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Abstract

Prompting and context-based fine-tuning meth-
ods, which we call Prefix Learning, have been
proposed to enhance the performance of lan-
guage models on various downstream tasks.
They are empirically efficient and effective,
matching the performance of full parameter
fine-tuning, but the theoretical understandings
are limited. In this paper, we aim to address
this limitation by studying their ability from the
perspective of prefix length. In particular, we
provide a convergence guarantee for training
an ultra-long prefix in a stylized setting using
the Neural Tangent Kernel (NTK) framework.
Based on this strong theoretical guarantee, we
design and implement an algorithm that only
needs to introduce and fine-tune a few extra
trainable parameters instead of an infinite-long
prefix in each layer of a transformer, and can
approximate the prefix attention to a guaran-
teed polynomial-small error. Preliminary ex-
perimental results on vision, natural language,
and math data show that our method achieves
superior or competitive performance compared
to existing methods like full parameters fine-
tuning, P-Tuning V2, and LoRA. This demon-
strates our method is promising for parameter-
efficient fine-tuning.

1 Introduction

The advent of Large Language Models (LLMs)
and Vision LLMs (VvLLMs) has significantly ad-
vanced the field of Artificial Intelligence (Al),
with prominent examples like ChatGPT (ChatGPT,
2022), Claude (Claude-3, 2024), Gemini (Gem-
ini, 2024). They have exhibited impressive perfor-
mances across a spectrum of tasks, encompass-
ing chat systems (Maaz et al., 2023; Xu et al.,
2023; Zheng et al., 2024), text-to-image conversion
(Qiao et al., 2019; Frolov et al., 2021; Zhang et al.,
2023a), Al mathematical inference (Hendrycks
et al., 2020; Xiong et al., 2022; Yu et al., 2023a;

“Equal contribution in alphabetical order.

Yao et al., 2023; Xiong et al., 2023b), and many
more. However, despite these advancements, pre-
existing LLMs often fall short in specialized do-
mains that demand a deeper understanding of pro-
fessional knowledge (Li et al., 2024b; Wang et al.,
2024) . This has led to the development of fine-
tuning/adaptation (Shi et al., 2022) methodologies
aimed at enhancing the proficiency of these models
in executing more specialized tasks (Mangrulkar
et al., 2022). Several notable contributions in this
area, such as LoRA (Low-Rank Adaptation, Hu
et al. (2021)), P-Tuning (Liu et al., 2021b, 2023),
and (I A)? (Liu et al., 2022), have displayed perfor-
mances rivaling those of full-parameter fine-tuning
techniques. This underscores the potential of these
fine-tuning strategies to further refine the capabili-
ties of Large Language Models.

Among the methods proposed, most context-
based fine-tuning methods, e.g., Prompt-Tuning
(Lester et al., 2021; Liu et al., 2021a), Prefix-
Tuning (Li and Liang, 2021), P-Tuning (Liu et al.,
2023, 2021b), use enhanced input sequences (or
virtual prompt, a.k.a soft prompt) to optimize their
model outputs. These methods are gaining signif-
icant interest due to their ease of implementation
across various model architectures, and also pre-
vention of catastrophic forgetting with static pre-
trained parameters (Wang et al., 2023b; Sohn et al.,
2023; Yang et al., 2024). We call the above ap-
proaches Prefix Learning since they improve the
performance by optimizing a prefix matrix added
to the input in each attention layer of the LLMs
(see detailed formulation in Section 3).

Despite its wide use and strong empirical per-
formance, we still have a limited understanding of
why and how prefix learning operates (Wang et al.,
2023a; Petrov et al., 2024a,b). One common phe-
nomenon in prior empirical studies is that prefix
learning results in better downstream performance
when the prefix length increases (Lester et al., 2021;
Liu et al., 2023). We call this phenomenon scaling

11127

Proceedings of the 2025 Conference on Empirical Methods in Natural Language Processing, pages 11127-11191
November 4-9, 2025 ©2025 Association for Computational Linguistics


https://github.com/ChristianYang37/chiwun/tree/main/src/NTK-Attention

\

e
| W } Attention

/ Prefix Attention

r )

@ P X

Complexity = O(mL+L")
KNum Params = md

@ ]

j

ﬂ\lTK-Attention (ours) \
w
_ Za j EZB

Complexity = O(Ld+L%)

Qum Params = rs + sd +y

Attention []: Trainable Parameter
—— [[]: Frozen Parameter
X []: Layer Input Matrix

[]: Backbone

Figure 1: Illustration of existing prefix attention methods (Algorithm 1) and our NTK-Attention (Algorithm 2).
Compared to the former, NTK-Attention significantly reduces the number of parameters and the time complexity.
Here, X € REXd ig the input of this layer, W = [WQ, Wi, Wy is frozen weights of attention, P € R™*d jg
the trainable prefix matrix and Z4 € R™%*, Zg € R**¢ k € R" are the trainable parameters in our method. L is
the input length, d the input dimension, m the prefix length, and r a hyperparameter in NTK-attention (i.e., the
dimension of the constructed feature mapping; see Section 5). Note that m > L and m > d, and r = poly(d)
(usually be chosen to d or 2d), s < |d/2] (low-rank of Z 4, Zp) are used in our experiments.

law in prefix learning: the longer the prefix, the
larger downstream dataset the model can fit, and
thus the better performance the model would have.
Then intuitively, we would like to ask:

What happens when the prefix length is large or
even tends to infinity?

The answer to this cannot be directly figured
out via empirical evaluations, since it is impracti-
cal to implement networks with ultra-long or even
infinite prefixes in practice. Therefore, we first per-
form a theoretical analysis of prefix learning. We
study the optimization of ultra-long prefix learning
via the Neural Tangent Kernel (NTK) technique
(Jacot et al., 2018), which has been used for an-
alyzing overparameterized networks and thus is
suitable for ultra-long prefix learning. Based on
the insights gained from the analysis, we propose
our method, NTK-attention, which reparameterizes
prefix learning and can approximate infinite-long
prefix learning using a finite number of parameters.
We also conduct some empirical evaluations of our
method on vision, natural language understanding,
and math inference datasets to demonstrate its ef-
fectiveness. We have the following contributions:

* We first perform a theoretical analysis of opti-
mizing an ultra-long prefix in a stylized attention
network; see Section 4. We consider a simpli-
fied attention network, and show that when prefix
length m is sufficiently large (i.e., prefix learning
is sufficiently over-parameterized), the training
can be analyzed via NTK, which leads to our the-
oretical guarantee of convergence to small errors.
This also provides theoretical support for scaling

law in prefix learning.

* We then propose our NTK-Attention (Algo-
rithm 2), motivated by the above strong theoreti-
cal guarantee; see Section 5. Our method approx-
imates existing prefix attention (Algorithm 2) by
utilizing three trainable parameters Z 4, Zp and
k, to replace the parameter in prefix attention
(the prefix matrix P). This allows scaling the
prefix length without large memory usage and
computational time that increases with the prefix
length. It reduces the computation complexity
from O(mL) to O(L?), where L is the input
length and m is the prefix length. See Figure 1
for an illustration.

* We further conduct experiments on vision, lan-
guage and math datasets to verify our theoretical
results; see Section 6 and Section 7. The experi-
ments include (1) a comparison among our NTK-
Attention, full parameters fine-tuning, and LoRA
on CIFAR-100, Food-101 and Tiny-Imagenet
datasets with the same pre-trained ViT backbone;
(2) a comparison among our NTK-Attention, P-
Tuning V2, and LoRA on SuperGLUE, WikiText-
103, Penn TreeBank and LAMBADA datasets
with the same pre-trained ChatGLM3-6B and
OPT-{125M, 350M, 1.3B, 2.7B, 6.7B} family;
(3) a comparison among our NTK-Attention and
LoRA on GSM8K and MATH datasets with su-
pervised fine-tune pre-trained models LLAMA-
3.2; (4) an ablation study to validate sensitivity of
hyper-parameters in NTK-Attention; (5) a com-
parison of the computational costs between our
method and standard prefix learning on random
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data. The empirical results show that on average
our NTK-Attention method achieves better per-
formance than the competitors. For example, on
SuperGLUE datasets, it achieves an average accu-
racy that is 1.07% higher than LoRA and 12.94%
higher than P-Tuning V2. It is also observed
that our method maintains low time and memory
costs while those of prefix learning scales with
prefix length. The experimental results demon-
strate that our method is effective and efficient
and supports our theoretical analysis.

2 Related Work

Prefix Learning. Prefix Learning (Lester et al.,
2021; Ding et al., 2021; Wang et al., 2022b; Zhou
et al., 2022; Liu et al., 2021a; Petrov et al., 2024a;
Wu et al., 2023; Xiong et al., 2023a), including
Prompt-Tuning (Lester et al., 2021), Prefix-Tuning
(Li and Liang, 2021), P-Tuning (Liu et al., 2023,
2021b), Reweighted In-Context Learning (RICL)
(Chu et al., 2023) and so on, is proposed to en-
hance the performance of language models on the
downstream tasks and to reduce the costs of compu-
tational resources of fine-tuning the whole model.
Those methods optimize task-specific prompts for
downstream task improvement. On the other
hand, besides the Parameter-Efficient-Fine-Tuning
(PEFT) approaches (Mangrulkar et al., 2022) we
mentioned above, Retrieval Augmented Generation
(RAG) (Lewis et al., 2020; Jiang et al., 2023; Gao
et al., 2023b) and Chain-of-Thought (CoT) prompt-
ing (Wei et al., 2022b; Wang et al., 2022a; Fu et al.,
2022) can also be considered as prefix learning. We
conclude all these works to an optimization prob-
lem that improves the prefix based on task-specific
measurements.

Neural Tangent Kernel. Neural Tangent Kernel
(NTK) (Jacot et al., 2018) studies the gradient flow
of neural networks in the training process. They
showed neural networks are equivalent to Gaussian
processes in the infinite-width limit at initialization.
A bunch of works has explained the strong perfor-
mance and the learning ability of neural networks
at over-parameterization, such as (Li and Liang,
2018; Du et al., 2019; Song and Yang, 2019; Allen-
Zhu et al., 2019; Wei et al., 2019; Bietti and Mairal,
2019; Lee et al., 2020; Chizat and Bach, 2020; Shi
et al., 2021; Zhou et al., 2021; Seleznova and Ku-
tyniok, 2022; Gao et al., 2023a; Li et al., 2024a;
Shi et al., 2024b) and many more. Furthermore,
Arora et al. (2019) gave the first exact algorithm

on computing Convolutional NTK (CNTK), Ale-
mohammad et al. (2020) proposed Recurrent NTK,
and Hron et al. (2020) presented infinite attention
via NNGP and NTK for attention networks. These
works have demonstrated advanced performance
by utilizing NTK in different neural network archi-
tectures. In particular, Malladi et al. (2023) have
studied the training dynamic of fine-tuning LLMs
via NTK and confirmed the efficiency of such meth-
ods.

Theory of Understanding Large Language Mod-
els. Since the complicated transformer-based ar-
chitecture and stochastic optimization process of
LLMs lead the study of their behaviors to be a chal-
lenge, analyzing LLMs through some theoretical
guarantee helps in providing insights to improve
and design the next generation of Al systems. This
topic includes efficient LLMs (Alman and Song,
2023, 2024a,b; Han et al., 2024; Kacham et al.,
2023; Addanki et al., 2023; Deng et al., 2024b;
Shi et al., 2024a), optimization of LLMs (Deng
et al., 2023; Li et al., 2024a), white-box transform-
ers (Yu et al., 2023b,c; Ferrando et al., 2024; Pai
etal., 2024), analysis of emergent abilities of LLMs
(Brown et al., 2020; Wei et al., 2022a; Allen-Zhu
and Li, 2023a,c,b, 2024), etc. Especially, (Alman
and Song, 2023) proved that the hardness of atten-
tion can be achieved within n!T°(1) times execu-
tions, one effective way is to construct a high-order
polynomial mapping based on Taylor expansion of
the exponential function exp(-), and it inspired the
design of our NTK-Attention.

3 Preliminary: General Prefix Learning

In this section, we provide the detailed formulation
for prefix learning, which optimizes prefix matrices
in the attention layers of transformer-based LLMs.
Transformer Network with Prefix. Let X €
RE%4 be an input matrix to the transformer net-
work, where L and d are the input length and di-
mension. An N-layer transformer network with an
initial-layer prefix matrix Pg) € R™© *d and a po-
sitional embedding matrix E € R(™©@+)xd firgt
T
concatenate S(g) := [P(E),XT} € Rmo+L)xd
then the output of the whole model is defined as:
fT(X) = TF(N) 0:++-0 TF(l) (S(O) + E), where
the /-th layer of transformer block for ¢ € [N], is
then given by: TF(@) (X) = FF(() o PAttn(g) (X)
Denote L := mg)+ L. The feed-forward network:

FF () (X) == ReLU(X W1 + Lisbly )W (h
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+ 1[/()&)71 + X, where W(g)’l,W(g)Q € Rixdr
b € Rdl,bg € RY and d; represent the hidden
dimension of feed-forward. For simplicity, we con-
sider only the single-head attention network with
prefix learning:

QK
PAttn ) (X) = Softmax(—2—(O-P
Vd
where Q) = XWpo € RV Ky p =
S(@W@),K?‘/(Z),V - S( )W( )Q c R(m(l)"’L,)Xd.

Notably, S(y) := |:P(£) XT} e Rmu+L)xd
be the concatenation of the prefix and the input,
and trainable prefix matrix Py € R™® *d stands
for my) virtual token vectors (or soft prompt).
W .o Wk, Weyv € R¥*4 are query, key, and
value parameter matrices in ¢-layer, respectively.
Specifically, the length of prefix matrix my > 0
for £ € {0,---, N} in each layer can be personal-
ized due to some specific requirement.

General Prefix Learning Framework. The
concept of Prefix Learning contains P-Tuning
(Liu et al.,, 2023, 2021b), Prefix-Tuning (Li
and Liang, 2021). Essentially, they are all
searching for the optimal prefix for a specific
task based on a strong pre-trained language
model. We note the pre-trained weights § =
W0 Wk Wey,vs Wiy, Wiey 2, b1
b(g),Q}éV: , are all frozen during the optimization
process of prefix learning. Besides, prefix param-
eters of the whole model, 6, = {P};_, are
trainable or adjustable for parameter-efficient-fine-
tuning. Denote the dataset as Dy, = {(X;, Y;)}
where n is the dataset size, and X;,Y; € RLxd,
Let v(-, -) denote the loss function for the specific
task (e.g., prompting, context-based fine-tuning,
etc). The training objective of prefix learning is:

Zv (fr(X. ()

mln Epl

4 Scaling Law in Prefix Learning

In this section, we first introduce an interesting phe-
nomenon, scaling law in prefix learning, commonly
observed by some prior prefix learning works in
Section 4.1. Thus, we give our explanation utiliz-
ing the Neural Tangent Kernel(NTK) framework
(Jacot et al., 2018) in Section 4.2, where NTK is a
popular tool in analyzing overparameterized neural
networks, including LLM (Malladi et al., 2023).

