer
model is the attention mechanism, which was originally
introduced in recurrent neural network (RNN) and long
short-term memory (LSTM) to capture the long-range struc-
ture of sequence (Bahdanau} 2014} |Xu, 2015). The attention
architecture can process variable-length input sequences
and flexibly select important tokens based on the input. The
seminal work on the training dynamics of this token selec-
tion mechanism (Tarzanagh et al.| 2023ajb; Vasudeva et al.,
2024; |Sheen et al.,[2024)) studied the implicit bias of gradi-
ent descent to the max-margin token separator. However,
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it remains unclear whether such max-margin solutions ac-
tually generalize well. In contrast, theoretical studies such
as (Jelassi et al.| 2022} [Li et al.} 2023a; Jiang et al., [2024])
analyzed the generalization ability of attention mechanisms,
but in the data models assumed by these works, token selec-
tion proceeds in the same direction for all training samples.
Under annotation errors or adversarial label flips, the behav-
ior of token selection in both clean and noisy samples and
its impact on generalization remain unclear. These existing
studies raise the following research questions: (Q1) How do
the training dynamics of token selection evolve under label
noise? (Q2) Does the obtained solutions generalize well?

To this end, we analyze the token selection of attention
mechanisms in the context of benign overfitting studies,
which allows us to study the training dynamics of gradient
descent and the generalization performance. Modern over-
parameterized neural networks achieve a high generaliza-
tion while perfectly fitting to the training data (Zhang et al.,
2021). This “benign overfitting”” phenomenon has attracted
attention over the past few years because it contrasts with
the conventional wisdom that achieving better generaliza-
tion requires balancing training error and model complexity.
There are lines of studies analyzing the benign overfitting
phenomenon in various settings, including linear classifi-
cation and two-layer neural networks, but the analysis of
benign overfitting is mostly limited to these types of architec-
ture. In this paper, following the common setup in existing
attention work (Tarzanagh et al., 2023ajb; Oymak et al.,
2023} [Sheen et al.| [2024), we analyze a one-layer attention
network f(X;W,p) = vTX'S(XW 'p) € R, where
S(+) is the softmax function, X = (x,...,x7) € RTxd
is the sequence of input tokens, W € R?*4 ig the trainable
key-query matrix, p € R? is a tunable token, and v € R?
is a pretrained linear head, on a binary classification task.
Here, p corresponds to the trainable [CLS] token (Devlin
et al., 2018 Dosovitskiy et al.,[2021) or prompt tuning (Li &
Liang, |2021} |Lester et al.,|2021) in the application of trans-
formers, and f represents the output at that token position.
To isolate the role of benign overfitting in token selection,
we fix the linear classifier v, and focus our analysis on the
training dynamics and generalization behavior that arise
solely from optimizing the attention mechanism.
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Figure 1: Projection of one selected token per sequence. Each point indicates xgi) selected by attention from each input

X = (x:(li), e 7ng))T in the direction of class signals g, ; and p_, for the three scenarios of harmful overfitting, benign
overfitting, and not overfitting. Top: Training data with label noise. Bottom: Test data. The decision boundary is common
because the head v is fixed, but the model can select an appropriate token that belongs to the desired output region.
Here, ||pt||2 denotes the strength of the class signal, d is the dimension of the data and parameters, o2 is the variance of the
input noise, and n is the size of the training set.

Contribution. We show that, under the condition based setting without fundamentally modifying the argument.

on SNR, benign overfitting occurs in the token selection

mechanism when (‘)p.ti'mi’zin.g %% and. p with gradient d.e— 2. Related Work

scent from random initialization. Specifically, when SNR is

high, the model disregards fitting to noisy samples and fits Token-selection in Attention. The theoretical analyses
only clean samples, and the generalization ability is high on the attention mechanism from the perspectives of gen-
(not overfitting case). As SNR decreases, the model per-  eralization ability (Jelassi et al., [2022} [Li et al., 2023abj
forms distinct token selection for clean and noisy training 2024a) and training dynamics (Tian et al.l |2023;|2024) have
samples, fitting both while still generalizing well even in been progressing in recent years. The most related line of
the presence of label noise (benign overfitting case). This work to ours deals with the implicit bias of gradient descent
reflects a balance where sufficient class signal strength is for a one-layer attention model (Tarzanagh et al., 2023a}bj
required for generalization, while noise memorization is Li et al.l |2024b; Vasudeva et al., 2024} |Sheen et al., 2024).
necessary for fitting noisy samples. Figure[T]illustrates the ~ While our work follows these studies in terms of model
benign overfitting in token selection. settings, their primary focus is the training dynamics with-
out generalization analysis. Furthermore, our work is also
influenced by the problem setting of (Oymak et al., 2023).
However, they analyze the initial few steps of training under
the data model without label noise. As for the technical dif-
ferences in proof, we show in Appendix [A]that our results
cannot simply be obtained by adapting their analysis to the
context of benign overfitting. Table 1| provides a concise
comparison of the analysis focus with the existing studies
of the attention mechanism for classification.

Technically, we provide a method to evaluate the evolution
of the softmax probabilities for each training example, both
from above and below. We need it because the learning
direction of the class signal is not determined solely by the
number ratio of clean to noisy data but requires careful eval-
uation of the softmax probability ratio at each time step.
Moreover, our results demonstrate that grokking (Power
et al., 20225 Nanda et al.| 2023)) occurs in the benign over-
fitting case. While fitting the training data is achieved at a
relatively early stage of training, further training in exponen-
tial order is required to learn the class signals sufficiently ~ Benign Overfitting. The success of modern over-
and reduce the generalization error. In this paper, we con-  parameterized models has led to numerous studies attempt-
sider binary classification for simplicity of discussion, butas  ing to understand why and when benign overfitting occurs.
shown in Appendix[E.I] it can be extended to the multi-class ~ The analysis is interesting because the standard generaliza-
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Table 1: Comparison of the theoretical works of the attention mechanism on the classification task. “Label Noise” indicates
whether distant token selections occur depending on the training example.

Paper ‘ Dynamics Generalization Label Noise Token Type
(Tarzanagh et al., |2023agb) v - One optimal, the others non-optimal
(Vasudeva et al., [2024) v - One optimal, the others non-optimal
(Sheen et al., [2024) v - One optimal, the others non-optimal
(Oymak et al.,2023) v Relevant and irrelevant tokens
(Li et al.,[2023a) v v Relevant and irrelevant tokens
(Jiang et al.| 2024) v v One relevant, the others irrelevant
(Magen et al., [2024) v v One relevant, the others irrelevant
Ours v v v One relevant, the others weakly or irrelevant

tion bound based on uniform convergence does not explain
this phenomenon well (Nagarajan & Kolter, 2019). For
comprehensive surveys of the literature on this topic, please
see work such as Bartlett et al.| (2021)); Belkin| (2021)).

Benign overfitting in regression has been studied in the lin-
ear model (Bartlett et al., 2020; Hastie et al.| [2022) and ker-
nel regression (Liang & Rakhlin, [2020} Tsigler & Bartlett,
2023). It is complicated to analyze the classification task
because the explicit formula for the min-norm separator is
not obtained. One approach is to track the training dynamics
with gradient descent in the linear classifier and two-layer
neural network (Chatterji & Long} 2021} |Frei et al., 2022}
Xu & Gu, 2023} [Cao et al., |2022} |[Kou et al., 2023} |George
et al., |2023; [Meng et al.| |2024; Xu et al., [2024). Another
line of work is built on the results of implicit bias to the max-
margin solution (Cao et al., 2021} [Wang et al.| [2021; Wang
& Thrampoulidis| 2022 [Frei et al.| 2023a). These studies
base their discussion of convergence on existing research on
implicit bias (Soudry et al., [2018; |J1 & Telgarsky, 2019; |Lyu
& Li, 20205 [Frei et al., 2023b)). Specifically, they analyze
the properties of the solution through the KKT conditions
of the max-margin problem in order to examine whether
the solution at convergence shows benign overfitting or not.
Furthermore, there is a research direction in investigating
the degree of benignity of overfitting (Mallinar et al., 2022
‘Wen et al., 2023; Kornowski et al., [2024)).

Recently, Jiang et al.|(2024)) studied benign overfitting in a
simplified vision transformer model. A major difference is
that our analysis is under label noise, where the direction
of token selection differs between clean and noisy data in
the same training run, and signal learning for generaliza-
tion competes between clean and noisy data. Concurrently,
Magen et al.| (2024) has also analyzed benign overfitting
in a similar model setting; however, our analysis is beyond
the initial few training steps and is conducted on a more
general data model. Furthermore, our research put more
focus on the token selection mechanism than these stud-
ies, demonstrating that benign overfitting can be achieved

solely through optimization within the attention mechanism.
Please refer to Appendix [A]for further details.

3. Problem Setting

In this section, we introduce the notation and the problem
settings in the rest of the paper.

3.1. Notations

Let [n] be a shorthand for the set {1,...,n}. We de-
note a multivariate Gaussian distribution with mean vec-
tor i) and covariance matrix 3 by N(n,X). Denote by
S : RT — RT S(v); = exp(ve)/ Dpery exp(ve) the
softmax function. The standard Big-O notations O(-), ©(-),
Q(+), o(+), and w(-) are used to hide absolute constants, and
we denote inequality ignoring constant factors by =, <.

3.2. Data Model

In the analysis of benign overfitting, we typically need to
consider the specific shape of the data distribution to evalu-
ate the generalization error without using a uniform conver-
gence argument. We consider the following data distribution
P defined over (X,Y) € RT*4 x {+1}. In this paper, we
consider binary classification for simplicity of discussion,
but the same argument applies to the multi-class case. Please
refer to Section[E.T]in the appendix for more details.

Definition 3.1. Let p q,pn_; € R? be fixed class sig-
nal vectors satisfying |||z = [[p41]]2 = |[_1|2 and
(i1, _q) = 0. The input X = [x1,...,x7|" € RT*4
has T" tokens that are split into three groups: relevant token
R = {1} containing the strong signal for true class, weakly
relevant token YV C [T] \ R containing weak class signals,
and irrelevant token T = [T\ (R U W) containing only
noise. Let clean distribution P* be the distribution over
RT>d x {£1} such that (X, Y*) is sampled as follows:

1. The clean label Y* is sampled from Unif({£1}).

2. The noise vectors (€;);c[r) are sampled independently
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from N (0, 021,).
3. The relevant token is given by x; = 4y« + €.

4. The weakly relevant tokens x,, for u € WV are given
by x, = pp,,, + €y, Where p < 1is a small scale
parameter and w,, € {£1} for u € W. For simplicity,
we assume single confusing token xa = ppt_y« + €2
and other tokens x,, = ppty« + €, foru € W\ {2}.

5. The irrelevant tokens are given by x,, = €, forv € 7.

We use the notation Wi = {u € W | w, = +1} and
W_1 = {u € W | w, = —1}. The data distribution P is
defined as the label-corrupted version of P* with the level
of label noise n > 0. The data point (X,Y") from P is
generated by first sampling (X, Y*) from clean distribution
P* and then setting Y = —Y™* with probability n and ¥ =
Y* with probability 1 — 1. We denote signal-to-noise ratio
by SNR. = ||p||2/(0cV/d). For simplicity of notation, we
assumed a fixed scale p for weakly relevant tokens, but the
analysis holds even if the scale varies across examples.

Training data § = (X9, V()7 are sampled i.i.d. from
P. We denote the clean data {i € [n] | Y = y*(®)}
and noisy data {i € [n] | Y # Y*@1 by C and N,
respectively. The set of data {i € C | Y?) = 1} are denoted
as Cy,and {i € C | Y) = —1} are denoted as C_. The
same notation is applied to . The superscript (¢) denotes
that the variable corresponds to the training data i € [n].

For instance, we write x\" for ¢ € [T], W) and T(®.

Data models based on signal and noise widely appear in the
existing benign overfitting studies (Chatterji & Long} 2021}
Frei et al.,[2022; |Cao et al., 2022} Jiang et al., 2024} Meng
et al.,[2024). Such data models based on signal and noise
are not limited to benign overfitting works but are also com-
monly observed in other analyses of attention architecture
(Jelassi et al.} 2022} Li et al., 2023a}; |(Oymak et al., 2023)).

Remark 3.2 (Weakly relevant token and label noise).
Weakly relevant tokens represent tokens with weak signal
strength and confusing class information, reflecting a more
realistic scenario than a clean separation into relevant and ir-
relevant tokens. Furthermore, such weak class information,
including that which is confusing, is likely to lead to lower
annotation quality, making it more plausible to consider the
presence of label noise.

3.3. Attention Model

Given a sequential input X = (xg,...x7)" € RT>*4 a
single-head self-attention layer fsa : RT>*4 — RT>X™ ig

fsa(X) = S(XWW X )XW W,

with trainable weights Wq, W, Wy € R4 and
W, € R¥™_ Here, the softmax function S(-) is applied
row-wise with the abuse of notation.

In practice, an additional tunable token p € R is concate-
nated to the input, and this position is used for the model
prediction. This setup is widely used in, for example, the
classification token [CLS] in BERT (Devlin et al., 2018]) and
ViT (Dosovitskiy et al.||[2021])), and prompt-tuning technique
(L1 & Liang, 2021} Lester et al.l [2021). Let the concate-
nated input be X, = [p,X ']’ € RT*+Dx4; then the
cross-attention feature between X, and X is given by

f (X)T} T
=S(Xp, WX )XWyW,
[ fSA(X) ( P ) \4
S(pTWXT')
= XWyW,,
{S(XWXT) v
where we use W to denote a key-query weight matrix
WQWI{, and the output corresponding to the position of
p is denoted by f(X) = W W X"S(XW "p) € R™.
In this work, we use the model output for binary classifica-
tion, leading to the output dimension being m = 1, and we
denote the value prediction head by v = Wy W, € R?
Therefore, the model under our analysis is of the form

f(X)=vTX"S(XW p). 1)

The output can be regarded as an affine combination of the
token scores {v; = 1" X¢ }1e[7), using the learned softmax
probabilities. Let s € R” be a shorthand for the softmax
vector S(XW ' p).

To clarify the role of token selection in the attention mech-
anism with respect to benign overfitting, we fix the linear
classifier v, for which benign overfitting has already been
extensively studied (Bartlett et al., 2020; |Chatterji & Long]
2021), and analyze the training dynamics and generaliza-
tion behavior arising solely from the optimization of the
token selection mechanism inside the softmax. To formu-
late the token selection problem based on given token scores
{7t }+e[r), we assume a pretrained head v that assigns ap-
propriate scores to each token. Specifically, we consider v
such that

k-cosf, > O(1), )

for k € {£1}, where ), denotes the angle between v and
Wy Jointly training v is itself an intriguing setting, but
it would obscure whether benign overfitting occurs in the
softmax weights or in the linear classifier. The analytical
setup in this paper enables a stronger claim: that noise
memorization and benign overfitting can occur solely within
the token selection mechanism. We further discuss the
rationale behind Equation (2) in Appendix[E.2]



Benign Overfitting in Token Selection of Attention Mechanism

Remark 3.3 (Relevance to practical scenarios). The ana-
Iytical setup is relevant to practical scenarios, especially in
the context of parameter-efficient fine-tuning. For example,
prompt-tuning (L1 & Liang, 2021j Lester et al., [2021)) trains
only the tunable input tokens, and LoRA (Hu et al.,2022) fo-
cuses on training only the attention weights. The results on
the training dynamics and the generalization performance
provide a guarantee regarding the required training time and
the generalization when applying the model to low-quality
downstream tasks containing label noise.

3.4. Gradient-descent Training

The learnable parameters (W, p) are trained to minimize
the empirical risk objective:

EWp) =S (vO fx), )
i=1
£(z) = log(1 + exp(—2)), 4

where £ : R — R is a binary cross-entropy loss.

Let each element of W and p be initialized as W(0), ; ~
N(0,02) and p(0); ~ N (0, 02), respectively. The param-
eters are optimized by gradient descent with a step size
a>0:

W(r +1) = W(7) — aVwL(W(7),p(7)), (5
p(r +1) = p(1) — aVpL(W(7),p(1)).  (6)

Let f. be the f after the 7 gradient descent step and L (1)
be a shorthand for L(W(7),p(7)). The weight updates
with specifically calculated loss gradients are provided in

Appendix

3.5. Assumption on Parameters

In this section, we first discuss the necessity of the assump-
tions on parameters and compare them with existing studies,
followed by a list of the assumptions used in our work.

The condition on d in Assumption is necessary for
training in an over-parameterized setting, and similar terms
n||p|% can be found in (Chatterji & Long,[2021; Frei et al.,
2022 | Xu & Gu, 2023} |Kou et al., [2023). Assumption
is required for generalization. The lower bound with d'/4
appears in (Xu & Gu, 2023), and n'/4d'/* and nd'/* are
found in (Xu et al.| 2024; Meng et al., |2024]), respectively.
While these conditions may seem intricate, the key aspect
in the analysis is the relationship among d, ||g||2, and n.
Assumption [A3|is a natural setting to represent weak class
information. The lower bound is set such that the weak
signal strength is on a larger scale than the inner product of
the class signal and a random noise vector. Assumption [A4]
is for a sufficiently small learning rate, which is widely set

in the existing studies, including Frei et al.|(2022); Cao et al.
(2022)); Jiang et al. (2024). Assumptions [A5]and [A6] are
the common assumptions to evaluate the class balance in
the training data and the amount of noisy data. For exam-
ple, n = Q(polylog(d)) is assumed in (Cao et al., [2022;
Jiang et al., [2024)). Assumption is put to focus on the
dependencies on d, || || and n in the asymptotic notation,
following (Jiang et al.l 2024). Finally, Assumption[Ag]en-
sures that the attention probabilities at initial weights are
reasonably uniform, and this type of condition is observed
in existing studies, including other architectures (Cao et al.,
2022; [Kou et al.| |2023; |Meng et al., [2024; Jiang et al., [2024).

Now, we state our assumptions in the following. Let
6. = max{o.,1/o.}. Given a small failure probability
d > 0 and a large enough universal constant C, we make
the assumptions for each parameter as follows:

d > Coenl|p]y"* log*(Tn/5), (A1)
[eell2 > Co.d*/® log(Tn/d), (A2)
Cllulz oclog(Tn/6) < p < 1/C, (A3)
o < max{|p||]2Vd, 0ed} '/ C, (A4)
n > Clog(d/J), (AS5)
n<1/C, (A6)
T =0(1), (A7)
02,02 =© (maX{HHHQ\/&, oed)} ! log_2(Tn/5)) .
(A8)

4. Main Results

In this section, we provide the main results regarding the
training dynamics and generalization of attention mecha-
nisms. The key techniques used in the proof are presented
in Section 4.1} By dividing ranges for the signal-to-noise
ratio, we obtain the following results for the convergence.
Theorem 4.1. Suppose that the norm of the linear head
scales as |v||2 = O(1/||pl|2). Under the parameter as-
sumptions in Section[3.5] we have

1. (Not Overfitting) If SNR? = w(n™'), then with
probability at least 1 — O, there exists a time step
T=0 (al\ul\z\Iu\l%dmax{ai,aﬁ}) such that the weights
(W (1), p(7)) fit only the clean data, and the test loss is
sufficiently low:

viecl, f-(X0) =y,
vjEN, f-(XV) £YV,

ssBr . i (X)) £ Y] <8

2. (Benign Overfitting) If SNR?> = o(n='), then with
probability at least 1 — 0§, there exists a time step
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o exp(n”'SNR™?)
™ = O (e ey ) Such that the

weights (W (1), p(7)) overfit the training data, and the
test loss is sufficiently low:

Vi€ [n], f-(XD)=y®,

oo FE . e (X)) # Y] <8

The assumption ||v||2 = O(1/||p]|2) in the theorem ensures
that the token scores remain bounded by a constant. This
condition can be easily satisfied by appropriately scaling
down the model output.

This theorem demonstrates that under the parameter assump-
tions in Section [3.5] the model does not fit noisy data and
achieves high generalization accuracy with high SNR, and
the model shows benign overfitting with low SNR. In both
cases, high generalization is achieved despite the presence
of label noise. Since both the signal required for generaliza-
tion and the noise memorization for fitting label noise are
significant, their balance is essential for benign overfitting.
An upper bound on this balance is provided in the state-
ment of the theorem, while the lower bound is determined
by the parameter assumption Specifically, by extract-
ing the relationship among ||u||2, d, and n, we see that
SNR? = Q(d~'/4) holds in this benign overfitting case.

Remark 4.2 (Harmful Overfitting). Theorem |4.1|presents
cases of not overfitting and benign overfitting, where the
test loss is sufficiently low. With a lower SNR that violates
Assumption specifically SNR? = o(d~'/?), even inner
products among the random noises in the input dominate the
selection of class signal (see Lemma|[B.T]in the appendix for
details). It becomes inherently challenging to select class-
relevant tokens and generalize effectively. The low SNR
case corresponds to the left column of Figure

Remark 4.3 (Implication for Grokking). The time step
demonstrated in Theorem [4.1]is also an important result. In
the case of benign overfitting, fitting the training set requires
a similar time step order to the not-overfitting case; how-
ever, to sufficiently learn the signal components and achieve
high generalization, the exponential term of the SNR in the
numerator is necessary. This delayed generalization abil-
ity after fitting the training set implies a connection to the
phenomenon of grokking (Power et al., 2022} [Nanda et al.,
2023)). For the necessity of this exponential term, please
refer to the end of Section 4.1l

We illustrate the differences between the two scenarios of the
main theorem using Figure 2] Selecting the class-relevant
token x1, i.e., increasing s; towards 1, leads to fitting clean
data but fails to adapt to noisy labels. For clean data, both
signal learning and noise memorization contribute to in-
creasing s1, whereas for noisy data, these two processes
are in competition. The learning direction is determined by

the strength of SNR, which leads to the different cases in
Theorem 4.1 The middle in Figure [2] corresponds to the
not-overfitting case, where signal learning dominates and
the model does not fit noisy data. The right figure illustrates
the benign overfitting case, where noise memorization be-
comes dominant. The vertical axis in Figure [2| represents
the value of s1(1 — s1), which determines the amount of
parameter updates. As attention probabilities become more
concentrated around O or 1, this value decreases, reducing
the influence of the example on parameter updates. This
makes analyzing the token selection dynamics inherently
challenging. Our analysis under the label noise setting must
account for two competing training directions within the
same training run: 1) between signal learning and noise
memorization (Figure , and 2) between clean and noisy
samples for learning the class signals. These balances de-
pend on softmax probabilities and are not determined by
pre-training quantities such as SNR or label noise 5. This is
a specific difficulty with the attention mechanism, which is
absent in existing benign overfitting studies. For instance,
depending on the convergence speed—how quickly s(7) ap-
proaches 0 or 1—it is possible that even when label noise 1
is quite small, the actual contribution to the weight updates
at some time step can be dominated by noisy samples. This
motivates us to carefully analyze the dynamics of softmax
probabilities to evaluate the direction of these competing
relationships.

4.1. Key Techniques

In this section, we present the key techniques used in the
proof of Theorem The whole proof is provided in
Appendix |C] The proof for the not-overfitting case in the
theorem is more straightforward and is presented first in the
complete proof. In this section, to capture the essence of
the proof in the main text, we focus on the more non-trivial
benign overfitting case, i.e., SNR* = o(n™1).

In the analysis of benign overfitting, it is necessary to track
the model behavior on the training data while also its gen-
eralization ability. We begin by presenting the results on
training dynamics, and the generalization result is shown at
the end of this section in Lemma[4.9] To this end, we intro-
duce the following values that represent the relative strength
of token selection of the learned weights. This quantity is
useful for evaluating the softmax probability at each time
step 7 for a given training example.

Definition 4.4 (Attention gap). We define the attention gap
between a significant token and other tokens as follows:

)

Aiolr) = (xg“ - xg“)TW(T)Tp(T),

. N\ T
Lia(r) = (x5! =x() W(r)Tp(r),

fori € [n],t € [T)\ {1}, and u € [T]\ {2}.
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Figure 2: Illustration for the training dynamics of the probability assigned to relevant tokens s; in clean data ¢ € C and
noisy data j € N. The y-axis shows s1(7)(1 — s1(7)), which determines the magnitude of the gradient descent update.
This value converges to 0 as s;(7) approaches 0 or 1, and consequently, the contribution of this training example to the
gradient update diminishes. The middle figure corresponds to the not-overfitting case in Theorem[4.1] and the right figure

represents the benign overfitting case.

In this paper, we first show that the training dynamics of
the attention gap can be described by the monotonically
increasing function g(z) = 2z + 2sinh(z — logT'). This
function naturally arises when expressing the evolution of
the attention gap using the weight updates in Equations (5)
and (6) and evaluating the dynamics via the quadrature
method. Please refer to Appendix [C] for further details on
the derivation. By using this function, the token selection of
relevant token in clean data ¢ € C evolves as follows:

Lemma 4.5 (Attention gap dynamics of clean data). For any
~1 -2
T, =0 ( exp(n__SNR ) ) with probability

an~loZ|[v[z[pll2d? max{of 07}

at least 1 — §, we have for all time step T € [0, T»] that

9 (Aie(1)) = g (Ai e (0))
+7-0© (an710?||1/||2||u||2d2 max{02 Uz}) ,

foranyt € [T]\ {1}.

This lemma is shown by tracking the gradient descent dy-
namics and conducting an induction argument with several
desirable properties. Due to the shape of the hyperbolic sine
function, the function g is close to linear around x = log T',
and gradually becomes exponential as x moves away from
log T'. This lemma states that while the value of g evolves
linearly over time, the actual evolution of the attention gap
becomes increasingly a logarithmic factor. This finding cor-
responds to the left in Figure , where ng) (1) approaches 1,

and the value of sgi) (r)(1 - sli) (7)), which determines the
scale of gradient updates, diminishes accordingly. This part
is also illustrated in Figure din the appendix.

In contrast, the behavior of noisy data 5 € A is described
across two training stages. During the initial Stage 1, the
softmax probability assigned to the relevant token xgj ) is
suppressed. In this stage, as illustrated in the right column
of Figure E], the influence of noise memorization dominates,
and the training progresses in a way that avoids selecting the

relevant token, unlike the clean data case. In the subsequent

Stage 2, learning progresses to select the confusing token
x$) that can fit the label noise.
The next lemma shows that in Stage 1, the value of g de-

creases linearly over time, leading to a decrease in the atten-
tion gap A; ; in contrast to Lemma[4.5]

Lemma 4.6 (Attention gap dynamics of noisy data in Stage

-1
1). For some T, = © (an—102||u||2|mnzd2max{aa,ag}>’
with probability at least 1 — 0, we have for all time step
T € [0, Ty] that

9 (8;.4(7)) = g (A;.(0))

=70 (an™'o?|[v 2| ull2d® max{oy, o7 })

foranyt € [T]\ {1}.

Subsequently, the training proceeds to select xgj ), that is, to
increase the attention gap I'; .

Lemma 4.7 (Attention gap dynamics of noisy data in
Stage 2). Let Ty be the time step in Lemma For any

_ exp(n !SNR~?)
=9 (‘3‘"_1"?|\V||2H#H2d2 max{c2
at least 1 — &, we have for all time step T € [T}, Ts| that

P, ) with probability

9 (03(r) ~logp™) = g (14(0) ~ log ™)

+7-0 (pcm_lafHV||2H;LH2d2 max{afv,ap ) ,

9(Tju(r)) = 9(T;,(0))
+7-0 (pan~'o?||v|2]|pll2d® max{c},, o2 }) |

foranyu € [T]\ {1, 2}.

Similarly to Lemma[4.3] these lemmas are proved by using
the parameter updates to track the evolution of the attention
gap and the softmax probabilities assigned to each token.
At this point, it is necessary to carefully evaluate several
factors: the softmax probabilities, the norms and inner prod-
ucts between the model weights and both signal and noise
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vectors, as well as the relative contributions of other training
examples. In particular, the presence of label noise com-
plicates the analysis involving softmax probabilities in the
attention mechanism. Since the gradient updates depend on
the softmax probabilities of training examples, the learning
direction of the class signal cannot be determined solely
by the ratio of clean to noisy data sample sizes, which is
different from the existing benign overfitting work on linear
or two-layer neural networks. Therefore, it is essential to
evaluate the ratio of softmax probabilities across different
training examples at each time step. This technique is useful
for the analysis when dealing with distinct token selection
behaviors among training samples, not limited to the label
noise setting. The whole proofs based on mathematical
induction are provided in Appendix

Remark 4.8 (Two-stage Analysis). In the two-stage analy-
sis in Lemmas E@] and[4.7] it is implicitly considered that
exp(n~!SNR™7) is of larger order than p~!, meaning that
the log p~1 > 0 scale is neglected on the benign overfitting
condition SNR? = o(n). However, even if this is not the
case, the benign overfitting result can still be obtained by
replacing the numerator of T, with p~2.