7 )‘/(@),P + X7

4.1 Previous Observation

A rich line of studies (Lester et al., 2021; Liu
et al., 2023; Reynolds and McDonell, 2021; Arora
et al., 2022; Brown et al., 2020; Dong et al., 2022;
Von Oswald et al., 2023; Fu et al., 2022; Agarwal
et al., 2024) have reported a common observation
that as the prefix length increases, the model’s abil-
ity to master complex skills also improves. Specifi-
cally, the performance of fine-tuned models is en-
hanced when the prefix length grows within a cer-
tain range. A similar trend is observed in prompting
methods and in-context learning, where longer and
more complex prompts lead to better inference abil-
ities in LLMs, and providing more examples in ICL
results in improved performance. We summarize
this as the scaling law in prefix learning: the longer
the prefix length for fine-tuning, the larger dataset
the model can fit, thus, the more complicated skill
it can master. This motivates investigating prefix
learning with long prefixes.

4.2 Theoretical Guarantee via NTK

In our theory, we consider only fine-tuning one
certain prefix matrix P(g) € 0,for0 < ¢ < N,
where fine-tuning the whole 60, is a composition
case of the former learning process. On the other
hand, we choose ¥(X,Y) := || X — Y|/% as the
training objective for searching the optimal prefix.
Moreover, we give a mild assumption in the NTK
framework (also used in (Malladi et al., 2023)):

Assumption 4.1. We define a matrix H* €

R™™ and its (i,j)-th entry Yi,j € [n] is
* d Xi),Y; d X),Y;
Hi; = <Vec(%)wec(%)>’

where vec(-) flattens any matrix row-wise to a vec-
tor. We assume H* is a positive definite (PD) ma-
trix such that its minimum eigenvalue is positive
A= Amin(H*) > 0.

Then the informal version of our main theorem
is given as follows:

informal version
log(nd/?)),

Theorem 4.2 (Main result,
of Theorem K.2). Let B := O(
e,0 € (0,0.1). For any prefix matrix Py €
Op for £ € [0,N], we choose my =
A2 poly(n, d,exp(B)). If Assumption 4.1 holds,
then fine-tuning Py using gradient descent over
T = Q((m@yn))~'log(nd/e)) iterations with
learning rate n = )\m(_e;/poly(n, d,exp(B))
leads L,(0,) < €

Discussion. Theorem 4.2 mainly describes the fol-
lowing fact for any dataset with n data points. After
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initializing the prefix matrix from a normal distri-
bution, assuming the minimum eigenvalue of NTK
A > 0, setting my) to be a large enough value so
that the network is sufficiently over-parameterized.
Then with proper learning rate, the loss can be min-
imized in finite training time to an arbitrarily small
error €. Corresponding to the real-world implemen-
tation, it explains that adequately long prefix learn-
ing can master downstream tasks when fine-tuning
LLMs. Furthermore, it also helps us understand the
working mechanism of prefix learning, inspiring us
to explore the direction of using ultra-long prefixes.

Now we connect our theory to the scaling law
in prefix learning. Following (Kaplan et al., 2020),
we focus on the relationship between the loss and
the computational cost. We provide a theoretical
confirmation of the scaling law in prefix learning.

Proposition 4.3 (Scaling Law in Prefix Learning).
We define N := O(Zévzo myd) as the number
of parameters, D := O(n) as the size of training
dataset, Ccpy := O(NDT') as the total compute
cost, and o := nd. We choose T as Theorem 4.2,
then the loss of training, denotes L, satisfies:

(0%

eXP(éﬁ)\Ccpt) .

~

Proposition 4.3, following Theorem 4.2, shows
that the training loss of the prefix learning con-
verges exponentially as we increase the computa-
tional cost Ccp¢, which primarily depends on the
number of parameters and the training time in pre-
fix learning, further indicating a possible relation-
ship for formulating scaling law in prefix learning.

Algorithm 1 Prefix Attention

Input: Input matrix X € REx4
Parameters: Frozen query, key and value
weights Wo, Wi, Wy € R¥4, trainable pre-
fix matrix P € R™*¢
Output: Exact output Attn € RE*4
: procedure PREFIXATTEN(X)
S« [PT,xT]"
Q, Kp,Vp « XWQ, SWK, SWy
A <+ exp(QK} /V/d)
D + diag(A1m+L)
return D1 AVp
end procedure

A A S o

Algorithm 2 NTK-Attention

Input: Input matrix X € RLx4
Parameters: Frozen query, key and value
weights Wo, Wk, Wy € R4, trainable
weights Z4 € R™** Zgp € R®*% and k € R"
Output: Approx output 7' € RE*4
procedure NTK-ATTEN(X)

Q,K,V — XWQ,XWK,XWV,

A — exp(QK T /Vd)

D + diag(Aly, + ®(Q)k)

T« D YAV + &(Q)Za - Zp)

return T’
end procedure

A A R o S e

S NTK-Attention: Approximate
Infinite-Long Prefix Attention

The preceding section discussed the convergence
guarantee of training sufficiently long prefixes in
transformer-based models. This strong theoretical
property inspires us to scale up the prefix length
m (We omit the notation of layer number (¢) in
further derivations). However, such prefix learning
(Algorithm 1) necessitates a time complexity of
O(mLd + L?d) in each layer of the model, this is
impractical due to a large m. This section proposes
an approximate algorithm to make long prefix learn-
ing practical. Our algorithm, NTK-Attention, is
designed to output an approximation of PAttn(X)
in each layer of the model within O(L'*°(Y)) and
without using the long prefix matrix P. We present
the derivation and motivation of our algorithm in
Section 5.1, formalize the NTK-Attention algo-
rithm in Section 5.2, and provide an approximation
guarantee in Section 5.3.

5.1 Derivation: Replacing Prefix P with
Trainable Parameters 7, k

There exists a wealth of attention approximation
algorithms capable of executing attention computa-
tions within n' o) time (Han et al., 2024; Liang
et al., 2024a,b). However, our focus lies predom-
inantly with the polynomial method (Tsai et al.,
2019; Katharopoulos et al., 2020). Our method
has exhibited exceptional performance in terms of
time and space complexity through the use of a
streaming algorithm.

Polynomial method. In attention networks, the
query, key, and value state matrices, denoted as
Q, K,V € RE%4 are assumed to have all entries
bounded (Alman and Song, 2023). Under this con-
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dition, the polynomial method first constructs a
linear mapping ¢ : RY — R”, where r = poly(d)
(Alman and Song, 2023), and it satisfies the follow-
ing relation (i, j € [L], Q;, K; € RY represent the
i-th row of () and the j-th row of K respectively):

#(Qi) " ¢(K;) ~ exp(Q] K;/Vd).  (2)

Here, the mapping ¢(-) is constructed based on
the Taylor expansion of the exponential function,
and the larger value of » > d would bring the ap-
proximation (Eq. (2)) with a smaller error. This
is guaranteed by Lemma 3.4 in Alman and Song
(2023), refer to a copy in Lemma L.7. The -
th row of the approximate attention (denoted as
PolyAttn, € R'*9) then can be computed as
$(Q:) " 7y o(K;)V,"

HQ)T S, oK) ©

follows: PolyAttn; :=

R4 v ¢ [L].
Recall that given an input matrix X € R4,
thus, Q = XWg, and we have [Kp,Vp] =

P _ [Pwx PWy

K¢ = PWg, Vg :== PWy € R4 and K :=
XWgk,V = XWy € REX4 We expand the i-th
row of the prefix attention, PAttn;(X) € R'*? as:

PAttn;(X)
exp(Q KT/Vd)V + exp(Q] K} /Vd) Ve
exp(Q] KT/Vd)1, + exp(Q] K/ /Vd)1y,
_exp@Q KTV +6(Qi)"Z
T exp(QT KTV, + 6(Qi) Tk

where Z € R"™? k € R”, and
m

Z=Y ¢(Kc)Vd,; k=Y o(Kcy). (3)

j=1 j=1

Here, the first step explicitly computes the softmax
function, and the second step holds since replacing
exp(Q; KT /+/d) by Eq. (2), which is

exp(Q] K¢ ;/Vd) = ¢(Qi) T ¢(Kc;), Vi € [m].

Therefore, checking the training process of P,
we observe that P is updating iff Z and k are
updating. Hence, we can replace P by utilizing
trainable parameters Z and k in Eq. (3) to re-
parameterize the prefix attention. This is the key to
how NTK-Attention approximates prefix attention
without a large number of parameters.

5.2 Algorithm

Our analysis shows that as the prefix length ap-
proaches infinity, the model performance converges
to an optimal point. Rather than implementing im-
practically long prefixes, we leverage polynomial
approximation of the exponential attention kernel
to capture this behavior efficiently. This reformu-
lation allows us to replace a large prefix matrix P
with compact parameters Z and k that approximate
infinite-length prefix effects while requiring only
O(rd + r) parameters instead of O(md).

To present our algorithm, based on ¢, we
define: ®(A) = [¢(A1.),--,d(AL)] €
RL*T VA € REX4, Below we present our NTK-
Attention method in Algorithm 2, and for compari-
son also present the traditional prefix attention for
prefix learning in Algorithm 1.

Implementation Detail of ¢. In order to find a
balance between approximation and efficient com-
putation of NTK-Attention, we use the first-order
polynomial method. Higher-order polynomial ap-
proximations could indeed improve performance
at the cost of increased computation. Our first-
order approximation balances theoretical guaran-
tees with practical efficiency. In particular, we
choose » = d, and the function ¢ is given by
¢(2) := d73 - (z0 1,50, +exp(z) 0 1.<0,) + 14 €
]Rd,Vz € RY, where 1 >0, € R? is an indicative
vector and its i-th entry for ¢ € [d] equals 1 only
when z; > 0, and 0 otherwise.

Initialization, Approximation and Training of
Z and k. In Section 4.2, we initialize the pre-
fix matrix P from a standard normal distribution
following the NTK framework. Since the pre-
trained weights Wo, Wi, Wy € R4 are known,
the initialization of Z and k, denotes Z(0) and
k(0), can then be computed by Eq. (3). How-
ever, consider that Z caches rd parameters for
r = poly(d), which is insufficiently parameter-
efficient. In response to it, we choose s < |d/2]
as an appropriately small integer, then Z(0) ~
Z4(0) - Zp(0) is decomposed into two low-rank
matrices Z4(0) € R"™* Zp(0) € R**4. For
training, let gz, (t) € R™* gz.(t) € R**? and
gr(t) € R"™ denote the gradients of Z4(t), Zp(t)
and k(t) at time ¢, and 1 denote the learning rate.
Then the update rule is:

Zap(t+1):=Zapt) =192, 5),
k(t+1) :=k(t) —n - gr(t).
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Task

Method Num Params Average
BoolQ CB Copa MultiRC RTE
P-Tuning V2 m =1 0.12M 65.69+0.32  67.06+0.37 52.00+1.00 53.59+0.28 65.97+0.22 60.86+0.44
P-Tuning V2 m = 10 1.15M 66.67+0.23  74.07+0.00 54.00+0.00 54.17+0.71  66.55+0.25 63.10+0.24
P-Tuning V2 m = 100 11.47™ 69.42+0.02 T4.54+047 64.50+050 61.62+2.28 76.77+0.83 69.37+0.82
LoRA 7' =8 3.6™ 76.52+0.10 90.23+0.39  86.50+0.50 65.09+0.41 87.76+0.37 81.24+0.35
NTK-Attention (ours), 7 = 128, s = 16 3.78M 75.06+0.12  96.04+0.84 88.00+2.00 65.85+0.33 86.59+052 82.31+0.76

Table 1: Performance of different fine-tuning methods on the SuperGLUE datasets. The base model is ChatGLM3-
6B. The methods include P-Tuning V2, LoRA, and our NTK-Attention method. The metric on these datasets is

accuracy (measured in %). The best score on each dataset is boldfaced.

Number of Trainable Parameters. Since given r
and s as two hyperparameters in NTK-Attention,
for each attention layer in the transformer-based
architecture, we denote 3 := 7. The number
of trainable parameters could be computed by
(Bs + 8+ s)d where integer 5 > 1 and s < |d/2].
This is more flexible when adjusting the practi-
cal efficiency needs. For LoRA with its hyper-
parameter ' < |d/2], where 7’ is the rank number
used for approximation, its number of trainable pa-
rameters is 47'd and for prefix attention with its
hyper-parameter m > 1, its number of trainable
parameters is md in each attention layer. By choos-
ing (Bs + B + s) < 41/, the higher efficiency of
NTK-Attention compared to LoRA will be satis-
fied.

5.3 Error Bound and Complexity Reduction

Introducing an ultra-long prefix matrix P € R™*¢
to satisfy the conditions in Theorem K.2 requires
md parameters for

m > Q(A~? poly(n, d, exp(B))),

while it also bring a O(m(m + L)d) time complex-
ity to compute Algorithm 1. Our NTK-Attention
relieve this by replacing P with Z and &, where we
state our theoretical guarantee as follows:

Theorem 5.1 (Error bound with reduced time com-
plexity, informal version of Theorem L.2). Let
m denote the prefix length. Given an input ma-
trix X € RY%? and prefix matrix P € R™*¢,
we denote () = XWqg, Ko = PWg and

Vo = PWy. If the condition Eq. (3), ||Q]|c0 <
o(vlogm), |[Kclle < o(vlogm),[[Volle <

o(v/1ogm) and d = O(logm) holds, then Algo-
rithm 2 outputs a matrix T € RY* within time
complexity of O(L?d) that satisfies:

|T — PrefixAttn(X, P)||oc < 1/ poly(m). (4)

Furthermore, if we replace the original attention
operation (attention computation on input X with

K = XWg and V = XWy,) with fast attention
algorithms like HyperAttention (Han et al., 2024),
then NTK-Attention can be even more efficient,
achieving Eq. (4) within complexity O(L'*+°(1)d)
(see Corollary L.3 for proofs).

6 Empirical Evaluations

In this section, we evaluate our method, NTK-
Attention on natural language understanding, math
inference, and fine-grained image classification
tasks. All our experiments use the Huggingface
(Wolf et al., 2019) trainer with AdamW optimizer
(Kingma and Ba, 2014), and all optimizer hyper-
parameters are set to the defaults. “Num Params”
in our tables stands for the number of trainable pa-
rameters in fine-tuning. We provide more details
and hyperparameter choices in Appendix C.
Evaluation on Natural Language Understand-
ing Datasets. In this experiment, we utilize five
binary classification datasets in SuperGLUE (Wang
et al., 2019) for evaluation: the BoolQ, CB, Copa,
MultiRC, and RTE datasets. We use a pre-trained
LLM ChatGLM3-6B (Zeng et al., 2022; Du et al.,
2022) as the base model. For comparison, we
choose P-Tuning V2 (Liu et al., 2023, 2021b)
which is a standard prefix learning method, and
choose LoRA (Hu et al., 2021) which is a pop-
ular parameter-efficient fine-tuning method often
achieving state-of-the-art. P-Tuning V2 uses differ-
ent lengths of virtual prefix {1, 10, 100,200}, and
LoRA uses rank ' = 8. We choose r = 128 (the
dimension of each head of ChatGLM3-6B) and
s = 16 for our NTK-Attention.

The results are provided in Table 1. Our NTK-
Attention method achieves much higher perfor-
mance than P-Tuning V2. Interestingly, as m in-
creases, the performance of P-Tuning V2 also im-
proves, which is consistent with our analysis. Our
analysis also suggests that NTK-Attention approxi-
mates ultra-long prefix learning and thus can per-
form better than P-Tuning V2. The experimen-
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Dataset

Method Num Params Average
CIFAR-100 Food-101  Tiny-Imagenet
FFT 86.39M 85.15+0.13  84.76+0.07 76.20+0.23 82.04+0.14
LoRA 7' =16 7.08M 92.17+0.05  89.38+0.33 88.22+0.09 89.92+0.16
LoRA v/ = 32 14.16M 92.01+0.20 89.86+0.11 90.16-0.12 90.68+0.14
NTK-Attention (ours), r = 64, s = 32 7.09M 92.55+0.03  90.57+0.01 89.46+0.10 90.86+0.05

Table 2: Performance of different fine-tuning methods on the CIFAR-100, Food-101 and Tiny-Imagenet datasets.
The base model is ViT-Base. The methods include FFT, LoRA, and our method NTK-Attention. The metric is
accuracy (measured in %). The best score on each dataset is boldfaced.
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Figure 2: Compare our results with LoRA and Zero-
Shot (without using CoT/ICL) on Math inference data.
The y-axis is the accuracy.

tal results also show that NTK-Attention achieves
better performance than LoRA on CB, Copa, and
MultiRC datasets, and achieves better average per-
formance over all the datasets.

Evaluation on Math Inference Datasets. In or-
der to thoroughly verify the effectiveness of NTK-
Attention, we conduct experiments on the math
inference task, which includes GSM8K (Cobbe
et al., 2021) and MATH (Hendrycks et al., 2021)
datasets. These are considered fair benchmarks
to test the complex capability of LLMs. We fol-
low Yu et al. (2023a) to supervised fine-tune two
pretrained models LLAMA-3.2-1B and LLAMA-
3.2-3B (Touvron et al., 2023a,b) with dataset Meta-
MathQA (Yu et al., 2023a). We state our results in
Figure 2, and we use accuracy scores for counting
the matched answers for evaluation. As we can
see, our NTK-attention (r = d,s = 16) is bet-
ter than the two baselines, LoRA and Zero-Shot,
where LoRA uses 7' = 16 for LLAMA-3.2-1B and
r’ = 32 for LLAMA-3.2-3B.

Evaluation on Vision Datasets. We evaluate
the method on three image classification datasets:
CIFAR-100 (Krizhevsky et al., 2009), Food-101
(Bossard et al., 2014), and Tiny-Imagenet (mn-
moustafa, 2017). The base model to be fine-tuned
on these datasets is ViT-Base (Dosovitskiy et al.,
2020) that is pretrained on the ImageNet-21k (Deng
et al., 2009). We compare our method to two base-
lines: (1) FFT (Full parameters Fine-Tuned) that

fine-tunes all parameters; (2) LoRA (Hu et al.,
2021) that fine-tunes only query and value weights
of the base model with rank ' = {16,32}. The
results are presented in Table 2. Our method per-
forms much better than FFT: 7.40%, 5.81% and
13.26% higher accuracy on the three datasets, re-
spectively. Note that FFT updates all parameters
and has much higher computational costs than
LoRA or our method. Our method has a simi-
lar performance to LoRA with ' = 32, achieving
slightly better average accuracy. These results pro-
vide positive empirical support for our method.

7 Scalability, Efficiency and Ablation

This basic experimental setup of this section aligns
with the one in the previous section. Here, we espe-
cially focus on the scalability, efficiency, and how
the hyperparameters (r, s) affect the performance.
Evaluation on Language Modeling Tasks. In this
experiment, we focus on the scalability of NTK-
Attention on a family of language models of dif-
ferent sizes, the OPT family with the model sizes
125M, 350M, 1.3B, 2.7B and 6.7B (Zhang et al.,
2022). We introduce three text datasets, which
are WikiText-103 (Merity et al., 2016), Penn Tree-
Bank (Marcus et al., 1993), and LAMBADA (Pa-
perno et al., 2016), to compare the scalability of
NTK-Attention with LoRA (Hu et al., 2021) and P-
Tuning V2 (Liu et al., 2023, 2021b). As we choose
r’ = 8 for LoRA, m = 32 for P-Tuning V2, and
r = 2d and s = 10 for our NTK-Attention, the
numbers of trainable parameters are aligned to the
same as 32d for each attention layer. The results are
stated in Table 3, which shows the improvement of
NTK-Attention compared to baselines when scal-
ing the model size.

Remark 7.1. Our theory demonstrates that as
prefix length increases, model performance im-
proves until convergence, following the scaling
law we identified. While practical prefix lengths
(< 100), our theory shows that performance even-
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Datasets

Model Method Num Params Average
WikiText-103 Penn TreeBank LAMBADA
LoRA, 7 =38 30.50 35.97 46.02 37.50
OPT-125M P-Tuning V2, m = 32 0.29M 2264.22 963.09 1762.19 1663.17
NTK-Attention, r = 2d, s = 10 31.41 33.52 45.39 36.77
LoRA, 7 =38 24.76 30.41 38.80 31.32
OPT-350M P-Tuning V2, m = 32 0.77™M 7383.48 1339.43 14020.36  7581.09
NTK-Attention, r = 2d, s = 10 25.67 28.85 36.97 30.50
LoRA, 7 =38 16.71 21.27 24.16 20.71
OPT-1.3B P-Tuning V2, m = 32 1.57™ 2230.76 540.17 3480.77 2083.9
NTK-Attention, r = 2d, s = 10 17.04 20.09 24.04 20.39
LoRA, 7 =38 15.06 19.61 22.13 18.93
OPT-2.7B P-Tuning V2, m = 32 2.62M 772.48 277.99 3378.18 1476.22
NTK-Attention, r = 2d, s = 10 14.83 18.52 21.85 18.40
LoRA, 7 =38 12.81 17.36 19.38 16.52
OPT-6.7B P-Tuning V2, m = 32 4.19M 2051.10 409.37 4709.46 2389.98
NTK-Attention, r = 2d, s = 10 12.56 16.68 18.81 16.02

Table 3: Performance of different fine-tuning methods on OPT-{125M, 350M, 1.3B, 2.7B, 6.7B} pre-trained models
with WikiText-103, Penn TreeBank, and LAMBADA datasets. The metric is perplexity (PPL), with its smaller
value standing for better performance. The best score on each dataset and model is boldfaced.

tually plateaus as m — oo, which is precisely why
our NTK-Attention method approximates infinite-
length prefixes without requiring them explicitly.
On the other hand, as the prefix token becomes
longer, the trainable parameter will linearly in-
crease. Thus, training ultra-long prefix prompts in
a large model size is impractical empirically.

8 Conclusion

In this study, we illuminated the principles of prefix
learning for fine-tuning when the prefix length is
large. We conducted an in-depth theoretical anal-
ysis, demonstrating that when the prefix length is
sufficiently large, the attention network is over-
parameterized, and the NTK technique can be lever-
aged to provide a convergence guarantee of prefix
learning. Based on these insights, we proposed
a novel efficient fine-tuning method called NTK-
Attention, approximating prefix attention using two
trainable parameters to replace the large prefix ma-
trix, thus significantly mitigating memory usage
issues and reducing computational cost for long
prefixes. Our empirical results support our theoret-
ical findings, showing NTK-Attention’s superior
performance on downstream tasks over baselines
across natural language, math, and vision datasets.
Discussion. The insights from our analysis of
infinite-length prefixes have broader implications
for transformer optimization beyond prefix learn-
ing. Our theoretical framework using NTK could
be applied to:

* Attention mechanism optimization: The math-
ematical formulation we developed for ap-
proximating attention with ultra-long contexts
can inform more efficient attention variants be-
yond our specific implementation, potentially
addressing the quadratic complexity bottle-
neck in standard attention.

» Parameter-efficient adaptation methods: Our
findings could extend to other parameter-
efficient methods like adapters and LoRA by
providing a theoretical understanding of their
convergence properties and optimization dy-
namics.

* Scaling laws for transformers: Our framework
helps explain how overparameterization af-
fects optimization, which could contribute to
a better understanding of emergent abilities
in larger models and inform more efficient
scaling strategies.

* Prompt engineering: The relationship we es-
tablished between prefix length and model
capacity could guide automated prompt opti-
mization techniques with theoretical guaran-
tees.

* Model compression: Our approach to approx-
imating large parameter spaces with smaller
ones could inform new model compression
techniques with provable error bounds.
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Limitation

The work has limited experimental analysis and
results. While empirical evaluations have been pro-
vided for some datasets and LLM models, the pro-
posed method is widely applicable to different data
and models, so comprehensive evaluations on more
datasets and more practical methods can provide
stronger empirical support. Besides, the computa-
tional efficiency of NTK-Attention is insufficiently
better than prefix attention when m < d, since the
design of NTK-Attention is toward the ultra-big
value of m, such we only compare to the prefix
attention with prefix length m > d to meet the
over-parameterization setting in our analysis.
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Appendix
A More Related Works

Efficient Transformers and KV Cache. The design of the transformer-based architecture is computa-
tionally costly in long context situations due to its quadratic complexity. This has long been an active area
of study (Xiong et al., 2024; Addanki et al., 2023; Deng et al., 2024a; Xiong et al., 2025; Xiao et al., 2024;
Liu et al., 2024; Han et al., 2024). BigBird (Zaheer et al., 2020) effectively reduces attention complexity
through a hybrid approach that integrates local, global, and random attention mechanisms. Subsequent
advancements, such as Streamingl.LLM (Xiao et al., 2023) and H20 (Zhang et al., 2023b), streamline
attention patterns by strategically discarding KV caches during context processing. However, a notable
limitation of these methods is their diminished capacity to preserve the long-context capabilities inherent
in the original models, primarily due to insufficient global context modeling. More recent innovations
include SeerAttention (Zhang et al., 2025), which employs a learnable gate to pinpoint block-level at-
tention sparsity. Concurrently, Quest (Tang et al., 2024) introduces dynamic, query-aware sparsity to
accelerate decoding, while MInference (Jiang et al., 2024) extends these principles to the prefilling phase.
Furthermore, FastGen (Ge et al., 2023; Holmes et al., 2024) enhances decoding efficiency by profiling
attention heads to selectively discard tokens.

B Algorithm Details and Computational Complexity Analysis

Here, we give the detailed version of two algorithms of this paper, which are prefix attention and NTK-
Attention. Moreover, we comment on each computation step with its corresponding complexity to
demonstrate our memory and complexity reduction in detail.

From Algorithm 3 and Algorithm 4, we can see the comparison analysis of memory reduction (from
O(md) to O(rd + r)) and complexity reduction (from O(mL + L?) to O(Ld + L?) since m > L and
m > d) between two fine-tuning methods, indicating the efficiency of our NTK-Attention.

Algorithm 3 Prefix Attention (Detailed version of Algorithm 1)

Input: Input matrix X € R/*¢
Parameters: Frozen query, key and value weights Wg, Wi, Wy, € R4 trainable prefix matrix
P ¢ Rmxd > Additional memory usage O(md)
Output: Exact output Attn € RE*4

1: procedure PREFIXATTENTION(X)

2. Concatenate input matrix with prefix matrix S < [)]H e Rm+L)xd

3: Compute query, key, and value matrices for attention () < XWg € REX Kp « SWg €
RMHL)xd Vo S, € ROmHE)xd > Time complexity O(Ld? + 2(m + L)d?)

4: Compute exponential matrix A < exp(QK ]I / \/3) e REx(m+1) > Time complexity
O(L(m + L)d)

5: Compute summation of exponential matrix D < diag(Al,,,7) € RY*Z > Time complexity
O(L(m+ L))

6: Compute prefix attention output Attn <+ D=t AVp € REX4 > Here D~1A € REx(m+1)

is the attention matrix (a.k.a attention scores). This step implements A multiply Vp first, then get
D=1 . (AVp) with time complexity O(L(m + L)d + L?d)
return Attn
8: end procedure

C Experimental Details

C.1 Setup Details
Here, we give the details of the setup for the experiments in Section 6.
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Algorithm 4 NTK-Attention (Detailed version of Algorithm 2, w low-rank)

Input: Input matrix X € REx4

Parameters: Frozen query, key and value weights Wq, Wy, Wy € R4 trainable weights Z4 €
R™s Zp € R and k € R” > Additional memory usage O(rs + sd + 1)
Output: Approximating output 7' € RL*¢

1: procedure NTK-ATTENTION(X)

2: Compute query, key, and value matrices for attention @ + XWg € RE*4, K « XWy € RL*4,
V « XWy € RExd > Time complexity O(3Ld?)

3 Compute approximating exponential matrix A < exp(QK ' /v/d) € REXE » Time complexity
O(L?d)

4: Compute approximating summation of exponential matrix D + diag(A1;, + ®(Q)k) € RE*L
Time complexity O(L? + Lr)

5: Compute approximation of prefix attention output 7' < f)—l(ﬁv + ®(Q)Z4 - Zp) € REX4
> This step implements 2 := Z4 - Zp first, compute AV + ®(Q)Z secondly, then implements
D' (AV 4+ ®(Q)Z4 - Zp), time complexity O(2L2d + Lr? + rsd)

6: return 7'

7. end procedure

* Learning rate n = 0.001 (default).

* Learning rate scheduler: Cosine.

* Adam hyper-parameter 5; = 0.9 (default).

* Adam hyper-parameter 52 = 0.999 (default).

+ Adam hyper-parameter ¢ = 1 x 10~2 (default).

* Platform: PyTorch (Paszke et al., 2019) and Huggingface (Wolf et al., 2019).
* GPU device information: 8§ V100 GPUs, 8 4090 GPUs and 4 H800 GPUs.

* Number of training epochs 30.

 Batch size for vision tasks: 256 (for best effort).

* Batch size for natural language task: 32 (for best effort).

* Max input length for natural language task: 128 for each feature, e.g. BoolQ has two dataset features:
question and passage, for each data, we select the first 128 tokens in question and passage of the data
respectively, and concatenate them to be the input. Note that this is different from (Liu et al., 2021b).

* Quantization: fp16 and bf16.

C.2 Additional Empirical Complexity Analysis

We state an additional empirical complexity analysis here to support our claim practically. We evaluate
the complexity reduction on one layer to show how much efficiency our NTK-Attention will demonstrate
per layer.

Setup. Firstly, we choose d = 32 and r = d, and randomly initialize attention weights Wq, Wy, Wy €
R4 For the trainable parameters in NTK-Attention and Prefix Attention, we initialize P € R™*¢,
Z € R¥4 and k € RY randomly, either. We then scale the prefix length, denotes m, within the range
{20 21 ... 216} for comparison. The input length L is chosen from {32, 64, 128, 256 }. For computation,
we initialize a new input matrix X € RZ*? and compute NTK-Attention and Prefix Attention respectively.
We repeat each computation with a different setup 10000 times and record the maximum, minimum, and
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Figure 3: Run time and the number of parameters of one-layer NTK-Attention and Prefix Attention (on random
input data). z-axis: the number of parameters; y-axis: run time. Input length L is chosen from {32, 64, 128,256},

dimension d = 32 and prefix length m is chosen from {2°,21 ... 216}
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mean values. The inference is run on an AMD CPU to compare FLOPS fairly between two algorithms
(this also works on GPU devices).

Results. We demonstrate our result in Figure 3. The z-axis is the number of parameters (representing
memory usage), and the y-axis shows the run time in seconds. Note that the number of parameters
is computed by the summation of every number in NTK-Attention or Prefix Attention. For example,
m = 1024, d = 32, the number of parameters of Prefix Attention is md + 3d?> = 35840; the number of
parameters if NTK-Attention is 4d? + d = 4128.