Finally, we present results related to generalization. The
attention value of the class signal at time step 7 is bounded
from lower as follows:

Lemma 4.9 (Attention value of class signals). Let T5 be the
time step in Lemmas (.5 and With probability at least
1 — 6, we have for all time step T € [0,T5] and k € {£1}
that

p, W(T) " p(7) Z 11, W(0) 'p(0)
+nSNR? - log (7 - an™'o2|[v||2||p||2d® max{o2, 02}) .

w) “p

Please note that under the current condition SNR? =
o(n~1), the value of nSNR? is of a small order within the
range that satisfies the parameter assumptions. To select the
class relevant token for unseen examples and achieve a high
generalization performance, u; W ()" p(7) is required to
sufficiently exceed €' W(7) " p(7), where € is a random
noise vector. Lemma 4.9 states that this scenario is satisfied
if the training time 7 becomes exponentially large, thereby
compensating for the smallness of nSNR?. This is why we
need a time step of exponential order in Theorem[4.1] Such
an exponential time scale is not necessary merely for fitting
training examples, which implies that a significantly longer
training period is required to achieve generalization.

5. Experiments

In this section, we provide experimental results to support
our analysis. The code is available on GitHub

'https://github.com/keitaroskmt/
benign—-attention

Synthetic experiments. We train the same model f as
defined in Equation (I)) with gradient descent on W and p,
using the same data model as Definition [3.1| with o = 1.
Specifically, we consider the setting with n = 20, T = §,
n = 0.2, p = 0.1 and o =be—3, changing the value of the
dimension d and the signal size || p||2. For simplicity, we set
Wi = [W_1| = land v o< p, — p_;, which aligns
with our problem setup.

Figure [3| shows the dynamics of softmax probabilities for
clean and noisy training samples from the initial weights.
The left column represents the harmful overfitting case,
where the dimension d is larger compared to ||gt||2. The
bottom figure shows that confusing weakly relevant token
X2 1s not always selected for noisy data; instead, irrelevant
tokens that fit the label noise can be picked. This model can
fit the training data with noise components, which hinders
signal learning and reduces generalization ability. The mid-
dle figure shows the case where the balance between signal
and noise is achieved, and benign overfitting is observed. In
this figure, selecting the weakly relevant token 2 € W_y-.¢j)
for the noisy data j € A aligns with our analysis in The-
orem[4.1] In the right figure, where signal norm [|p||2 is
large, fitting the noisy data does not happen. The model is
trained to select relevant token x; for both clean and noisy
samples, supporting the not-overfitting case in Theorem
For additional synthetic experiments, please refer to Ap-
pendix We provide the loss heat-map when varying d
and ||pt]|2, which supports the SNR boundary established in
the main theorem. Furthermore, we conduct similar experi-
ments using a more general one-layer transformer encoder,
providing results beyond our analytical setting.

Real-world experiments We further conducted real-
world experiments on image and natural language datasets
for classification. For each task, we used the pre-trained ViT
(Dosovitskiy et al. |2021) and BERT (Devlin et al., [2018])
models. To align as closely as possible with our analysis
setup, we initialized the weights within the final attention
layer and trained only these weights using a dataset with
label noise. This setup corresponds to treating the fixed
backbone model up to the last layer as a feature extractor
and its output as the input to a one-layer attention model.
We used datasets from various types: 10-class image classi-
fication with MNIST (LeCun et al., [2010) and CIFAR-10
(Krizhevsky et al.,[2009), anomaly detection in medical im-
age with PneumoniaMNIST and BreastMNIST (Yang et al.|
2023)), topic classification of text with AG-news (Zhang
et al., 2015), and question type classification with TREC (Li
& Rothl 2002). For detailed descriptions of these datasets,
please refer to Appendix

Table [2] presents the training loss and test accuracy when
varying the training size n. Since the SNR cannot be con-
trolled due to its dependency on the dataset and the pre-
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Figure 3: Dynamics of softmax probability. The top represents a clean sample, while the bottom represents a noisy sample.
From left to right, the figures correspond to the cases of harmful overfitting, benign overfitting, and not overfitting.

Table 2: Training loss and test accuracy when only the final
attention weights are trained on a label-noisy sub-dataset
(n = 0.1) for 2000 epochs. The results show the average
over three different runs with the standard deviation.

Training Size n

Dataset Eval
20 200 1000
train  0.00+0.00 0.01+0.00 0.03+0.00
MNIST (et 885432 90.040.4  9l.4to.2
train  0.00+o0.01  0.07+0.03 0.12+o0.01
CIFAR-10 o5t 95.940.4  95.140.1  95.140.
Pneumonia train  0.00+0.00 0.00+0.00 0.02+0.00
MNIST test 76.244.1 78.5+3.2 81.0+1.5
Breast train  0.07+0.00 0.14+o0.01 —
MNIST test 74.1+2.0 771417 —
train  0.00+0.00 0.00+0.00 0.00+0.00
AGMeWS gt 83.641.9  82.241.1  TT.641.1
train  0.00+0.00 0.02+0.02  0.05+0.02
TREC test  80.141.0  78.342.3  78.540.2

trained model, we varied the training size n to observe the
scenario transitions shown in Theorem [l Please recall
that under our parameter and data model setup, Theorem 41|
states that reducing n for fixed SNR causes a transition from
not-overfitting to benign overfitting. In the range of n shown
in Table [2] datasets such as CIFAR-10 and TREC exhibit
such an increased fitting to the training set as n decreases.
MNIST and PneumoniaMNIST maintain very low train-
ing losses across all n, and the increase in noisy samples
with larger n does not negatively impact test accuracy. This
scenario is closer to benign overfitting rather than harmful

overfitting. In contrast, BreastMNIST does not overfit the
training data, and AG-news demonstrates overfitting to the
training set but with test accuracy negatively affected by
noisy samples, suggesting a harmful overfitting case.

6. Conclusion

In this paper, we analyze the training dynamics and the
generalization performance of the token selection of the
attention architecture. Specifically, we showed that benign
overfitting occurs in the token selection mechanism con-
ditioning on SNR, and the model sufficiently learns class-
relevant signals after overfitting. Furthermore, we supported
the analysis with experiments. In general, this study is help-
ful in analyzing the balance of convergence speeds when
the model selects different tokens for different training ex-
amples, including the label noise setting. As a natural next
step, extending the analysis setup to next-token prediction
or a more general data model can be considered.
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A. Comparison with Existing Work

In this section, we highlight the novelty of our analysis and clarify the position of this study through a comparison with
existing studies. Before presenting the existing work, we first describe the analytical challenges inherent in our setting,
which are addressed in this study. This serves to clarify the novelty of our contribution.

A.1. Difficulty of Our Label Noise Setting

The analytical setting that incorporates label noise distinctively characterizes our study, as shown in Table[T} By introducing
variability in token selection across training examples, the presence of label noise enables a more general analysis of the
token selection mechanism. Specifically, label noise introduces significant challenges due to the existence of competing
training directions within the same training run. This results in two key difficulties:

* Signal learning vs memorization in token selection of each example (see Figure[2).

13



Benign Overfitting in Token Selection of Attention Mechanism

* Clean samples vs noisy samples in the learning direction of class signals, i.e., g, and p_;.

These challenges are further complicated by the fact that the weight updates depend nontrivially on the softmax probability,
as will be shown later in Equations (9) and (I2)). Therefore, the training direction is not statically determined by pre-training
quantities such as SNR or label noise ratio 7. This is a fundamental difficulty that does not appear in previous analyses of
benign overfitting, including two-layer NNs. For instance, depending on the convergence speed—how quickly the softmax
probability s(t) converges to 1 or 0—it is possible that, even when label noise is very small and the number of noisy samples
is negligible, noisy samples can still dominate the weight updates at certain time step. Thus, it is crucial to track the whole
training dynamics of each token to analyze the above two relationships, making the analysis inherently difficult. A large
portion of this paper is dedicated to addressing and resolving this issue.

In the following, we present specific related studies and clarify the differences and novelty of our work.

A.2. Comparison with Implicit Bias Studies

We compare with the previous papers on the implicit bias of the attention mechanism (Tarzanagh et al., [2023a;bj L1 et al.,
2024bj; Vasudeva et al., [ 2024; |Sheen et al.,[2024). The two major differences from ours are:

(a) Analysis of a fixed training set .9, rather than considering the underlying distribution.

(b) Single optimal token, with all other tokens having identical token scores.

In our setting, corresponds to considering a single relevant token, irrelevant tokens x; ~ N(0, % — p,pul /|| pl13 —
p_i il /||pe]|3), and the linear head v oc p 11 — p_1. In this setting, the noise vectors are orthogonal to the class signals
and have an identical token score v; = (p; — 1) "x; = 0, which aligns with However, we consider a more general
data model, including an intermediate state termed weakly relevant tokens and non-orthogonality of noise and signals.
Furthermore, for data with label noise, selecting any irrelevant token results in the model with output 0, and the model
cannot fit the training data. Therefore, this data model is too simple to analyze the distinct behavior of the token selection,
which is the focus of our study. While we follow the model setting, our analytical methods differ entirely.

A.3. Comparison with Benign Overfitting Studies

Comparison with Jiang et al.|(2024). The major differences from ours are:

(a) Absence of label noise.
(b) Differences in the data model.

(c) Focus on vision transformer (ViT) model.

Their setup assumes no label noise in the target Y, meaning all training data is clean. In contrast, we focus on the benign
overfitting concerning label noise, in addition to the input noises {€; }:. As explained in Appendix the ability to fit
label noise of the attention mechanism has not been analyzed before, and even when possible, the training direction is
not straightforwardly determined due to the intrinsic softmax difficulties. These challenges are specific to the attention
mechanism and are newly addressed in our work. For[(b)] they assume orthogonality between class and noise vectors
because the noise covariance matrix is given by ¥ =T — p ol /|| pe||3 — p_1 71 /|| pe]|3. This assumption overlooks the
interactions between learned parameters and training samples, and it becomes a more unrealistic assumption in a multi-class
setting in Appendix [E.T} Additionally, our data model newly considers intermediate states as weakly relevant tokens, which
reflects the real setting more closely. Finally, for[(c)} they explored the advantage of ViT compared to linear models and
CNNs from the perspective of benign overfitting. Their analysis includes the optimization of self-attention and value
matrix, which involve challenging interactions during training. In contrast, our focus is on the training dynamics and
generalization ability of token selection mechanisms. By focusing on this aspect, we enable analyses in the above general
settings. Additionally, our work demonstrates that benign overfitting can be achieved solely through the token selection
mechanism within the softmax. This is demonstrated for the first time in our analytical setting. Training the linear head v
would obscure whether noise memorization and benign overfitting originate from the attention mechanism or from the linear
classifier, the latter of which has already been extensively studied in the literature.

Comparison with Magen et al. (2024). This work also studies the benign overfitting of the attention mechanism with the
same type of architecture, under label noise setting, but it largely differs from our work in terms of the following points:
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(a) Differences in the data model.

(b) Two-step gradient descent of p and v.

For [(a)} they simplified the data model, such as signal-noise orthogonality and the clean separation of signal and noise
vectors. Our analytical setup fills this gap by introducing noise into the relevant tokens, and by incorporating intermediate
states between signal and noise vectors, which we refer to as weakly relevant tokens. We also do not assume the signal-noise
orthogonality. For[(b)] we present general gradient descent results for p and key-query matrix W. This allows us to discuss
differences in the convergence of gradient descent conditioning on SNR, as well as the difference in the time scale. Instead,
they provide the characterization of SNR for the max-margin solution.

We also comment on the differences in experimental validation. Their work conducted the empirical validation under the
data model in their theoretical setting, not only for the model architecture analyzed but also for other settings such as
self-attention and multiple layers. In contrast, we validate our theoretical analysis using synthetic data for both the analytical
model architecture and a one-layer transformer encoder. Furthermore, we present results on real-world data, highlighting the
connection to the analytical setting in our paper. We also provide a visualization of the heat map for the synthetic data.

A.4. Comparison with Other Studies

Comparison with Oymak et al. (2023). We emphasize that while we followed the analysis setups from this work, our
results cannot be obtained by simply applying their results to the context of benign overfitting. The key differences from our
study are as follows:

(a) Absence of label noise.
(b) Not focusing on overfitting.

(c) Three optimization steps (v(1), p(1),(2)). In particular, the learning within the softmax is a single-step optimization
of p.

(d) Minor differences in input distribution.

For and we must analyze the competing training directions due to the presence of label noise, as explained in
Appendix This largely complicates the analysis of softmax probabilities because it is not a simple selection of the
relevant token. For[(c)] the analysis is in the very early stage of training, so it is difficult to fit noisy data containing label
noise. Therefore, their setting cannot be applied in our study. Additionally, the optimization within the softmax is a single
step. Only at the first step, it suffices to analyze the gradient descent concerning the average of the tokens because of the
weight initialization, and the complex softmax term does not need to be considered in the gradient calculation. Optimizing
token selection beyond a single step introduces the softmax probabilities into the gradient calculation, resulting in a complex
dependency on the current parameters. To address this, we needed to handle the relationships among attention probabilities
across all training steps using an inductive approach.
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Table 3: Notations used in this work.

C..Co
N
N N

«

n
A1(7), A-1(7)

pit(T)

Li (1), Li, (7)), Li ju(T),

LY (1), 1Y(7)
17(7)

A@t (7’), Fi,u (T)

Sequence of input tokens, i.e., X = (x1,...,x7) .
Training label.

True label.

Number of training data.

Length of input tokens.

Dimension of token embeddings and model weights.
Signal vectors for class 1 and —1, respectively.
Noise component in xgi) fori € [n]and ¢ € [T].
Variance of noise vector, i.e., € ~ N (0, c2T).

Variances for weight initialization, i.e., p(0); ~ N(0,02), W(0); ; ~ N(0,07,)
fori,j € [d].

Signal-to-noise ratio given by SNR = || |2/ (0cV/d).

Probability vector for X*) at 7-th step, defined as S(XPW () Tp(7)).

Token score, defined as VTxgi).

Set of relevant tokens; R = {1} and x1 = pty-~ + €3.

Set of weakly relevant tokens; x,, = ppt,, + €y, u € W, w, € {£1}.

Set of weakly relevant tokens with specific label; {u € W | w,, = +1} and {u €
W | w, = —1}. We assume that the confusing token consists of W_y - = {2}.

Set of irrelevant tokens; x, = €,,v € L.

Set of clean data; {i € [n] | Y = y*()},

Set of clean data with label 1 and —1, respectively.

Set of noisy data; {i € [n] | Y o Y*(®},

Set of noisy data with training label 1 and —1, respectively.
Learning rate.

Label noise ratio.

Attention scores for class signal in Definition , A1 = (W(T)py1,p(7)) and
A (1) = (W(r)p_y, p(7)).

Attention scores for noise vectors in Definition pit(T) = (W(T)egi), p(7)).
Weighted inner-product terms defined in Definition

, AT
Attention gaps defined in Deﬁnition Aii(7) = (xg’) - x,@) W () p(7),

D7) = (xg‘> _ XSP)T W () Tp(r).
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B. Preliminaries
B.1. Notation
We first list the notations used in this work in Table[3

Furthermore, the basic computations are presented here for convenience. The gradient VWE (W, p) and Vplj (W, p) used
in the training can be explicitly computed as follows. Since the derivative of the softmax function is given by

VS(v) = diag(S(v)) — S(V)S(V)T,

where diag(v) € RT*T denotes the diagonal matrix whose (7, )-th entry equals to v;. Using the denominator layout, we
have

~ 1 < . .
VwrL(W,p) = — DU YD Vg f(XD) (7)
=1

! Nl y® . xOT (diag(S(X“)WTp)) - S(X(“WTp)S(X“)WTp)T) XDupT (8
n
1=1

T T

1 r () ONINO) (D) (i) | @O T

DWEURI I LR S B ] o
t=1 u=1

where ¢/ is abbreviation for ¢/ (Y @ . v TXOTS(XDW T p)). From a similar calculation, we have

- 1 < . )
VpL(W,p) =~ £ YV f(X1) (10)
i=1

1 Yy wxOT (diag(S(X“)WTp)) - S(X“)WTp)S(X“)WTp)T) XDy (11
n
=1

n T T

1 ; i i i) (i i

oD Eé-Y“”(E s?(vﬁ)—i s;)m&')) Wx§>>. (12)
i=1 t=1 u=1

B.2. Proof Overview

This section provides a roadmap for the proofs in the appendix, aiming to improve readability. For the precise statements
and proofs of individual lemmas and propositions, please refer to the corresponding sections.

We begin in Appendix [B.3]by establishing high-probability events. Under parameter assumptions in Section [3.5] we derive
bounds on norms, inner products, and class balance among samples. Lemma [B.T|states the collections of these events, and
their proofs are provided via standard concentration inequalities, divided across Lemmas and [B.6to As
preparation for the main proof, Lemma[B.I2] presents an evaluation of the token score ;. The following Appendix [C|builds
upon the high-probability events established in this section.

Appendix [C]presents the proof of the main theorem. In Appendix [C.T] we first introduce technical notations (Definitions [C.1]
to[C.3), simple calculations regarding training with gradient descent (Lemmas to[C.6)), and several initial properties
at the start of training (Lemmas and [C.8). We also provide a result regarding the balance of loss gradients across
examples in Lemma[C.9] Appendices[C.2]and|C.3]correspond to the not-overfitting and benign overfitting cases, respectively.
In the not-overfitting case, Lemma [C.T1] is the central result. The proof proceeds inductively, incorporating desirable
properties such as norm and inner product evaluations and balance in softmax probabilities. The most important proposition
C'(7) characterizes the dynamics of the attention gap A(7) introduced in Definition 4.4] (main text) and Definition
(appendix), governed by the function g(x) = 2x + 2sinh(x — log T'). This inductive argument, which holds for all time
steps 0 < 7 < T, leads to the proof of the main theorem in Appendix [C.2.2} establishing both the not-overfitting and
generalization guarantees. The benign overfitting case follows a similar structure, but as described in Section {.1] the
analysis is divided into two stages. The inductive argument is split into Lemmas [C.12] and [C.13] and Appendix [C.3.2]
concludes with the proof of the main theorem of this case, including both the overfitting and good generalization.
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g(xz) = 2z + 2sinh(z — log T)
g(Ai(7))

Evolve linearly over time
g(Ait(T)) = g(A;£(0)) + 7 - (coefficient) 0

(Lemma C.11,C.12 and C.13)

Fast Slow o EE
Aii(T) 517 (1) T

Figure 4: Tllustration of the evolution of the attention gap defined in Deﬁnition based on the function g. The right figure
is similar to Figure [2]in the main text and illustrates that as s1(7) approaches 0 or 1, the term s1(7)(1 — s1(7)), which
determines the magnitude of the one-step update, becomes smaller—corresponding to slower training of the weights. For
the relationship between sgi) () and A; +(7), please see Lemma which shows that s1(7)(1 — s1(7)) decreases as A(7)
moves away from log T'.

To help illustrate the development of the attention gap driven by the function g, we provide a visualization in Figure[d The
function g(x) behaves approximately linearly near « = log T but grows exponentially as x moves away from this region.
The inductive lemmas in Appendix [C|show that g(A(7)) and g(T'(7)) evolve linearly, which implies that the growth of A(7)
and I'(7) themselves gradually slows down.

Although the main theorem is fully proved in Appendix [C| Appendix [D|supplements the proof by presenting several auxiliary
calculations. Appendix [D.T|provides results linking the weight parameters to the softmax probabilities. Appendices[D.2]
and[D.3|correspond to the not-overfitting and benign overfitting cases, respectively. These sections give one-step gradient
calculations under the favorable weight conditions, showing how signal learning and noise memorization progress and
supporting the induction arguments in Appendix [C|

B.3. High-probability Events
We first show that the following events occur simultaneously with high probability under the assumptions in Section 3.5}

Lemma B.1 (High-probability events). Suppose that the parameter assumptions in Section 3.5\ hold. There exists some
constant ¢y, co > 0 such that the following hold simultaneously with probability at least 1 — & over the realization of training
data S and model parameters W (0), p(0):

(i) (Norm concentration) For all i € |n],t € [T, we have

(1-o0(1)oeVd < [lef”]l2 < (1 + 0(1)) 0V, (13)

(1 —o(1)) gull 2V < W) ]|z < (1 + (1)) 0w | ull2 V4, (14)
(1= o(1) gullpl2vVd < [W(O0)p_y |2 < (1+ <1>>o—w||u||2f d, (15)
(1= 0(1) owoed < [W(0)el” [l < (1+0(1)) oo (16)
(1= 0(1)) opVd < [Ip(0)[|2 < (1 + o(1)) o, Vd. (17)
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(ii) (Inner-product concentration) For any i, j € [n],t,u € [T] such that (i,t) # (j,u), we have

|<e§1),69 ) < clozflog(Tn/é) (18)

(W (0 )u+17W(0) DI < 102 [|pl3Vdlog(Tn/s), (19)
[(W(0)py1, W(0)e)] < (1 + 0(1))02 oc ]| pll2d log(Tn/6), (20)
[(W(0)p_1, W(0)e”)] < e1(1+ 0(1))o 0| pul2d og(Tn /6), @1
[(W(0)e”, W(0)e)] < e1(1+ 0(1))o202d* ? log(Tn/5), (22)
[(W(0)pt41, p(0)] < c1000plllloVd log(Tn/5), (23)
[(W(0)i_y. P(0))] < 1000, ]| 2V/dlog(Tn/5), (24)

(W (0)et”, p(0))] < e1(1+ 0(1)) o opoedlog(Tn/5), (25)
gy, €)] < eaoel|pllz/log(Tn/9), (26)

|<u_1,e£“ )| < cooe]|pll2/log(Tn/3), 27)
(v, et | < ca0¢||v]|2/log(Tn/d). (28)

(iii) Regarding the clean and noisy samples, we have

2—3n -n
4

2
n < |CyllC-| < =n, (29)

3
In < NG IV < (30)

Definition B.2 (Good run). We denote by “good run” the trial that the events from [(D)] to occur.

In the proof of the main theorem, we will proceed by conditioning on these events. Lemma [B.T]implies that a good run
occurs with the probability at least 1 — § over the realization of training data S and the weights initialization.

In the rest of this section, we will prove each high-probability event in Lemma Specifically, we can show it by
combining Lemmas [B-6] [B-8] [B9] and [B11] using union bound argument. In the following proofs, suppose that the
parameter assumptions in Section [3.3]hold. First, we show the norm concentration of the Gaussian noise vectors. The next
lemma gives the lower bound for the expectation of the L, norm.

Lemma B.3. For a Gaussian vector x ~ N (0, X), we have
Tr(2) — 1 <E[llx]l2]-
Proof of Lemma(B.3] We use the Gaussian Poincaré Inequality ((Boucheron et al.| 2003), Theorem 3.20):

Var (f(x)) <E[|[VF(x)]3] 31)

where f : RY — R is any continuously differentiable function. By taking f as f(x) = ||x||2, since we have E [||V f(x)||3] =

E [Ix/IIx[l213] = 1
1> Var(f(x)) = E [x][2] - (E [Ix]]))* = Tx(S) — (& [x]))>. (32)

Rearranging the terms, we get

VIr(E) -1 < Efllx]}2], (33)

which concludes the proof. O
The following lemma is about the concentration of Lipschitz functions and is used to prove the norm concentration.
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Lemma B.4 (Rephrased from ((Wainwright, 2019), Theorem 3.16)). For any L-Lipschitz function f : R — R, we have

,w2
{1f(e) ~E[f @n|>1u}<2exp(—>. (34)

e~N 0 2) 40 mar (X)) L2

Note that the coefficient 2 could be removed in the case of one-sided inequality.

Remark B.5. Generally, this holds for strongly log-concave distributions, i.e., distributions with a density p(z) =
exp(—1(z)), where 1 : R? — R is a strongly convex function. Here, we used the fact that the Gaussian distribution
N(0, X) is a strongly log-concave distribution with parameter &,,in (271) = 1/0 40 ().

We are now ready to prove the norm concentration as follows.

Lemma B.6 (Norm concentration). With probability at least 1 — 0 /4,

(1—o0(1)oeVd < [lef”]l2 < (14 0(1)) 0 V4,
(1= 0(1)) owllpll2Vd < [W(O0)py4l2 < (1 + 0(1)) 0| pel2Vd,
(1= 0(1)) owllpll2Vd < [W(O)_yll2 < (1 +0(1)) 0 lpal2Vd,
(1—0(1)) owllel” 2V < [[W(0)ef”|l2 < (1+ 0(1)) owl€f” [2Vd,
(1—o(1)) 0, Vd < [p(0)]l2 < (1 +0(1)) 0, Vd.

foralli € [n],t € [T]

Proof of Lemma|B.6] From the definition of noise distribution, egi) ~ N(0,0%1,) for all i € [n],t € [T]. To begin with,
we show the norm concentration of the Gaussian vector. For x,y € R4, since we have

[1x[l2 = [lyll2
[1%[l2 = [lyll2 WIIX*YIIZ'SHX*YIIQ, (35)

f(x) = [|x]|2 is 1-Lipschitz function. Using Lemma[B.4] we get

i w?
Pr{lef”l ~ Ellelal] > w} < 2exp (-2 ). (36)

€

for some i € [n],¢ € [T]. Taking union-bound gives

2
Vi € [n], ¥t € [T] Pr{’”e( g — [||e||2]‘ > w} < 2Tnexp <_:)02) . (37)

€

Lemma and Jensen inequality lead the following bound on the expectation of the Gaussian norm:
Vo2d—1<E[|e]s] < ocVd. (38)

Using this and Equation (37)), we have with the probability at least 1 — 6,/20,

/ Tn 40T
Vo2d—1-2 0210g 0 <|\ <)||2<aef+2\/m (39)

for all i € [n],t € [T]. By using d = w(log(Tn/J)) in the parameter assumptions, the second term on both sides
becomes o(o\/d). Combining this with (0v/d) (1 — 1/(02d)) < \/o2d — 1, we have the desired result. Regarding
other inequalities, by Gaussian initialization of parameters, W (0) s ; is normally distributed with mean 0 and covariance
02 ||12||314, and we repeat the same discussion. For ||[W (0)e Ez) 2, considering the probability for parameter initialization
under the realization of the training set, we can use the same argument and union bound. The inequality for p(0) is derived

similarly. O
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Next, we move on to the concentration inequality for Gaussian random variables.

Lemma B.7 (Gaussian tail bound, ((Vershynin, [2018), Prop 2.1.2)). For a Gaussian variable x ~ N (0, 02), the tail bound
is given by

o o 1 w? <Priz>uw) < 1 o w?

—— — | —=exp| —— r{z >w ——=exp|—=—= .

w o wd Vor P 202 ) — - ~w 2or P 202
Using this, we can show the following result for the inner products of the noise vectors.

Lemma B.8 (Inner-product of two Gaussian). There exists some constant c; > 0 such that with the probability at least
1-46/4,

(et )| < cro?V/dlog(Tn /),

(W (0)pt 1, W(0)p_y)| < c103||pl3Vdlog(Tn/d),
(W (0)pt 11, W(0)el)| < cr0? | llz € |2V dog(T'n /),
(W (0)p_y, W(0)el)] < c102|llallef” |2 VA log(Tn/5),
(W (0)e”, W(0)e)| < c102 [l€f”[|2]|€]|2v/dlog(Tn/5),
(W (0)pt,1,P(0))] < c1000||pell2Vd log(Tn/5),

(W (0)pt_y,p(0))] < c1000,llall2Vd log(Tn/5),
(W (0)ef”, p(0))] < c1ow0y|le” [2Vdlog(Tn/0),
foralli,j € [n],t,u € [T] such that (i,t) # (j,u).

Proof of Lemma|B.8} Before delving into the main part of the proof, we first show

w2
P > wl <2 - 4
(el > w} < 20 (-5 ). (@0)

for the Gaussian vector € ~ N (0, 02I;). Unlike Lemma- it handles the norm itself rather than the deviation around the
mean of the norm, which is more useful to prove this lemma. We have for any A > 0 that

Pr{flells = w} < Pr{llefy = w} (41)
d
< exp(—Aw) - H E exp (A|ex]) (42)
k=1
d
< exp(—Aw) - 2 H E exp (Ae) (43)
k=1
2
~ 2exp (Zafd - wA) , (44)

where the second inequality follows from Markov inequality and the last follows from the moment-generating function of
Gaussian distribution. Minimizing the upper bound over A gives the desired inequality Equation (40).

Fix i,j € [n] and t,u € [T] such that (,t) # (j, u). For any v, w > 0, we have
Pr{|(ef”, e > v} <Pr{|(el”,e)| > v | olle? s <w} + Pr{ocle?]> > w}, (45)

where we used the inequality Pr(A) = Pr(B) Pr(A|B) + Pr(B®) Pr(A|BY) < Pr(B) + Pr(A|B) for the event A, B,
which gives tighter bound when outlier event A and event B share large common parts. Under the condition egf ) is fixed,
since (e!”), €)) follows N (0, 02| ||2), Lemmagives

(4) 2
(i) ) c2oodleilz (v
Pr{lie”. el > v} < - =P e 202[e?3) o
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Thus, the conditional probability is bounded as

2
(i) (4 ; 2w v
Pr{\(et eD)| > v ‘ aclle? ]2 < w} < o \/TTTGXP <_2w2> . (47)

Combining Equations (0) and (7)), then applying union bound on Equation (43)), we obtain
Pr{3i,j € [l t,u € [T),(5,) # Gyw), st [(ef?, )] > v}

< Pr{3ij € I, t,u € [T),G,) # (o), st (e, e)] > v | V) € [n],u € [T], o]} < w}

+Pr{3j € [n],u e [T, st. o||€? |2 > w} (48)
2wT?n? v? w?
< - |+ 21 -—— . 4
T V2m P < 2w2> 1exp ( 20§d> )

Letw = ¢} (log(Tn/5))_1/2 v for some constant ¢j > 0. By Equation , we have

Pr{3i.j € ], t.u € (7], (i.0) # Gw), st [(e”, e0)] > v}
022 . 5\ /() /202
< .c /2 N e S .
SN i (log(Tn/d)) (Tn) + 2Tnexp ( 2o§dlog(Tn/5)> (50)

Further, let v = cla?\/alog(Tn /9), where ¢; > 0 is some constant. We have

Pr{3i,j € [l t,u € [T),(5,) # Gow), st (e, )] > v}

2722 1 5 1/(2032) 5 el /2
< -, (log(T ol oTn | — 1
< 2 tourn) () e () 51)

3,08

64 64 32
where the last inequality is satisfied with the appropriate choice of ¢1, ¢} > 0. This completes the proof for the first inequality.
The other inequalities are also the inner product of two Gaussian vectors and can be proved with the same argument. [

(52)

Lemma B.9 (Inner-product of signal and noise). There exists some constant ca > 0 such that with probability at least
1-46/4,

(g1, €Y < a0l pl|2/Tog(Tn/3),
(i1, €)] < caoe pl|2\/log(Tn]3),
(v, €D)| < caoe||v||2y/Tog(Tn/d).
foralli € [n],t € [T).