As expected, the number of parameters of Prefix Attention increases linearly with the prefix length m,
and its running time increases quadratically with m. While our method, NTK-Attention, has computational
costs unaffected by the prefix length. It maintains a small running time and low memory usage as shown
in the figure. Roughly speaking, the cost of NTK-Attention is close to Prefix Attention with a very small
prefix length m = 32.

C.3 Additional Ablation Study

Setup. We provide an additional ablation study for the sensitivity of the hyper-parameters of NTK-
Attention 7 and s here and the results are given in Table 4. In particular, this experiment is run on
pretrained LLAMA-3.1-8B-Instruct model (d = 128 for each head in attention) (Touvron et al., 2023a,b)
with dataset WikiText-103 (Merity et al., 2016). We utilize 4 H800 GPU devices to train the model with
different settings within 2 epochs on the training dataset and evaluate them on the test dataset. The metric
is cross-entropy loss and its smaller value stands for better performance.

Results. We show the NTK-Attention with the weakest setting r = 128, s = 4 is able to achieve
competitive performance with » = 256,r = 64. This further ensures the parameter efficiency of
NTK-Attention.

Moreover, Table 4 also demonstrates that choosing a big value for hyper-parameter r primarily will
lead to better evaluation loss since NTK-Attention with (7, s) = (256, 32) requires 12.85M parameters
but achieve superior performance compared to NTK-Attention with (7, s) = (128, 64) (requires 16.91M
parameters).

However, we discover that an increased value for r might cause huge complexity - when setting
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r = 512, the computational complexity 4Ld will lead the GPU out-of-memory (OOM) since it’s usually
unaffordable even for H800 (80GiB memory). Thus, we also suggest using » = d or 7 = 2d to make
LLMs to learn downstream tasks.

Table 4: The results of ablation study to the NTK-Attention hyper-parameters r and s with pretrained LLM
LLAMA-3.1-8B-Instruct and dataset WikiText-103 on H800 GPUs (80GiB).

Hyper-parameters Num Parameters Evaluation Loss  Training Loss
(r,s)=(128, 4) 1.18M 2.48 2.38
(r,s)=(128, 8) 2.23M 2.57 2.50

(r,s)=(128, 16) 4.33M 2.74 2.72
(r,s)=(128, 32) 8.52M 2.47 2.38
(r,s)=(128, 64) 16.91M 2.41 2.31
(r,5)=(256, 4) 1.84M 2.47 2.39
(r, s)=(256, 8) 3.41M 2.43 2.36
(r, s)=(256, 16) 6.55M 2.51 2.53
(r, s)=(256, 32) 12.85M 2.28 2.33
(r, s)=(256, 64) 25.43M 2.21 2.15

(r,s)=(512,4)  3.15M (OOM since 4Ld complexity) - -

D Naive NTK-Attention Implementation with Flash-Attention

Below, we provide a naive Python code to implement our NTK-Attention that is written in only 10
lines, which supports the simplicity of implementation. Our code utilizes the function of Flash Attention
function (Dao et al., 2022; Dao, 2023; Shah et al., 2024).

1 def ntk_attn_forward(self, query_states, key_states, value_states,
attention_mask):
attn_outputs, lse = _flash_attention_forward(
query_states, key_states, value_states, attention_mask,
is_causal=self.is_causal, return_attn_probs=True

4

5 ) # Call flash-attn function to get attn_output and logsumexp
6

7 Z = torch.matmul (self.Z_A, self.Z_B) # Low-rank approximate Z
8 k = self.k

9 phi_query_states = self.phi(query_states)

10

1 se = lse.exp() # Compute sumexp

12 scale_factor = (se + torch.matmul (phi_query_states, k)) / se
13

14 attn_output = scale_factor * (attn_output * se + torch.matmul(

phi_query_states, 7))

16 return attn_output

Additionally, we also provide the code for the function ¢, which is implemented by simple Taylor
expansions (Alman and Song, 2023).

E Further Discussions

Prior works (Arora et al., 2019; Alemohammad et al., 2020; Hron et al., 2020) had already given exact
algorithms for computing the extension of NTK to neural nets and conducted experiments showing
enhanced performance from adding NTK into models, while in this paper, our contributions are not limited
to this. Our theory about NTK of attention with the infinite-long prefix provides more insights. We clarify
this further in the following.
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i def phi(x, deg=2):

2 x is the input tensor, and deg is the number of degree

nnn

3 ret = [torch.ones_like(x[..., -1:1), 1

4

5 pre_shape, d = x.shapel[:-1], x.shape[-1]
6 X = x.unsqueeze(-2) / math.pow(d, ©.25)
7 factor = 1

8 for idx in range (1, deg+1):

9 ret.append(
10 torch.matmul (ret[-1].unsqueeze(-1), x).view(*pre_shape,
-1) / math.sqrt(factor)

1 )

12 factor x= (idx + 1)

13 ret = torch.cat(ret, dim=-1)
14 return ret

Can LLMs master any advanced reasoning skill through self-planning and prompting? We
will answer that it may be possible. Since an attention network can converge on any dataset with the
infinite-long prefix, we can tell that for any advanced reasoning skill that is equivalent to training on a
well-constructed dataset, there exists an ultra-long prefix matrix satisfying the training objective smaller
than any positive value e > 0. It’s noteworthy that this conclusion is not only suitable for LLMs
with outstanding performance but also can be worked on those small language models with common
performance.

What is NTK-Attention used for? What is the meaning of proposing this method? The attention
with an infinite-long prefix is superior due to its over-parameterization phenomenon, whereas it is nearly
impossible to implement practically, our NTK-Attention method gives us a chance to approximate the
infinite-long prefix and makes it possible for us to study its empirical properties in experiments. Besides,
any form of prefix learning can be formulated into the training of Z € R%*? and k € R¢ in NTK-Attention,
we can compress prompts into Z and k if ¢(-) by utilizing Lemma L.7, hence, the approaches in Prefix
Learning would be much more efficient.

Comparison between NTK-Attention and LoRA. LoRA in (Hu et al., 2021; Zeng and Lee, 2023;
Hu et al., 2024) is a popular efficient fine-tuning method for large base models. Usually, LoORA makes
adaptation on Query and Value projections Wg, Wy € R¥*4; denote the adaptation as Wag,Wav €
R4 Given an input X € RF*?, LoRA computes D' AX (Wy + Way), where A := exp(X (Wg +
WAQ)W;X ), D= diag(ﬁl 1), and Wy € R is the Key projection weights. So LoRA updates
query and value weights during training, while our NTK-Attention compresses the additional prefix P into
Z and k (Algorithm 2), which is a completely different mechanism. Our method also achieves comparable
performance to LoRA in our experiments in Section 6. Also, note that the two methods are orthogonal to
each other and can be used together.

Connection to the newest SOTA LLM on math inference tasks, GPT-01 !. On September 12-th,
2024, OpenAl released the newest SOTA LLM on math inference tasks, GPT-o1, which is trained by
Reinforcement Learning (RL) methods to enhance the Chain-of-Thought (CoT) ability. Li et al. (2024c)
explained the necessity of CoT for LLM on complicated inference tasks, meanwhile, they also emphasized
how the embedding size and the CoT length affect the capability to solve high-order problems. Connecting
to our work, we believe that these empirical and theoretical results support the conclusion of our work
since we consider CoT as a specific application of Prefix Learning. Moreover, we think our scaling law in
prefix learning is more universal for explaining the LLMs’ context-based advanced skills. However, even
when we present our theory, we still have a limited understanding of prefix learning, for example, what is
the relationship between prefix length and complexity of problems that aim to solve; if we want to solve
an NP problem by LLM, how long is the prefix needed for inference? We don’t know the answers. Thus,
explaining prefix learning, or particularly, CoT, is still a fascinating and challenging problem for future
work.

"https://openai.com/o1/
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Societal impact. This paper presents work whose goal is to advance the understanding of context-
based fine-tuning methods (prefix learning) theoretically. There are many positive potential societal
consequences of our work, such as inspiring new algorithm design. Since our work is theoretical in nature,
we do not foresee any potential negative societal impacts which worth pointing out.

F Preliminary of Analysis

We provide our notations for this paper as follows:
Notations In this paper, we use integer d to denote the dimension of networks. We use integer m to
denote the prefix length in prefix learning, we think m is an ultra-big number. We use L to denote the input

length in language models. V, f(x) and %(z)

.~ are both means to take the derivative of f(z) with z. Let a
vector z € R™. We denote the £5 norm as || z||s := (327, 22)1/2, the ¢, norm as || z||1 := >0, |2, [|2]lo

i=1%i
as the number of non-zero entries in z, ||z[|cc as max;e(, |2:|. We use 2" to denote the transpose of a z.

We use (-, -) to denote the inner product. Let A € R"*%, we use vec(A) to denote a length nd vector. We
denote the Frobenius norm as [|A|r := (3¢ jejq) AZZ, j)l/ 2. For any positive integer n, we use [n] to
denote set {1,2,--- ,n}. We use E[] to denote the expectation. We use Pr]] to denote the probability. We
use ¢ to denote the error. We define A\, () as a function that outputs the minimum eigenvalues of the input
matrix, e.g. matrix A € R™*" has eigenvalues {1, A2, -+ , Ap}, Amin(A) = min{ A1, Ao, -+, A}

F.1 Facts

Fact F.1. For any x € (—0.01,0.01), we have

exp(z) = 1+ + O(1)2>.

Fact F.2. For any z € (0,0.1), we have

F.2 Probability

Here, we state a probability toolkit in the following, including several helpful lemmas we’d like to use.
Firstly, we provide the lemma about Chernoff bound in (Chernoff, 1952) below.

Lemma F.3 (Chernoff bound, (Chernoff, 1952)). Let X = Z?:l X, where X; = 1 with probability p;
and X; = 0 with probability 1 — p;, and all X; are independent. Let p = E[X]| = Y"" | p;. Then

o Pr[X > (14 0)u] < exp(—62u/3), V6 > 0;
o Pr[X < (1-90)u] <exp(—62u/1),V0 <4 < 1.

Next, we offer the lemma about Hoeffding bound as in (Hoeffding, 1994).
Lemma F.4 (Hoeffding bound, (Hoeffding, 1994)). Let X1, - - , X, denote n independent bounded
variables in [a;, b;] for a;,b; € R. Let X := " | X, then we have
2t2

> i1 (bi — a;)?

We show the lemma of Bernstein inequality as (Bernstein, 1924).

Pr{|X — ELX]| > 1] < 2exp(— )

Lemma F.5 (Bernstein inequality, (Bernstein, 1924)). Let X1, - - - , X,, denote n independent zero-mean
random variables. Suppose | X;| < M almost surely for all i. Then, for all positive t,

t2/2
> i E[XZ) + Mt/3

Pr[) " X; > t] < exp(—
=1

)

Then, we give the Khintchine’s inequality in (Khintchine, 1923; Haagerup, 1981) as follows:
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Lemma F.6 (Khintchine’s inequality, (Khintchine, 1923; Haagerup, 1981)). Let 01, - -- , 0, be i.i.d sign
random variables, and let z1 - - - , z,, be real numbers. Then there are constants C' > 0 so that for all
t>0

n
Pr]| Y zioi| > tl|z]l2] < exp(—Ct?).
=1

We give Hason-wright inequality from (Hanson and Wright, 1971; Rudelson and Vershynin, 2013)
below.

Lemma F.7 (Hason-wright inequality, (Hanson and Wright, 1971; Rudelson and Vershynin, 2013)). Let
x € R" denote a random vector with independent entries x; with E[z;] = 0 and |z;| < K Let A be an
n x n matrix. Then, for everyt > 0

Pr(|z" Az — E[z" Az]| > 1]
< 2exp(—cmin{t?/(K*||A|[F), /(K2 A|)}).
We state Lemma 1 on page 1325 of Laurent and Massart (Laurent and Massart, 2000).

Lemma F.8 (Lemma 1 on page 1325 of Laurent and Massart, (Laurent and Massart, 2000)). Let X ~ X,f
be a chi-squared distributed random variable with k degrees of freedom. Each one has zero mean and o
variance. Then

Pr[X — ko? > (2Vkt + 2t)0?] < exp(—t)
Pr[X — ko? > 2Vkto?] < exp(—t).

Here, we provide a tail bound for sub-exponential distribution (Foss et al., 2011).

Lemma F.9 (Tail bound for sub-exponential distribution, (Foss et al., 2011)). We say X € SE(O’Q, a)
with parameters o > 0, o > 0, if

E[eM] < exp(A202/2),V|\| < 1/cv.
Let X € SE(0?, a) and E[X] = p, then:
Pr[|X — u| > t] < exp(—0.5min{t?/o? t/a}).

In the following, we show the helpful lemma of matrix Chernoff bound as in (Tropp, 2011; Lu et al.,
2013).

Lemma F.10 (Matrix Chernoff bound, (Tropp, 2011; Lu et al., 2013)). Let X be a finite set of positive-
semidefinite matrices with dimension d X d, and suppose that

max Apax(X) < B.
Xex

Sample {X1,- -+ , X,,} uniformly at random from X without replacement. We define [ipin and pimax as
follows:

Hmin ‘=N - )\min(XIEX(X))
Hmax = T * Amax(XIEX(X))-
Then

Amin Z X 1 - 6 ,Umm]
< d-exp(—6 umm/B)foré € (0,1],
Amax Z X 1 + 6 Mmax]

<d- exp(—(5 umax/(4B))for(5 > 0.
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G Definitions of NTK Analysis

This section provides the fundamental definitions of our NTK analysis in this paper.
To begin with, we re-denote our weight of prefix in attention as W € R%*™ and a € {—1,+1}™ as
follows?:

Definition G.1. We choose a € {—1,+1}" to be weights that each entry a, is randomly sampled from
—1 with probability 1/2 and +1 with probability 1/2.

Let W € R¥™™ denote random Gaussian weights, i.e., each entry independently draws from N (0,02).
For each r € [m], we use w, € R? to denote the r-th column of W.

Equivalence. The attention computation with prefix P. Since the attention parameters are fixed, it
can be rewritten as Softmax(XPT +b) - [PZI,/V} where X = XWoWi /Vd, b= XWoWEXT/Vd,

and b’ = XWy,. We view the input sequence as one token (i.e., assuming L = 1) such that the input
X and thus X become vectors, simplifying our analysis from matrix-form calculations to vector-form.
Furthermore, ignoring the bias terms, and introducing notations = := X " and W = P, the attention
T
. . . T o ZrG[m] exp(wr I)w”'WV
simplifies to Softmax(zW) - W' Wy, = > P (0] 7)
therefore consider the following two-layer attention model:

where w, is the r-th column of W. We

.
exp(w, x)wya
F(W,z,a) := mzre[m] Loy T) L (5)
Z'r’e[m] exXpl(w, $)
with the hidden-layer weights W = [wy, ws, ..., w,] € R¥™ and output-layer weights a = [a1, a2,

...,am]" € R™. Such a stylized setting has been widely used for studying the learning behavior of
transformer-based models (Deng et al., 2023; Chu et al., 2023, 2024; Li et al., 2024a), and they gave
detailed derivations and guarantees for its connection to attention. Furthermore, our analysis can be
extended to models with bias terms and matrix inputs rigorously.

Since we have established the equivalence between the ultra-long prefix matrix in attention and our
theory above, it’s reasonable we utilize the following definition of F to decompose the model function and
facilitate our analysis. As we give the formal definitions as follows:

Definition G.2. We define function F : R x R% x R™ — R?

2rem] @r exp(w, z)w,
Ere[m] eXp(w;r

F(W,z,a) =m .

Here we use w, € R? to denote the r-th column of W € R,

To further break down the complicated F for more convenience analysis. We give an operator function
« as follows:

Definition G.3. We define o(x) as follows

a(@) = (exp(W ] ), 1)
mxd dx1

Thus, we can rewrite F in the following claim.

Claim G.4. We can rewrite F(W, z,a) € R as follows

F(W,z,a) = ma(:r)_l\l/lffl(\ci/o exp(W " 2))

scalar dxm mxl mx1

Note that the proof of the case with a and without a are similar. We mainly focus on the proofs under the setting that
includes a.
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Proof. We can show

Zre[m} r eXp(wTTac)wT
> rem) exp(w, z)
afx) ™! Z ar exp(w, z)w,
re[m]

— ma(z) "' W(aoexp(W )

F(W,z,a) =m

where the first step follows from Definition G.2, the second step follows from Definition G.3 and simple
algebras, the third step follows from w, € R? is denoting the 7-th column of W € R?*™ and simple
algebras. O

In the following Definition G.6 and Definition G.5, we further derive and define two operator functions
to convenient our analysis.

Definition G.5. We define 3 as follows
Br == Wi 0a,Vk € [d]

Let B € R be definedas B = W diag(a)
T oY
Xm m mxm

Here, we define softmax.
Definition G.6. We define S € R™ as follows
S:=a(z) ! exp(W' ).
—— ——

scalar mx1

Here, we use 3 and S to re-denote the model function F.

Definition G.7. For each k € [d], let WJ . denote the k-th row of W, we define

Fe(W, 2, a) := ma(z) Y (Wi.o_a ,exp(W'z))
—_—— e N e —

mx1

scalar mx1 mx1

Then, we can rewrite it as
Fr(W, z,a) := m(f,S).

G.1 Loss function
Here, we state the training objective that we aim to solve in the analysis.

Definition G.8. Given a dataset D = {(z;,y;)}"; C RExRY. Let function F : R™*™ x R% x R™ — RY
be defined as Definition G.2, we define the training objective L : R™*% — R as follows:

LW) = 0.5 [IF(W,zi,a) - y33

H Gradient Computation

In this section, we first compute the gradients that we need for the analysis of NTK. Then we define the
training dynamic of our model in the process of gradient descent.
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H.1 Computing Gradient
We give our computation of the gradients as the following lemma.

Lemma H.1. If the following conditions hold
o Let W € R¥™™ and a € R™ be defined as Definition G.1.
* Let o(z) € R be defined as Definition G.3
e Let S € R™ be defined as Definition G.6
o Let F € R? be defined as Definition G.7
Then, we can show that for each r € [m]

* Part 1. For ky € [d], we have

dw Tz
dw k - xkl er
TRl
* Part 2. For ky € [d], we have
dexp(W ") T
T = (fl?k-ler) o eXp(W .%')
TRl
* Part 3. For k; € [d], we have
da(z

T~ (anyersexp(W )

* Part 4. For ky € [d], we have

do(z)™? . -1
m = —a() <513k1€7"a5>

)

* Part 5. For ky € [d], we have

ds
dwr,kl

= — (Tg,6r,S) - S+ (zpy€r) 0 S

* Part 6. For k1, k € [d] and k1 # k, we have

dF( W y L,y a’)k
B —— e et 0 — . ST . ,S
dwy 5, + mg, (B, S)

+ My, Srﬂk,r

* Part 7. For k1, k € [d] and k1 = k, we have

dF(W, 2, a)x
dwy.
= +m(aoe,,S)y —mxg Sy (B, S)
+ magSy Bk,
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e Part 8. For k € [d], we have
dF(VVv L, a)k

dw,

= ma,S, - ex, — m{Pk,S)S, - x

+mPr,ySr - x
Proof. Proof of Part 1.
dW 'z
=T, €
dwr,kl k&

where this step follows from simple differential rules.
Proof of Part 2.

dW Tz
dwr,lﬁ

dexp(W'z)

dw.y, exp(W'2) ¢

— (wiyer) 0 exp(W T x)

where the first step follows from chain rules, the second step follows from Part 1 of this Lemma.
Proof of Part 3.

da(z)  dexp(W'z)
d’w,ﬂ,k1 N dwnkl
= (z1, €, exp(W ' z))

L)

where the first step follows from Definition G.3 and simple algebras, the second step follows from Part 2
of this Lemma.
Proof of Part 4.

da(z)~!
dw/r"k:1

2 da(z)
dwr,kl

= —a2)”
— —a(@) Ny enS)

where this step follows from chain rules, the second step follows from Part 3 of this Lemma.
Proof of Part 5.

ds
dwr7k1
da(x)™? T _, dexp(WTx)
. W i A A
Qo exp(W ' ) + a(x) dwy .

= —a(z) Nap,er,S) - exp(W ' x)
+a(z)™t - (zp,e) 0 exp(W ' z)
= — (x,er,S) - S+ (xp,er)0S
where the first step follows from Definition G.6 and differential rules, the second step follows from Part 2
and Part 4 of this Lemma, the last step follows from simple algebras.
Proof of Part 6. For k| # k
dF(W Zz, a‘)k
dwr7k1
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B ) tm(Br 7o)

dwr,kl Wy kq
= - m<xk1e7") S> : </Bk)7 S> + m(ﬂk, (l‘kle’l’) o S>
= +0—may, - Sy - (Bk,S) + mx, Sy B,

= +m(

where the first step follows from Definition G.7 and simple algebras, the second step follows from
Definition G.5, simple algebras and Part 5 of this Lemma, the last step follows from simple algebras.
Proof of Part 7. For k1 = k

dF(W, z,a)
dwr,k
B 4By ds
= + m<dwr,k y S> + m<ﬁk, dwnk>

= +mlaoe.,S) — m{xrer,S) - (B, S)
+m(Bg, (vrer) o S)

= +mlaoce,,S) —mzg - Sy - (B, S)
+ maxS, B

where the first step follows from Definition G.7 and simple algebras, the second step follows from
Definition G.5, simple algebras and Part 5 of this Lemma, the last step follows from simple algebras.
Proof of Part 8.
This part of proof follows from the combination of Part 6 and Part 7 of this Lemma. 0

H.2 Gradient Descent

After we computed the gradient of the model function above, we are now able to define the training
dynamic of F by updating weight using gradient descent.
We use e, to denote a vector where the 7-th coordinate is 1 and everywhere else is 0. Vr € [m], Vk € [d],
dw,

we have can be written as

dFk(VVv z, a)
dw,

———
dx1

= ma,Sy - ex — m(Bk,S)Sr - T + mﬁk,rsr K2 (7

(6)

Hence, by defining several following dynamical operator functions, we can further convenient our
proofs.
We first define u;(7) € R™ for simplification as follows:

Definition H.2. For each i € [n], we define u;(t) € R™ as
ui(7) == exp(W(r)" ;)
mx1 mxd dx1

Secondly, we re-denote «;(7) € R below, which holds due to the definition of () and the updating
of W € R¥xm,

Definition H.3. For each i € [n], we define a;(7) € R as

scalar mx1 mxl1

We define S (7) € R™ for convenience.
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Definition H.4. For each k € [d], we define (1) € R™ as

Bilr) = (Win(r))o @

mx1 mx1 mx1

Remark H.5. The purpose of defining notation (3 is to make our proofs more aligned with softmax NTK
proofs in previous work (Li et al., 2024a).

We define 6, ;(7) € R™ for convenience as follows :

Definition H.6. For each i € [n], for each k € [d], we define 0y, ;(7) € R™ as follows

Or,i(T) = Br(r) - ()
—— —— N——

mx1 mx1 scalar

We denote S, (7).

Definition H.7. For each i € [n]. Let S;(T) € R™ be defined as
Si(1) := a;(1) "1 - ui(7)
~—— —_——
mx1 scalar mx1

for integer T > 0. For r € [m], we denote S; ,(T) € R as the r-th entry of vector S;(T).
Now, we can define F at different timestamps.

Definition H.8 (F(7), dynamic prediction). For each k € [d), for each i € [n], we define F;(1) € RY, for
any timestamp T, as

Fri(7) :=m(u(7), 1m>71<W(7)k’* oa,u(r)).
Here x; € RY. It can be rewritten as
Fri(r) =m - (Br(7),Si(7)).
—— N~
mx1 mx1
and also
Fri(1) = m - (Oi(7), ui(7))
—— ~—
mx1 mx1

We consider d-dimensional MSE loss.

Definition H.9 (Loss function over time). We define the objective function L as below:
1
LW(r)) =5 DY (Fri(m) = yre)®
i€[n] keld]

Thus, we define the gradient of w.

Definition H.10 (Aw,(7)). For any r € [m], we define Aw, (1) € R? as below:

+ /Bk,TSi,T (T) : x)
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Here, we utilize v to simplify Aw,.(7), we have the following:

Definition H.11. For each k € [d), for each r € [m], we define vy, (1) € R™ as follows

Uk,r(T) = /Bk,r(T) -1, — /Bk(T)-

Note that we can simplify the gradient calculation by the fact 1 = (1,,,,S;(7)) for i € [n]. Thus, we
have the following claim.

Claim H.12. We can rewrite Aw,(T) as follows

n d
Awp(r) = m D> (Frilr) = i)
i=1 k=1
({0hr (7). Si (7)) - Si(7) - 4
+ arsi,r(7)6k>

Proof. We have

+ B (Lo, Si(1))Sin () x)
n d

—mZZFkZ ykz

=1 k=1
: (arsi,r(T) e — (Br(7),Si(1))Sir(T) -
+ Brr - Loy Si(7))Sip(7) - x)

—WZZ Fra(r) = i) - (arSin(7) - ex

=1 k=1

+ (Brr - Lo — Br(T), Si(7))Sir (1) - m)
_mZZF’“ ~ Yk,i ‘(rsi,T(T)-ek

i=1 k=1

(U (7), S4(7)) S0 (7) - )

where the first step follows from Definition H.10, the second step follows from the fact 1 = (1,,,,S;(7)) for
i € [n], the third and fourth steps follow from simple algebras, the last step follows from Definition H.11.
O

We use the gradient descent (GD) algorithm with the learning rate 7 to train the network. As we only
train the hidden layer W and fix a, we have the following gradient update rule.
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Definition H.13 (Gradient descent). The gradient descent algorithm for optimizing the weight matrix W
is defined as:

W(r+1)=W(r) —nAW(r).
where AW (1) € R¥>*™ and Aw, () € R% is the r-th column of AW () defined in Definition H.10.

I Neural Tangent Kernel

Now in this section, we give the exact computation of NTK in our analysis below.

Definition 1.1 (Kernel function, Definition 3.6 in (Li et al., 2024a) ). For simplicity, we denote S(WT:L'Z')
asS; € RY and vy, = By L —Bi € R™. We define the function (Gram matrix) H : Rdxm _, Rndxnd
as following

Hiy Hyip -+ Hig

Hsy1 Hoo -+ Higqg
HW):=| . ) . o

Hyg1 Hgo -+ Hgg

and for each ki, ko € [d], we have Hy,, j, € R™*" is defined as
[Hkl,kg]z,](W)
—:v xj Z Uy s S ) - mS; -
r=1
<Uk277~, S]> mS

For any timestamp T, for simplicity, we denote H (1) := H(W (7)) and denote H(0) as H*.

I.1 Kernel Perturbation

The purpose of this section is to prove Lemma 1.3. In the proof, we do not use concentration inequality.
Please see Remark 1.2 for more details.

Remark 1.2. In the proof of Lemma 1.3, we do not use concentration bound as previous work (Song and
Yang, 2019; Munteanu et’g/l., 2022; Gao et al., 2023a). The reason is that we consider the worst case. In
general, E[H(W') — H(W)] # Ondxnd- Thus, using the concentration bound may not gain any benefits.

Lemma 1.3. If the following conditions hold
e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co+/log(nd/5),1}.
e Let R € (0,0.01).
s Let z; € R% and ||z;||2 < 1foralli € [n].
e Let W = (W1, W] € R*™ where w1, -+ , Wy, are are i.i.d. draw from N'(0,021,).
s Let W = [wy, - ,wy] € R™™ and satisfy ||w, — w,||2 < R for any r € [m].

» Let v, = Bry - Ly — B € R™, for any k € [d] and for any v € [m]. Note that P, , is the r-th in
Bk

o Let a; = (1, exp(W Tx;)) and o; = <1m,exp(WTa:i)>, Vi € [n].

* Let H be defined as Definition I.1.
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Then, we have

* Part 1. Then with probability at least 1 — §/ poly(nd),

\[H gy ko g (W) = [Hiy gy )i, (W)
< 8R - exp(22B).

 Part 2. Then with probability at least 1 — §, we have

|H(W) — HW)||p < 8RVnd - exp(22B).

Proof. For simplicity, we give the following notations:
* Note that S; := exp(W(7) T z;) - a;t.
¢ Note that Bk = W;ﬁ* oa.

* Note that vy, := Bk,T -1, — Ek

Proof of Part 1. We have

[Hy ko Jii (W) = [Higy o], (W)
m
= ’I?’L{L‘;rl'j Z(BLT + BQ’T + Bg}r
r=1

+ B4,r + B5,7“ + BG,r)

here, we define:

Bl,r = <Uk1,raSZ> SZ,T <vk2,7"’s > SJ

= (Vky,rs Si) - Sigr * (Ukayry S5) + Sjir
By = (Uky 15 Si)  Sijr * (Vkors Sj) - gg,

— (Uky,r Si) * Sir - <Uk:2,r7 S]> J,r
By = (g, Si) * S+ (U, Sj) - 53,

— Uk, Si) * Sir - <Uk2,r‘> SJ> Jr
Biy = (U Si) - Sivr - (ks S) - Sg

— (Vky 5 Si) * Sir '(Ukzzmvsﬂ g
Bs,y := (U, Si) - Sir - (ks S - Sg

(Ukl,rv Sz> Sl7 ) <Uk2,rv S]> Jsr

B6,r <Uk1,ra > : Sz,r <Uk2 T > SJ,
- <vk177‘7 Sl> ) Sl r <Uk27 S]> J;r
Before we bound all terms, we provide a tool as follows:

[ Vk,r — Tryrll3
m

== Z (Uk,r,rl - :Jk,r,rl)Q
ri=1

= 3 G = B = B + i
ri=1
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= Z (aer,r — Qry Wk,r - arwk,r
ri=1
+ ar, /Wk,r)Q
= Z (ar(Wk,r - Wk,r)
ri=1
+ ar, (Wk,m - Wk,m))Z
< (W = Waea| + W, = Wi, |)?

ri=1

< zm:4R2

ri=1

< m4R? ®)

where the first step follows from the definition of 5 norm, the second step follows from the definition of
vk, the third step follows from Definition G.5, the fourth and fifth steps follow from simple algebras, the
sixth step follows from ||w, — vy |l0c < ||w, — vr||2 < R, the last step follows from simple algebras.