Proof of Lemma[B.9) We will show that the inequality for ¢, ; holds with probability at least 1 —¢/12. The same discussion

applies to p_, and v. For the fixed i € [n],t € [T, since (u, 1, egi)> follows the Gaussian distribution N (0, 02| u[3),
Lemma [B.7] gives

: 20c||pel2 w?
Pr{ ,e(z) >w} <—Fexp| —=——5 | - 53
Let w = ca0¢||pt||2+/log(Tn/d) for some constant c; > 0, then applying union bound on Equation gives
‘ ; 2Tno| w2 w?
Pr{EIze nl,t € |T], s.t. ,e(') >w}<7ex —— 54
oT 5 \%/?
< " () < —, (55)
V2megy/log(Tn/§) \Tn 12

where the last inequality is satisfied with the appropriate choice of ¢, > 0. O
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Lemma B.10 (Hoeffding Inequality). Let X1, ..., X, be i.i.d. random variables such that 0 < X < 1 almost surely. Then

for all w > 0, we have
1 n
Pri|=N X, —E[X
Arg-e
Lemma B.11 (Number of Samples). For all ¢ > 0, the following hold with probability at least 1 — § /4:

1-— 1-—
<2n—c’ n <|Cy| < (277—|—c’>n,

1—-n 1—n ,

- 0 < < -

( 5 c)n IC_| ( 5 +c>n,
) )

> w} < 2exp (—2nw2) .

Proof of Lemma[B.I1] We show the first equation holds with probability at least 1 — 6/16. The proof of remaining cases
follows similarly, and the desired result is achieved by using union bound.

The training data i € [n] belongs to C; when its true label Y () = 1 and label flip does not occur. This event occurs
independently, and its probability is calculated as (1 — 1)/2. Since |C+| = Y1 | 1y()—y«@—;. applying Lemma to
Xi = ]_Y(i):Y*(i):l leads

)
Pr{||C.| — (1 —n)n/2| > n} < 2exp (—2nc’2) < 6 (56)
where the last inequality follows from n > C'log(1/d) in parameter assumptions in Section O

At the end of this section, we prepare an evaluation of the token scores for the training data on a good run.

Lemma B.12 (Token score). Suppose that the linear head v satisfies Equation [2). Then, on a good run, there exist
constants {cy } pe (41} such that Vk € {1}, ¢, > 0 and we have for the clean data i € C that

ey (1= o) [¥llz]lplls < VO 41 < ey (14 0(1)) w2 ]2,
Y@ =0 (plvallul) >0,
YO A0 = -0 (pllv2]lel2) <0,

0] = O (o w2/ 10g(Tn/3))

where t € W ue W9, v eI, Similarly, for the noisy data j € N, we have

y (i) —-Y @
ey (L= o) [Wlzllpll: < YV 717 <~y (1+0(1)) [[wlzl| a2
y () ~’yt(j) = -0 (p|lv|2llpl2) <O,

1] = O (acllvllav/1og(Tn/d) ) .

we WY e T,

©)
where t € W Y6

Y )

Proof of Lemma Using Lemma B.T|and Equation (2), we have for i € C that

YO ol = (g + €T (57)

= [[wll2]lpll2 cos 011 + O(ae[[v| v/log(Tn/4)) (58)

€ (L+o(1)) crallwllallpell2, (59)

where recall that cos 64 is defined as the angle between v and pt ;. In the last line, we used oc+/log(Tn/0) = o(||pe|2)
in the parameter assumption and replaced cos 6,1 with a constant c ;. The other equations are derived as well. O
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C. Proof of Theorem 4.1]

In this section, we present lemmas concerning the gradient descent dynamics of token selection, and provide the proof of
Theorem@ For clarity, the essential lemmas are included in this section, while minor and more technical lemmas are
deferred to Appendix [D} Appendices and [C.3|provide the main lemmas and the direct proof for the not-overfitting and
benign overfitting cases in Theorem [4.1] respectively.

C.1. Preliminary Lemmas

In order to analyze the complicated dynamics of the token mechanism, we introduce the following notations.

Definition C.1 (Attention to signal and noise). Let W (7) and p(7) denote the parameters at the 7-th gradient descent step.
Then, we define the attention to the signal and the noise as follows:

A1 (1) = (W(r) gy, p(7)), Aoi(7) = (W(r)p_1, (7)), pin(r) = (W(1)el”, p(7)).

Definition C.2 (Weighted interaction terms). We define the following interaction terms weighted by softmax probabilities
and token scores.

The next definition is the restatement of Definition [4.4]in the main text.

Definition C.3 (Attention gap between significant token and other tokens). We define the following values representing the
attention gap between a relevant token and other tokens:

Aio(r) = (xgi) _ x§i>)TW(T)Tp(T),

by

fori € [n],t € [T]\ {1}. Additionally, we define the attention gap between a confusing weakly relevant token and other
tokens:

fori € [n],u € [T]\ {2}.
For clarity, we provide below the results of applying the data setup in Definition [3.1]to these values. Fori € C; UN_ =

24



Benign Overfitting in Token Selection of Attention Mechanism

{fien| VO =41}, eC_UNL ={icn]|Y*®D = -1}, we have

(1= p)A11(7) + pia(7) = pis(7) fort € W+17
Nio(T) = S X1 (1) — pA_1(T) + pia(T) — pin(T) forte Wfl = {2},
A1(7) + pia(7) = pie(7) fort € 7(9,
A1(T) = pAy1(7) + pja(7) — pje(T) fort € W+1 = {2},
Aju(m) = S (1= p)A1(7) + pja(7) = pje(T) fort € WY 17
A_1(7) + pia (1) — pji(7) fort € 7U),
fort € [T]\ {1}, and we have
PA-1(T) = A41(7) + pi2(7) = piu(T)  foru e R = {1},
Liw(7) = pA_1(7) = pApa(7) + pia(7) — piu(r) forue W),
p)‘fl(,r)—’_pl?( ) qu( ) fOI‘uGI(Z),
PA(T) = Aa(7) + pj2(T) = pju(T)  forue R ={1},
Lju(7) =  pAa(r) = pAa(7) + pja(7) = pjulr)  forue WY,
pAL1(T) + Pj,Q(T) - pj,u(T) foru € I(j),

foru € [T]\ {2}.
In the following, we calculate the one-step updates for various quantities that will be frequently used in subsequent proofs.

Lemma C.4 (Updates of signal and noise attention). The updates of A11(7), A\_1(7), and p;.(7) for j € [n],u € [T),
which are defined in Definition[C_1| are given by

n
(0%

Apa (T +1) = A (r) = Z(*EQ(T)) YO () + P T+ (7)) + @]y VT L(7) VpL(7),

Aal(r+1) = Aa(r) = 30 (=m) - YO (1) + D) B~ (7)) + 02T, T £ V()

3

(07

Pju(T + 1) = pju(T) = EZ(_N ) YO (1 (1) + [P 3Ti.0(7)) + a®ed) T Vi L(r) VL (7).

Proof of Lemma From Equations (9) and (T2), we have

W(r+1)"p(r+1) = W(r)"p(7) (60)
:W(T)T( aVpL(r +( aVwi (7’) p(r) + (VWE( ))T (VPE(T)) 61)
n T T
= %Z(—ﬂx ) YO (S s (ﬁ” S s <Z>> (W(r)"W(r) + ||p<T>||%>x§">)
+ « VWTE T)VpL (T) (62)

Following the definitions of A and p, taking inner products with p 1, p_4, and e(J ) yields the desired update equations.
The notations defined in Definition [C.2]are applied here. O

Lemma C.5 (Updates of p). The update of ||p(7)||2 is given by

Ip(r+ D3~ Ip(D)3 = 2;& Y (l(m) - YO I (r) + || VL) 13-

=1
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Proof of Lemma[C.3] From Equation (I2), we have

Ip(r + D3 = Ip(M)3 = 2(p(7), ~aVpL(7)) + |aVpL(7)II3 (63)
20 o : ~
() YD 1) + @[V L3, (64)
i=1
where in the last line, we used the notation defined in Definition [C.2] O
Lemma C.6 (Updates of W). The updates of the terms related to W (1) are given by

i=1

2 s ~
W (T + Dl = W3 = =D (=4(1) - YO L (7)A 1 (7) + 2| VWL (7)1 |13,
n

HW(T+1)u_1||§—IIW(T)M_1||§=2;@2( (7)) - YD L (1)A

i=1

() + &I VwL(T) k3,

200 — i ~ .
IW (7 + De|3 — [W(r)ed |3 = o D () YD Lju(7)pa(r) + o2 VwL(n)e? |13,
i=1
forany j € [n],u € [T]. Additionally, we have

(W(r + Dt W(r + D)
= S YD (L (DAa (1) + Ls (A () +
(W(r+ Dy, W(r +1)ed)

:*Z —li(t ) (L (MA 41 (1) + L (T)pja(T) +

<W(T+l)'u, LW(r +1)eld))
72 El i
<W<T+ Ded), W (r +1)el)

fz —l(t

— (W1, W(T)p_y)

a2<VWE(T)N+1v VWE(T),UJ—1>>
— (W(T)pyr, W(T)e)

2 (VwL(r) gy, VwL(1)ed)),
— (W(r)p_,, W(r)e)

(L TA-1(7) + 1 (T)p0(7)) + (VW L(T) p_y, Vw L (7)e?),
— (W(n)e?), W(r)el?)

)Y (Lo (D)5 () + Lijan(pra(7)) + 0 (VwL(r)e), VwL(T)el),
forany j. k € [n],u, v € [T], (j,u) # (k,v)
Proof of Lemma|C.6] From Equation (9)), we have

W+ g3

— W) al3
= 2a(W(r )NH,—anE( )H+1> + ||aVW£(7')H+1H§ (65)
200 ro .. ) N
= S () YO <Z ( zsw) (WTaxt?) -p(rﬂvv(r)ml) + 2|V L () 3
i=1 u=1
(66)
20 n . N
= (—6(r) - YD L (1) A1 (1) + 2 VW L(T) 4 3,
i=1

(67)

where in the last line, we used the notations introduced in Definitions[C.I]and [C:2] The other two equations are shown in a
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similar manner. In the same way, we have

(W(T+Dpyy, W+ D) — (W), W(r)p_y)
= (W(T)ppy, —aVwL(m)pu_y) + (W(n)p_y, —aVwL(T)p ) + (@VwL(m) g, aVwLl(np_y)  (68)

)+ (W
n T T
§Z<—fz<r>>~y”>~<28£”’< -3l <”> (1 IX?))'P“)TW(T);LH)
T

+ Zi <tz sy (%i) - Zl 897&”) () - p(r)TW(T)M_1)
o> (VwL(r) i1, VwL(r)p_y) (69)
= — Z —0(r) - YD (L (M)A (7) + L (DAL (7)) + 02 (VwL(T) gy, VWL(T) s ). (70)
The other equations are derived as well. O

In the following, we prepare the lemmas concerning the weight initialization.
Lemma C.7 (Softmax probabilities at initialization). Under the parameter assumptions in Section[3.3|and on a good run,
we have that for any constant ¢ > 1,

1+c¢ !
T b

1—c'
—— <50 <

foralli € [n]andt € [T).

Proof of Lemma|C.7} By definition, we have

i exp( T W(o)Tp(O)) ) b T
e () wor)).

From Equations 23) to (23), we have

max { (x@ - xgp)T W(O)Tp(O)} < 3¢1000, max{||u||2\/&, (1+ 0(1))U€d} log(T'n/8) (72)
< log (1 + cfl) , (73)

where the last inequality follows from Assumption[A8] The same argument is applied to the lower bound, which completes
the proof. O

Using a similar argument to that in Lemma|[C.7} we confirm that the following lemma holds.

Lemma C.8 (Attention gap at initialization). Under the parameter assumptions in Section 3.3 and on a good run, the
attention gaps introduced in Definition[C.3]at time step T = 0 are bounded as follows:

|Ai,t(0)] = o(1), [Is,u(0)] = o(1),
foralli e [n],t € [T]\ {1}, and v € [T]\ {2}.

Proof of Lemma|C.8] We show the case of ¢ € ZW . Since p < 1 /C from the parameter assumptions, we have the same
result for ¢ € WJ(:l and? € W(_q By Deﬁnition we have

240 < 3max { s 0L 1O _mmax (i)} a9
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From Equations (23) to (23], we have

max{|x+1<o>|, A= O] ,e[n]lggm{|pi,t<o>|}} < crouopmax {|[ul2Vd, (1+1/C")aed } log(Tn/5) = of1), (75)
where the last inequality follows from Assumption The exact same argument is applied to T'; ,,(0). This concludes the
proof. O

Next, we show that the ratio of the loss derivative can be bounded by a constant. As a byproduct, we obtain that the loss
derivative itself is bounded by a constant from both sides.

Lemma C.9 (Ratio of loss derivative). Suppose that the assumptions in Theoremd.1|are satisfied. There exists an absolute
constant ¢y > 0 such that on a good run, we have that for all time step T > 0,

YA
1)

1,j€[n] é; (T)

< ¢y.

More strongly, —0;(7) is bounded both above and below by positive constants, uniformly over all i € [n] and T > 0.

Proof of Lemma Recall that the derivative of the loss function is given by
1

1+ exp (—Y(i) . Zthl sgi)(T)%(i)>

fori € [n],7 > 0. On a good run, Combining Lemma and ||v||2 = O(1/||p]|2) gives the following token scores:

~i(r) = (76)

7] = 0, ] = 0(). K| = o(0), 77

forall i € [n],t € W, and u € Z(). Thus, there exists some constant ¢ > 0 such that m(i)| < cfor any i € [n] and
t € [T). Since 1/(1 + exp(—z)) is monotonically decreasing, we have

1 1
—_— < L < —F. 78
1+ exp(c) i(7) 1+ exp(—c) (78)
This leads to the conclusion with the constant ¢y, = 1 + exp(c)/ (1 + exp(—c)). O

Remark C.10 (Ratio of loss derivative). This lemma, which shows that the gradients of loss function for clean data and
noisy data remain within a constant factor of each other at every time step, is a critical component of the proof in the existing
analyses of linear classifiers and two-layer neural networks (Chatterji & Long|, [2021} |Frei et al., 2022} | Xu & Gul [2023)).
However, in the learning of token selection, the output is always an affine combination of the token scores, and the output
scale is not changed. Therefore, the training dynamics need not be considered as long as the balance of the loss derivatives
in the token scores is maintained. To ensure that the derivative of the loss function for each token remains within a constant
factor, a small linear head scale, as described in Lemma[C.9] is required. If the scale of the linear head is too large, little
gradient will be generated for clean data even at the initial weights, and learning the signal vectors will not progress.

C.2. Analysis of Not Overfitting Case (SNR? = w(n~'))

In this section, we provide the proof for the not-overfitting case in the main theorem. We first present the main lemma using
mathematical induction and then proceed to prove the main claim.

C.2.1. MAIN LEMMA

Lemma C.11. Suppose that the signal-to-noise ratio satisfies SNR> = w(n=Y).  For any time step T} =

] (al\'/Hz uuugdlmax{aa,ag} ) on a good run, the following propositions hold for all time step T € [0, T1]:

A(7): There exists a constant C > 1 such that
(1=1/C1) 0pVd < p(7)]2 < (1 +1/C1) - 0, Vd.
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B(7): There exists a constant Co > 1 such that
(1-1/Cs) - oullpll2Vd < [W(r)ppyll2 < (1+1/Ca) - 0| ull2Vd,
(1=1/C2) oullpll2Vd < [W(r)p_y ]2 < (1 +1/Ca) - o l|p]2Vd,
(1-1/C5) - oyoed < HW(T)Et lo < (141/C9) - oywoed,
foralli € [n]andt € [T).
| < O(oy, |3 Vdlog(Tn/s)),

(W (T)pyy, W(T)pe_ .
2 oe|plladlog(Tn/6)),
2
2

) <O
(W (T, W(n)e™)| < O(o
[(W(r)p_y, W(r)e)| < O(02 oc]| pll2dlog(Tn/6)),
(W (r)e”, W(r)eld))| < O(0202d** log(Tn/5)),
foralli,j € [n]andt,u € [T] such that (i,t) # (j,u).

C(7): Let g be a monotonically increasing function g(x) = 2x + 2sinh (x — log T'). Then, there exist constants
c3, cq > 0 with c3 < ¢4 such that

(Ai.4(0) + 7 - csallv |2 ]|l 3d max{oy,, o7},

(Ai2(0) + 7 - csa|lw |2 ]| pl3d max{o?,, o7},

foranyi € [n]landt € [T\ {1}.
D(r):
51 (r) > O(1),

foralli € [n).
E(7): There exists a constant c5 > 1 such that

exp (A (1) — Aju(7)) < c5,
foralli,j € [n]andt,u € [T]\ {1}.
F(7): There exist constants cg, c7 > 0 such that

(N - st (7))
sa<) 591~ 57 (7)

< ¢cg,

and

( ) (4) _ @)
max 7) < s (T)(1 =5, (7))
tue[T\{1} S( )(7.)

foranyi € [nlandt € [T]\ {1}.
G(7):
A1 ()| = OQ), [A-1 ()] = O1), |pie(7)] = o(1),
foranyi € [n]andt € [T).
We will prove the above propositions by induction argument for 7 € [0, 71].
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Base case. It is obvious that C'(0) holds. From Lemmas [B.1} [C.7]and [C.8] the all other base cases A(0), B(0), D(0),
E(0), F(0) and G(0) hold.

Proof of A, <, (A(T") AB(7") ANC(7') AD(7") N E(T") AN F(7')) = C(7 +1). We only show the case of YV = 1,
ie., i € C; UN_. The same argument can be applied to the case of i € C_ UN;. The conditions of Lemmas[D.6]and [D.7]
are satisfied from A(7) A B(7) A D(7) A F (7). From these lemmas, we have that for any i € Cx UN_,

A (T + 1) = A (1) 2 s (1)1 = 587 (7) - ha|v | pl3d max{o?, o2 (79)

wr p

and for any clean data ¢ € C1 and ¢t € [T\ {1}, we have

pia(T+1) = pir(r) = s (1)1 = s17(1)) - chan~ 02 |v |2 || ]| 2d? max{o?, o2}, (80)
—s\0 (1) (1) - chan~ 02 ||y s ul|2d? max{o?, o2}, 81)

IN

pit(T+1) — pis(7)

and for any noisy data j € N_ and ¢t € [T \ {1}, we have

pia(T+1) = pja(r) = = (1)1 — s (7)) - han™1o?||v o] pll2d? max{o?, o2}, (82)
(T 1) = piu(r) < s (1) (7) - chan L o2 |w|o| ]| 2d? max{o?, o2} (83)

From the definition of A; ; in Deﬁnition we have fori € C; andt € T () that

N(T+1) = Ao(7) = Mg (T + 1) = A1 (1) + (pia (T + 1) — pia(7)) — (pit(T+ 1) — pii(7)) (84)
> s(1)(1 = s(7) - alwalpllad ()| p]12 + dyn~to?d) max{o?, o2
+50(1)s () - chan~10?||v |2 || ]| 2d? max{o?, o2 (85)

w? p

> s (1)1 - s(7) - a2 ]| pl3d max{o?, o2} (86)

Here, we bound with the signal update because it is dominant from the condition SNR? = w(n=1), i.e., ||| = w(n~'o2d).
For noisy data j € N, the signal update becomes dominant under the current SNR setting as follows:

Ajo(r +1) = Ay (r) = 89 (1) (1 = 89 (1) - allvlallllod (¢ [|pll3 — cyn = o?d) max{o?, 02}

— (1) (7) - han™ o2 (|v || pl|2d? max{o?, o2 (87)
s (1)1 = 89 (7) - chalvo|pl3d max{o?, o2}, (88)

for some constant ¢ > 0. Since the same lower bound is obtained for clean and noisy data, we proceed with the discussion
fori € C4 UN_. We note that we have the same result for weakly relevant tokens ¢ € Wﬁ{ U W(g When t € WQ the
update of A1 is multiplied by a factor of (1 — p). Since p < 1/C, the problem is reduced to the case of Z () by substltutmg
constants. For ¢t € W(_q, we also have to consider the update of A\_;. However, by similarly applying Lemmas and
along with the result of the softmax probability ratio in F'(7), the case for ¢ € W( reduces to that of ¢ € W' 1. Therefore,
the above inequalities hold for any ¢ € [T\ {1}. Similarly, from Lemmas [D.¢ and [D.7} we obtain the following upper
bound:

(74 1) = Aio(7) < 5t (0)(1 = 17 (7)) - hallp 2l |pl3d max{o?, o (89)

w’p

fori e Cy UN_andt € [T]\ {1}.

We will evaluate the softmax probabilities in the coefficients of the above inequality using Lemma[D.1] As we will see later,
the increase or decrease of the bounds changes at A; ;(7) = log T, so we divide the analysis into cases before and after
this point. At the beginning of training 7 = 0, we have |A; ;(0)| = o(1) from Lemma Since A; ;(7) is monotonically
increasing from A, <,C(7’), there exists a time step changing to A; ;(7) > logT. We proceed with the analysis by
considering cases before and after this transition.
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Case 1 (A; (1) <logT): From Lemma|D.1| we have

-1

D1 —s(r) > = 90
1 (M =s17(7)) 2 2+ 2cosh (A ¢(7) —logT)’ ©0)

Substituting this to Equations (86) and (88)) provides us
(24 2cosh (A (1) —logT)) (Ait(T+ 1) — Ay (7)) > chal|v||2||pl3d max{o? 12, 91)

for some constant c; > 0. To apply a quadrature method to Equation , we will replace the coefficient with A; (7 + 1).
Using A; +(7) < A; (7 + 1) and the convexity of cosh, we have

cosh (A; 4 (7 + 1) —logT) > cosh (A; ¢(7) — log T') + sinh (A; ¢(7) — log T) AT+ 1) = Ay i(7)) (92)

)

> cosh (A (1) —logT) (1 — (As (T + 1) — Aio(7))), (93)
(

where the second inequality follows from sinh(z) > — cosh(z) for all x € R. Using |A; ¢(7 + 1) — A; +(7)| = o(1) from
Lemma|[D.4] we have

(14 0(1)) cosh (A; (7 + 1) —logT) > cosh (A; (1) —logT). (94)
By substituting this to Equation (91)), we have
(24 2cosh (A ¢(7+1) —logT)) (Ais(T+ 1) — Ais(7)) > ra||v]2 | el|3d max{o? 12, (95)

where ¢7 = (1 — o(1))cj. Since this inequality holds for any 0 < 7/ < 7 from the induction hypothesis, summing both
sides from 0 to T gives
Y (2+2cosh (Ay(r + 1) = log 7)) (A (7' +1) = Aie(7)) = (7 + 1) - chafl 2| ul3d max{oy, op ). (96)
7/'=0
Recall that g(z) = 2z + 2sinh(z — logT'). Since A; ¢(7') is monotonously increasing in 7" € [0, 7 + 1], and the function
2 + 2cosh(z — logT') is monotonously decreasing in this case, we have the following lower bound by the quadrature
method:

A e (T4+1)
9l 1) =g (e @) = [ (2 2eosh (o~ log 7)) do @)
Aq,+(0)
> > (24 2cosh (Ao (7' +1) = log T)) (Ao (7/ + 1) = Ay o(7")) (98)
=0
> (1 +1) - dhallvla||p]3d max{a?,, o7}, (99)

which gives the desired result. Therefore, we have
g (Min(m+1)) > g (Aii(0) + (1 + 1) - challv]2|| pl3d max{or,, o5} (100)

We also provide the upper bound. By applying Lemma to Equation , there exists a constant ¢§ > 0 such that
(2 + 2cosh (A (1) —log T)) (A o(T + 1) — Ay o (7)) < cha|vl2]|p]|3d max{o?, o2 (101)

w’p

Since this inequality holds for any 0 < 7/ < 7, summing both sides from 0 to 7 and using the quadrature method, we have

At (T41)
g(Aie(T+1)) —g(Ais(0) = / 24 2cosh (x — logT) dx (102)
A;,:(0)
<> (24 2cosh (A o (7)) —log T)) (Ao (7 +1) = Ay o(7')) (103)
7/'=0
< (1 +1) - cyal|v|l2]|pl3d max{oy,, o7} (104)

Therefore, we have

g (Ai (T4 1)) < g(Mig(0)) + (T + 1) - cgal|v|2]|pl[3d max{oy,, o7} (105)
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Case2 (logT < A, 4(7)): Let T} be a first-time step falling into Case 2. Since 2 + 2 cosh(z — logT') is monotonically
increasing in this case, by summing both sides of Equation (91) from T} to 7 and using the quadrature method, we have

gAie(t+1)) —g(Ni(To)) = /AM(TH) 2+ 2cosh (x —logT) dx (106)
Ai+(To)
> i (24 2cosh (A +(7") —logT)) (Nit (7" + 1) — Ai (7)) (107)
=T,
> (7= Ty +1) - chalvlls | ulddmax{o?, o2}, (108)
Combining this with Equation (T00), we have
g9 (Aie(r+1)) 2 g (8i2(0) + (7 + 1) - rallv|lz||p[3d max{oy,, o7}, (109)

which follows from ¢ = (1 — o(1))c; < .

Next, we provide the upper bound. In Case 2, to obtain an upper bound using the quadrature method, it is necessary to
replace the coefficient in Equation (101)) using A; ¢(7 + 1). Since cosh(z — log T') is convex and monotonically increasing
in this case, we have

cosh (A4 (7+ 1) —logT) < cosh (A;+(7) —log T) + sinh (A; (7 + 1) —log T) (As (7 + 1) — Ay (7). (110)
Using |A; (7 + 1) — Ai¢(7)| = o(1) from Lemma|D.4/and — cosh(z) < —sinh(z) for all z € R, we have

cosh (A4 (7 +1) —logT) (1 —o(1)) = cosh (A; (T + 1) —logT) (1 — (As o (7 + 1) — Ay (7)) (111)

< cosh (A (1) —logT). (112)

By applying this to Equation (I0T), we have

(2+2cosh (A; (T +1) —logT)) (As+(T + 1) — Ay £(7)) < coallv|2||p]3d max{o?, o2 (113)

wr Y pl
where ¢ = (1 4 o(1))cs. Again, using the quadrature method, we have
Ag,e(T+1)

g (T4 1) —g (A (T)) = / 2+ 2cosh (x —logT) dx (114)
A +(To)

< ) (24 2cosh (Mg (7' +1) —1og 7)) (Ai o (7' + 1) = Aiu(7)) (115

7'=To
< (1= To + 1) - cya|vllz||pl3d max{o?, o7 }. (116)
Combining this with Equation (T03), we have
g (Nie(7+1)) < g(Ais(0) + (7 + 1) - challv |2 ]| pl3d max{oy,, o}, (117)

which follows from ¢, = (1 + o(1))cg > ¢. This concludes the proof.

Proof of C(7) = D(7). Forany i € [n], we have

! ! = 517(0) > ©(1), (118)

SY)(T) = T > T
L+ >, sexp(—Ai(7) — 1+ >, ,exp(—A;4(0))

where the inequality follows from C'(7), which states that A; ;(7) is greater than A; ;(0). The last line is derived from .D(0).

Proof of C(7) = E(7). We proceed with the proof by contradiction. Suppose that F(7) does not hold, i.e., for any
constant ¢ > 1, there exist 4, j € [n] and t,u € [T'] \ {1} such that

exp (A (1) — Aj (7)) > c (119)

We continue the analysis, dividing it into two cases.
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Case1(A; (1) < 2logT): In this case, from C(7) and the monotonic increase of g, we have

. 1
9 (8;u(0) + 7 - csallw|l2|lpll5dmax{oy, o7} < g (Aju(7)) < g (2l0gT) < 4logT+T — . (120)

Since g (A, (0)) = —(1 + o(1))T from the definition of g and |A;,,(0)| = o(1) in Lemma|C.8] we have

T 0304V||2H|§§max{03m05 | (20

Again from C(7), we have
9 (Nie(7)) = g (Aju(1)) < (9 (Aie(0)) = g (A;u(0))) + 7 - (ca — ea)a|[v 2| pul3d max{o?,, o (122)
<o(1) + ?’(&*T;C?JT < ‘%T. (123)

On the other hand, under Equation (TT9), we have
g (Ait(7)) — g (Aju(T)) > 2log e+ 2 (sinh (A (1) +logc — log T') — sinh (A ,(7) — log T')) (124)

> 2logc+ c1 exp (Aj (7)) +T (1 - i) exp (—A;u(7)) (125)
1 364
> 2log e+ 2 <\/E— \/E) > (126)

The last line is the result of AM-GM inequality, the parameter assumption 7' = ©(1), and an appropriate choice of ¢. This
leads to a contradiction with Equation (123).