To bound Bj ., we have

‘BI,T’
= (Vky,rs Si) - Sisr + (Vkor» ) * Siir
— Uy s Si) - S (ks S3) - S
= [{Vkyr,S) + St * (Vo S5) - (Sir = S|
< exp(nll5B) 1S5 gj,r’
< Rexp(19B + 3R)

where the first step follows from the definition of B ., the second step follows from simple algebras, the

third step follows from Part 6 of Lemma M.2 and 0 < S;,. < % by Part 11 of Lemma M.1, the last
step follows from Part 12 of Lemma M.1.
To bound By ,, we have

‘B27T’
= |</Uk1,7‘7 S’L> : S’iﬂ” : (ng,’r7 S]> : Sj,r
— (Vky v, Si) - Sisr + (Ukgrs Sj) - Siir

= [(Ukyrs Si) * Sir - (Ukyrs S5 — §j> ‘gj,r’

2Bexp(12B) 1 ~
< 2 |<ﬁvk2,r,5j =55

< 2BRexp(16B + 3R)

m?2

where the first step follows from the definition of B ., the second step follows from simple algebras, the

third step follows from Part 6 of Lemma M.2 and 0 < S, < xp(3B) by Part 11 of Lemma M.1, the last

m

step follows from Part 13 of Lemma M.1 and ||vy, ,||oc < 2B by simple algebras.
To bound Bs ., we have
’B3J‘|
7= [k Si) - Sivr - (Vko,rs Sj) - Sjr
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— (Uky > Si) - Sir - (Thgirs Sj) - S

S
= [(Vky,r Si) - Sir - (Vkgr — 5k2,r,§j> 'gj,r|
)

exp(12B - =
< .
< P Lok — T 53]
2R exp(15B)
STz

m

where the first step follows from the definition of B3 ., the second step follows from simple algebras, the
third step follows from Part 6 of Lemma M.2 and 0 < §S; . < % by Part 11 of Lemma M.1, the last
exp(3B)
el
The proof of bounding By, is similar to the proof of bounding B ., we have
‘B5 ’ < 23Rexp(16B+3R)
T .

step follows from Cauchy-Schwarz inequality, Eq. (8) and ||S;||2 <
|B4 | < Rexp(lQB—i—SR).

The proof of bounding Bs ;- is similar to the proof of bounding B> ,., we have

The proof of bounding B ;- is similar to the proof of bounding B3 ,., we have |Bg .| < M

Now we combine all terms, we have
\[Hky ko )ig (W) = [Hiy ko (W)

m
= mx;rxj Z(Bl,r + BQ,T’ + B3,7“
r=1

+ By, + Bs, + Ber)

m

<m Z(Bl,r + BQ,T + B3,7‘ + B4,r + B5,7" + Bﬁ,r)
r=1
m

<m» (IBis|+|Bas| + |Bs,|

r=1
rl)

< SR . exp(223)

where the second step follows from ||z;||2 < 1, the third step follows from simple algebras, the fourth step
follows from R < B, B < exp(B) and the combination of all terms, the last step follows from simple
algebras.

Proof of Part 2. This proof follows from Part 1 of this Lemma and the definition of Frobenius
norm. O

I.2 Kernel PSD during Training Process
Claim L.4. If the following conditions hold:

o Let A = Apin(H™)

e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co+/log(nd/3),1}.

e Let 6 € (0,0.1).

* Let timestamp T > 0 denotes as a integer.

* Denote H* as H(W) in Definition I.1.

« Denote H(7) as H(W) in Definition I.1.
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* Let D := 2\~ - exp(20B) Y2 ||y — F(0)||r
e Let ||w,(t) — wy(0)||2 < D < R = A/ poly(n,d,exp(B)), Vr € [m], ¥t > 0
Then, with a probability at least 1 — 9§, we have
Amin(H (7)) > A/2
Proof. By Lemma 1.3, with a probability at least 1 — &, we have

|H* — H(7)||r <8RVndexp(22B)
<\/2 €))

where the first step follows from Part 2 of Lemma 1.3, the second step follows by choice of R.
By eigenvalue perturbation theory, we have

)\min(H(T)) > Amin(H*) - ||H(7—) - H*H
> Amin(H") = [[H(7) = H||r
> Amin(H") — A/2
> \/2

where the first step comes from triangle inequality, the second step is due to Frobenius norm, the third
step is due to Eq. (9), the last step follows from A\, (H*) = A. O

J Loss Decomposition

In this section, we provide the lemma below to decompose it into five terms, and then we will give bounds
to four terms.

Lemma J.1. Assuming the following condition is met:

o Let W € R¥™™ and a € R™ as Definition G.1.
o Let A = Apin(H™)

* Fori,j € [n] and ki, ko € [d].

* Let 05, ;(T) € R™ be defined as Definition H.6.
* Let ui(1) € R™ be defined as Definition H.2.

* Denote F(1) € R™*% as Definition H.8.

o Let Y € R™ 4 denote the labels.

* Let n > 0 denote the learning rate.

* Let scalar vy i, ; € R be defined as follows

V0,k,i

=m Z (O (T +1)

re[m]
— 9&@,«(7’)) . Ul"r(T + 1)

* Let scalar vy 1, ; € R be defined as follows

U1,k

=m Z Orir(T)
r=1

: Ui,T(T) : (_77<Awr(7_)7 xz>)
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* Let scalar va 1, ; € R be defined as follows

V2 ki

—ngkzr Uzr )'772

'9( )- (Aw, (1), 25)?

* Gradient Property. 1| Aw,(i)|l2 < 0.01, ¥r € [m], Vi € [7]
* Cp = 2(vec(F() — Y), vec(vo))

* O = 2(vec(F(r) = Y), vec(v1))

* Oy = 2(vec(F(1) — Y), vec(vs))

« C3=||F(r+1) — F(n)||%

Then, we can show

IF(r +1) Y%
= |[F(r) = Y| + Co + C1 + Co + Cs.

Proof. The expression |Y — F(7 4+ 1)||% = || vec(Y — F(7 + 1))||3 can be rewritten in the following:

[ vee(Y — F(7 + 1)) |3

= [ vee(Y — F(r) — (F(r +1) = F(n)))II3

= || vee(Y — F(1))3
—2vec(Y — F(7)) " vec(F(T + 1) — F(1)) (10)
+ || vec(F(1 + 1) — F(7))|[3.

where the first step follows from simple algebra, the last step follows from simple algebra.
Recall the update rule (Definition H.13),

wr(T+ 1) = wp (1) —n - Aw,(7)

In the following manner, Vk € [d], we can express Fi(7 + 1) — Fi(7) € R™:

Fkﬂ'(T + 1) — Fk’i(T)

=m Z (9]“'77«(7' + 1)ui,r(7' + 1)
re[m]

_ek,i,r( )uir<7—))
=+ 3 Orir(T+1) = 0 (1)) - i (7 + 1)

re(m]

+m Z Orir - (Ui (T 4+ 1) = uir(7))

re[m]
=+ > (Orin(T+1) = Oin(7)) - i (7 + 1)
re[m)]
+m Z ak,z,r Uzr )
re[m]
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- (exp(=n(Awr(7), i) — 1)
=+ > (Orin(T+1) = Oin(7)) - in(7 + 1)

re[m]

(=n{Awi (1), ) + O(L)n*(Aw, (1), 27)%)
= V0,k,i T V1ki + V2 ki (11)
where the first step is due to the definition of Fy, ;(7), the second step is from the simple algebra, the third

step is due to [pAw,. (1) "z;| < 0.01 (due to Gradient Property and ||z;||2 < 1), the fourth step follows
from the Taylor series approximation, the last step follows from

Vo =1 Y (Oip(r +1)

re[m]

—9kz‘r( ) - uip (T4 1)
ulkl._mZQW U (7)-
(— <Awr( ); i)
Vo i 1= mZ@W Uz (T)

~772 : 9( ) (Awp(7), )

Here v 1 ; and vy 1 ; are linear in 1) and v 1, ; is quadratic in 7. Thus, vg ;. ; and vy j ; are the first order
term, and v9 1 ; is the second order term.
We can rewrite the second term in the Eq. (10) above as below:

(vec(Y — F(71)),vec(F(Tt + 1) — F(7)))
(Y — F(7)), vec(vg + v1 + v2))

= (vec(Y — F(7)), vec(vg)) + (vec(Y
(

— F(7)), vec(v1)) + (vec(Y — F(7)), vec(va))

~
-

= (vec

where the first step follows from Eq.(11), the second step follows from simple algebras.
Therefore, we can conclude that

IF(r+1) - Y%
= |[F(r) = Y| + Co + C1 + Co + Cs.

The below lemma analyzes the first-order term that is making progress.

Lemma J.2 (Progress terms). If the following conditions hold
o Let A\ = Apin(H™)
e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co/log(nd/5),1}.
e Let 6 € (0,0.1).

o Letm > Q(A"2n2d? exp(30B)/log(nd/é))
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e Letr € [m), leti,j € [n], let k, ko € [d].
 Let B(7) € R™ be defined as Definition G.5.
* Let 0, (1) € R™ be defined as Definition H.6.
* Let u;j(1) € R™ be defined as Definition H.2.
* Let S;(7) € R™ be defined as Definition H.7.
* Let vy := B (7) - L — Bi(7) € R™

* Denote F(1) € R" 4 as Definition H.S.

 Let Y € R™ 9 denote the labels.

* Let 1 > 0 denote the learning rate.

* Let scalar vy 1 ; € R be defined as follows (we omit (T) in the following terms)

Ul,l,kz—m Zekl’f‘ Ulr )

re€[m]

n d
0D Fro(7) = Urog)

=1 ko=1

((Orairs S5 Sir (1)) -2 )

o Let C 1 = 2(vec(F(1) = Y), vec(v1,1))
Then, we have

s C11 < —1.6mnvec(F(t) — Y)T H(r)vec(F(r) = Y)
Proof. We have

2
V1, 1k = M E Orir(T) - Ui (T)

re[m]
n d
(0D (Frai(7) = Yay)
=1 k=1
(o, r,sj<r>>> - swm) )
= 2 Z Bkr z ui,r(T)
re[m)]
n d
(0D (Frag(7) = Ykay)
G=1 ko=1

(v, r,sj<f>>) -Sj()) - 2] )
= 2 Z 6kr : 27“ )

re[m]

n d
(=) ) (Froi(7) = o)
j=1ko=1
(s S5 - Sir (7)) -] e
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_m2 Z Bkr 1maS( )> 'Si,r(T)

re[m]
n d
(=Y > (Fhoj = ko j)
G=1 ko=1

((Whars S0 - Sr(7)) - 2] e
=m’ Z (O, Si(7))

r€[m)]

+ (Bi(7),Si(7))) - Sir
n d
(=) > (Froi(7) = o)

=1 ko—1
( vkz 7‘7 Sj,T‘(T)> x;r)x’b
= (Qllkz"‘Qlez)

where the first step follows from the definition of vy 1 4 ;, the second step follows from Definition H.6, the
third step follows from Definition H.7, the fourth step follows from (5, ,(7) - 1,5, Si) = B (), the fifth
step follows from the definition of vy for k& € [d] and simple algebras, the last step holds since we define

Quiki = Y (Vkw,Si(7)) - Si(7)

re[m]
n d
(1)) (Frog(T) = Yraj)
j=1 ko=1
(s S, (1) - Sr(7)) -] D
Quani = Y (Br(r),Si(7)) - Sin(7)

re[m]
d

(=) > (Frog(7) = s )

=1 ko=1
(O S5(0)) - 1 (1)) -2 N

Bounding first term. Then for the first term Q)1 1 1 ;, we have its quantity

where this step follows from Definition I.1.
Bounding second term. On the other hand, for the second term @1 2 1 ;, we have its quantity,

n d
I Y Quaki(Fri(r) — yra)l
=1 k=1

By 4 d
<Y Y S
i=1 j=1 r=1 k=1 ka—1
0rChyr (Frei(7) = Yi) (Fra g (T) = Ykp i)
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exp(9B)  —
<p——- C
SN 3 | ; or Jax, Ci o]

I(F() = Y) @ (F(r) = Y)lh

exp(9B -
Snlir(ﬁ) . |ZUT max Ch i, 1|

= kkeeld)

|IF(r) = Y17

ndexp(9B) | <

bbbt 4 S . Cho koo r
=8 ‘ZU kﬁiae)[{d] bobar|

-|IF(z )—Y\lfv

exp (9B)

—an ZO’T max Ck oo
-vec(F(1) — Y)TH(T) Vec(F(T) -Y)

where the first step follows from 0 < S;, < % by Part 11 of Lemma M.1, ||S;[j2 < %\/%B),
lz;|| < 1and

Chkor = BK(T)ll2 - [0y rll2, 07 € {+1, =1}

the second and third steps follow from the definition of Kronecker product, the fourth step follows from
U1 € Vnd||U||p for U € R™ 9, the last step follows from vec(F(7) — Y) " H(7) vec(F(1) — Y) >
AIF — Y2

Thus, by following Part 2 and Part 3 of Lemma M.2, we have

Crkar = [1Bu(T)ll2 - ks v |2 < 2m B2,

Besides, we apply Hoeffding inequality (Lemma F.4) to all random variables o maxy, y,c[q) Ck, k, » fOr

r € [m], especially E[Y " | 0, maxy, y,c(q] Ck,ko,r] = 0 due to the symmetry of a,., we have
n d
| Z Z Q1.2.k,i(Fri(T) — yra)|
i=1 k=1
< C’nnd ex;;(QB)
mo\

-vec(F(1) = Y) " H(7) vec(F(1) = Y)
-mB?\/mlog(nd/)

with probability at least 1 — §/ poly(nd).
Note that by Lemma condition, we have

ndexp(9B)

1
— " mB? 1 <0.2—.
C Y mB*y/mlog(nd/d) <0 —

Finally, we complete the proof with the result

Cia
< — 1.6mnvec(F(r) = Y) H(7) vec(F(1) = Y)

O]

Below, we prove all other terms are small when m is large enough compared to the progressive term.

Lemma J.3 (Minor effects on non-progress term). If the following
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s Let m > Q(A"2n2d? exp(30B)+/log(nd/é)).
e Letr € [m), leti,j € [n], let k, ko € [d]
* Let scalar vy 1, ; € R be defined as follows

V0,k,i

=m Z (Oir(T+1)

re[m|
— ek’m«(T)) . Um:(T + 1)

* Let scalar vi 2 ; € R be defined as follows (we omit (T) in the following terms)

V1,2,k,i
=m? Z Okir(T) - Uir(T)
re[m]
n d
(=Y > (Froi(7) = o)
7=1 ko=1
arSjr (T 62—2).%1

o Let Cy := 2(vec(F(7) = Y), vec(vp))
» Let C 9 := 2(vec(F(1) = Y), vec(v1,2))
* Let Cy := 2(vec(F(1) = Y), vec(va))
e Let C3 := |F(t + 1) — F(7)||%
Then, we have
* [Col < 0.1mnA - [[F(r) = Y|
* [Cra| < 0.1mnA - ||F(r) = Yl
* |Co] < Pm-n’d?exp(16B8) - [[F(r) — Y|
* [Cs] < n*m? - [IF(7) = VI3
Proof. This proof follows from Lemma J.4, Lemma J.5, Lemma J.6 and Lemma J.7.

J.1 Bounding Cj
Lemma J.4. If the following conditions hold

o Let A = Apin(H™)
* Let C > 10 denote a sufficiently large constant

* Let B := max{Co+/log(nd/d),1}.
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e Let 6 € (0,0.1).

o Let m > Q(A"2n%d? exp(30B)+/log(nd/6)).
e Letr € [m), leti,j € [n], let k, ky € [d].