Case2 (2logT < Aj ,(7)): From C(7), we have

g (Aii(7)) — g (Ai4(0)) < (127)
g (Aj,u(T)) -9 (A],u(o)) C3
for 7 > 1. Additionally, from the definition of g and Lemma|[C.8] we have that
; 2A;.4(0) + & A ¢(0) =T —A;4(0
§(Aial0) _ 2004(0) + Fexp (haa(0) =Texp (<A 0) _ |y 8)

g (Aju(0))  2A;,(0) + % exp (A}, (0)) — Texp (—A;.(0)) ~
where the inequality comes from the fact that the third term is dominant and |A; ;(0) — A; ., (0)| = o(1).

Before delving into the part of contradiction, we first show that the following inequality holds. By a simple calculation, we
obtain the following for x > 2log T

T
2sinh (z +logc —logT) = % exp(x) — - exp(—x) (129)
2 1
= % -2sinh (x — logT') + 3—; exp(z) + (g - c) T exp(—x) (130)
c . c c
> §~2smh(x—10gT)+§x+§T, (131)

where the last line holds for a constant satisfying ¢/3 > 1/¢, and we used exp(z) > T?%/(2log T)x > Tz for z > 2log T

By using Equations (T19), (I28) and (I31), we have
9 (Nie(7)) — g (Ait(0))

= 20,(7) + 25inh (Ai(7) — logT) — g (A44(0)) (132)
> 2 (A (1) +logc) + 2sinh (A, (1) + log ¢ — log T) — %g (A;,.(0)) (133)
> (24 ¢/3)Aj (1) +¢/3-2sinh (Aj (1) —1logT) + (1 — o(1))e/3 +1/2) (—g (A;,.(0))) (134)
> cafez - (9 (Aju(T)) = 9 (4;,4(0))), (135)

where in the second inequality, we also used —g (A;.,(0)) = (1 £ o(1)) T. The last line holds sufficiently large ¢ > 0
satisfying 1 4+ ¢/6 > c4/c3, ¢/3 > c4/cz and (1 — o(1)) - ¢/3 + 1/2 > ¢4 /c3. Therefore, this contradicts Equation (127).
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Thus, since a contradiction arises in both Case 1 and Case 2, it follows from Equation @ that there exists a constant
¢ > 1 such that

exp (A (7) — Aju(7)) <c, (136)
forany i,j € [n]and t,u € [T]\ {1}.
Proof of E(7) = F(7). We have
T
S - () = ! ) (137)

L+ exp (—Ai(r) 1+ g exp (—Ai(7))

Then, we have

(M0 =" () _ Xl pexp (“Ai(r)) <1+zf_2exp< J,t<r>>>2 (138)
s (1 =59 (1) Tiiaexp (—A(r)  \ 1+ iy exp (—As(7))
C Sl (CAum) { 1y exp (- A],tm)}Z 130
= ST e (“Age(n) Y exp (—A(7))
- {zt 20D (—Aie(r)) Ty exp (- Ajtm)} (140)
Sisexp (—A;4(7) S, exp (—Ai (7))
max 4 max P( Az,t(T p( j,t )
=ma {2<f‘<T{exp< A7) }z<t<T{exp< >}} (14
where the inequalities are the result of mediant inequality, i.e., (D>, a;)/(3>_, bi) < maxl{al /bi} for a;,b; > 0,Vi.

Therefore, using F(7), we have

max —- , < cs. (142)

Additionally, we have

(z)(T) B exp (Xgi)TW(T)Tp(T)) B exp (—A;4(7))

A
max = max N = max D Ee———
tuelTN\{1} () (1) tuelTN1} oxp (X&Z)TW(T)TP(T)) tue[TI\{1} exp (—A; (7))

< ¢s, (143)

for any ¢ € [n]. Finally, since A;.(7) is monotonically increasing for any ¢ € [T7] \ {1}, Lemma concludes that
s(r)(1 = s (7)) is dominated by s\” (7)(1 — s!”)(r)) ignoring constants.

Proof of A\ < (A(7") AB(7') AC(7') AD(7') A F(7')) = G(7+1). The conditions of Lemma|D.6|are satisfied from
A(1) A B(1) A D(7) A F(7). From Lemma|[D.6| we have

Apr (T 4+ 1) = Ag1 (0 Zs s(7) - dalv || pll3d max{o?, o2}. (144)

We use Lemma|[D.3]to derive the upper bound of the summation of softmax probability terms. Since Lemma[D.5]follows
from A <. (C(7') A E(7")) and the definition of 77, we have

() 1
s77(7 (1 =877 (7)) S (145)
Z ! allv|lz]|pl3d max{o?,, o7}
Substituting this to Equation (T44), we have
At (T4 1) = Ap1(0) = O(1). (146)
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Since [A+1(0)| = o(1) from Lemma [C.8] Equation (I46) leads to A1(7 + 1) < O(1). In the same way, we have
A_1(7 + 1) < O(1). For noise memorization terms, from Lemma[D.7} we have that for any i € [n],

pia (T + 1) = pi1 (0)] < Zs —s() - dan~ 102 |y |la| pll2d? max{o?, o2} (147)

We proceed with the same argument as in the signal update case discussed earlier. From the current SNR condition
SNR? = w(n~1) and p; ;(0) = o(1), we have p; (1) < o(1). The bound of p; ;() is obtained as well.

Proof of A < (B(7') ANC(7') A F(7') AG(7")) = A(7 4+ 1). It follows from Lemma [C.5] that

3

Ip(r + DI = IO} = 3= (I + 1)1 = Ip()]3) (148)
a T n , ,
=2 2 L) YO () + o Z IVpL(r)|3. (149)
7/=01i=1 =0
By definition, we have

() =3 s () (%” - s (T’)%ﬁ”) (W(r')x;” p(r)) (150)

t=1 u=1
< st @0 =576 max {1 =201} (W) p(r) (s

t=1
< st ()@ = s - mae { i1 max {ha (7)Ao () i (7)1} (152)
€[T)

where in the last line, we used the results in F(7') and T' = ©(1) in the parameter assumptions. By substituting this into the
first term of Equation (T49), we obtain

20 N~y 7 i i
T2 () YO () S allplallu. Zs” = 7)) - max {2 ()] A (7)) pie(7)]}
7/=01=1
(153)
< allvlalluls- - (154)
~ allvllulZdmax{o?, o3
1 (155)

™ |3 max{o?

wr p

where the inequalities follow from Lemmas [B.12] and [C.9] the results in G(7/), and Lemma [D.5] We confirm that
Equation . ) becomes o(o 2d) From the parameter assumptlons in Sectlon | we have

4113 1
7y max{ou, oy} [l 2 mm{ o? log4(Tn/5) (150
2 73/4
> min {C'2n||u||1/3d3/8 C;d} (157)
log™(Tn/d)
=w(1), (158)

where the first inequality follows from Assumption [A8] while the next one relies on Assumptions [AT] and [A2} Thus,
Equation . 155)) becomes o(o2d).

Finally, we confirm that the second term in Equation (149) can be ignored. From Equation and the results in B(1), we
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have

-
) IVeL(); =
T/=0

<a22< max {s Y-} max {Py} - max {||[W(r) §“Ilz})

i€[n],te[T] i€[n],te[T]

2

(159)

21 t=1 2

T T
LS 0 () (50 - 3wl
u=1

(160)
< <a||u||2||u||2 S s - s&’%))) (allv |2 ]|kl 202 max{||p|2d, o2d%}) , (161)
7/=0

where the last inequality follows from the dominance of sgl)( )(1 - sg‘)( )) as established by F(7'). Using ||v|2 =
O(1/||p|l2) and the parameter assumptions on «, o2, the latter part of the last line becomes o(1). Consequently, this

quadratic term is absorbed into Equation (153). Combining these results with Equation (149), we have |p(7 + 1)||3 €
(14 1/Cy)o2d, for some constant Cy > 1, which concludes the proof.

Proof of A\ < (A(T') AC(7') AG(7")) = B(r + 1). From Lemma|C.6 we have

T

W (r+ Dpealls = IWO)rial3 = D (IWE + Dpgall3 = [W (T )aa3) (162)
s DD () YD L (A () + Z ?|Vw L(7 )y 13-
7/=01=1 /=0
(163)

We analyze the two terms separately. Recall the definition of I; 4 in Definition @, and using the same discussion as
Equation (152) in the previous proof for A(7 4 1), we have

L (r) ()0 = () _max A} max (1667 )l (164)
<) =@ - ol (165)

which follows from Lemmas[B.1]and [B-12] Therefore, for the first term, we have

§:§j LG YO L () S 3 SO - 5O - ol el (166)
/=0 1i=1 7'=0
1 2 2
— = d 167
~d ax{crw g O(Uw||l'l‘||2 )7 ( )

where the inequality follows from G(7’), Lemma|D.5] and the same evaluation in Equation (T58).

The analysis of the second term in Equation (T63) follows from a similar argument to that of Equation (T6T), so we omit the
proof. Therefore, Equation (T63)) leads to

IW (7 + Dpepal3 = [W(0) i [I3 + ooy | ll3d) = O(or, | el3d). (168)

The same result holds for |[W (7 + 1)pu_,||3 = ©(c2 ||u||3d). Similarly, we have
[W(r+ 1”5 = [W(O)es[3 + o(o02d%) = O(o70?d?). (169)
Additionally, we will show the case of the inner products as well. From Lemma|[C.6] we have

(W(r+ 1)u+17W(T+ Dp_y) = (W(0)pi1, W(O0)p_y)

*ZZ —()) YD (L (A1 (7)) + L (TA (7)) + 0 D AVWL(T gy, VwL(T ) p_y). (170)

T/'=01i=1 =0
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For the first term, from a similar argument to Equation (I67), we have

g - S oYL v (T ! / ) ’ ! ; _
w20 S YO )+ Benl Al S ey = Ol i log(Tna),
(171)
where the last line is derived from the parameter assumptions; specifically, we have
o2 max{o?, 02} - ||ul2d®? log(Tn/8) > min{d1/2 13 } o (172)
w? P ~ "o2dV? | log®(Tn/d)
1/2 2 71/4
> min{ 3d , ¢d } (173)
log®(Tn/d) log(Tn/d)
=Q(1). (174)
The second term can be ignored in a similar manner, and we have
(W(r+ gy, W+ Dpy) = O (0 | ull3Vd1og(Tn/6) ) (175)

We will show that the other equations are shown in the same way. Since the quadratic term can be ignored by the above
discussion, we denote this by O(a?) in the following. Similarly, it follows from Lemmas[B.1|and[C.6] and SNR? = w(n~1)
that

(W(r+ 1)u+1, W(r +1)e) — (W(0)p 1, W(0)e)

= Z Z El Y(Z ( 7]1u(T,)>\+1(T/) + Ii,+(7’l)pj7u(7'/)) —+ O(QZ) (176)
7/=0 i=1
“locd 112113
SmaX{ n - 2 } —‘y—O(OtQ) a177)
|l3dmax{o?, 02}’ ||p|[3d max{c?, o2
1 2
~ dmax{c2, 02 +0(a®) = O(03 || pl2d1og(Tn/5)), (178)

which follows from the parameter assumptions; specifically, we have

d_ |l L
2 ’ d?*log(Tn/8) > { ) ’ 7
o max{oy, oy} wladlog(Tn/o) 2 min | o, S5 0o g s o
> win { o, - 1) 150
min { Coonlpl}*, e (10)
= Q(1). (181)

The last line can be derived by combining Assumptionsandm The same result holds for (W (7+1)u_,, W(7+ 1)55;” ).
Finally, we have

(W(r -+ Vel W(r + Del)) — (W(0)el)), W(0)el)

= — Z Z — (") YD Lo (P)pg, (') + Lo (7) 1o (7)) + O(0®) (182)
=0 =1
-1,.2
S n_o.d + 0(a?) = O(c% 02d*/* log(Tn/9)), (183)

ll3d max{o?

w? p

which follows from the same discussion as in Equation (T72). This completes the proof.

Proof of Lemma[C.I1] At time step T = 0, all propositions hold from the proof for the base case. For the next time step,
A(t+1),B(t+1),C(7 + 1) and G(7 + 1) are proved based on the propositions up to time step 7. As for D(7 + 1),
E(7 + 1), and F(7 + 1), they are derived from C(7 + 1). Thus, the proof is completed by induction. O
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C.2.2. PROOF OF NOT OVERFITTING CASE IN THEOREM [4.1]

In this section, we provide the proof of the not-overfitting case in the main theorem. We divide the proof into two parts:
behavior on the training data and generalization performance.

Training data. The condition of Lemma is satisfied with the current SNR condition SNR? = w(n~!). The
proposition C'(7) in Lemma [C.11|states that there exists a time step 77 = © ( L ) such that

aflvlz[[pllidmax{c?, o3}

g(Ait(T1)) > g(Ai(0)) +O(1) > ¢, (184)

for arbitrary constant ¢j > 0, forany i € [n] and t € [T]\ {1}. Here, we used g(A;+(0)) = —(1 £ 0(1))T = —O(1) from
Lemma [C.8] Recall that g(x) = 2z + 2sinh(z — log T'), and there exists a constant ¢5, > 1 such that ¢} exp(z) > g(z).
Therefore, for all ¢ € [n], we have

(i) 1 ch
s = >1-S exp (A (T) >1—(T—1)2 >1—¢ (185)
1+ 30, exp (—Aie(Th)) Z h

for sufficiently small constant € > 0. By using Equation (I83)) and Lemma[B.12} we have that for any clean data i € C,

Y(i) . le (X(i)) _ Y(i) )TS (X(l W( ) (T1)> (186)
=y® (1) +ZY() (1) (187)

O ([[vll2]lpll2) (1 — 6) = O (pllvllz2llpll2) - € (188)

> 0. (189)

Similarly, for any noise data j € A/, we have
YO £, (XD) < =0 (lll2/lll2) (1= €) + O (pl[wll2]|2ll2) - € < 0. (190)

Equations (T89) and (I90) hold deterministically on a good run. Therefore, at time step 7 = 7', we have that with probability
atleast 1 — 6,

VieC, (X)) =Y, vjeN, f-(XV) £ Y. (191)

Generalization. Let (X,Y™*) ~ P* be the unseen data on which we investigate generalization performance. We first
evaluate the attention values of signal vectors at time step 77. From Lemmas and we have

Tl_l . .
Ar1(T1) = 21(0) > 37 s (1 = s{(7) - callv |2 | plf3d max{o?, o2 (192)
7=0
> T - a2 pl3dmax{o?, o2 (193)
z 1, (194)

which follows from the definition of 7. From Lemma we have |A;1(0)] = o(1), which implies A1(T7) 2 1.
Similarly, we have A_1(77) 2 1.

Next, we show that the attention scores of the noise vectors {€; }+c[7] in the unseen data, i.e., e/ W(T,) "p(T), become
sufficiently small on a good run. While it is natural to evaluate ||[W (7%) " p(7})||2 and use a concentration inequality, it is
challenging to track the evolution of ||[W (7) " p(7)]|2. Therefore, following induction proof in Lemma we apply a
concentration inequality at time step 0 and show that the result does not change at time step 77. Let us define £ as the event
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that the following inequalities are satisfied:

vt e [T], (1—o0(1)) 0eVd < [lell2 < (1+0(1)) o Vd, (195)

Vit € [T],Vk € {£1}, [(er, py)| < ca0|pll2+/log(Tn/3), (196)

Vi € [n],¥t,u € [T), (e, €Y < 102V dlog(Tn/s), (197)

vt € [T],Vk € {£1}, (W (0)er, W(0)py,)| < crop,[|ullzllecl|2v/d log(Tn/6), (198)
Vi € [n],¥t,u € [T], (W(0)e;, W(0)el))| < c102 [l€r2]| €5 [|2Vd log(Tn/3), (199)
vt € [T], {W(0)e, p(0))] < clawUpHetHg\/glog(Tn/é), (200)

Yt € [T], (v, €)| < caoc||v|2v/log(Tn/é), (201)

where the constants c1, ¢z are the same ones appeared in Lemma[B.I] Applying a union bound on the modified versions of
Lemmas [B6] [B-8|and [B9] the probability of the occurrence of £ can be evaluated. Since there is no need to apply the union
bound over the additional n training data points, the outlier probability can be reduced by 1/n compared to the original
lemma. Therefore, we have

Prif] >1—-6/n>1-5. (202)

In the following, using the results of Lemma|C.11} we will prove that the next proposition holds for all 7 € [0, 77] under the
condition &:

H(r):

|<W(7—)€ta p(T)>| <0 (Uwo'po'edIOg(Tn/é)) )
(W(r)er, W(r)ps,n)| < O (20, aladlog(Tn/5))
(W(r)er, W(T)p_1)| < O (05,0 pll2dlog(Tn/5)),

(W(r)er, W(r)el)] < O (0202d*/ 2 log(Tn /) ),

~—_ —

T

u

foralli € [n] and t,u € [T].

Proof of H(7). We proceed with the proof by induction. The base case holds from the condition £. In the following, we
suppose that H(7”) holds for any 7/ € [0, 7]. By a calculation similar to that in the proof of Lemmal|C.4} we have

(W(r + De, p(7 + 1)) — (W(0)et, p(0))

T

= > (W' + e p(' + 1)) = (W()er, p(r'))) (203)
; T n ‘ T ] ] T ) ‘ ) ,
=3 D () YOy s () <7§” - 257@(7’)%@) (W e Wx™) + Ip(7) (e, x() )
T/=0i=1 t=1 u=1
+ 3 a?e] Vi L(7)VpL (7). (204)
T'=0
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Using the induction hypothesis, the condition £, and A(7’) in Lemma|C.11] the first term is bounded as follows:

w2 ) ¥ 3 (%“ - Zs%’)v;“) ((Wee Wi x() + Ip(r) (e <))
t=1 u=1

=0 i=1
< (O s () - . 62 0.d d\log(Tn/s
az () max (30} oloedmax { |l oV} log(Tn/5)
+0¢ngi)(7’)(1—s§i)(7’))~ [n]lax {yDy. ord- aemax{||u|| V1og(Tn/6), oV dlog( Tn/é)} (205)
1€ n,ue
7/'=0
1
. log(T 2
~ OAHI/H H/JJ”QdII’IaX{O’w, % || || ||l'l’||2 maX{OuN p}UGd max{““||2’a€f} Og( n/é) (06)
S max{||pll; ", oeVd|ply %} - oclog(Tn/d) (207)
= O (oywopodlog(Tn/d)), (208)

where the first line follows from F(7'), in the same manner as Equation (I52), and the second line follows from Lemma|D.5]
The last line is derived from the parameter assumptions in Section [3.3} specifically, we have

1
” d > mi \/&,”“”2}- —Q(1), 209
ey lilad 2 min { Vi 2Lt~ aq) )
2
oo l2Vd > mi l[eell2 fell3 } 1 > { [[1l]2 C2d1/4} —Q(1). 210
o Nmm{ e W s 2o s . o

For the quadratic term in Equation (204), we have

Z a’e] Vi E(T')VPE(T')

=0
< ?IVwL()el2]| VoL (7|2 11)
/=0
<02 S (01— Dy )), (0 , W@ 212
<a Z_( =56 max (5O ) - max (el Rl _max (W)} @12)
1
<o (@ lallll)? (213)
S T G
- o max{||p|l2v/1log(Tn/d) ,Ueﬁlog(Tn/é)} . ap\/a-au, maX{HuHQ\/a, od} (214)
< (max{|lull2, 0Vd} - o.1og(Tn/s)) - (amax|pllz, oV} ) (215)
= o(owopoedlog(Tn/d)), (216)

where the first line is the result of the Cauchy-Schwarz inequality, and the second one follows from the gradient updates
provided in Equations (9)) and (I2). The third inequality follows from the same discussion as in Equation (206)), the condition
&, and A(7') and B(7') in Lemma[C.11} The last inequality follows from |[v||; = O(1/||p||2). Using the parameter
assumption on «, Equation (2T3)) is absorbed in Equation (207), and the discussion is reduced to the first term analysis.
Therefore, substituting Equations (208) and (216) to Equation (204) leads to

(W(T+1)e, p(t+ 1)) = (W(0)er, p(0)) + O (0wopocdlog(Tn/é)) = O (owopocdlog(Tn/é)) . (217)
The proof for the three inequalities below in the proposition H (7) is omitted because they can be shown in the same manner

as B(7 + 1) in Lemma|C.1 1} under the induction hypothesis and the results of Lemma Since H (7 + 1) holds under
the condition H () is valid, from induction argument, the proposition H (7) holds for 7 € [0, T}]. O

From H (T} ) and Assumption we have

(W ()€, p(7))| S dwopoedlog(Tn/s) < log(Tn/d)’

(218)
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for some constant ¢4 > 1. Using Equation (194) and taking sufficiently large 71, we have A1 (T7) > 2¢5 and A_1(T1) >
2¢%. From Equation (218)), we have that for ¢ € [T\ {1},

(x¢ —x1) " W(T1) "p(T1) < —(1 = p) max{A41(T1), A1 (T1)} + (e — &) W(T1) " p(Th) (219)
2 /

< —(-1/0) 2+ s (;731 75 (220)

< —cj, (221)

where the second inequality holds by p < 1/C. Then, the softmax probability of the relevant token is lower-bounded as:

1 T-1

s1(Th) = - — >1———= =1—g¢, (222)
14>, sexp ((Xt —X1) W(Tl)Tp(Tl)) exp(cj)
for sufficiently small ¢ > 0. Consequently, we have
T
Yo fr (X) =Y s (Th) + ) Y™ - yse(Th) (223)
t=2
= O ([vll2llmll2) - (1 =€) = O (pllvll2]lpll2) - € > 0. (224)

Under the conditioning on &, the output f7, (X) deterministically takes the same sign as the true label Y*. Thus, the
generalization error is bounded as:

[sign(fr, (X)) # Y™ = Pr  [sign(fr, (X)) #Y" | €]+

Pr (€] < 6, (225)
(X, Y*)~P* (X, Y*)~P

r
(X,Y*)~P*
where we used Pr(A) < Pr(A|BY) + Pr(B) and the result of Equation (202). This concludes the proof.

C.3. Analysis of Benign Overfitting Case (SNR? = o(n™1Y)

Next, we proceed to the analysis of benign overfitting. Although the proof by induction follows a similar structure to
Lemma|C.11] the proof is a two-stage analysis divided into [0, 71] and [T}, T3] to address the behavior of noisy data. In
Stage 1 (7 € [0,T1]), we demonstrate that the probability of selecting the relevant token xgj ) for noisy data j € N becomes
sufficiently small. In Stage 2 (7 € [T}, Tz]), we show that the model selects confusing weakly relevant tokens that can fit the
noisy labels. While the coefficients differ from Lemma[C.T1] many arguments are shared between the not-overfitting case
and benign overfitting case. To avoid redundancy and unnecessary page length, the proof repetitions are referred to and
omitted.

C.3.1. MAIN LEMMA

Lemma C.12 (Benign Overfitting, Stage 1). Suppose that the signal-to-noise ratio satisfies SNR? = o(n=1). For some time
-1
stepTh = © (

) on a good run, the following propositions hold for all time step T € [0, T}]:

an~loZ[[v|zpl2d® max{of 07} )’
A(7): There exists a constant C > 1 such that

(1=1/C1) 0pVd < p(7)]2 < (1 +1/C1) - 0, Vd.
B(7): There exists a constant Cy > 1 such that

(1—1/Co) - oulpll2Vd < [[W(T)piqll2 < (1+1/Cs) - 00||pl|2Vd,
(1-1/Cy) - gy |pll2Vd < [W(r)p_qll2 < (1+1/Ca) - 0y || pll2Vd,
(1-1/Cs) - 0poed < [W(T)e |2 < (1+1/Cs) - ooed,
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foralli € [n]andt € [T).

(W (T) 1, W(r)p_y)| < O(02 | pll3Vdlog(Tn/0)),
(W (), W(r)e”)| < O(02oc| ull2dlog(Tn/5)),
[(W(r)p_y, W(r)e)| < O(02 oc]| pll2dlog(Tn/6)),
(W (r)ei”, W(r)el)| < O(02 02d* log(T'n/5)),
foralli,j € [n]andt,u € [T] such that (i,t) # (j,u).

C(7): Let g be a monotonically increasing function g(x) = 2x + 2sinh (x — log T)).

c3, cq > 0 with c3 < ¢4 such that

Then, there exist constants

g (Ain(7)) > g (Mit(0)) + 7 - csan™ o2 (|v]|2]| pll2d® max{c?,, o7},
g(Nit(7)) < g(Nit(0) + 7 - caon™ ' o2 |[v||2||pl|2d® max{or,, 07},

forany clean data i € C and t € [T\ {1}. Additionally, we have that for some constants cs < cg,

9 (854(7) < g(8;(0) = 7+ csan o2 [v ]2 pl|2d® max{o?,, o7},
9(8j4(7)) = g (4;4(0) = 7 - coan™ o[V 2]l pl2d® max{oy,, o3},

for any noisy data j € N and t € [T)\ {1}.
D(r):

() = 8(1), 57 (r) > ©(p).
for all clean data © € C and noisy data j € N.

E(7): There exists a constant ¢; > 1 such that

exp (Ait(7) — Aju(T)) < c7, exp (Ap(T) — A u(7)) < c7,

foralli,j €C, k,l € Nandt,u € [T\ {1}. Additionally, we have

exp (A ¢(7) + Ak (7)) < 7, exp (—A; (7)) — Ao (7)) < 7,

foralli € C,k € Nandt,u € [T]\ {1}.

F(1): There exists a constant cg > 1 such that

st ()1 s (n))

max —- . < cs.
i€ s (7)(1 - s (7))
Additionally, there exist constants cg, c19 > 1 such that
(i (W) (1 — )
ax s?)(T) < co, 5?/)(7')( 5?/)(7')) < co,
tue[TN{(1} 5,7 (7) 51 (1) (1 =81 (7))

foranyien),i' €C andt € [T]\{1}.
G(7):

[A1()] = o(log p™1), [A=1(7)| = o(log p~1), |pie(7)| = Olog p™"),

foranyi € [n]andt € [T).

We will prove the above propositions by induction argument for 7 € [0, 71].
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Base case. It is obvious that C(0) holds. By Lemmas|[B.1}[C.7)and [C-8] the all other base cases A(0), B(0), D(0), E(0),
F(0) and G(0) hold.

Proof of A\, <, (A(T") A B(1') AC(7") AD(t") NE(T") A F(1')) = C(1 +1). We only show the case of V() =
i.e., i € C; UN. The same argument can be applied to the case of ¢ € C_ U N... In the following, we bound the attention
gap introduced in Definition [C.3|from both above and below, as in the proof of Lemma[C.I1T]for the not-overfitting case. The
conditions of Lemmas [D.8] and- are satisfied from A(7) A B(7) A D(7) A F (7). From these lemmas and the definition
of A;;, we have that for any i € C; and t € T,

Nig(T4+1) = Aie(7) = A1 (T + 1) = A1(7)) + (pia (T +1) = pi 1 (7)) — (pie(T + 1) — pi (7)) (226)
> s (1)(1 = s(7)) - allvlallpellzd (¢4 ]|el3 + cyn~ 0?d) max{o?, o2

+ 50 (1) (1) - dhan~ o2 ||a]|pl|2d? max{o?, o2 (227)

> s(r)(1 = si7(7)) - chan ™ 02 |2 pl|2d® max{o?, o2} (228)

Here, we bound with the noise memorization term because it is dominant from the condition SNR? = o(n~'), i..,
| pl|2 = o(n—'o2d). For noisy data j € N_, using s.” (7)(1 — s{” (7)) < s/ (r)(1 = s/ (7)) for any clean data i € C
from F'(7), we have

Aja(r +1) = Aj(r) < s (1) (1 = s87(7) - challv )2 pll3d
— s ()1 = (7)) - han L o2 ||| pll2d? max{o?, o2

w: Op
+57 (15 (1) - dhan™ 02 |[v ]| ]l 2d? max{o?, o (229)
s ()1 = 5P (1)) - allvllzlulld (|l — i~ o?d) max{o?, o
+57 (15 () - dhan™ o2 |[v ]| ] 2d? max{o?, o2 (230)
< —s{(1)(1 = s7(7)) - chanT o2 v a|psl20? max{o?, o2} (231)

We note that we have the same result for weakly relevant tokens ¢ € W U W . Whent € Wg, the update of A, is
multiplied by a factor of (1 — p). Since the noise update is dominant in th1s case, 1t does not affect the above bounds. For

te W(_q , we also have to consider the update of A_;. However, by similarly applying Lemmas . and . along with

the result for the softmax probability ratio F'(7), the case for t € W( reduces to that of £t € W _& Therefore, the above
inequalities hold for any ¢ € [T] \ {1}. Similarly, from Lemmas - and- we obtain the following upper bound:

(1) < s ()1 = s(7)) - han™ o2 ||y || pll2d? max{o?, o2 (232)

w) p

+1) = Ajo(r) > =5 (1) (1 = 59 (7)) - chan~ 02 v ||z ]| ]| 2d? max{o?, o2 (233)

wr p

Aiﬂg(T + 1) —
A

<
~
—~

fori e Cy,j e N_andt € [T]\ {1}

The evaluation of the evolution of A is identical to the proof of the not overfitting case in Lemma[C.11] differing only in
coefficients; therefore, we omit the discussion. For noisy data, since Ajyt(T) is monotonically decreasing, the evaluation in
Case 1 (A;:(7) < logT) suffices to complete the argument.

Proof of C(7) = D(7). The lower bound of clean data is derived from C'(7) and D(0). To derive the lower bound for
noisy data j € N/, we use a similar technique to Equation (#19) in the proof of Lemma|[D.5] From C(7) and Lemma|C.8]
we have A (7) < o(1) holds for any t € [T'] \ {1}. Since we can confirm that the inequality 2 + 2 cosh(z — logT') <
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—2z — 2sinh(z —log T') + 2 = —g(z) + 2 holds for < o(1) by rearranging terms, Lemma|D.1]and C(7) give us

-1

; ; ; C
ng)(T) > ng)(T)(l - ng)(T)) > 2+ 2cosh (A, () — log T) (234)
j7/
-1
C
S 235
“g (A (7)) 2 (233)
C—l

> 236

G 0) 1 7 coon- 12wl Emax(od, 02 12 O

=0(p), (237)

where the last line follows from the definition of 77 and —g(A; (0)) = (1 + o(1))T". This completes the proof.

Proof of C(7) = E(7). The proof for the clean data is the same as the not-benign overfitting case in Lemma [C.11}
therefore, we omit the discussion. We first provide the analysis of the noisy data with proof by contradiction. Suppose that
E(7) does not hold, i.e., for any constant ¢ > 0, there exist k,l € A and t,u € [T]\ {1} such that

exp (Mgt (T) — Apu(7)) > € (238)

From C(7), we have for any k,l € N and t,u € [T] \ {1} that
9 (A1u(7) = 9(Au(0)) _ <o
9 (Ae(7)) — g (At (0)) ~ s’

for 7 > 1. Additionally, we have g (A;,(0)) /g (Ax:(0)) < 2 by the same argument as in Equation (128). Also,
At(7) < o(1) and A ¢(7) < o(1) are implied by Lemma|C.8|and the fact that A(7) is monotonically decreasing as a result
of C(7). By a simple calculation, we obtain the following for z < o(1) — log ¢:

(239)

T
2sinh (z +logc — logT) = % exp(z) — — exp(—x) (240)
c
3 2T 3
= —-2sinh (z —logT) + — exp(—z) + (c — ) exp(z) (241)
c c c T
>3 2smh (z —log T) — 2T, (242)
c

for ¢ satisfying ¢ > 3/c. In the last line, we used exp(—z) > —cx for x < o(1) —log c. By using Equations (238) and (242),
we have

9 (Aet(7)) = 9 (Ak1(0)) = 2A%,4(7) + 2sinh (A1 (7) —log T') — g (A.4(0)) (243)
> 2 (A (7) +1loge) + 2sinh (A, (1) +logc — logT) — %g (A1,(0)) (244)
> (2= 2T) Auu(r) + 2 - 2sinh (Au(r) —logT) + 5 (~g (Au(0)))  (245)
>min{cs/cs,1/2} - (9 (Aru(7)) — 9 (A1,u(0))) - (246)

In the second inequality, please note that A; ., (7) < Ag.(7) —loge = o(1) —logc < 0, sinh(A;,(7) —logT) < 0,
and —g(A;,(0)) = (1 £ 0(1))T > 0. Thus, the last line follows from a sufficiently large ¢ > 0 satisfying 3/c <
min{cs/ce, 1/2}. Since the left-hand side of Equation (246) is negative by C'(7), Equation (246)) leads to

9 (Aru(7)) — g (A1,u(0)) c c6
9 (Ria(r) — g (Ara(0)) ~ % { o5’ 2} 2 (247)

which contradicts Equation (239).

The remaining is to show exp(A; ¢(7) + Ak (7)) < ¢7 and exp(—A; +(7) — Ak (7)) < c7. This can be shown in the same
manner as the proof of Lemma [C.TT]for the not-overfitting case. Specifically, we divide the analysis into the initial learning
phase (Case 1) and the subsequent phase (Case 2). In Case 1, the difference between g(A; +(7) and g(Ag (7)) is shown to
be of constant order in a similar way. In Case 2, since they have the same order of time evolution with opposite signs by
C(1), a similar discussion can be applied. This completes the proof.
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Proof of E(7) = F(7). The ratios of s1(7)(1 — s1(7)) within the clean data and within the noisy data are respectively
bounded by a constant, by the same argument as in Equation (T41)) for the not-overfitting case. We discuss the ratio between
clean data and noisy data. From the definition of A; ;, we have

1 d 1+ 37, exp (—Ai 4 (7))
- - =11 exp (—A; (7 . ’ 248
D=0 (r) ( 2o (i ”) ST exp (—Ars(7) 249

1
=2 exp (—Ai (7 . 249
—|—Z p( ’ ( )) + Z?:Q exp (*Ai,t(’r)) ( )

Thus, for any ¢ € C and j € N, there exists a constant ¢} such that

@) (4) (J)
M0 =) _ ( >
: : : (250)
s ()1 — s\ () s§><r><1 s7(7))
_ 2+Zt 9 €X p( AZ,t(T)) + 1 (251)
LYo (150(0) (14 2, exp (—450(1) - Sy exp (<Aia(r)
2+ (T — 1)o(1) ,
< m +exp (Aiu(7) + Aj (7)) < €, (252)

for any u,v € [T] \ {1}. In the last line, we used that A; ;(7) > —o(1), A;+(7) < o(1) and the result of E'(7). Similarly,
we have

' -8 ()~ 1-s7() 053)
/(M =s7() =)
T T
—A; 1
_ Zt:% exp (—Aig(1)) <2 +3 exp (—Aju(n) + =7 ) (254)
L+ pexp (A (7)) t=2 > im2 €xD (=N 4(7))
2 A A (T =1o(1) _ ,
<24T u,v&?ﬁ{l}exl}( Niu(T) = Ajo(T)) + T 1)o(]) < (b, (255)
which follows from A, (1) > —o(1), A; +(7) < o(1) and the parameter assumption T = O(1).
Finally, F(7) implies
(1) exp (X(i)TW(T)Tp(T))
() _ ax : = b (ZAu(D) (256)
t uem\u} S( )(T) tu€lT\(1} oxp (XT(Li)Tw(T)Tp(T)) t ue[T]\{1} exp (—A; (7)) ’

for any 7 € [n]. The dominance of ng‘) (r)(1 - ng‘) (1)) for i € C, relative to all tokens ¢ € [T] \ {1}, is shown by the same
argument as in Lemma [C.11}

Proof of A\ < (A(7") AB(7') AC(7') AD(7') A F(1')) = G(t+1). The conditions of Lemma|D.8|are satisfied from
A(1) A B(1) A D(7) A F(7). From Lemma|[D.8] we have

A (T +1) = A1 (0 Zs s() - dalvls | pll3d max{o?, 02}, (257)
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for any clean data ¢ € C. To derive the upper bound of the summation of softmax probability terms, we use Lemma [D.3]
Since Lemma follows from A, <,C(7') and the definition of 77, we have

> -0
7/=0

1 10 7-an"lo?||v d*> max{o2, 02
P 2 _ log (7 an o lalulad? max{a o) o5
an~'o?|[vlz||pll2d? max{o?,, oF an~toZ|vlz||pl2d? max{oy,, oF
1 10 ~an~to?||v d* max{o?, 02
< 2 2 _ log (Ti - ano2lwalluld max{od o3)) 050
an~lo?||v]z]|pll2d? max{cF,, o7 an~1o?||v|2]|p]l2d? max{oF,, o
log p~"
_ 260
an o2 o] o max{oZ, o3} 260
Substituting this to Equation (257) and using the current SNR condition SNR? = o(n™1), we have
Aa(T+1) = Ag1(0) = o(log p~t). (261)

Since |A11(0)| = o(1) from Lemma|C.8] Equation (261) lead to A1 (7 + 1) < o(log p™1).

In the same way, we have A_1(7 + 1) < o(log p~!). For noise memorization terms, from Lemma we have for any
€ [n] that

pia(T+1) = pi1(0)] < Zs — () - dan" 02|y o] pl2d? max{o?, o2} (262)
7/'=0

We proceed with the same argument as the previously discussed signal update case and obtain the upper bound |p; 1 (7+1)| <
O(log p~1). The bound of p; ; is obtained as well.

Proof of A <, (B(T") ANC(7') NF(7') NG(7")) = A(7 + 1). The proof is basically the same as the not-overfitting
case, but we newly have to care about the behavior of noisy samples. It follows from Lemma [C.3|that

2a
Ip(r+ )5 = Ip(0)]3 = ZZ —4(m) - YD 1P(r +a22 IV L()| 2. (263)
7/=0i=1 T'=0
By definition, we have

T T
Py =Y s ( = s >w< %, p(r")) (264)

u=

=

T
W (m > s )‘ max {[ A1 (7)), A1 (7)], [pie (7))} - (265)

u=1

For clean data i € C, we use the argument similar to Equation (152)), which follows from F'(7'), and combine it with G(7'),
Lemmas and Then, we have

> 1) £ 30 ) =) max {1 max (A )L DAL o)) @266)
T'=0 7/=0
log® p~!

~ an~lo2d? max{o2, 02}’

(267)
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For noisy data j € A/, the softmax probability sgj ) ()1 - sy )( ")) is not dominant over the other tokens. Instead, we have

Zzst“ (m is&j><7’w>>

/=0 t=1 u=1
T ) T . T T .
< <s“><f'> (%”—st m&”) +2 | (st Z Y (“ =28 >>>
7/=0 u=1 t=2 =2 u=2
(268)
<3 (a0 P+ e ) (269)
e te(T\{1}
log p~! N p < log p~* (270)
~ an~loZd? max{o2, 02 an~lold? max{o2,02} ~ an~lo2d? max{c?, 02}’

where the last line follows from Lemma|D.5| max;c[7)\ 1 }{|’y(j ) [} = O(p||lv||2||p]l2), and the definition of T} . Therefore,
we have

- log® p~!
/
Z L) s an~lo2d? max{o2, o2 @71)

w’p

Now we have Equations (267) and (Z71), and the remainder of the proof follows from the same discussion as in the
not-overfitting case.

Proof of A<, (A(7) ANC(7') AG(7")) = B(7 +1). As with the proof of A(7 + 1), the contribution of the noisy data
can be evaluated in the same order as the clean data, similarly to Equation (Z71)). The proof is essentially the same as the
not-overfitting case, so we omit the proof.

Proof of Lemma[C.12] At time step T = 0, all propositions hold from the proof for the base case. For the next time step,
A(t+1),B(t+1),C(7 + 1) and G(7 + 1) are proved based on the propositions up to time step 7. As for D(7 + 1),
E(7 + 1), and F(7 + 1), they are derived from C(7 + 1). Thus, the proof is completed by induction. O

Lemma C.13 (Benign Overfitting, Stage 2). Let Ty be the time step in Lemma [C12] For any time step T, =
-1 _2
/e) ( exp(n” "SNR™°)

an~lo?|[v[z[pll2d? max{of 07}

), on a good run, the following propositions hold for all time step T € [T1,T5):

A(7): There exists a constant Cy > 1 such that
(1-1/C1)-opVd < |Ip(r)]l2 < (1 +1/C1) - 0, V.
B(7): There exists a constant Co > 1 such that

(1=1/Cy) - aullpll2Vd < [W(r)pyll2 < (14 1/Ch) - 00| pl2Vd,
(1=1/Cy) - ou|lpll2Vd < [W(r)p 1||2 (1+1/Cy) - 00|l 2V,
(1-1/C3) - oyod < HW(T) || (1+1/C5) - oyoed,

foralli € [n]andt € [T).

(W ()ppy, W(r)u_y)| < O(o} |l 3v/dlog(Tn/6)),

(W(T)yr, W(T)er)| < O(o%oc|lladlog(Tn/s)),

(W(T)p_1, W( (00cl|pll2d1og(Tn/5)),
(

2
w
2
w

(W(r)er”, W(r)e?)| < O(a7,02d*? log(Tn/5)),

u

1)

i)
W(r)e)| <0
)

)-

foralli,j € [n] and t,u € [T) such that (i,t) # (j,u
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C(7): Let g be a monotonically increasing function g(x) = 2x + 2sinh (x — log T'). Then, there exist constants
c3,cq > 0 with cg < ¢4 such that

9(Ai4(1)) 2 g (8i,1(0) + 7 czan™ o | |2]| pl|2d® max{o?,, o7},
9(Ait(1)) < 9(Ait(0)) + 7 - caan™ o |v|2]| pll2d? max{o?,, o7},
for any clean data i € C and t € [T\ {1}. Additionally, we have that for some constants cs5 < cg,

g (Tja(r) —logp™') > g (T;1(0) —logp™!) + 7 - p-csan™ o [V 2| 2d® max{o?,, o7},
g(I‘j,l(T) log p~ 1) ( ;,1(0) —log p~ )—I—T p - cean ta?||v| o] p]|2d? max{o? 12)
for any noisy data j € N, and
g (Lje(r)) =
g (Lje(7)) <

for any noisy data j € N and t € [T]\ {1,2}.

(L54(0)) + 7 p - esan™ of[[v||a]| ]| 2d” max{oy,, o},

g
9(L}(0)) + 7 p- coan™ o2 |[v|a| p]l2d* max{o?,, o7},
D(7):
si(r) = 0(1), s (7) > ©(1),
for all clean data © € C and noisy data j € N.
E(7): There exists a constant ¢; > 1 such that
exp (Ait(1) — Aju(T)) < c7, exp (L o(7) = Tiw(7)) < c7,
exp (T 1(7) = Tiw()) < pter, exp (Tho(T) — it (7)) < per,
)

exp (A (1) = T (7)) < p ter, exp (Tro(T) = Ai (7)) < pez,
eXp( it(T) — Tk,l(T)) <7, exp (D1 (1) — Aie(7)) < e,

foralli,j€C, kleN, t,ue[T]\{1}andv,w € [T]\ {1,2}.

F(7): There exists a constant cg > 1 such that

(8) (@) (k) (k)
1-— 1—
e S0P sil)m( Do),
nicln] 81] (T)(1 = s7"(7)) RIEN 537 (T)(1 = s37(7))
1— s® (k) 1— 5%
Pou-sle) o sma-sm)
seCken ““( )1~ "”( ) ECREN s (1) (1= 57 (7)
Additionally, there exist constants cg, c19 > 1 such that
O )(,/_) (J)(T) (J)( ) ng)(T)

<c < pflcQ,

” vwelth1.2) sg>(7) SOt s (r) P el 9 ()
st (N1 = s(7)) s (r)(1 - s (7))
prETEw T B e T e
for any clean data i € C, noisy data j € N, t € [T]\ {1}, and v € [T] \ {2}.
G(7):

FuelTh (1) S&Z)(T)

€10,

As1(7)] = O(1), [A1(7)] = O(1), |pia(7)| = O(n™ 'SNR™?),

foranyi € [n]andt € [T).
We will prove the above propositions by induction argument for 7 € [T}, T3].
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Base case. The propositions A(77) and B(T}) hold from the results in Lemma

We show that C'(17) holds. It is obvious from Lemma that the inequalities for clean data i € C hold. For noisy

data, since T} is given by O (‘m’lwnun Hu\lﬁldz w7y ) it is sufficient to show g(I'; 1 (T1) — logp~') = ©(1) and
Z 2 2d? max{o3, 07 s

g(Tj+(T1)) = ©(1) for t € [T\ {1,2}. From the results in Lemma[C.12] we have g (A;2(T1)) = —O(p~!). Thus, we
have T'; 1 (Th) = —A;2(Th) € (1 £0(1))log p~1, leading to g(T';1(11) — log p~') = ©(1). Additionally, from E(7) in
Lemmal[C.12] we have

. N\ T
DjalT1) = (x§7 = x) W(T)Tp(Th) = Aju(T1) = Aa(Th) < loger, (272)

where c¢7 is a constant in Lemma Thus, we have g(A;+(71)) = ©(1), which is the desired result.
Regarding G(T7), the result in Lemma and the current SNR condition n~*SNR ™2 = w(1) conclude the base case.

Proof of A\./<, (A(T") A B(") AC(7) AD(t") NE(T") A F(1')) = C(1 +1). We only show the case of V(! =
ie., i € C4 UN_. The same argument can be applied to the case of i € C_ UN.. The conditions of Lemmas[D.10]and [D.1T]
are satisfied from A(7) A B(7) A D(7) A F(7). For any clean data i € C, since we have the same bounds for signal and
noise updates as in Lemma[C.12} the same argument leads to

N(T+1)=Ay(r) > sgi) (r)(1 - sgi) (7)) - han™ o2 ||v||2|| p]|2d? max{o? 127 (273)
A7 +1) = Aia(7) < 51 (D) (1 = 57 (7)) - chan ™" 07 [w|lal| o0 max{o?, o7}, (274)

forany t € [T\ {1}. Applying the same integral analysis, we obtain the desired inequalities for g(A; (7)).

For noisy data j € N_, from these lemmas and the definition of T'; ;, we have that for any ¢ € T andi € C,

Lje(m+1) =Tu(r) = pAa (T + 1) = A (7)) + (05.2(7) = p52(7) = (psa(T +1) = pje(7))  (275)

> s{(1)(1 = s (7) - cha vzl pll3d max{o?, o2 (276)
+59(1)(1 = 557 (7)) - chpan™ o2 ||v|2 | ul|2d® max{o?, o2
+ 55 (1)si? (1) - chpan ™' o2||v|2]| pll2d? max{o?, o2 Q77)
> 55 ()1 — 55 (7)) - chpan™ 02 |||z ]| pll2d? max{o?, o2}, (278)

In the last line, sgi) (m)(1 - sg )( NS psm( )1 - ng) (7)), which is derived from F'(7), and the current SNR condition
SNR? = o(n~') allow us to ignore this signal update. The same result holds for the relevant token t € R = {1} and
weakly relevant tokens ¢ € WU, as the signal update can be neglected by the same argument. In the same manner, the
upper bound of T'; + (7 + 1) — T'; +(7) is derived. Using the evaluations on sg) (T)(1 - 55‘7) (7)) in Lemmaand applying
the same integral analysis as A; ;, which appeared in the proof of Lemma@ we conclude the desired results of I'; ;.

Proof of C(7) = D(7). For any clean data i € C, we have
() = e > = 51(0) 2 ©(1), (279)
T4+ oexp(=Aiu(7)) 1+ 30 pexp(—Ai (1))

where the inequality follows from C(7), which states that A; ;(7) is monotonically increasing. Similarly, since I'; ;() for

j € N is monotonically increasing, we have séj)(r) > séj)(Tl) > 0(1).

Proof of C(7) = E(7). By the same argument as in Lemma|C.11} and using the inequalities of C(7), we can show that
exp (A (7)) — A (7)) is bounded by a constant for any ¢, j € C and t,u € [T \ {1}. Similarly to clean data, it can be
shown that exp (I'x. ,(7) — I';..,(7)) is bounded by a constant for any k,I € N and v,w € [T]\ {1,2} as well. At this
time, since we have the result for I'; 1 (1) — log p~! instead of T'; 1 (7), the second line in the statement follows by factoring
log p~! out. Moreover, from C(7), the growth order of g(A) and g(I") differs by p, and this ratio also appears in exp
following the same proof as Lemma The last line in the statement follows similarly by factoring log p out for I'; ;.
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Proof of E(7) = F(7). We first consider the ratio of sgi)(T)(l - s(li) (7)) across all pairs ¢,j € [n]. Using the same
argument as Lemma[C.11} we can show that this ratio is bounded by a constant among clean data and noisy data, respectively.
For the ratio between clean data and noisy data, from E(7), we have

exp (A (1) + Ap2(7)) = exp (A 1 (7) = T 1(7)) < ¢, (280)
exp (—Ag2(7) — Ai (7)) = exp ([y,1(7) — Ai b (7)) < 7, (281)
forany i € C,¢ € [T]\ {1}, and k € N. Additionally, from E(7), we have that for any v € [T] \ {1, 2},
Apw(7) =Tk (1) = T 1 (1) < log(per) <0, (282)
Akyg(T) < Fk’v(’r) + Akyz(T) = Ak,v (7’) <0, (283)

where the first line follows from the parameter assumption p < 1/C for a sufficiently large constant C, and the second line
isby I'y, (1) > 0. Thus, we have I';, ; < 0 for any ¢ € [T] \ {1}. Combining this with Equations (280) and (281)), and
proceeding similarly to Equation (252)), we obtain that there exists a constant ¢} such that
k k T
stV (M= 517 (1) _ 2+ Tipexp (Au(n) 1
i i T
/(M=) T+ L exp (M) (14 1 exp (—Aga(7)) ) - Sy exp (— (7))
24+ (T —1)o(1)
1+ (T —1)o(1)

forany u € [T]\ {1}. Similarly, by the same argument as in Equation (255)), we have that there exists a constant ¢4, such that

(284)

+ €xp (Al,u(T) + Ak,2(7—)) < C/la (285)

(7) (7) T T
= () Fiex(hinm) (5 NS Ca 1 ) 26
1= () T4 T, exp (—Asu(r)) ( PR ey warr) B

T
<24T- ;exp (=Nt (7)) = Mg o(7)) + m <, (287)

where the last line follows from Equation (283) and the parameter assumption 7' = O(1). Equations (285) and (287)

completes the proof. Similarly, the ratio of sék (m)(1 - sék) (7)) across k € N is shown to be bounded by a constant.
We now consider the ratio between sgi) (m)(1 - sgi) (1)) and sék)(r)(l - Sék)(T)) fori € Cand k € N. Forany 7 € C and
k € N, we have

Dverr g2y €XP (—Tea(T))

.
(1 + Ltefr]\f2) OXP (—Fk,t(f)))
(288)

Yorp exp (—Ai(7))
(1+ e (M)

SO @)1 - 50(r)) = $(1)(1 =57 (7)) =

Thus, there exists a constant ¢4 > 0 such that

s -V _ s exp (—Aii(7)) _ (1 +exp (=T (7)) + /s exp(—rk,m»)Q
s ()1 = s8(7)) exp (~Tha(r)) + Xi_g exp (~Tra(7)) L Y g exp (—Ae(7))

(289)

A (T) £ T (1 + (T = 1)o(1))? < pch, 290
e (<A () D)} - (L (T = Do(1))” < (290)
where in the first inequality, we use the mediant inequality excluding Aj1(7), along with the bounds
A o(7), T, 1(7),Tie(T) > —o(1). The last inequality follows from E(7) and the parameter assumption T’ = ©O(1).
Similarly, the desired result for the reciprocal is obtained by E(7).

Finally, from E(7), we have

. @&T T
() exp (x;” W(r) ' p(1) —As
max 2t (1) _ max ( ' ) = max M < ¢z, (291)

tuelTN\{1} () (r) tueT\{1} exp (X&i)TW(T)Tp<T)) t,ue[TN{1} exp (—A; (7))
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for ¢« € C. Similarly, for noisy data j € N/, the ratio of sy )( ) across v € [T] \ {2} can be evaluated using the result of
E(7). The last two inequalities are derived by combining the fact that A; ; and I'; ; are monotonically increasing from C(7),
and Lemmal[D.3]

Proof of N <, (A(T") ANB(T") ANC(7") ND(7') NF(7')) = G(7 + 1). The conditions of Lemma are satisfied
from A(7) A B(1) A D(t) A F(7). Combining Lemmas D.§|and[D.10] we have

A1 (T +1) = A1 (0 Zs“’ — () - da|v|s| pl3d max{o?, o2}, (292)

for any clean data ¢ € C. By using Lemma which is derived from A, <,C(7’), and the definition of T5, we have

PIE UG RG) (293)
7/'=0
. | log (7 - an~ 02 ||| l}2? max{o?, 02}) o)
an~o?|[val|pll2d? max{of, o3} an~loZ||vla| pll2d? max{o?, of
1 10g (T - an”' a2 |v|2|| pll2d? max{o?,, 07 })
< max 2 2 2 2 2 2 (295)
an~'o?|vlz||pll2d? max{o,, oF an~'o?|[v|z]|pll2d? max{oF,, o
n~!SNR™?
< (296)
an~'o?||v|2||p]l2d? max{of,, o7}
Substituting this to Equation (292)), we have
A1 (T +1) = A41(0) <n ISNR™2-nSNR? = O(1). (297)

Since [A41(0)| = o(1) from Lemma [C.8] Equation (297) leads to Ay1(7 + 1) < O(1). In the same way, we have
Ai(t+1) <0O(1).

Next, we move on to the analysis of noise memorization terms. For clean data i € C, from Lemmas[D.9)and [D.T1} similarly
we have

lpia(r+1) = p;1(0 \<ZS(Z — (1) - dan"1o?||v |2 || p]|2d? max{o?, 02} = O(n'SNR™2). (298)

/=0

The same upper bound is obtained for p; , with ¢ € [T'] \ {1}. For noisy data j € N/, the upper bound for p; ; is derived in
the same manner, based on Lemmas[D.9]and [D.T1} For other tokens, we have

1pj2(T+1) = pj2(0)] < |pj2(T1) — pj2(0)] + [pj2(T + 1) — pj2(T1)] (299)

T

<O(logp™) + Y s¥()(1 = s5(7)) - ¢ pan~ 02|z | ] d* max{o?, 62} (300)

T'=T
S O(log p™t) +log (Ts - pan™ o ||v||o||pll2d® max{o?,, 07 }) (301
< O(logp™') +1logp+n 'SNR™ (302)
<n 'SNR2, (303)

which leads to the same upper bound as in clean data. The upper bounds for ¢ € [T] \ {1,2} are derived in the same manner.

Proof of A\ < (B(') ANC(7') N F(7') AG(7")) = A(T 4+ 1). It follows from Lemma [C.5] that

T

2 _2a - (i) . 7P
Ip(m + DIIE = Ip(T)]5 = — ; g Y@L P(r) 4 o Z IV L(r)|2. (304)
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By definition, we have

T
—ZSSZ"(T/)M> (W ()", p(r")) (305)

T
57(7) (vﬁ” G m&“) | max (X1 (7)] P () i (7)1} (306)
For the clean data i € C, we have the following upper bound through the same argument as in Equation (267):

>y

i€ [n] tE [T]

T
Sgi)(Tl)( 2 >‘<S‘”< N -0 max (of7) Go7)

T/=Ty t=1 u=1
log (T - an™'o?||vl2||psl|2d? max{o?, o7
S : 2 z o’ ) llaflell2 - (308)
an~to?||v 2| pll2d? max{oF,, o7}
n~1SNR ™2
< 309
~ an~lo2d? max{c2, o Z (309)
For the noisy data j € N, we evaluate separately for the token score of the relevant token ﬁ‘). We have
T . T '
S| (-3 sgﬂvw) |
t=1
< g ( Z ) +Z‘5§j)(7'/)sg])(7'/)’}/£]) J) 7_/) <'Yt(J) _ZSSL])(T/)%(L])> (310)
u=1 t=2 u=2
S8t () |+ (T - 1) s (7)1 - s () - max {w(“n G311
i€[n],te[TI\{1}
S0 =N (P4 w0, G12)
i€ln],te[TI\{1}

where the last two inequalities follow from the ratio of softmax terms in F'(7'), together with the same manipulation as in
Equation (I52). By summing up both sides and applying Lemmas[B.12]and [D.3] we have

T T T
> 3 (- et
T u=1

log (T - p- an™ o |[v|l2 pl2d® max{o?,, o7
< el 5 7)) plvllzlpmlz (313)

=T, =1 ~ o pranTlo|ylz|pl2d? max{o?, o
n_SNR 7 (314)
~ an~lo2d? max{o2, 02}’

where the first line follows from maxie[n]yte[T]\{l}{vgi)} = O(p||v||2|ltll2) from Lemma In the last line, we ignore
the small order term log p in the numerator.

By substituting Equations (306)), (309) and (314) into the first term of Equation (304), we obtain

i Sl YO ) Sar— IR AL A ()} G1S)
—. = ~ an~lo2d? max{o2, o2 ’ T
SNR 4
1
~ noZd? max{oZ, o2 (316)
2
e (17)

ol max{o, o7}’
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which follows from Lemma and G(7'). We confirm that Equation (317) becomes o(o>d). From the parameter
assumptions in Section [3.5] we have

2 2 HNH% n
7y max{ 7, oy} ol ”2d>mm{“'2’ o2d | 57108 (Tn)o) 19
2, 13/4
> min {%”d C4n\/&} (319)
log“(Tn/d)
= w(1), (320)

where the first inequality is by Assumption[A8] and the second line follows from Assumption[A2] Thus, Equation (317)
becomes o(od).

Finally, we confirm that the second term in Equation (304) can be ignored. From the parameter assumption on the step
size o, it can be shown in the same way as Equation (I6]) in the proof of the not-overfitting case. Therefore, combining
Equation and the results in Lemma@ we have ||p(7 4 1)[|3 € (1 £ 1/C})ozd, for some constant Cy > 1, which
concludes the proof.