* Let Bi(T) € R™ be defined as Definition G.5.
* Let a;(T) € R be defined as Definition G.3.

* Let 0y, ;(T) € R™ be defined as Definition H.6.
o Let u;y(7) € R™ be defined as Definition H.2.
» Let S;(7) € R™ be defined as Definition H.7.
» Let vy, := B (7) - 1y, — Bi(7) € R™

s Denote F(1) € R™"*? as Definition H.S.

» Let Y € R™9 denote the labels.

» Letn € (0,1/m) denote the learning rate.

* Let scalar vy, ; € R be defined as follows (we omit (T) in the following terms)

ok =m Y (Okir(r+1) = Opin(7))

re[m]
‘U (T4+1)

o Let Cy := 2(vec(F(7) = Y), vec(vp))
Then, with a probability at least 1 — §/ poly(nd), we have
|Co| < 0.1pmA|[F(1) — Y%
Proof. By Claim H.12, we have

Aw,(T)

d
=m, D (Fril) = i) - ((Uk,r(T)vSi(T»

@
Il
—_
e
Il
—

Sip(T) - xi + arsi,r(7)6k>

Then the k;-th entry Aw, ;(7) for k1 € [d] should be

Awy i, (7)
n d
=m > > (Fra(r) = yns)
=1 k=1
(0rr (7). Si(7) - i (7) - iy
n aTSi,,»(T)ek’;ﬂ) (12)

We have

V0, k,i
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=m Z (ek,i,r(T + 1) - ek,i,r(T))

re[m]
cui (T +1)
=m Y (Bra(r+ Dai(r+1)7"
re[m]
— IB}CW(T)OQ'(T)_l) “uj (T +1)
=m Y Brr(T+Dai(r+1)7"
re[m)|
— Brr (T + Dai(r) !
+ /Bk,r(T + 1)051'(7-)_1 - ﬂk,r(T)ai(T)_l)

. ui,r(T + 1)
=m Y BT+ 1) (it + 1) —ai(r) )
re[m)|
+ B (T +1) = Brp(7)) - i(m) )
: Ui,r(T + 1)

=m(Qo,1,ki + Q0.2k,)

where the first step follows from the definition of vy 4, ;, the second step follows from Definition H.6, the
third and fourth steps follow from simple algebras, the last step hold since we define

Qo,1,k,i
= Z Brr(T+1) - (cu(T+ D7 —ai(n)™)
re[m)]

: Ui,r(T + 1)a
Qo,2,k,i
= Z (Bk,r(T + 1) - Bkm(T)) : ai(T)_l)
re[m)]
“uj (T4 1).

Bounding first term. For the first term () 1 i, we have its quantity

n d
I Qoaki(Frilr) — vkl
i=1 k=1
n d m
DS Ber(r+ 1) - (ai(r+1)7!
i=1 k=1r=1
= ai(r) ™) - uip (7 + 1) (Fri(7) = yri)|
n d m
exp(B) | Y DY Bt +1) - (i(r+1)7"
; r=1

1 k=1r=

IN

IN



—ai(r)"| - Vnd|[F(7) = Y| (13)

where the first step follows from the definition of (g1 1, the second step follows from Part 4 of
Lemma M.1 and Definition H.2, the third step follows from Part 1 of Lemma M.1 and ||U||; < v/nd|U||r
for U € R™¥¢,

By Part 2 of Lemma J.9, we have

ai(t+ 1) —ay(r) 7t
vndexp(15B)
m3
IF(r) = Yl[r
ondexp(27B)
n T Jm
Then we apply Hoeffding inequality (Lemma F.4) to random variables a,.(c;(7 +1)~! — a;(7)71) for
r € [m],and by E[>"7 , a, (i (7 + 1)1 — (1) 71)] = 0, we have

IF(T) = YllF.

1> ar(ei(r + 1) —ai(r) )]

r=1
- (n\/@e:;(lw) oy nde%?B))
|IF(7) = Ylr - /mlog(nd/9). (14)

with probability at least 1 — §/ poly(nd).
Through combining Eq. (14) and Eq.(13), we can show that

n d
1> > Qo (Fai(r) — yni)l

i=1 k=1
ndexp(17B)
< " OPUTE) ey vy
ndv'ndexp(29B)
i R - Y3

vm
-v/mlog(nd/d)

with a probability at least 1 — §/ poly(nd).
Thus, by Lemma condition, we can show

17B
e PUTE) e nd]8) < 0.01n),

m3
nz”dm\j;f(29B)- m log(nd/5)
- nndMexp(29B) - /log(nd/8) < 0.01nA.
m

Bounding second term. On the other hand, for the second term ()¢ 2 1 ;, we have its quantity

n d
\ Z Z Qo,2,k,i (Fr,i(T) — Ykl
i=1 k=1
n d m
I DD BrrT+1) = Bral(r) - ci(r) ™)
i=1 k=1r=1
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Ui (T4 1) - (Fri(T) — Yk

d m
eXp(B) : ‘ Z Z Z(Bk,r(T + 1) - ﬁk,r(T))
k=1r=1

i=1 k=

ai (7)) - (Fri(T) = ki)
n d m
& \ZZZ (B (7 +1) = Bin(7)

IN

IN

1 k=1r=1
(Fra(T) = ym)l
d m
exp(2B) &
< OB S S S (1)
i=1 k=1r=1

- kar(T) . ar) : (Fk,z(T) Yk z)‘

n d m

SWQXPTSB)’Z Zar.m

i=1 k=1r=1

n d
O (Fiy i (1) = Uiy )

j=1k1=1
(O (1), 55(0) - S (1) - 230

(
S (Mer k) - Fralr) = o)

ex 5B
p( ) ’ZO’T max C]kkl,r‘

m Jyk.k1€
-[I(F(7) = )®(F(T)* Yl
exp(bB)
<n—= r C r
=T ZG jhkreld e
|IF(7) - Y”l

max ik, r|

ndexp(5B) | &
120 jokoky€ld]

SN
m
r=1
|IF(r) = Y[

where the first step follows from the definition of Qg 2 1 ;. the second and third steps follow from Part 4 of
Lemma M.1, the fourth step follows from Definition G.5, the fifth step follows from Eq.(12), the sixth

step follows from the definition of Kronecker product, 1 <'S;, < “13751733) by Part 11 of Lemma M.1,

lzi||]2 < 1 and defining
Cikderr = (Sjs Vkyr) + €k ks 0 € {+1, =1},

the seventh step follows from the definition of ¢; norm, the last step follows from ||U||; < v'nd||U||r for
U € R4,
Thus, by following Part 6 of Lemma M.2, we have

Cjkerr = (S5 Vkyr) + €ky
exp(6B) + 1

<
< exp(7B)

where the last step follows from simple algebras.
We apply Hoeffding inequality (Lemma F.4) to o, max; j, 1, c[q] Cj k. by fOr v € [m].
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By E[Zf; O MAX; L k) c[d] Cj ki r) = 0, we have

n d
| Z Z Qo,2,k,i(Fri(T) — Yri)|

i=1 k=1
ndexp(5B)
m

NF(r) = Y113 - exp(6B)y/mIog(nd/0).

with probability at least 1 — §/ poly(nd).
Then, by Lemma condition, we have

p"AOPOB) 7B /mlog(nd)s) < 0.01nA.
m

Now we can complete the proof by combining all terms, we have

|Co| < 0.1pmA||F(7) — Y.

J.2 Bounding (' »

Lemma J.5. If the following conditions hold
o Let A\ = Apin(H)
e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co/log(nd/5),1}.
e Let§ € (0,0.1).
o Let m > Q(A"2n2d? exp(30B)+/log(nd/é)).
e Letr € [m)], leti,j € [n], let k, ky € [d].
* Let By (1) € R™ be defined as Definition G.5.
* Let a;i(T) € R be defined as Definition G.3.
* Let 0y, ;,(7) € R™ be defined as Definition H.6.
* Let u;(1) € R™ be defined as Definition H.2.
* Let S;(T) € R™ be defined as Definition H.7.
» Let vy, := B (7) - 1y — Bi(7) € R™
s Denote F(1) € R"*? as Definition H.S.
 Let Y € R"™ 9 denote the labels.
e Let n > 0 denote the learning rate.

s Let scalar vi 2 ; € R be defined as follows (we omit (T) in the following terms)

V1,2,k,i
= m? Z Okir(T) - Ui (T)
re[m]
n d
(1D > Frog(T) = Yhay)
7=1ko=1
a,S;r (T ez)xl



» Let C 5 := 2(vec(F(1) = Y), vec(v12))
Then, with a probability at least 1 — §/ poly(nd), we have
1| < 0.1pmA[|F(7) = Y|
Proof. We have the quantity of v1 2 ;

n d
> 12w (Fra(r) = yea)|

i=1 k=1

n d m
<IN MY Ok () - uin(7)

=1 k=1 r=1

n d
’ (_77 Z Z (sz,j(T) - ykz,j)
=1 kg=1
arS; (T e;;)mi : (Fk,i(7'> - yk,i)’

;S (T)eg, )i - (Fr(T) = )|

n d m
<D MY Brn(7)Sin(7)
i=1 k=1 r=1
n d

(=1 Y (Fiy i (1) = Yhog)

G=1 ko=1

'(lrSjm(T)e;—z)LITi “(Fri(T) =y

n d m

< nm2| Z Z Z Brer (7)Sir(7)

i=1 k=1r=1

1
(F(r) =Y) @ (F() = Y)|h

< nexp(6B) Z |lay - max B .(7)]

p—t ke(d]
|[F(r) = Y|?
< d B r r
< nndexp(6 );M Eé?ﬁﬁ’f’ (7)]
|F(r) = Y%

where the first step follows from the definition of vy o 1, ;, the second step follows from Definition H.6, the
third step follows from Definition G.5, the fourth step follows from Definition H.7, the fifth step follows
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from simple algebras, the sixth step follows from 0 < S, < %, ||zi|l2 < 1 and the definition of
Kronecker product, the seventh step follows from the definition of /; norm, the last step follows from
|U|l1 < Vnd||U||p for U € R4,

Then by Part 1 of Lemma M.1, we have

(1) <B
|§gﬁ§]€5k, ()] <

We apply Hoeffding inequality (Lemma F.4) to random variables a, - maxy¢[g Bk, (T) for r € [m]. By
E[> "L, ar - maxye(q) Bk, ()] = 0, we have

n d
Y vroki(Fri(r) = yna)l

i=1 k=1
< nndexp(6B)BI|F(r) - Y%

with a probability at least 1 — §/ poly(nd).
By the Lemma condition, we have

ndexp(6B)B < 0.1mA

J.3 Bounding C,
Lemma J.6. If the following conditions hold

o Let A = Apmin(H™)

e Let C > 10 denote a sufficiently large constant
s Let B := max{Co+/log(nd/5),1}.

e Let 6 € (0,0.1).

e Let m > Q(A"2n2%d? exp(30B)+/log(nd/s)).
* Letr € [m), leti,j € [n], let k, k1 € [d].
 Let B(7) € R™ be defined as Definition G.5.
* Let o;i(T) € R be defined as Definition G.3.

* Let 05, ;(T) € R™ be defined as Definition H.6.
* Let u;(1) € R™ be defined as Definition H.2.
* Let S;(7) € R™ be defined as Definition H.7.
* Let vy = Bip(7) - 1in — Br(7) € R™

s Denote F(1) € R™"*? as Definition H.8.

» Let Y € R™9 denote the labels.

* Let n > 0 denote the learning rate.

* Let scalar va 1, ; € R be defined as follows (we omit (1) in the following terms)

m
Vo =My Opin(T) Ui () -1
r=1

- O(1) - (Awy (1), z:)”
11174



* Let Cy := 2(vec(F(1) — Y), vec(v2))
Then, with a probability at least 1 — §/ poly(nd), we have
|Gy < mPm - n*d® exp(16B)||F(7) — Y||%

Proof. We have

(Aw, (1), 2:)°
n d
(mz Z sz ykz
7=1 k=1
(ke (7),55(7) - Syrl(r) - 2]

+ aTSjjr(T)eg>xi>2
< exp(12B) - ||F(1) = Y[}
< ndexp(12B) - |F(7) = Y| (15)

where the first step follows from Claim H.12, the second step follows from the definition of ¢; norm,
0 < Sjﬂn < @(pr(nigB) by Part 11 of Lemma M.1 and Part 6 of Lemma M.2, last step follows from
U1 < Vnd||U|| p for U € R4,

Then, we can show that

=1 k=1
n d m

<| Z m Z Ok, (T) - Ui (T) Uk
=1 k=1 r=

i=1 k=1r=1
(Fri(T) — yka)
< n?exp(4B)| Z ay m?)}((AwT(T), z)?|
r=1 e



Vnd|F(r) = Yl|r

< 1P vimndexp(4B)| Y ar max(Aw,(7), i)
r=1

1€[n]

where the first step follows from the definition of vy j, ;, the second step follows from simple algebras, the
third step follows from Definition H.6, the fourth step follows from Definition H.7, the fifth step follows
from0 < S;, < exp(3B) by Part 11 of Lemma M.1, the sixth step follows from Part 1 of Lemma M.1

m

and Definition G.5, the seventh step follows from definition of ¢, norm and ||U|; < v/nd||U|r for
U € R™*9, the last step follows from Lemma J.8.

Next, by Eq.(15), applying Hoeffding inequality (Lemma F.4) to a, max;c[,, (Aw,(7), x;)% for r € [m]
and E[Y_7" | a, max;ep, (Aw,(7), 2;)%] = 0, we have

n d
I vaki(Fai(r) — yni)l

i=1 k=1
< n*Vmn*d® exp(16B) - |F(1) = Y||%

-v/mlog(nd/§)

with a probability at least 1 — 6/ poly(nd).
By the Lemma condition, we have

n*vmn*d® exp(16B) - \/mlog(nd/5)
< n’*m - n2d® exp(16 B)
Then we complete the proof. O

J.4 Bounding Cs
Lemma J.7. If the following conditions hold

o Let A\ = Apin(H)

e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co/log(nd/5),1}.

e Let 6 € (0,0.1).

o Let m > Q(A"2n%d? exp(30B)+/log(nd/s)).
e Letr € [m)], leti,j € [n], let k, ky € [d].
 Let B(7) € R™ be defined as Definition G.5.
* Let a;(7) € R be defined as Definition G.3.