Proof of A<, (A(T') NC(7") NF(7') NG(7")) = B(7 + 1). In the proof of the not-overfitting case, we have already
shown that the second-order term with respect to the step size in Lemma [C.6] can be ignored under the small step size
assumption. Therefore, we write it as O(a?) in the remainder of the proof. From Lemma we have

T

W (r+ Dp a3 = IW(T1) g |13 = Z (W + Dy |13 = W) [13) (321

YO L (7 1 (7)) + O(a?). (322)

\ N
M
M

Recalling the definition of /; , in Definition [C.2} and applying the same technique used in Equations (309) and (3T4) in the
proof of A(T + 1), we have

T T T T
oL = Zsﬂ(r’)( = s ) (xt”, gy ) (323)
/=T, u=1

=Ty t=1
n”'SNR™’ (i) SNR™?||pl3
: ! < 2 324
~ an~1o2d? max{o2, o2 iE[]vfzr]li)e([T]{th ’M+1>‘}No¢02d2max{aw, IQ) (324)
Since we have A1 (7') = O(1) from G(7'), we have
20 \~ ¢ i SNR™?||pll3
S S O i) S o 29
=Ty i=1 € w?
1 210,112
—— = d 326
dmax{crw, 12) O(Uw”“’HQ )7 ( )

where the last inequality follows from the parameter assumptions. Combining this result with the base case 7 = 0, we have
[W(T 4+ 1)p 113 € (1 £1/Cs)02 || p]|3d for some constant Cy > 1, which completes the proof. The same result holds
for |W (7 4+ 1)pt_; ||2- Similarly, it follows from Lemma and G(7’) that

Z Z —0(") YD (7T + 02 (327)

=T7 i=1

n~1SNR72. n_lan

IW (7 + e |13 — W (T1)ei? I3

<a- -nISNR™2 2 2

Sar—— T2 max (03, 02 n~"SNR™“ + O(a”) (328)
4d 2 2 32

O d 329

S Pl madg,o) O = olruoed) 329
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which follows from exactly the same analysis as in Equation (317).

Additionally, we will show the case of the inner products as well. From Lemma@ and the above discussion, we have

(W(r+ Dy, W+ Dpy) = (W(T) ey, W(T1)py)

=2 3 D) YD L (PO (7)) + Lt (A (7)) + O(a?) (330)
/=T 1=1
n”'SNR™? - |lull3 )
S i@ max(o, 07y O O (331)
1
~ dmax{o2, o2 o2 +O(0‘ )=O(0§||/J,H§\/&log(Tn/6))7 (332)

where the last line follows from the parameter assumptions; specifically, we have

n 1
o2 max{o?, 02 o, ||;4|2d3/210g(Tn/5)>m1n{\[ 2\”}} log® (T /) (333)
2 71/4
> g V4 _Cd (334)
log®(Tn/d) log(Tn/d)
= Q(1). (335)
Similarly, we have
(W(r+ )M+1,W(T+1)€uj)>—<W(T1)N+17W(T1) )
a
== 3 S ) YO (TN () + T (gl + Ola?) (336)
/=Ty i=1
n~!SNR™2.n~lo2d n~ISNR™2 - ||u|3
Sa- 01 2 “ISNR? 2 337
~ (an lo2d* max{o,, o2 o )+an—102d2max{aw, a2 nSNR +0(a) (337)
o2 o?
< £ + < +0(a?) = O(02 0. ||p||2d log(Tn/6)), (338)
nalgmax{od o} nlulfmax(og, o7y T ) T OlruolladlostTngo)
which follows from the parameter assumptions; specifically, we have
> 3 lpell2 leell3 n
o max{o,,, oo} - o 'n||pl3dlog(Tn/d) Z o " o3d | Tog®(Tn)o) (339)
> min {”L"”? C*nd"/ 8} (340)
oclog®(Tn/d)
=Q(1). (341)
The same result holds for (W (7 + 1)p_, W(7 + 1)e (])> Finally, we have
(W(r +1)ed), W(r + 1))y — (W(T1)e?), W(T)el)
a
= - Z Z —Li(r") Y(Z (Lo, (T /)Pj,U(TI)+Ii-,j,u(7—/)/’k,v(7—/))+O(O‘2) (342)
=T, i=1
n~'SNR™?.n"to2d 1 2
: -n"ISNR™ 2 4
R 162d? max{o?2,, o2 T SNRT 4 0(e) (343)
o
cd 2 2 2 3/2
= log(T" 44
~ 2|l max{awa}% + O0(a®) = O(oy,0.d” *log(Tn/9)), (344)
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which follows from the parameter assumptions; specifically, we have

02 max{c?, 02} -0 2n?||pl|3Vdlog(Tn/é) > min{ ez ) [ } . " (345)
o 02/d’ otd®/? | log®(Tn/s)
2,2 g1/4
2 min {Sg?Tn/(S)’ C*n? log(Tn/é)} (346)
=Q(1), (347)

which completes the proof.

Proof of Lemma[C13] Attime step T = T1, A(T1), B(T4), C(T1), and G(T7) hold from the proof for the base case. As
for D(7), E(7), and F(7), they are derived from C(7). For the next time step, A(7 4+ 1), B(r+1),C(r+1),and G(7 4+ 1)
are proved based on the propositions up to time step 7. Thus, the proof is completed by induction. [

C.3.2. PROOF OF BENIGN OVERFITTING CASE IN THEOREM [4.1]

In this section, we provide proof of the benign overfitting case in the main theorem. We divide the proof into two parts:
behavior on the training data and generalization performance.

Training data. The conditions of Lemmas C.12|and |C.13|are satisfied with the current SNR condition SNR? = o(n~1).
-1 —2
The proposition C(7) in Lemma|(C.13|states that 7, = © ( oxp(n SR ) ) satisfies

an~lao?[v[z[pll2d® max{of o7}

9(Ait(T2)) > g(Ai¢(0)) + O (exp (n 'SNR™?)) = w(1), (348)

for any clean data ¢ € C and t € [T] \ {1}. Here, we used g(A; +(0)) = —(1 £ 0o(1))T = —O(1) from Lemma|C.8| Recall
that g(z) = 2z + 2 sinh(xz — log T), and there exists a constant ¢j > 1 such that ¢} exp(z) > g(z). Therefore, for all i € C,
we have

@ () — ! 1— Air(Ty)) >1— (T —1 1- 349
1 (T2) 1+ 30, exp (— A (1)) g ZeXp (1)) = ( e o) > - G

for sufficiently small constant e > 0. By using Equation (349) and Lemma[B.12] we have for any clean data i € C that

YO fry(X9) = y© ., TXOTs (X“)W( ) Tp(T2)) (350)
=Y ® .40 +ZY D60 (1y) (351)

O ([[v]l2/lpll2) (1 - 6) — O (pllvll2llpll2) - € (352)

> 0. (353)

For noisy data, again from C(7) in Lemma|C.13| we have
9(T5(7)) > g(Tja(r) —logp™") 2 g(T';1(0) —logp™") + © (pexp (n™'SNR™?)) =w(p™!),  (354)
9(T.4(7)) = g(T3,4(0)) +© (pexp (n™'SNR™?)) = w(p™ 1), (355)
for t € [T\ {1, 2}, which follows from n~'SNR ™2 = w(1) and Remark Similarly, we have

) 1 /
sy (Ty) = >1- exp (=T (T2)) > 1— (T — 1)cq - o(p) > 1 — pe. (356)
2 T+ qoy &P (—15(12)) t_[TZ]\{Q} ’ '
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Thus, we have

YO . fp (X)) = y @) ., TX0)Tg (X<J'>W(T2)T (Tg)) (357)
=YD AP )+ Y v@ 4D (1) (358)
te[T\{2}
> O (pllvllzllpll2) (1 = pe) = O ([vll2llpll2) - pe (359)
> 0. (360)

Equations (353)) and (360) hold deterministically on a good run. Therefore, at time step 7 = T, we have that with probability
at least 1 — 9,

Viel, (XD =YD vjeN, f(XV) =y, (361)

Generalization. Let (X,Y™) ~ P* be the unseen data on which we investigate generalization performance. We first
evaluate the attention values of signal vectors at time step 75. From Lemmas [D.8|and D.10] we have

To—1

Ma(T2) = Aa(0) > > s7(1) (1 = 87(7) - callvfz | ul3d max{o?, o2 (362)
=0

> log ((Ty — 1) - an™ o2 ||v|2||pul|2d® max{c),, 02 }) - nSNR? (363)

z1, (364)

which follows from the definition of 7. From Lemma [C.8] we have [A1(0)| = o(1), which implies A1 (T%) = 1. The
same result holds for A_1(73).

Next, we show that the attention scores of the noise vectors {€; };c[7] in the unseen data, i.e., €; I W (T3) "p(T3), become
sufficiently small on a good run. While it is natural to evaluate || W (7%) " p(7%)||2 and use a concentration 1nequa11ty, it is
challenging to track the evolution of | W (7) " p(7)||2. Therefore, following induction proof in Lemmas |C.12{and C.13| we
apply a concentration inequality at time step O and show that the result does not change at time step 75. Let us deﬁne 5 as
the event that the following inequalities are satisfied:

vt e [T], (1—o0(1))ocvVd < |lell2 < (1+0(1)) 0cVd, (365)

vt € [T),Vk € {£1}, \<et,uk < ca0c||pll2v/log(Tn/5), (366)

Vi € [n],Vt,u € [T], |(er, €)] < cro2Vdlog(Tn /), (367)

vt € [T],Vk € {£1}, [(W(0)e;, W(0)y,)| < cr0%, ||l l€rll2vdlog(Tn/5), (368)
Vi € [n],Vt,u € [T], (W(0)e;, W(0)ell))| < cr0m[|ec|2]| €5 |2Vdlog(Tn/6), (369)

vt € [T, [(W(0)er, p(0))| < cr0w0p|l€r]l2V/dlog(Tn/d), (370)
Vit € [T], (v, )] < cooe||v]l2v/log(Tn/é), (371)

where the constants ¢y, ¢, are the same ones appeared in Lemma[B.1] Applying union bound on the modified versions of
Lemmas [B.6] [B-8and [B-9] the probability of the occurrence of £ can be evaluated. Since there is no need to apply the union
bound over the additional n training data points, the outlier probability can be reduced by 1/n compared to the original
lemma. Therefore, we have

Pri]>1-6/n>1-4. (372)

In the following, using the results of Lemmas and [C.13] we will prove that the next proposition holds for all 7 € [0, T5]
under the condition &:
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(W (T)e, p(7))]| < O (0wopoedlog(Tn/d)),
Jer, W(T) i) < O (05,0c]| plladlog(Tn/é)) ,
T)er, W(T)p_1)| < O (0h0c|pll2dlog(Tn/s))

(W(r)er, W(r)el)] < O (oh02d*/ log(Tn/) ),
forall¢ € [n] and t,u € [T).

Proof of H(7). We proceed with the proof by induction. The base case holds from the condition £. In the following,
suppose that H (7') holds for any 7" € [0, 7]. By a calculation similar to that in the proof of Lemma|C.4] we have

(W(r + ey, p(m +1)) — (W(0)er, p(0))

= Z (7" + e, p(7" + 1)) — (W(T e, p(7))) (373)
=S YO Y s () (’vé“ - Zs&%'h&“) ((W()er, W()xt) + [p(7) [3(er x))
/=0 1i=1 t=1 u=1
+ ZT: a’e] Vi L(T)\VpL (7). (374)
/=0

We bound the first term using the induction hypothesis, the condition £, and A(7’) in Lemmas and We first
evaluate the softmax probability part. For 7 < T7, using a similar argument to Equations (267) and (270), we have that for
any ¢ € [n],

T T T 1
(@) 6 (i) 1y~ (D) log p 175
72220 tz::l St (T ) <7t uzz:l Su (7— )’Yu ) ~ Oé?’l_l 2d2 max{aw, 12) ( )
For 7 > T, it follows from Lemma[C.13|and the same technique used in Equations (309) and (314) that
L ) = , n~'SNR 2
DI D (vf PN s (T’)%ﬁ”) S oo e[ (376)
=T t=1 u=1 w1 Tp

for any ¢ € [n]. Substituting Equations (375)) and (376) to Equation (374), we have

EDIDCTACHR RS (Z s (7") (%“ - st(#w&”) (W e, W) + lIp(7) [ ters x >))
t=1 u=1

7/=0 i=1

n~'SNR 2
~ n—102d2 max{o2, 02 'Ufuffedmax{Hullz,ae\/&}log(:rn/é)
w? p
n~1SNR 2 )
. . 1 T 1 T
n=lo2d? max{o2, 02} opd UfmaX{HHHz 0g(Tn/6), 0V dlog( n/é)} 377)
n~1SNR 2
~ n~lo2d? max{o2, o2 max{aw, p}aﬁd maX{”N”Q;Ue\f}lOg(Tn/(S) (378)
w? p
S max{||ply ", oeVd|pllz?} - oclog(Tn/6) = O (0u0,0cdlog(Tn/6)) (379)

where the last line follows from the parameter assumptions, using the same argument as in Equation (208) for the not-
overfitting case. For the quadratic term in Equation (374), we can show that this term is small enough to ignore, similarly to
Equation (216). Therefore, substituting Equation (379) to Equation (374) leads to

(W(T+ De,p(t+ 1)) = (W(0)er, p(0)) + O (0op0cdlog(Tn/d)) = O (owopoedlog(Tn/d)). (380)
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The proof for the three inequalities below in the proposition H (7) is omitted because they can be shown in the same manner

as B(7 + 1) in Lemmas and|C.13] under the induction hypothesis and the results of Lemmas and Since
H(7+1) holds under the condition H (7) is valid, from induction argument, the proposition H () holds for 7 € [0, T3]. O

From H (%) and Assumption[A8] we have

(W (r)er, p(r)]| < Gwopoedlog(Tn/s) < — 2

= Tog(Tn/3) o

for some constant ¢, > 0. Using Equation (364) and taking sufficiently large T5, we have A1 (T3) > 2¢) and A1 (T3) >
2¢},. Thus, we have that for ¢ € [T\ {1},

(x¢ —x1) " W(T2) ' p(T) < —(1 — p)max{A1(T2), A\_1(T2)} + (& — €1) W(T3) " p(T2) (382)
2 /

< —(1-1/C) -2 + m (383)

< —d, (384)

where the second inequality holds by p < 1/C. Then, the softmax probability of the relevant token is lower-bounded as:

1
Sl(Tg) = T T > 1 —k, (385)
14+ g exp (x = x1) | W(T2) Tp(T))
for sufficiently small € > 0. Consequently, we have

T
Y5 fr,(X) =Y s (To) + ) Y™ -y (T2) (386)

t=2
Z O ([vlzllplz) - (1 =€) = O (plvl2llpl2) - € > 0. (387)

Under the conditioning on &, the output fr,(X) deterministically takes the same sign as the true label Y*. Thus, the
generalization error is bounded as:

B B (X) £ Y = | Pr o ie(fn (X) AV )+ Pro (] <d 689

where we used Pr(A) < Pr(A|BY) + Pr(B) and the result of Equation (372). This concludes the proof.

D. Technical Calculations

In this section, we provide the small lemmas that are necessary for the proof of the main theorem. The lemmas concerning
the softmax probabilities are given in Appendix [D.I] In Appendices and we provide lemmas for the attention
updates in the not-overfitting case and the benign overfitting case, respectively.

D.1. Softmax Probability

In the analysis of attention dynamics, the values of s1(7)(1 — s1(7)) and s5(7)(1 — s2(7)) play a significant role. We have
the following lemma on the evaluation of this value.

Lemma D.1 (Bounds for relevant token probability). Fix arbitrary i € [n], and suppose that there exists a constant ¢’ > 1
such that for all t,u € [T]\ {1}, we have exp (A; 1 — A; ) < . Then, there exists a constant ¢ > 1 such that for any

te [T\ {1},

! (@) (1)
1
2+ 2cosh (A; (1) —logT) <5 (1)1 —s17(7)) <

c
2+ 2cosh (A (1) —logT)"
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Proof of Lemma|D.1} Using notations introduced in Definition [C.3] we have

exp (Xgi)TW(T)Tp(T)) . ZtTZQ exp (xgi)TW(T)Tp(T»

(7) (4)
si ()1 —s17(7)) = : : (389)
Sl iexp (x7 W) TR(n) LI exp (x7TW(r) Tp(r))
_ 1 X exp(—Ai(r) (390,
L+ S exp(—Aia(7) 1+ 3, exp(—As(r))
Using the condition of the lemma, we have
SO (1 — s (r AT =) exp(—Aiy(7))
V(DA =) < 1+ 1T =1 exp(—Ai (7)) 14+ HT —1)exp(—A; (7))
_ BT . 1 . Texp(fAM(T)) (391)
T—-1 (T)/(T—1)+Texp(—A; (7)) (¢T)/(T —1)+Texp(—A; (7))
. Texp( it (T)) (392)
(1+Texp (—Ai (7))
e 1 (393)

2+ 2cosh (A; (1) —logT)’

where the constant ¢’*T/(T — 1) is replaced with ¢ > 0. This gives the desired result. The lower bound is shown in a similar
way. O

Next, we show a similar lemma that is used in the proof of the benign overfitting case.

Lemma D.2 (Bounds for confusing token probability). Fix arbitrary j € N, and suppose that there exists a constant ¢’ > 1
such that for all t,u € [T)\ {1, 2}, we have

exp (Tj¢(1) = Tj.u(7)) < ¢, exp (T1(7) = Tj(7)) < p ', exp (Dja(7) = T1(7)) < pc’.

Then, there exists a constant ¢ > 1 such that for any t € [T] \ {1, 2},

c’ () G
1— J)
2 4 2 cosh (Fj,t('r) — IOg T) < Sg (T)( So (T)) <
<’ () G
1— 7)
2 + 2 cosh (Fj,l(T) — log p*l _ log T) < S2 (T)( So (T)) <

c
2+ 2cosh (T (1) —logT)’

c
2+ 2cosh (T'1(r) —logp=! —logT)"

Proof of Lemma[D.2] From the definition of I'; ; in Definition|C.3} we have

()1 - s (7)) = 1 iy SPERD) (394)

L4 ey ©P(=L5e(7)) 14 i o3 exp(=L(7))
For t € [T]\ {1,2}, since ¢ !pexp(—T;+(7)) < exp(-T;1(7)) < 'pexp(—T;+(7)) and ¢’ Lexp(—T; (1)) <
exp(—L;u(7)) < ¢ exp(=T;(7)) forany u € [T]\ {1, 2}, using the same discussion as in Lemma|D.1|and the parameter
assumptlon p<1/C, we have the desired result. For the relevant token since ¢ 1plexp(—T;1(7)) < exp(—T;+(1)) <

d/p~texp(—T;1(r)) forany ¢ € [T]\ {1,2}, similarly to Equation (393), we have

() ) 1
1- <c- . 395
53 (1)1 —s37(7)) <e 2+2cosh (T 1(7) —log p=! —logT) (395)
The lower bound is derived in the same way, which completes the proof. O

In the next lemma, we confirm that the significant term in tracking the gradient descent dynamics, s(1 — s), is dominated by
the token with the highest assigned probability.
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Lemma D.3 (Inequality for s(1 — s)). Lers € R be a probability vector, and let t € [T be such that s, = maxy e[| 5.
Then, we have

Su(l—sy) <s(1—s), Yue[T]\{t}.

Proof of Lemma[D.3} The function f(z) = = — x? defined on z € [0, 1] is monotonically increasing in [0,1/2], and
f(z) = f(1 — ) holds by the symmetry at x = 1/2. When 0 < s; < 1/2, the claim holds from the monotonicity over
[0,1/2]. For the remaining case 1/2 < s; < 1, since f(s;) = f(1 — s;) and

Su< Y. sy=1-s (396)
ve[TI\{t}
hold, the claim follows from the monotonicity over [0, 1/2] again. O

In the next lemma, we will see that with the assumption of a sufficiently small step size, the attention values do not change
significantly in a single step of gradient descent.

Lemma D.4 (One-step update of attention). Suppose that the assumptions in Theorem are satisfied. Then, under the
condition A(t) and B(7), which appear in Lemmas to we have

A1 (T 4+ 1) = A () = o(1), [A-a(m +1) = A1 (1) = 0(1), [pie(7 + 1) = pie(7)] = o(1),
foranyi € [n|andt € [T)].
Proof of Lemma[D-4] From Lemmas[C.4]and [C.9] we have
A1 (7 + 1) = A1 (7)] S amax{ 1Y (7), [p(7) 31,4 (7)} + 0”1y Vi L(T) VpL(7). (397)
For the first term, from Definition [C.2] we have
amax{Z}" (), [|p(r)[|3£;.+ ()}
Sao _max {7l ( _max AW W) |+ Ip@IE _max {7} )  G9®)

< allvllaflpllz - max{oy,, o7}l 3d (399)
=o(1), (400)

where the third inequality follows from the propositions A(7) and B(7) in the conditions. The last line is by ||v|2 =
O(||pt]|2) and the parameter assumptions in Sectlon specifically, o < max{||p||2v/d, 0.d}~'/C and max{c?, 02} =

wr p
© (max{”u”g/&, oed} ! logfz(Tn/é)).
For the quadratic term, we have from Equations (9) and (12)) that

a?pl Vwr L(T)VpL(T)

2
<. i) . (1) : . (i)
e (L (000) (e} Il s {IWEO1E @0
< @2 w3l -1l - 0V - mre{ eV o) (@0
= o(1), (403)

which similarly follows from parameter assumptions. Substituting Equations (#00) and (403) to Equation leads to the
desired result. The other inequalities for A_; and p; ; are shown in a similar discussion. O

Finally, we provide the lemma regarding the bounds for the summation of probability terms s(7)(1 — s(7)). This result is
necessary to evaluate the attention updates.

Lemma D.5 (Bounds for summation of probability terms).
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* (Not Overfitting Case) Let T be the time step defined in Lemma[C.11} and consider 7 < T. Suppose that the propositions
C(7') and E(7") in Lemma hold for any 7' € [0, T]. Then, we have that for any i € [n],

Z s = s () = e(r).

* (Benign Overfitting Case) Let T be the time step defined in Lemma and consider T < Ts. Suppose that the
propositions C(7') and E(1") in Lemmas and hold for any 7' € [0, 7]. Then, we have that for any clean data
ieC,

e 1
LN @ o(7) ifT=0 (an T2z [nll2d% max{o2,, ap})
Z 51 (7)1 —s77°(7") = o <10g(7'~anlof|l/|2|/.l,|2d2 max{ai,ag})> ifr = (

7'=0 an~laZ|lv|z2]|pl2d? max{cZ2,,02}

1
an~loZ[lvlz[[pull2d? max{oF,, 0§}>

For any noisy data j € N, we have

T . ) 1 2 d? , 2
Zs?)(T')(ls‘ﬁ)(T'))e(Og(T o lvlallod max{ow 2 P)> iFr <1,

an=tog|[v|s p]|2d? max{of, o7}

and

T . . 1 2 v d2 , 2
Z séj)(rl)(l—ggj)(r/)) -0 ( 0g (T p-an— U || || HIJ’”Q maX{Uw Op )) l.fTZTl,

= p-an 12|l | llod® max{o2, o2

where T is the time step defined in Lemma|C.12]
Proof of Lemma([D.3] We proceed with the proof separately for the not-overfitting and benign overfitting cases.
Not overfitting case: Fix a single ¢ from [T] \ {1}. Since A; +(7) is monotonically increasing and |A; +(0)| = o(1) by
C(1") and Lemma it follows from Lemma|D.1|and T = ©(1) that s\” (7')(1 — 5" (+/)) = ©(1) for any ' € [0, 7]

This immediately leads to the conclusion.

Benign overfitting case: We first discuss the case of clean data ¢ € C. Fix t € [T]\ {1}, and let T; be a
first-time step where A; (7) exceeds logT. From C(7) and the parameter assumption 7' = O(1), we have Ty =

© (anflafl\VHzHquz Fmax{oZ,07] ) . We first consider the case of 7 < Tj. In this case, the conclusion follows from the same
argument as in the not-overfitting case. This leads to the first line in the statement.

Next, we consider the case of Ty < 7 and first derive the lower bound. From Lemma|[D.T] we have

T —1 T -1

(1 s (o c c 04
Z si(m) (1 —s7(m)) > Z:()QwLQCOSh(Ai,t(T’) —logT) ~ ,z; 2+ 2cosh (A;+(1") —logT) (“404)
T = T =10

7/'=0

for any ¢ € [n]. Combining the inequality 2 + 2 cosh (x —logT) < 2z + 2sinh (z —logT) for z > logT and the
proposition C(7) in Lemmas and|C.13| we have

1 1
2+ 2cosh (A; +(7") —log T') - 2A; . (7") + 2sinh (A; ¢ (77) — log T) (405)
1
e — (406)
g (Ait(7"))
1
> 407
% G 0) + 7 - csan T2 (ol pllad? max{o? o2} @
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Since the function 1/(b 4 ax) for @ > 0 is convex and monotonically decreasing for b + ax > 0, we have

T

1

2 2+ 2cosh (A;¢(1") —logT)
T'=Tp
T+1 !
d
>/ , — . ~ (408)
7, 9(Ait(0)) + 7' caanTo? ||| 2] pll2d? max{o?, o7
_ 1 9 (Ait(0)) + (7 + 1) - caan™ ' 02 ||v|2]| pll2d? max{o?,, o) (409)
cson™ ' o2 |[v |2 p]|2d® max{oF,, oF 9 (i (0)) + To - caan™'o2||v 2| pl|2d? max{oF,, o7

log (7 - an”'o?|[v||z]|pl2d? max{o?,, o7 })

, (410)

~

an~lo|v|a| pll2d? max{o?, of

where the last line follows from the fact that the denominator inside the log is ©(1). This is ensured by the definition of
To, which guarantees that the denominator exceeds g(log T') = 2log T = ©(1), and by the fact that the one-step update of
attention score is o(1), as shown in Lemma Consequently, by substituting this result into Equation , we obtain the
desired lower bound.

Similarly, we provide an upper bound using the function g and the result of C'(7). From Lemma we have

T To T
(&) (1 (@) (&) (1 (@) (1 ¢
1-— 1-— 411
D s (M=) < X K-+ Y e T (@11)
/=0 /=0 T =To+1 ’
a 21 T
T, g dRlogTHl) (412)
e To+1 th))
C/
+ 413
%1 Rt 0) + 7 - coan Vsl pla@ max{os, 02y ¢

where the second inequality comes from s(1—s) < 1/4, sinh(z) < cosh(x), and the inequality 2 log T cosh(z—log T') > =
for all z, which can be verified through a straightforward evaluation of the minimum. In the last line, we used the result of
C(7), and the coefficient is replaced with ¢’ > 0 from the parameter assumption 7" = O(1). Similarly to the lower bound,
we have

T

1
2 SO T e Al max (e

'=To+1 wr Tp
T dT/

< (414)
/To 9 (Ait(0)) + 7" - csan™t o ||v|2]|p]|2d? max{o?,, oF

. 1 9 (Aial0) 7 csom™ 2 ulalloc max{od o2} )
csan™ o2 ||v|2]|p]|2d? max{o?,, oF 9 (Ait(0)) + To - csan~'o? |[v |2 || ul|2d? max{oF,, o7
log (7 - an~to?||v d? max{o? , o2

< g ( [V [|2] ]2 {oh.07}) (416)

an~to?||v|2||pnl2d? max{oF,, o}

Combining this result with 7o = O(1/an™'o?||lv 2| p]|2d® max{c?,, o2}) from C(7), Equation (413) completes the
proof.

For noisy data j € A/, we first derive the lower bound for 7 < T;. From Lemma and the proposition C(7) in
Lemma|C.12} we have A; .(7) < o(1) forany ¢ € [T']\{1}. Since we can confirm that the inequality 242 cosh(z—1logT") <
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—2z — 2sinh(z —log T) + 2 = —g(z) + 2 holds for z < o(1) by rearranging terms, Lemma[D.1|and Lemma gives us

Z ng)(T/)(l B ng)(T/)) > Z 2+ 2cosh (ch’:(’l'/) —logT) (7
= TT:O .
* 2 ) 12 1%
2D DT () Eree e P W T e e R

Applying the same discussion as in Equation #10), we have

TG ; log (17 - an~to?|v d? max{c2, o2
Z ng)(T/)(l—ng)(T/)) > g( ” H ”/1’”2 { w1 9p )

o anlog|vlls||pllad? max{o?,, o

(420)

As for the upper bound, since we obtain the inequality 2 + 2 cosh(x — logT) > —x — sinh(z — logT) = —g(z)/2 for
2 < o(1) by rearranging terms, similarly we have

T

) ) (. 2c
$77(T) (1 —s777(77)) < 421)
2.0 V)< D ) T ean R Al max(oR, %)
Using a similar evaluation with integral, we have
T , log (7 - an~to?|v d? max{c?, o2
Z ng)(Tl)(l _ng)(,r/)) 5 g( || H ||IJ’||2 { w p )’ (422)

an~1oZ||v|2]|p]l2d? max{o?, o7}
which completes the proof for 7 < T7.

Finally, for the case of 7 > T, the desired result follows by repeating the same arguments as in the clean data case, using
C(7) in Lemma and Lemma O
D.2. Attention Updates for Not Overfitting Case (SNR* = w(n1))

Lemma D.6 (Signal updates in Lemma|C.11). Let T be the time step defined in Lemma and let T € [0,T1]. Suppose
that the conditions in Theorem[d.1|and A(t), B(t), D(7), and F(7) in Lemma are satisfied. Then, on a good run,
there exists some constant ¢ > 0 such that

Aa(T+1) = Aa(7) = s
AT +1) = A () 2

2
w?p

D)1 = 5(r) - collv|la ]| 3d max{o?
SO = 57(7) - col|p |z pl3d max{o?, o2

w?p

for any i € [n]. Additionally, for some constant ¢’ > ¢, we have

A (T +1) = A () < s = (1) - dalps|pl3d max{o?, o2

g w? p
Ai(m+1) = Ao (r) < s () (1= s (n) - dafvls|pl3d max{o?, ;

foranyi € [n].

Proof of Lemma[D.6] From Lemma[C.4] the update of A is given by

a7+ 1) = Xia(r) = & S - YO (1) + BB (0) + 2y Ve £(1) V(7). (423)

=1

Using B(7), together with the parameter assumption ||p||2 = w(o, log(Tn/d)), we have that fori € Cy UN_ = {i € [n] |
Y0 =1},

(1—o(1)) - o2 [|ull3d < (W(r)xi”, W(r)pyy) < (1+0(1)) - 02 |l3d, (424)

63



Benign Overfitting in Token Selection of Attention Mechanism

and other terms are bounded as follows:

(W (r)xi”, W(r)i1)] = O (po Iull3d) (425)
(W (XD, W) = O (max {pllul3vd,oc | uled} - o2 1og(Tn/8)) = O (po2|lulzd) . @26)
(W), W(T)pp)| = O (2ol lullzdlog(Tn/5)) = O (po? | ul3d) (“27)

fort € WJ(:%, U € W(_q, and v € Z(), which follows from the lower bound of the weak signal strength p. Additionally, for
any i € C1 UN_, we see that sgl)(r) > O(1) holds from D(7). Then, we have

T
) =3 s () (%” -3 s$><r>vff>> (W(r)x{", W(T) ) (428)

u=1

=350 X 00 (7 =) (WD, W) (429)

t=1 welTN\{t}
)

= s (n) (1 — s (7)) -1 (W(r)x, W) pgy)

s (s (1) A (W(rx, W)

+3s7(7) sO(7) - () = A0) (W) W (r) g y) (430)

) -0 (02 |l ]3d)
(1) 0(p1”) - © (02 | ]13d)
Y1) (14 0(0) 1 - 0 (po|l3d)
~o(1)- s&” (1)1 = s(1)) - O(p”) - O (po? | ul13d) 431)
(A= s0() -1 - 0 (02| sl[3d) 432)
=s(r) (1= s (1) - o w3, (433)
for a constant ¢j > 0. At the last term in the first inequality, we used ©(1) - sgi) (r)>1>1- S(li)(T) — sgi) (1) from

the condition D(7). The second inequality follows from Lemma and p < 1/C for sufficiently large C. Applying
Lemma[B.12]provides the last equation. Using the same reasoning, we also have the following upper bound for i € C; UN_:

() < s(m) = sV (n) - cho? v la | ull3d, (434)

for a constant ¢, > 0 such that ¢}, > ¢}. In a similar way, we will provide the evaluation for j € C_ UN, = {i € [n] |
Y*(# = —1}. The condition B(7) gives us that

(W W) = O (e {1V oo} - o2 os(Tn/0)) = O (e { . ECE 2 )

Vi

(435)
(W), W(r)u)| = 0 (po7|ul3d) (436)
(WX W) = O (max {pllul3V, o | ullad} - o2 log(Tn/6)) = O (po2 |l3d) (437)
(W)X, W(D)i)] = O (oo |ulladlog(Tn/5)) = O (po||ull3d) (“38)
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fort € WJ(rjl) u e W(fl) and v € ZU). Then, we have

T T
1Y () = s () (%” -3 s&”(ﬂv&”) (W(r)x?, W(r)py) (439)
t=1 u=1
T
<D0 =57 () - max ) =} (W W) (440)
t=1
; log(Tn/o
< Tr(s (7)1 = 5 (1)} 0w {5, “ETRLD L 62 o) @)
s (1)1 = (7)) - O (max {p, 0(1)} o2 |[|2|]|3d) , (442)

where the first inequality is the result of the triangle inequality, and the second line follows from Lemma[B.12]and the

evaluations just before. In the last line, we used the dominance of sgj ) (r)(1 - sgj ) (7)), which follows from F(7), and the
parameter assumptions 7 = (1) and v/d = w(log(Tn/4)).

Using these evaluations, Lemma[C.9] Equations (29) and (30), we have

(07

D () YW I ()

n <

i=1
D DR CAC) RN ACRPAAC (443)

1€CLUN_U(C_UNY)

(2= 3n)/4- min {(~£(r))} - min {00 =)} - dodvlalulid
— o (3n)/4- e min {(~4(7)} - max {7 (1)1 =5 (7) } - chol vl

—as (U n)/2 eomin ()} max {1 =5 (7) } O (max {p,0(1)} o w2 i) - @444)

st () (1= s (7)) - hac? ||y 2]lpl3d, (445)

for any ¢ € [n] and some constant ¢4 > 0. The last inequality follows from the balance of the softmax probabilities over
i € [n], as stated in F'(7). We alsoused 7 < 1/C and p < 1/C in the parameter assumptions. Similarly, we have

« " i i i
Y () YOI (1) < 57 (1)1 - 5y (1) - haol [ ml3d (446)
i=1

for any ¢ € [n] and some constant ¢, > 0 such that ¢ > c5.

We now turn to the analysis of I; 4 (7). Lemmastates that, fori € C; UN_ = {i € [n] | Y*(¥ =1}, we have

(1= o(0)) [l < (=1, g ) < (1 +0(1)) [lpl3, (447)
and
1, )] < pllell3 + caoellpll2/log(Tn/8) = O (pllpsl3) . (448)
[(xD, )| < cooel|pll2/log(Tn/8) = O (pl|p])3) (449)
[(x0, p1y1)| < caoe||pll2y/log(Tn/8) = O (pllpll3) . (450)

fort € Wﬁ, u € W(_Z%, and v € Z(V). Here, we used (g1, t_;) = 0 in our data setup.
Then, for any 7 € C; UN_, using a calculation similar to that for I m, there exists a constant c’5 > 0 such that

T
st (”iZ)ZSSL”(mS)) ) > s (1= 0 @) lvlalleld @S
u=1
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Similarly, we have the following upper bound:

Ly (r) < P01 = sP7(7) - el a3, (452)
for some constant cg > 0 such that ¢ > cf.

Additionally, using a similar argument as in Equation #42), we give an upper bound for data with different label, i.e., for
jEC_UN, ={icn]|Y*® = 1}, as follows:

1 ()] < s9(1)(1 = s (1)) - O (pllv 2]l e13) - (453)

Note that the term log(T'n/8)/v/d does not appear in this case, due to the orthogonality of yrand p_g.
Thus, combining these bounds and (1 — 1/C}) 0,v/d < ||p(7)|2 < (1 +1/C1) 0,/d in A(T), we have

=3 () YD p()3L+()
=1
=Zlp@I3 Y. () YO L) (454)

1€CLUN_U(C_UNY)

> allp(r)|3 - (2~ 30)/4 - min {(~i(r)} - min {7 (1)1 = (7)) } - & a3

i€Cq

—allp(r)l3- (3)/4 - eo min {(~£(7)} - max {57 (1)1 = () } - chllvls
—allp(n)l3- (L4 n)/2-eomin (=€)} max {050} O (ol lalulf) @59

JEC_UNL
> s (1) (1 — st (7)) - rac? ||y pl3d, (456)

for any i € [n] and some constant ¢, > 0. We again used the results of F/(7) and n, p < 1/C in the parameter assumptions.
Similarly, we have the following upper bound:

a i i
~ Y () Yi PB4 (7) < 57(1) (1 = 517 (1) - chao [l l3d. (457)
i=1

for any ¢ € [n] and some constant ¢g > 0 such that ¢; > ¢,. By substituting Equations (445]) and (456) to Equation (423)),
we have that for any ¢ € [n],

)\+1(T + 1) — )\+1(T)
> s\ () (1 — s (7)) - min{c, & Yalv |z || 3d max{o?, 02} + ol Vit L(T) Vi L(7). (458)

Finally, we show that the second term can be ignored. We have

az;tLVWT E(T)VPE(T)

< &P (| VwL(r) i |2l VHL ()2 (459)
<o’ (ie[g]lgg[T]{Sf)(T)(l— ()} E[H]ltg[T]{I%)l}) Cemax {ufxVHp() 2 max (W)}

(460)
S =) @Rl - |l - opvd- o max{|ul|2Vd, oed} (461)
= ()1 = s (7)) - allvlo | lddmax{o?, o2} - (allvla |l max{ ]2, 0v/d}) (462)
= s (1)(1 = s7(7) - o (allv|l2]pl3d max{o?, 02}) , (463)

where the first inequality is the result of the Cauchy-Schwarz inequality, and the second one follows from Equations (9)
and (T2). Here, the probability term appears in the bound from a similar argument to Equation (442). In the third line, we
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used Lemma|[B.12] the concentration inequalities in A(7), B(7), and the balance of softmax probabilities in F(7). Using
[v]l2 = O(1/||p]|2) and the learning rate assumption ov = O(max{ || p||2v/d, ocd} "), the latter part of Equation (462)
becomes o(1). Therefore, the quadratic term in Equation (458)) can be absorbed in the first term.

Thus, there exists a constant ¢ > 0 such that

A (T +1) = A7) 2 s () (1 = 17(7)) - callvllz | pl3d max{o?, o2}, (464)
for any ¢ € [n]. In the same way, from Equations (446) and (457), there exists a constant ¢’ > ¢ such that

A (T +1) = A (r) < 817 (1)1 = 517 (7)) - Calvllz|pl3d max{o}, o7}, (465)

for any ¢ € [n]. By applying the same argument to A_1, we obtain the desired result. O

Next, we analyze noise memorization in the attention update. Many equations in the proof are similar to those in Lemma[D.6
so we provide the proof avoiding the redundant repetition.

Lemma D.7 (Noise updates in Lemma|C.11). Let Ty be the time step defined in Lemma and let T € [0,T1]. Suppose
that the conditions in Theorem[d.1|and A(t), B(t), D(7), and F(7) in Lemma are satisfied. Then, on a good run,
there exists some constant ¢ > 0 such that

pia(r+1) = pir(r) = s (1) (1 = 887 (7)) - can™ 102 ||y o] pl2d? max{o?, o2},

pia(T+1) = pia(r) < =s(7)s"(7) - can~ o2 |w | 2d? max{o?, o2},
forany clean datai € C andt € [T\ {1}, and

pia(m+1) = pja(r) < =5 (1)1 — 87 (7)) - can™ 02 ||v||a|| pl|2d? max{o?, o2},
J)

pia(r +1) = pjo(7) > 7 (1)s) () - can~ o2 |w|a || pl|2d? max{o?,, 02},

or any noisy data j € N, andt € [T 1}. Additionally, for some constant ¢’ > ¢, we have
for any noisy J Al

2

pia(r+1) = pia(r) < V(1)1 = (7)) - an o2 vz || pl2d? max{o?, o2

pit(T+1)—pis 2

7) 2 =t (7)s("(7) - o™ o v al|p|od® max{oy, o}
forany cleandatai € C andt € [T\ {1}, and

pin(T+1) = pja(r) = = (1)1 = 87 (7)) - dan~ 02 ||v|a| pll2d? max{o?, o2},
pia(T 1) = pia(r) < (1) (7) - an L2 |w|a || 2d? max{o?, 02},
for any noisy data j € N, and t € [T] \ {1}.

Proof of Lemma[D.7} We first analyze the noise learning in the relevant token of clean data ¢ € C. From Lemma[C.4] we
have

ST YE (1 (1) + [P Ikia (7)) + %€l TV L(r)VpL(7).  (466)
k=1

S\Q

pia(T+1) = pii(

Combining Assumptions and we have d > Cé.n (Co.d*/®log(Tn/ 5))4/3 log®(T'n/6), from which it follows that
d > (Co )™ *n?10g/3(Tn/8) = w(n?log?(Tn/s)). (467)
Additionally, from Assumption[AT] we have

d=w (o, n|p)2log(Tn/d)) . (468)
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Therefore, applying Equations (467)) and (468) to the results in B(7), we have

||W<T>e“’us— O(0202d), (469)
(W (r) g1, W(T)e)| = O(02oc|]l2dlog(Tn/6)) = o(n~ o2 02d?), (470)
(W(r)p_y, W(r)e)| = O(02 0| ull2dlog(Tn/8)) = o(n™ 02 02d?), (471)
|<W(T) 7VV T)egf))| =0O(o 72” 2d?’/Qlog(Tn/(S))—o(n 10202d2), (472)

forany i,j € [n] and ¢,u € [T] such that (¢,¢) # (j, u). In the case of k = 7, using a similar argument to Equation (433)),
we have

T T
() =1 () =Y si(r) ( Z @) (W)=, W(r)el) (473)
t=1 u=1
> 250 () 4 -0 (h02?) (474
=s(m)(1 = s7(7) - o2 o2 |v 2] e 2, (475)

for a constant ¢j > 0. This follows from Lemma and the dominance of Equation (469). Using the same argument, we
also have the following upper bound for some constant ¢}, > 0:

V() =1V (1) < sO(r)(1 = s (7)) - cho a2 |w|a | pl2d?. (476)

In contrast, we have that for k # 1,

T T
1 (7 Z (“” Zs““) 7"“) (W(r)xi”, W(r)e”)|, (477)
T
< 0 =70 ma {517 =} (W, Win)el) . @78)
t=1
<Tm ?ﬁ{si’”m( sV} o (o o? vlalulad?) | (479)
B )1 = s (1)) - o(n 020 ||| ll2d?), (480)

where the first inequality is the result of the triangle inequality, and the second one follows from Lemma [B.12] and

Equations l) to (472). In the last line, we used the dominance of sgk)(T)(l - S(lk)(T)) from F(7) and the parameter
assumption 7' = ©(1). Thus, we have

S ()Y (1) > S () - s () (1 = 57 (1) - o o v |l 2d?
k=1
= AN ) D = 5 (7) -0 (0 o2 vl ]2 (481)
ki
> si)(r)(1 = s{(7)) - chan o202 |2 ] 2d?, (482)

for some constant ¢ > 0, which follows from the balance of loss derivative and softmax probabilities over training samples,
as established in Lemma|C.9|and F'(7). We also have the upper bound for ¢} > 0 as follows:

ST(=0(r) - Y® (1) < s (1 = 50(7) - dhan T oRo? w2 | pll2d?. (483)
k=1

3\@
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Similarly, we evaluate the terms related to Iy, ; 1 (7). Lemma and Equations (467)) and lead to

||e£i I3 =e(2a), (484)
,u,+1,€t ) = O(o.||pll2v/1og(Tn/d)) n_lan) (485)

ClCH
( O(
(7 17625 )| = O(oc]|pll2\/log(Tn/6)) = 2d), (486)
(e}, €D)| = O(0?Vdlog(T'n/5)) = o(n ‘1o?d)7 (487)

for any i, j € [n] and t,u € [T] such that (¢, ) # (j, ). Similarly to Equations (475) and (476)), we have that for k = 4,

i (1) = Liia (1) = s (1) (1 — 887 (7)) - cho?|[v |2 ]| e d, (488)
D)1= s (1) - cho?l|v 2l pl2d, (489)

for some constants cf, ¢ > 0. In contrast, by the same argument as in Equation (480), we have that for k& # 4,
k k _
Tein ()] <701 = 517 (1) - o(n ™ o? w2 sl o), (490)

and similarly to Equations {#82) and (483)), we have

(1) - Y™ L (1) > s (1) (1= (1)) - han™ o |[v 2| |2d, (491)

3L
NE

>
Il
—

(—6(1) - Y® L (1) < s (1)1 = s0(7)) - chan™ 02 ||v|a]| pl|2d. (492)

310
NE

b
Il
_

for some constants ¢4, ¢4 > 0. Therefore, using Equations (482) and (491), and ||p(7)||2 = ©(c,v/d) in A(7), we have

pii(T+1) = pii(7)
> sgi)(r)(l — sgl)(r)) min{cj, ¢t fan~ 02||1/|| ||[,L||2d2 max{aw, p} + a%e (@ )TVWTE<T)VPE(T). (493)

For the quadratic term in Equation (93)), a similar argument to that in Equation (#63)) shows that it can be neglected under
the small learning rate assumption. Thus, by appropriately redefining the constants, we obtain the desired lower bound for
pi,1- The upper bound is derived in the same way.

We now turn to the noise memorization term for ¢ € [T'] \ {1} of clean data ¢ € C. Since the proof is essentially the same as
for p; 1(7), we show only the different parts to avoid repetition. From Lemma we have

pia(r+1) = pia(r) = =3 (~t YO (L) + ()30 (7)) + 02" Vg L(r) VL (7). (494)
k=1

3
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When k& = 7, we have

() =1 (7) st (W st “’) (W (r)x0, W (r)el) (495)
= sﬁ” (T)(1 —si7(7)) - vi D W(r)x W(r)el)
T
=3 s (0)s@ () A0 (W), W(r)er)
u=2
T .
+3 50 ()7 (r) - (1) = A1) (W(r)xD), W(r)el)
v=2
T .
+> si(r) sO(7) - (1) = D) - (W (r)x, W(r)el) (496)
v=2 uem\{l v}
<s(m) 1= sV(r) -1 - o(n o2 o2d?)
+ s (r )(1—s§”<7>> O(p\") - o(n~ 102 o2d?)

+ (— s(1)si(1) - (1 = 0(p) W - ©(0202d?)
+s7 ()@= s (r) = s (7)) - (1 + 0(p) 1 - o(n™ aiofd2>>
+ <s£“<r><1 —s(r) = s (7)) - O(p1") - ©(02 02 d?)

+0(1) - s (11— s (7)) - O(p”) - (n_10202d2)> (497)

< =\ (1)si (1) - cho o2 v pl2d?, (498)

for a constant cpg >0 T he first inequality follows from Equations (469) to (472). In the second last line, we used
O(1) - sgl)(r) >1>1- sgl)(r) from the condition D(7). The last line follows from the comparison between sgl) () and
1-— s(lz) (1), as shown in F'(7), Lemma , and the parameter assumption p < 1/C for sufficiently large C.

Using the same argument, we also have the following lower bound for some constant ¢}, > 0:

1V > = (m)s (1) - o o2 vz el 2d?. (499)

From a similar argument, we have that for k = i,
Luia(r) = Liu(r) < =5 ()8 (7) - 4102 v |2 ]| el 2, (500)
Luia(r) = Lia(r) = =5 (1) (7) - 002 v ]2 ]| el 2, (501)

for constants ¢/, ¢}, > 0.
For k # i, [T}V, ;.+(7)| and |Ij.; +(7)| are bounded as discussed in Equations and (490). Thus, using ||p(7)|l2 =
O(0,V/d) in A(T), we have

pit(T+1) = pis(7)

< =5y (15" (7) - min{ey, ey Jan ™07 V2 |l]l2d® max{o?, o3} + o€ VT L(T)VpL(7).  (502)

We can show that the quadratic term can be ignored as in the case of p; 1 (7). Consequently, there exists constants ¢, ¢’ > 0
such that

pit(T+1) = pii(r) < =5 (7)st (1) - can o2 |v o || pl2d? max{o?, o2}, (503)
pit(T+ 1) —pis(T) > —sg )(T) (@ )(T) dan™'o?||v||2|| pl|2d? max{c? 12) (504)
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So far, we have discussed the updates for clean data. For noisy data j € N, the update equations differ only in the sign due
to the flipping of Y. Thus, we conclude the proof. O

D.3. Attention Updates for Benign Overfitting Case (SNR? = o(n=1))
D.3.1. ANALYSIS FOR STAGE 1

We first present a lemma on the signal update under the current SNR setting. Since most of the discussion overlaps with
Lemma D.6|for the not-overfitting case, particularly in basic concentration inequalities and equality evaluations, we only
present the different parts. The main difference from Lemma[D.€]lies in the behavior of noisy data, which shows a monotonic
decrease in s1(7) rather than a monotonic increase as in the clean data.

Lemma D.8 (Signal updates in Lemma|C.12). Let T be the time step defined in Lemma and let T € [0, T1]. Suppose
that the conditions in Theorem[d.1|and A(t), B(t), D(7), and F(7) in Lemma are satisfied. Then, on a good run,

there exists some constant ¢ > 0 such that

A (T +1) = A (1) = (0 (1 = (1)) - cal|vlo||pl3d max{o?, o2

w? p
A (T +1) = Ay (r) > s&” ()(1 = 57 (7)) - cal|v|o||pl3d max{o?, 5

AH(TH)—AH(T)és“(ﬂ(l—s&%)) ¢ al|fa||pl|3d max{o?, o2

w?p

(
1
A (T 4+ 1) = A () < ()1 = s (n) - dalvla]|p]3d max{o?, o ,,}
foranyi € C.

Proof of Lemma[D.8] The full proof is omitted because it follows from the reasoning similar to that in Lemma[D.6] In the
analysis of Equation [#23), for clean data, the conditions A(7), B(7), and D(7) yield the same results as in Equations
and . For noisy data, extra care is required because sgj ) (1) > ©(1) does not hold; however, noting that S(J )( ) > O(p)
holds from D(7), the same evaluation as in Equation is obtained as follows. Let j € N_, and we have

T
Z ( (4) ng) 7(])) W(T)ng),W(T)HJrﬁ (505)

u=1

s? ()1 = s (1) 1 (W)=, W(r)py,)

T
=@ () (WX W),

t=2
- ZTJ s (M) (1) () =) (W(r)x? W (r)py,)
t;Q
+3 () ST D) () = AD) - (Wn)x W)y (506)
t=2 ue[TI\{1,t}
> s7(1) (1 = 57 (1) - © (02| ul13d)
— s (n)( - %)) O(py”) - © (02| ul13d)
s (M)A =57 (1) - (1+0(p) 1 - O (po|l3d)
~0(p™) -sﬁ”( )(1 = s (1)) - O(p7)) - O (po || sl 3l) (507)
> (1)1 = (7)) - o2l l2l 3, (508)

where the fourth term of Equation (507) is applied the result of D(7), and since both the token score and the inner-product
term have a small order, this term is negligible compared to the first term. Therefore, the same evaluation is obtained as in
the clean data case. The same argument is applied to /; ; (7). Regarding data from the different class, i.e., j € [n] such that
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Y*() = —1, the influence can be bounded similarly to Equations (442) and (452). Here, the influence of noisy data j € . +
can be shown to be in the same order as that of clean data, using a similar argument to Equation (269). For example, the part
corresponding Equation (442)) becomes the following:

T
W () = §”<r>< Zsm <J>> (W (), W(r)py) (509)
=1
€)) ) )] (9) 2 2
s(sl (1 =) -1+ max {1 |}~) O (max {p,0(1)} o2 || p/3d) (510)
< s (M1 = s (7)) - O (max {p, 0(1)} o2 |[v |2 || ul|3d) , (511)

for any ¢ € C. Here, we used Lemma , the fact that p~* - s§i>(7)(1 - sgz)(T)) > O(1) from D(7), and that the balance

of sgk) (r)(1— sgk) (7)) holds over all examples k € [n] as provided in F'(7). Consequently, the desired result follows from
the balance between the number of clean and noisy data. O

The following lemma on noise memorization is basically the same as in the not-overfitting case, but the behavior of the
noisy samples j € A differs. In particular, p; ,(7) for t € [T] \ {1, 2} initially evolves in the same manner as p, »(7) but
gradually decreases, changing sign around 7;. As a result, we obtain the following evaluation that spans both positive and
negative values.

Lemma D.9 (Noise updates in Lemma|C.12). Let T be the time step defined in Lemma and let T € [0,T1]. Suppose
that the conditions in Theorem[d.d|and A(t), B(t), D(7), and F(7) in Lemma are satisfied. Then, on a good run,
there exists some constant c,c’ > 0 such that ¢’ > ¢, and

pin(T+1) = pia(r) = s (1)1 = s\ (7)) - can™ 02|V ||a]|ul2d? max{o?, o2},

pia(m+1) = pia(r) < =5 (1) (7) - can™ o2 w2 ]| 2d® max{o?, o2},

pin(T+1) = pia(r) < s )m(l—sl()) dan™'o?||v|2| ll2d? max{o?, o2},

pia(T+1) = pia(r) = =\ (1) () - anT o2 v a| ]2 max{o?, o2},
forany clean datai € C and t € [T|\ {1}. For any noisy data j € N, we have

pia(r+1) = pja(r) < =P (1) (1 = 57 (7)) - can™ o2 |[v o] ] 2d? max{o?, 02},
pia(r+1) = pia(r) = =P (1)1 = s7(7)) - ¢ an™ 02| v|2 | pl|2d® max{o?, o2},
and
pia(t+1) = pja(r) = 57 (7)s”) (7) - can™ o2 w2 ]| 2d® max{o?, o2},
pi2(t+1) = pia(r) < 57 (7)s?) (7) - ¢ an™ o2 v o ]l 2d? max{o?, o2},
and

pia(r + 1) = pjo(r) > =5 (1)s(7) - can™ o2 |[v||a||ul|2d? max{o?, 02},

pit(T+ 1) = pja(r) < 87 (st (7) - om0 W] o] l2d® max{e, o7},
foranyt € [T]\ {1,2}.
Proof of Lemma[D.9} For clean data i € C, the same reasoning as in Lemma [D.7]is applied using the conditions of the

lemma. Here, the influence of noisy samples in the summation can be treated in the same way as in the not-overfitting case,
by applying the same argument as in Equation (5TT)) in the proof of Lemma[C.12]

For p; 1(7),j € N, we can reduce the analysis to the case of clean data, as in Equation (508)), using sgj) (1) > ©(p). In the

rest of the proof, we analyze the update of p; ,(7) for t € [T]\ {1}. From Lemma we have

a — ~ ~
pia(T+ 1) = pja(r) = = (4(1) - YO - (1, (7) + P03 1,54(1) + e Vg L(7)VpL(r). (512)
k=1
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Without loss of generality, we consider j € Ny = {i € [n] | Y*() = —1,Y(®) = 1}. Then, from the data model defined in
Definition[3.1]and Lemma[B.12] we have

W = =6 (wlalule). 4§ = Oplvlaliul2). G
1 = =0(plvlallula). 1| = O (avly/Iog(Tn/3) ) G149

fort € W(fl) and u € T, When k = 7, using Equations 1' to 1' we have

T

T
) =150 =Y sP(r) <%§j) - SS’(T)V&”) (W(r)x), W(r)er”) (515)

u=1

= s (1= s (1) A" (W, W(r)el)

T
=P (0)sD (1) 4D (W (r)x, W(T)el)

u=2

+ 359 (1)sP (1) - (17 = A7) (W (n)xP), W (r)e”)
v=2

+3 59 ST sD(r) - (3 =4 (W(n)xP, W(r)e) (516)
v=2 welT\{1,v}

> s (1) (1= (1) - o (|vllallpll2 - n o2 o2d?)

s (T)(1 = s (1) - 0 (pllv 2]l - 0 o2 02d?)

+59(r) -9 (1) - Ol plls - 02 02d?) (517)
— s ()1 = s (r) = 57 (7)) - 0 (plvllal|pll2 - n Lo o2d?)

+s(r) > sP ) =) - e(0?o?d?) (518)

w€[TI\{1,t}

— (1= s(r) = s (7)2 o (pvllollplle - 0 o 02d?) . (519)

For t = 2, Equation (518)) becomes positive from the evaluation of token scores, and combining this with Equation (517)
and 5(1”(7) > O(p) leads to

w

W) =1V (1) = s (1) (7) - o2 o2 | |a ||l 2d- (520)

71352
The upper bound and the evaluation for I; ; »(7) follow similarly. For ¢ € [T\ {1, 2}, Equation (518) is bounded from
below by fsgj)(T)(l - ng)(T) - SEJ)(T)) ~O(pllpllllpell2 - 02,02d?). Since ng)(’r) > O(p) from D(7), we choose T} such

that Equation (318) does not exceed Equation (517) too much. Specifically, we choose it so that we have

w

W (1) > =5 (1)s(7) - o2 o2 ||a | pll2d. (521)

The upper bound is derived trivially. The discussion for /. ,L’VN(T) and Iy, ; +(7) for k # j is proceeded in a similar way to
Equation (511)), and we conclude the proof by repeating the argument in Lemma[D.7 O

D.3.2. ANALYSIS FOR STAGE 2

Next, we provide the results for Stage 2, i.e., 7 € [T, T3] in the proof of Lemma'C.13l In Stage 2, the signal updates are

dominated by the sgi)(r)(l — st9(7)) for i € C, as well as Stage 1 (Lemma|D.10). The different part from Stage 1 is the
behavior of noise memorization of noisy data, and the learning progresses in such a way that the confusing weakly relevant

token, i.e., xéj), would be selected (Lemma|D.11).
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Lemma D.10 (Signal updates in Lemma |C.13). Let T} and T be the time steps in Lemma and let T € [Ty, Ty).
Suppose that the conditions in Theorem@.1|and A(1), B(t), D(t), and F(t) in Lemma are satisfied. Then, on a good
run, there exists some constant ¢ > 0 such that

A (T +1) = A (1) = s (1) (1= 887 (1) - cal|||a||pl3d max{o?, o2},
Aa(m+1) = Aa(m) = 801 = 50 (1)) - calp | pl3d max{o?, 02},

V(1)1 = s(7) - oyl plf3d max{o?, o2},
D)1= s(7) - dalvllalpll3dmax{o?, o2

w? p

foranyi € C.

Proof of Lemma[DI0, We only provide the different part from Lemma[D.6] Without loss of generality, we consider the
case of A;1(7). In the summation over ¢ € [n] in Equation (423)), we divide the terms into three groups: clean data i € C.,
noisy data j € N_, and examples from a different class.

For clean data i € C., the conditions A(7), B(7), and D(7) give the same results as Equations and @51). For noisy
data j € N_, the ratios of softmax probabilities in F'(7) are significant. To derive the lower bound of signal updates, we
use the results in F'(7); specifically, for any clean datai € C, ¢t € [T]\ {1}, and uw € [T] \ {2}, s / ( )(1— sgj)(r)) <
p (1)1 = s (7)), sP (1) (1 = 9 (7)) < s§(7)(1 = s(7)), and the balance between s(])( )(1 — (7)) and
sgi)(r)(l - sgz)(r)) Under the conditions A(7) and B(7), we have the same lower bound of j € N_ as in Equation
as follows:

u=

T
Zsm ( 935 7<J)> (W(r)x W(r)p, ) (522)
= 1
= s&”(ﬂ(l — s (1) A (W(r)xP W) y)

T
=Y @ () (WX W),

t=2

+3 s (s (1) - (1) =) (W(rx W(T)pyy)
t=2

+3 s Y s () = A - (W, W) (523)
t=2 we[T)\{1,t}

> s (1)1 = s (1) 1 - © (o2 ul3d)

< “)( )) - 0(p1”) - © (02 | ull3d)

D) 1+ 0(0) % - 0 (po? | ull3d)

1—59(r)) - 0(pr”) - O (por || sl 3) (524)
o2 |vl2)|l3d, (525)

T

—(T—1)- %)
> s (r)(1 - s(1)) -

where the second last line follows from F(7) and p < 1/C' in the parameter assumptions. The effects of data with different
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labels k € C_ U N, are bounded similarly to Equation (442). From B(7), we have

W (e 1) = O (e {3V ol - o3 og(Tn/a)) = O (masx {, ECE 2 )

Nz
(526)
(W ()x® W () )| = O (po? |pl2d) (527)
(W ()P, W(r)pg)| = O (max { pllul3Vd, o} - % log(Tn/0)) = O (po||ull3d) (528)
(W (1)x), W (r)p )| = O (02 0| ullodlog(Tn/8)) = O (po? || 3d) , (529)
fort € Wsrkl), U € W(_k), and v € Z(®). Similarly to Equation (522), we have
IV, (7)) < s ()@ = s (1) - Y] O (max {p, o(1)} o2 || 3d)
+ s (0) (1= s (7)) - O(p?]) - O (max {p, o(1)} o2 ||| 2d)
+sM 1= s @) - (14 000) - 0 (po? | l3d)
. ( ) (R . (k) y 2 2
HT =1 max {700 =570} 067)) -0 (o0 Iul34) (530)
< s = s (1)) - max {p, o(1)} o2 [v[|2 || 3d, (531)

for any clean data i € C, which follows from F'(7). The same discussion is applied to |I; 1 (7)|, and the desired result is
obtained from the balance between the numbers of clean and noisy data. O

Lemma D.11 (Noise updates of clean data in Lemma[C.13). Ler Ty and T5 be the time steps in Lemma and let
7 € [Ty, Tb). Suppose that the conditions in Theoremd.1land A(t), B(t), D(7), and F(7) in Lemma are satisfied.

Then, on a good run, there exists some constant ¢,c’ > 0 such that ¢ > ¢, and

2
w7p

2

+1) = pia(r) > (1)1 = 5{(7)) - can™ 02 |[v 2| el 202 max{o?
pia(T+1) = pia(r) < =5 (7)si(7) - can ™02 |||z pl|2d? max{o?, o2
(T +1) = pia(r)
+1) = pi(7)

2
w7p

—pia(r) <50 (1)(1 = 5 (1) - dan~ o2y ||u||2d2max{0

2

> s ()5 (1) - dan~Lo? ||y o || pl2d? max{o?,, o2

forany clean datai € C and t € [T|\ {1}. For any noisy data j € N, we have

pin(T+1) = pja(r) < = (1)1 — 57 (7)) - can™ 02|y 2| pll2d? max{o?, o

1 w Tp
pia(r+1) = pja(r) = = (1) (1 = (7)) - ¢ an™ 02| |2 | pl|2d® max{o?, 2

and
pia(m+1) = pia(r) = 55 (1)1 = s (7)) - cpan 102 |[v |2 |pell2d? max{o?, o2},
pi2(m+1) = pia(r) <55 (1)1 = s (7)) - & pan o2 |[v 2| psl20? max{o?, o2},

and

i+ 1) = pjo(7) < =55 ()5 (7) - ecpan= 0 v |2 |p]|2d? max{o?, 02},
pia(T+ 1) = pjo(7) > =55 (1)s (1) - ¢ pan~ o2 ||v|a|| pl|2d? max{o?,, 02},

SJoranyt € [T)\ {1,2}.

Proof of Lemma[DI1] The proof for clean data i € C is essentially the same as the preceding proofs in Lemmas I
and The lower and upper bound of 1;; W (7) and I; ; 1 (7) is derived in the same way as Equations (475) and (488
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As for I,ZVZ 1(7) and I, ; 1 (7) for k # ¢, the difficulty arises because s( )( )(1— (l)( )) does not dominate for noisy data
k € N like Equation @) However, it is resolved using the closer analy51s as in Equation (312). Specifically, using the
s (1 = s () < p sl (7)1 = 517 (7)) and the balance between s (7)(1 — s (7)) and s\ (r) (1 — 57 (7)),
which are derived from F'(7), we have that for k& # i,

IV ()] S s (1)1 = s$7(1) - o(n o2 02 |v|a|pl|2d?), (532)

for any ¢ € C. Therefore, we obtain the desired inequalities for p; 1 (7) following the same discussion as in Lemma The
updates of p; ;(7) are also derived in a similar way to Lemmas[D.7]and[D.9]

For noisy data j € N, the inequalities for I;-/};’l () and I ;1 (7) are derived using a similar argument to Equation (525).
Therefore, the analysis is reduced to that of clean data, and the desired results for p; 1 (7) are obtained by flipping the sign of
updates. We proceed with the analysis of p;;(7), for ¢t € [T]\ {1}. From Lemma|C.4] we have

a n . o~ -~
piar 1) = pia(r) = £ S ) VB (1Y (1) + DRIk (7) + 076 Vg E(r)VpL(r). (533)
k=1
Without loss of generality, we consider j € Ny = {i € [n] | Y*®) = —1,Y(®) = 1}. From the data model defined in
Definition3.1]and Lemma|[B.12] note that we have
1 = —0(Ivl2llull2). 5 = Ollvl2l pll2). (534)
1 = ~0(plvlllulle), K| = O vl \/iog(Tn/5)), (535)

fort € W(fl) and u € 7). Additionally, using B(7), the current SNR condition SNR? = o(n~') and the parameter
assumptions, we have

IW(r)e ”HQ (o7 02d%), (536)
(W ()i, W(r)e)| = O(0% 0| p]ldlog(Tn/8)) = o(n~" po2o?d?), (537)
(W (r)p_y, W(r)el")| = O(oLoc| plladlog(Tn/6)) = o(n~" po2a?d?), (538)
|(W(T)6£P,W(T)e >| O(o? 6cl‘g/glog(Tn/é))—o(n Lpo? o2d?), (539)

for any k € [n] and u € [T such that (k,u) # (j,t). Therefore, when k = j, we have

T T
I (r) =Y sP(7) (%5” = > s )> (W(r)x{), W(r)ed) (540)
v=1 u=1
= s ()1 = s (1) -8 - (W(r)x{, W(r)el))

s @) S+ S sP P | (Wi, Wi(n)ed)
ue[T]\{1,2}

s (1)s (1) - (v =) - (W (r)xD), W (r)el)

v

+
1

v=[T]\{2}

sy Y sP(r) - () AP (W(r)x, W(r)ed) (541)
v=[T]\{2} u€[T\{2,v}

> 59 (7)(1 = s (7)) - © (pllvl2 ||| 202 02 d)

+
1

=55 (1) (=1 = 58 (7) - Olllallnll2) + (1 = 557 (7)) - O |[v ]2/ 108(T]3)) ) - ©(0% 0%d?)
=55 (N1 =55 (7)) - ool |20 02?) (542
> s (1)(1 = 55 (1)) - ¢ pot o2 v a2, (543)
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for some constant ¢ > 0. In the first inequality, we used s(j )( ) S p(1— séj )(T)), which is the result in F'(7), and

séj )(T) > O(1) from D(7). From the parameter assumptions, the first line and the first term of the second line in

Equation 1} become dominant, leading to the result. Since sgj ) (m)(1— séj )(7)) dominates pflsgj ) (r)(1— s(lj )(7)) and
sgz)(T)(l - stl) (1)) forany t € [T\ {1, 2}, which follows from F'(7), similarly to Equation l| we have that for k # j,

1 2(r)] < 57 () (1 = 55 (7)) - o(n ™" po 7 [ ] 2d?). (544)
The arguments for |1, ; 2(7)| and the upper bounds follow similarly, and substituting them into Equation (533) yields the

desired result for p; o(7).

Finally, we analyze the update of p; ,(7) for j € N_ and t € [T] \ {1,2}. Similarly, using Equations (536) to (539), there
exists a constant ¢ such that

T

Ij,V[;’,t(T)_Z (J) < (3) _ ZS(J) (J)> W(T)ng),W(T)ng)> (545)

v=1
= s (1)1 - (7)) -vé“ A(W(r)xs W(r)e)
- s (1)s(7) - (W(rxg, W(r)er”)

u=[T]\{2}
+ s (1) (1) = 257) - (W(n)x (), W(r)er”)
ve[T\{2}
+ @) Y P06 =) (W, Wne) (546)
ve[T\{2} u€[T\{2,v}
><T><1 @( )) -0 (pllvlalllls - n~ po? o?d?)
><T>< D7) - o (pllvllallpellz - n~ po?o2d?)
P(r) - sP(1) - (—O(plvlallpl) - ©(o20?d?) (547)
(”(T)(l—sé”( ) = s(1)) - (—o (Iwllzllpll2 - po2o2d?))
<”<r>s“<> O(|Ivllz]|ell=) - ©(0 02d?) (548)
+s9 (1)1 = s (1) = (1) = 57 (1)) - (=0 (pl|v2ll]l2)) - O(02 0?d?) (549)
+ 1= (r) = s ()2 0 (Iwllzllpell2 - 0 po2od?)
< =59 (1)si?) (7) - chpo? o2 ||vla| ]l 2d?. (550)

In the first inequality, Equations li to lb become dominant. By the choice of 73 in Equation (521)), s(j )( ) S ps(j )( )
and Equation (548) is bounded by other two terms. This leads to the last line. The same argument is apphed to the upper
bound and inequalities for I; ; +(7), we obtain the desired result. O

E. Further Discussion
E.1. Multi-class Setting

In this section, we will see that the analysis in the multi-class setting is a straightforward extension of the binary setting
studied in the main paper.

Let K be the number of classes and Wy = (v, ..., v) € R?XK be the weight matrix. The model output is given by
F(X)=WiX'S (XWTp) e RE. (551)

Let {4 } e[k be signal vectors corresponding to each class, and we consider the data distribution P, which is modified for
the multi- class setting from Definition [3.1] Here, we assume the orthogonality and norm equality among signal vectors.
Furthermore, we assume the pretrained linear head satisfies cos 8 > O(1), which is modified version of Equation , for
v}, and the class signal p,,, for all k € [K].
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The concentration inequalities in Lemma [B.T] are derived by taking a union bound for class numbers and appropriately
updating the parameter assumptions to depend on K. The proof of Theorem[4.1]is based on the analysis of the empirical
loss function on the training data S sampled i.i.d. from P. The empirical loss function when using cross-entropy loss with
softmax output is:

L(W,p) = L Zn: log o (f(X(i))Y(i)>
n = Zke[K] exp (f(X(i))k>

n K
= % Zlog (Z exp ((1/;c - VY(I-))—r X®Tg (X(i)WTp))> . (553)
i=1 k=1

The derivatives of the empirical loss function are given by

(552)

vVVT E(Wa p)
LYK exp ((uk vy XOTS (X(“WTp)) Vw s — vyw) XOTS (x(“WTp) 54
" >os exp ((Vl ~vyw) XOTs (X(i)WTP»
1 z”: EK: x@T (diag(S(X(i)WTP)) - S(X(i)WTP)S(X(i)WTP)T) X% (), —vyw)p 555,
[ Zzlil exp <(Vl —vp) XOTs (X(i)WTp))
and
VPE(Wv p)
1 n ZkK:I €xXp ((Vk - VY(l'))T X(Z)TS (X(Z)WTP)) vp (I/k. — I/Y(i))—r X(l)TS (X(Z)WTp)
T K TXOTg (XOWT (530
n i=1 Zl:l exp ((Vl — Vy(i)) XS (X W p))

wxOT (diag(S(X“)WTp)) —S(XOWTp)IS(XOW Tp)T

i=1 k=1 Z{il exp ((Vl — uk)T X0Ts (X(i)WTp>

X(i) (l/k — I/Y(i))

) . (557)
)

Since we have
1 B 1
>0, exp ((Vl —vi) XOTs (X(i)WTP» RS S ((”l —w) XOTs (X(i)WTP»

, (558)

this term corresponds to ¢} in Equations (9) and (12). Under the scale condition of the linear head, this term becomes
constant order as discussed in Lemma|C.9 Additionally, using Zszl (Vyw —vg) =K (Vy(i) — % Zke[m I/k), we can
confirm that Equations (553) and (557) correspond to Equations (9) and (I2). The remaining proof is based on the equations

of gradient updates and the results of concentration inequalities; therefore, the statement essentially does not change in the
multi-class case.

E.2. Head Optimization

In this section, we provide further discussion on Equation (2)) in our problem setting. For the sake of generality, we consider
the K -class classification setting following Appendix [E.1]

The problem setting in Equation (2)) specifies the alignment between the classification head v and the class signals. It is
necessary to appropriately assign token scores, which represent the desirability of each token for solving the task, and
to formulate the token selection problem. Since the analysis in this paper can generally be interpreted as an analysis of
token selection dynamics under fixed token scores, our result may provide broader insights into attention mechanism across
different problem settings, data and model architecture settings. However, it is an interesting question to what extent the
problem setting in Equation (2) is justified from the perspective of practical scenarios.
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In the following proposition, we show that the gradient direction of the expected risk at zero initialization of the weights
forms an equiangular tight frame (ETF) with class vectors (Papyan et al.l|2020). This corresponds to the most extreme
case of the alignment condition between the linear head and the class vectors described in Equation (2). Note that the
signal vectors have equal lengths and orthogonality from the definition of our data model. In Definition[3.1 we assumed
that among the weakly relevant tokens, there was only one token for each class different from the true class, namely the
confusing tokens. Here, we assume a more general setting that each weakly relevant token x,, aligns with a class k uniformly
sampled from [K], that is, x,, = ppy, + €, foru € W.

Proposition E.1. Suppose that the weights p, W, and W, are initialized to zero. We also consider a generalized version
of the data model in Definition where each weakly relevant token aligns with a class k uniformly sampled from [K].
Then, the gradient descent direction of the expected risk for W, forms an ETF geometry consisting of the signal vectors,
i.e., we have

1
~(Vw, LWy =0))" (IK ~ K1K1£) (s b)) | (559)

where ,C(Wv) = E(x7y),\,p [E(Wv)]

Proof. Taking the gradient of Equation (553)), the gradient of expected loss at Wy, = 0 is given by:

Vo, (f(X)w — f(X
Vo, L(Wy =0) = —Ex y)~p Z ) Tf(T )v) - ‘ (560)
k' €[K] ch[K] exp ((Vc —vp) XS (XW P)) Wy =0
1 1
_EE(X,Y)NP [TXTl (1 - KlkY)] (561)
1 1 K—-1
:—KT<K(1—K ]Ezt:xt|Y:k +KElzt:xt|Y7ék:> (562)

ZX”Y—I{

S ( ) : (563)

where we changed the order of gradient and integral in the first line, and in the second equality, we denote by 14 the
indicator function which returns 1 if the event A is satisfied and otherwise returns 0. The third line follows that Y* is
sampled from a uniform distribution over [K], and label noise is added to different labels uniformly.

th\Y#k

Let 2 be the mean of class signals 3, o ) s,/ K. We have

th|Y_k =(1—7 th|Y*_k > Eth|Y*_k’] (564)
welk\{ky Lt
_ W U W
=(1-mn) (Hk TR )t Z P + PR (565)
ZETSING!
_ n _ _
= (= + o (Kp = ) + [Wipp (566)
K K _
<1 - Kn) e + <K—1” + |W|p> B, (567)
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Figure 5: Heat-map of train loss and test loss under different signal norm || || and the dimension d, after 1000 iterations.
The yellow color indicates a higher loss value. The model and data follow the setup in our analysis.

where we used the definition of our data model. Therefore, Equation (563) leads to
K-1 K K
Vo LWy =0)= ——{ [1-—— — T
Vi, L(Wy =0) K?T{( K_1n>uk+<K_1n+IW|p>u

1 K K
K1 2 ((1‘K_1>ka+<K_1n+IW|p>u>} (568)

k'e[K\{k}
K-1 K 1 _
= T '(1K_177) (#kK_l(Kﬂﬂk)> (569)
K-1 K K
= 1-— —[). 570
K2T( K_ln)K_l(uk ) (570)
Consequently, we have —V,,, L (Wy = 0) « u;, — i, which concludes the proof. O

This proposition is the result for the case of zero initialization. However, by taking the variance of the initialization
sufficiently small, as in Assumption[A8] similar alignment with the class signal can be achieved under random initialization.

While we have considered the gradient of the idealized expected loss, it is natural to ask about the gradient of the empirical

loss. When using the same training set S as in the main theorem, v contains the noise etz) from the training examples, and
thus the arguments in Lemma[B:12|cannot be applied, meaning that the same result does not hold. This is because noise
memorization occurs even in the head, which is outside the focus of our study on token selection. On the other hand, if we
use a different training set .S’, it is possible to appropriately modify the argument and obtain results in the main theorem.
Regarding the class signal, we can show that v "y, > |||% as in this proposition. However, when the input noise is large,
specifically when o.\/d > ||p4]|2, the condition k - cos 6, > ©(1) in Equation @) may no longer hold. Nevertheless, in the
discussion of token scores Lemma , it suffices to show that v " 1, dominates VTegi), which indeed holds under the
parameter assumptions in Section [3.3]

F. Additional Experimental Results
F.1. Additional Synthetic Experiments

and test loss when varying the dimension d and the signal norm ||z¢||2 under the same setting as in Section |5|in the main text.
This figure shows that the balance between the dimension and the signal norm is significant for achieving low train and test
loss. Additionally, while our theoretical results in Theorem [@.T] propose the boundary between not-overfitting and benign

Heat-map experiments. We conducted another synthetic experiment when varying d and || p]|2. Figure shows the train
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Figure 6: Dynamics of softmax probability for one-layer transformer encoder. The top represents a clean sample, while the
bottom represents a noisy sample. From left to right, the configurations of d and ||| follow those used in Figure While
the right setting in Figure |§| corresponds to the not-overfitting case, it now shows benign overfitting.

overfitting as SNR? = O(n~1), the training loss boundary in the left figure approximately forms a quadratic curve. This
corresponds to that the ratio between d and ||4]|3 remains constant at the boundary, with a fixed training size n.

One-layer transformer encoder. We also conducted experiments under a more practical model setting using the same
synthetic data. Specifically, we used a one-layer transformer encoder with a single-head attention. Compared to the model in
the analysis, this model additionally incorporates non-linear feedforward layers, normalization, and skip-connections. The
additional experiments here aim to provide further insights into the behavioral differences arising from joint optimization,
rather than to support our analytical results. We first examined the token selection dynamics in the same way as in Figure[3]
and the results are presented in Figure[f] The main findings are as follows:

* Similar benign overfitting was observed depending on the relationship between d and ||g|2. In a low-SNR setting,
harmful overfitting was also observed in Figure [6a] However, Figure [6c| shows that the model exhibited benign
overfitting instead of not overfitting. This aligns with the intuition that increasing model capacity facilitates fitting to
the training data.

« In the benign overfitting case, token selection for noisy samples progresses more rapidly. The bottom in Figure [6b]
shows that the softmax probability assigned to token x5, which most aligns to label noise, increases more rapidly than
that of Figure[3b] The ability to learn token scores dynamically enables a cooperative interaction between the token
selection mechanism and the feedforward layers, which could lead to faster token selection, as shown in the figure.
Note also that, unlike the setting analyzed in the main text, fitting the label noise does not necessarily require selecting
X2, and a different token is selected depending on the initialization.

Furthermore, Figure [7]shows the results of a heatmap-based experiment analogous to Figure[5} For the training loss, we
observed very small values within the plotted range of || p4||2 and d, which aligns with the observation of benign overfitting
instead of not-overfitting in Figure As for the test loss, we obtained a similar boundary structure, but with clearer
separation between the well-generalizing and poorly-generalizing regions. We suppose that this difference is due to the two
main factors: i) the ability to learn output scaling and ii) the ability to distribute the effect of noise memorization not only
within the attention mechanism but also to the feedforward layer.
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Figure 7: Heat-map of train loss and test loss under different signal norm || /|2 and the dimension d, after 1000 iterations.
The yellow color indicates a higher loss value. The data follows the analytical setup in this paper, but the model used is a
one-layer transformer encoder. For comparison with Figure E], the range of the heat map is aligned with that of Figure ﬁ}

Table 4: Details of image datasets.

Dataset Number of Class Input Size Training Size for Classifier Head
MNIST 10 28 x 28 x 1 10000
CIFAR-10 10 32x32x3 10000
PneumoniaMNIST 2 28 x 28 x 1 3000
BreastMNIST 2 28 x 28 x 1 200

Table 5: Details of natural language datasets.

Dataset ~ Number of Class  Average Word Count  Training Size for Classifier Head

AG-news 4 10 10000
TREC 6 10 3000

F.2. Additional Information for Real-World Experiments

In this section, we provide the additional information for the experimental setup. We prepared the pre-trained ViT
(Dosovitskiy et al., [2021)) and BERT (Devlin et al.,|2018)) models using huggingface transformer library (Wolf et al.| [2020).
These models use the default configuration; specifically, they consist of 12 attention layers, the embedding dimension is set
to 768, and the hidden dimension of the feed-forward layers is set to 3072. Dropout was not performed in any layers during
the following training. Since the classifier head is initialized, we first train only the classifier head on a subset of the training
data without label noise to align with Equation (Z)). The sizes of these sub-datasets vary due to the original dataset size, as
summarized in Tables ] and [5] The experiments in Section [5]and Appendix [F:3]use training data that is a different split
from the one used in the classifier head pertaining, and training is performed by initializing and updating only the attention
weights in the final layer. As explained in Section[3] this setup is designed to align with our analytical setting as closely as
possible, treating the pretrained model up to the final layer as a feature extractor, and training single-layer attention weights
on top of these features. It should be noted, however, that the data model of course does not follow our analytical setups,
and differences such as normalization, skip connections, and multi-head attention remain. During the experiments, the
AdamW optimizer (Loshchilov & Hutter,2019) without weight decay was used with a learning rate of 5e—5, along with
linear warmup and learning rate decay. The used datasets are described as follows.

Image Dataset We conducted experiments on image classification on the following four datasets. The MNIST (LeCun
et al.,[2010) dataset consists of gray-scale 28 x 28 images with 10 classes. Each image is copied to form a 3-channel input
and fed to the common image processor for the pre-trained ViT model. The CIFAR-10 (Krizhevsky et al., 2009) is the
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Table 6: Training loss and test accuracy when only the final attention query-key weights are trained on a sub-dataset for
2000 epochs, sufficiently long time. The results show the average over three different runs with the standard deviation.

(a) Label noise n = 0.0. (b) Label noise n = 0.2.
Dataset Eval Training Size n Dataset Eval Training Size n
20 200 1000 20 200 1000

MNIST train  0.00+0.00 0.00+0.00 0.00+0.00 MNIST train  0.00+0.00 0.04+0.01  0.14+0.02

test 90.8+1.5 91.8+0.1 93.9+0.1 test 84.0+7.2 87.3+1.2 88.4+0.1
CIFAR-10 train  0.00+0.00 0.00+0.00 0.00+0.00 CIFAR-10 train  0.18+0.07 0.18+0.01  0.33+0.02

test 96.0+0.1 95.9+0.1 96.3+0.1 test 95.5+0.4 94.3+0.3 93.2+0.1
Pneumonia train  0.00+0.00 0.00+o0.00 0.00+0.00 Pneumonia train  0.03+0.04 0.024+0.00 0.07+0.00
MNIST test  80.4+3.1  79.0420  81.5+0.9 MNIST test  79.2+7.0  81.2422  82.5+0.7
Breast train  0.08+0.02 0.12+o0.01 — Breast train  0.12+0.03 0.17=+o0.02 —
MNIST test 74.441.4 78.4+1.1 — MNIST test 74.8+2.0 76.3+2.3 —

train  0.00+0.00 0.00+0.00 0.00=+0.00 train  0.00+0.00 0.00+0.00 0.00+0.00
AG-news AG-news

test 84.0+0.3 85.9+0.5 85.540.3 test 82.5+0.7 77.840.6 69.6+1.1
TREC train  0.00+0.00 0.004+0.00 0.00+o0.00 TREC train  0.24+0.33 0.11+0.01 0.12+0.05

test 81.4+0.3 78.7+0.5 82.840.4 test 79.2+2.4 73.3+0.8 69.1+1.7

dataset composed of 32 x 32 color images in 10 classes. These classes are mainly made up of vehicles and animals. Finally,
we focused on the MedMNIST (Yang et al., [2023) dataset, specifically using PneumoniaMNIST and BreastMNIST, which
are tasks for disease detection. Both datasets consist of 28 x 28 gray-scale images similar to MNIST, and they are binary
classification settings based on the presence or absence of disease. Table ] summarizes the details of these datasets.

Furthermore, we provide comments on how our data model, based on relevant, weakly relevant, and irrelevant tokens
defined in Definition corresponds to the input images. For example, consider the case of cancer detection using medical
images such as MedMNIST. In this case, the patches directly indicating cancer, such as tumors or lesions, can considered
relevant tokens. The patches showing enlarged lymph nodes or inflammatory signs, which often co-occur with cancer but
are not definite, can be categorized as weakly relevant tokens. Meanwhile, the patches showing normal tissue or background
anatomy, which are irrelevant to the task, correspond to irrelevant tokens.

Natural Language Dataset We conducted experiments on sentence classification in natural language in addition to image
data. The AG-news (Zhang et al.,|2015)) is the dataset for the topic classification of news articles. It has four largest classes:
“world”, “sports”, “business”, and “science/technology”. The TREC (Li & Roth, [2002) dataset is the dataset for question
classification in 6 classes. Each question is labeled based on the content and the question type. The details of these datasets
are summarized in Table[5] Note that the text data can also correspond to the data model in the paper based on the relevance
of each word to the class, similar to the case of images.

F.3. Additional Real-World Experiments

In this section, we provide additional results under the real-world experiment setting described in Appendix

Table [ presents results corresponding to the experiment in Table 2] of the main text, where the label noise level n = 0.1
is varied to n = 0.0 and n = 0.2. In the absence of label noise, the model fits the data across all settings except for
BreastMNIST. Notably, in the case of AG-news, where increasing the sample size n under n = 0.1 led to worse test accuracy,
no such accuracy degradation is observed when 1 = 0.0. The case of n = 0.2 shows similar trends to those observed with
7 = 0.1 in the main text.

Next, Figure[§] presents the results as the label noise ratio is varied continuously from 7 = 0.0 to 0.2. In datasets such as
CIFAR10 and TREC, the training loss increases as the label noise increases, whereas in MNIST, PneumoniaMNIST, and
AG-news, the model maintains relatively good fitting across all noise levels. Regarding test loss, we observe that language
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Figure 9: Dynamics of the maximum softmax probability at the position of the CLS token in the final attention layer. The
experimental setup follows the real-world experiment described in Appendix@ with a label noise level n = 0.1.

datasets such as AG-news and TREC are relatively more difficult to predict, and the increase in test loss is more severe as
the noise ratio increases.

Finally, Figure 9] illustrates the evolution of the maximum softmax probability at the position of the CLS token in the
real-world experimental setting. For all datasets, the softmax probability increases as training progresses. In MNIST and
PneumoniaMNIST, the model tends to focus on a single token, whereas in other datasets, attention does not necessarily
concentrate on a single token. This behavior may be attributed to differences in the data distribution and architecture, such
as skip connections and non-linear feed-forward layers, which are not captured by our analytical setting.
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