* Let 0y, ;,(7) € R™ be defined as Definition H.6.
o Let u;y(7) € R™ be defined as Definition H.2.
* Let S;(7) € R™ be defined as Definition H.7.
o Let v := B, (7) - 1y — Br(7) € R™

s Denote F(1) € R™"*? as Definition H.8.

o Let Y € R™  denote the labels.
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* Let 1 > 0 denote the learning rate.
e Let Cs:= |F(t + 1) — F(1)||%
Then, with a probability at least 1 — §/ poly(nd), we have
|Cs| < n*m?||F(r) = Y||%
Proof. We have

[
= [[F(r+1) = F(1)lI%

n d
= Y (Fri(r +1) = Fri(7))?

i=1 k=1

— (Br(7),Si()))

)
d m
= Zm2<2(ﬂk,r(7' +1) - (Sip(r+1)

(7)) Birlr 1) = B (7)) - Sin(7))

d
=3 Y m*(@s1.k + Q32i)°

=1 k=1

where the first step follows from the definition Cs, the second step follows from the definition of Frobenius
norm, the third step follows from Definition H.8, the fourth, fifth and sixth steps follow from simple
algebras, the last step follows from defining

Qs 1k = Y Bra(T+1) - (Sir(r +1) = Si (7)),
r=1
Qs2ik = > _(Brr(T+1) = Brp(7)) - Si(7).

r=1

Bounding first term. For the first term, we have
|Q3,1,i.k ]
m
=D Bralr+1) - (Sin(r +1) = Sip(7))]
r=1
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= |Zar W (T4 1) - (Sip(T+ 1) = S (7))
<|B- Zar- (Sip(T+1) = Si (1)

< |exp(3B) Zar max(oy (1 + 1)~

i€[n]
- Oéi(T)_l)l

where the first step follows from the definition of ()3 1 ; 1, the second step follows from Definition G.5, the
third step follows from Part 1 of Lemma M.1, last step follows from Part 4 of Lemma M.1, Definition H.7
and B < exp(B).

Then by Part 2 of Lemma J.9, applying Hoeffding inequality (Lemma F.4) to the random variables
ar - maxep (i (T+1) " —ay(7) " forr € [m] and B[ a, - maxep, (o (7+1) ' —ay(7) 7] = 0,
we have

|Q3,1,i.k]
d B
< (ORI ey
d
+ ML) () - Yl
mlog(nd/d)

with a probability of at least 1 — 6/ poly(nd).
By the Lemma condition, we have

vndexp(18B) N ondexp(30B)
m3 T m
mlog(nd/d) <

(n )

1
2v nd77
Bounding second term. On the other hand, for the second term @32 1 ;, we have
|@5,2,1]
m
(Brr (T +1) = Brer (7)) - Sive(7)]

|
r=1

= Z Awrk: : ZT‘(T)’

m

exp(3B)
<n OB S™ o A7)
r=1
m n d
< nexp(3B) ‘Zarz Z Fro (T

= j=1ki1=1
ykh] <<Uk1, 7SJ )> : Sj,T(T) * Tk

+a,S;r(T)er )‘

m

eXP (6B)
max C.:
Z1 j€[n],k,k1€[d] ]7k,k1,7~’
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IF(m) = Ylh
Vndexp(6B)

_77—|Zar max  Cj g, r|
m = el kel U

IF(m) = Yllr

where the first step follows from the definition of ()3 2 1. ;, the second step follows from Definition H.13,
the third step follows from 0 < S; , < % by Part 11 of Lemma M.1, the fourth step follows from
Claim H.12, the fifth step follows from 0 < S; , < w by Part 11 of Lemma M.1, ||z;|]2 < 1 and
defining

Ciikgerr = (Vky (7),S5(7)) + €kt

the last step follows from ||U||; < v/nd||U||p for U € R™*¢,

Now we follow from Part 6 of Lemma M.2, applying Hoeffding inequality (Lemma F.4) to random
variables a, MaX;e(n),k,ky €[d] Cj,k,kl,r for r € [m] and E[Z?Lzl Qr MAX je(n) k,ky €[d] Cj,k,kl,r] = 0, we
have

|Q3,2,k.il
Vndexp(13B)

<2 IF(r) = Y
< PR R () ~ Yl

-v/mlog(nd/é)

1
2\/nd77

Finally, we combine all terms, we have

<

|Cs]
fj (R
2 T Tl
|

=1

-2
F() = Y12

1k
F(7)
m?|[F(r) = Y%

IN

J.5 Bounding Loss during Training Process

Lemma J.8. If the following conditions hold
s Denote F(1) € R™"*? as Definition H.8.
o Let Y € R™ % denote the labels.

Then we have
IF(7) = Ylr < O(Vnmd)
Proof. This proof follows from ||y;|| < 1 for i € [n] and Definition H.8. O

J.6 Helpful Lemma
Lemma J.9. If the following conditions hold

o Let A = Ain (H*).

e Let C' > 10 denote a sufficiently large constant.
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s Let B := max{Co/log(nd/5),1}.

e Let§ € (0,0.1).

o Let m > Q(A"2n%d? exp(30B)+/log(nd/s)).
e Letr € [m), leti,j € [n], let k, k1 € [d].

* Let o;(T) € R be defined as Definition G.3.
 Let B(7) € R™ be defined as Definition G.5.
* Let 0}, (1) € R™ be defined as Definition H.6.
* Let u;(1) € R™ be defined as Definition H.2.
o Let S;(1) € R™ be defined as Definition H.7.
» Let vy, := B (7) - 1y — Bi(7) € R™.

s Denote F(1) € R"*? as Definition H.S.

 Let Y € R"™ 4 denote the labels.

Then with a probability at least 1 — ¢/ poly(nd), we have

e Part 1.
ai(T+ 1) — a;(7)
<pYOPOB) ey e
+n?m'® - ndexp(21B) - |F(t) = Y||r
e Part 2.

ai(t+ 17— ()7t

vndexp(15B)
S WT |[F(7) = Yllr
ondexp(27B)
NECEDAZE) F(r) — Y
+p PEPE () - Yl

Proof. Proof of Part 1.
We have

a;i(T+ 1) — a;(7)
= (ui(7+1),1,) — (ui(7), 1)
= (ui(7+1) —ui(7), 1)
= (exp(W (T 4+ 1) " x;) — exp(W (1) "), 1,)
= (exp(W(7) " z;)
o (exp(—nAW (1) T z;) — 1), 1)
= (exp(W () "z;) o (=AW (1) "z; + ©(1)n?
(AW(7) "23)?), 1)
= (=AW () "z + O()n* - (AW (1) T2;)?,
exp(W () ;)
11180



< exp(B) - (—nAW(r) z; + ©(1)n’
(AW (T) 2% 1))

ndexp(9B
nPIOPOB) o)y gt

-ndexp(21B) - ||[F(7) = Y||r

where the first step follows from Definition G.3, the second step follows from simple algebras, the third
step follows from Definition H.2, the fourth step follows from simple algebra, the fifth step follows from
Fact F.1, the sixth step follows from simple algebras, the seventh step follows from Part 4 of Lemma M.1,
last step follows from Part 1 and Part 2 of Lemma J.10.

Proof of Part 2. We have

ai(t+ 17— ()7t

=a;(7+ 1D tay(rn) 7 (it + 1) — ay(7))

< OB (ai(r 1) — ()

ndexp(15B
OB ey v e

ondexp(27B)
/r] ﬁ

where the first step follows from simple algebras, the second step follows from Part 4 of Lemma M.2, the
last step follows from Part 1 of this Lemma. O

|IF(r) = Yllr

Lemma J.10. [f the following conditions hold
o Let A\ = Apin (H™).
o Let W (1) € R™*% be defined as Definition H.13, let a € R™ be defined as Definition G.1.
e Let C' > 10 denote a sufficiently large constant.
s Let B := max{Co/log(nd/5),1}.
e Let§ € (0,0.1),
o Let m > Q(A\"2n%d? exp(30B)+/log(nd/9)).
e Letr € [m)], leti,j € [n], let k, ko € [d].
* Let S;(7) € R™ be defined as Definition H.7.
o Let v = B (7) - 1y — Bi(7) € R™
s Denote F(1) € R™"*? as Definition H.S.
o Let Y € R™ 4 denote the labels.
e Letn = A/(m - poly(n,d, exp(B))) denote the learning rate.
Then with a probability at least 1 — 0/ poly(nd), we have
e Part .
|(MAW (1) Ti, 10|
VndeDB) ey~
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e Part 2.

[ (AW (1) T2:)%, 1)
< 772m1'5 -ndexp(20B) - [|[F(1) = Y||r

Proof. Proof of Part 1. We have

|(nAW (1) T ai, 1n)|

m

=1l Y _{(Awp(r), )|

r=1

r=1  j=1k=1

+ aTSjr(T)eZ):zcz

ex
= p( Zo'r max jkr
m — "y

j€ln],keld
-|IF(7) - Y||1
\/ndexp (3B)
< -
=T ZU " el ke Cik
IF(r) = Yllr

where the first step follows from simple algebras, the second step follows from Claim H.12, the third step
follows from the definition of vy, ,., the fourth step follows from Definition G.5 and simple algebras, the

fifth step follows from ||z;[j2 < 1,1 < S;, < w by Part 11 of Lemma M.1, definition of {1 norm
and defining
Cle,r
= |wr k| + [(=Wi(7),5;(7))]
S {+1a _1}a

the last step follows from ||U||; < v/nd||U||r for U € R™*¢,
Thus, by following Part 1 and Part 11 of Lemma M.2 and Hoeffding inequality (Lemma F.4), we have

(AW (1) " 21, 1))

< YIEPEB) e
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with a probability at least 1 — §/ poly(nd).
Proof of Part 2. We have

A
3
(3%
[©]
s
=4
D
=
NE
/N
)=
[~
=
&
3

) (0, 5 o] el )ai)
< Pmexp(20B) - [F(r) - V3
< sPm/mmd exp(20B) - [F(r) = Y,
< P ndexp(208) - [F(r) = V|

where the first step follows from simple algebras, the second step follows from Claim H.12, the third

step follows from 0 < S;, < exp(3B) by Part 11 of Lemma M.1, the fourth step follows from

m

(Vg (7),Sj(7)) < exp(6B) by Part 6 of Lemma M.2, ||z;|l2 < 1, exp(6B) + 1 < exp(7B) and
the definition of /1 norm, the fifth step follows from Lemma J.8, the last step follows from ||U||; < ||U||r
for U € R™*. O

K Convergence of Prefix Learning

Here, we provide all the properties we need for math induction for NTK happening.

Definition K.1 (Properties). We state the following properties
* General Condition 1. Let A\ = \pin(H*) > 0
* General Condition 2. Let B := max{Co/log(nd/J),1}.

* General Condition 3. Let 1) be defined as

n := A/(mpoly(n,d,exp(B))).

s General Condition 4. Let D := 2\1 . exp(20B)%HY —F(0)||»

e General Condition 5. Let w, and a, be defined as Definition G.1.

* General Condition 6. D < R = \/ poly(n,d, exp(B))

s General Condition 7. m = \~2 poly(n, d, exp(B))

» Weight Condition. ||w, (t) — w,(0)||2 < D < R, Vr € [m]

* Loss Condition. || vec(F(i) — Y)||3 < || vec(F(0) — Y)||3 - (1 — mnA/2)%, Vi € [t]

* Gradient Condition. 7||Aw,(i)||2 < 0.01 Vr € [m], Vi € [{]
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K.1 Main Result
Our main result is presented as follows.

Theorem K.2 (Main result, formal version of Theorem 4.2). For any €, € (0,0.1), if the following
conditions hold

o Let \ = Apin(H*) > 0
s Let B = max{Cc+/log(nd/s), 1}
s Let m = A2 poly(n, d, exp(B))
 Letn = A/(m poly(n, d, exp(B)))
e Let T = Q((mnX) ! log(nd/¢))
Then, after T iterations, with probability at least 1 — 9, we have
IFT) - Y| <e.

Proof. We have ||F(0) — Y||% < nd as Lemma K.6. Using the choice of T, it follows directly from the
alternative application of Lemma K.3 and Lemma K.4. O

K.2 Induction Part 1. For Weights
In this section, we introduce the induction lemma for weights.
Lemma K.3 (Induction Part 1 for weights). If the following conditions hold

* Suppose properties in Definition K.1 are true
Fort+ 1 and ¥r € [m), it holds that:
|wr(t + 1) — w,(0)||]2 < D.
Proof. We have
0 ' 4
n;(l —mnA/2)" <0 (16)
where this step follows from Fact F.2.

[[wr (t +1) = w(0)[2

t
<0y [ Aw(7)|l2
7=0

< Vadexp(11B) - [F(t) - Y]|r
7=0

t

< nyvndexp(11B) - Z(l —mnA/2)"

7=0
-IF(0) = Y|F
1
<D

where the third step follows from the triangle inequality, the second step follows from Eq. (20), the third
step follows from Lemma K.4, the fourth step follows from Eq. (16), the last step follows from General
Condition 4. in Definition K.1.

O
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K.3 Induction Part 2. For Loss
Now, we present our next induction lemma.

Lemma K.4 (Induction Part 2 for loss). Let t be a fixed integer.
If the following conditions hold

* Suppose properties in Definition K.1 are true

Then we have

IF(t+1) =yl < (1 —mnA/2)" - [[F(0) — yll7

Proof. We have

IF(t+1) = yllE
<|F(t) = yll% + Co+ Cr + Co + C3
=|IF(t) =yl + Co+ Cr1+ C12 + C2 + Cs
<||F(t) — y||% - (1 + 0.1pmA — 1.6nmA

+ 0.19mA + n°m - n?d? exp(16 B) 4+ n*m?)
< |F(#) = yll% - (1 — LdnmA + n°m - n?

d? exp(16B) + 772m2)

(17)

where the first step follows from Lemma J.1, the second step follows from the definitions of C'1, C'1,1 and

C1 2, the third step follows from Lemma J.2 and Lemma J.3.

Choice of parameter. Here, we explain the condition setting in Definition K.1:

* To get our results in Lemma J.2 and Lemma J.3, we have to let m > Q(A"2n2d? - exp(30B) -

log(nd/d)).

e If we let n < O(M\/(mn%d? exp(16B))), we can have
n?m - n2d? exp(16B) + n°m? < 0.9nmA.
Thus, combining Eq. (17) and Eq. (18), we have
IF(t+1) =yl < (1 —mnr/2) - [F(t) - ylE
Then by Eq. (19), we conclude all ||F(7) — y||% for 7 € [t], we have

IF(t+1) = ylE < (1= mnA/2)* - [|F(0) - ylIE

K.4 Induction Part 3. For Gradient
In this section, we present the induction lemma for gradients.

Lemma K.5 (Induction Part 3 for gradient). Let t be a fixed integer.
If the following conditions hold

* Suppose properties in Definition K.1 are true
Then we have

Dl Aw, ()]s < 0.01,¥r € [m]
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Proof. Firstly, we have

|Aw, (@)]2
|Aw,(#)]l1

Z‘m Zsz _ykz

k1=1 1 k=1
'(<vm< ) Sil) - Sir(t) - @i,

+ arsi,r(t)ek7k1)’
< Vndexp(11B)||F(t) — Y| (20)

IN

IN

where the first step follows from ||U||z < |U]|; for U € R™*4, the second step follows from Claim H.12,

the last step follows from the definition of 4 /1 norm, 0 < S;, < eXpsligB) by Part 11 of Lemma M.1,
||z;|l2 < 1 and Part 6 of Lemma M.2.
Then by the property of 7 in Definition K.1, we have

Dl Aw, ()]s < 0.01,¥r € [m]

O

K.5 Bounding Loss at Initialization
Lemma K.6. If the following conditions hold

s Denote F(1) € R™"*? as Definition H.8.

» Let Y € R™*9 denote the labels.
Then we have

IF(0) = Y|lr < O(Vnd)

Proof. This proof follows from ||y;|| < 1 for i € [n] and Definition H.8. O

L NTK-Attention

In this section, we compute the error bound of our NTK-Attention in approximating prefix matrix
P € R™*4_In Appendix L.1, we provide the formal definition of our NTK-Attention. In Appendix L.2,
we give our main theorem of error bound. In Appendix L.3, we state tools from (Alman and Song, 2023).

L.1 Definitions
Definition L.1. If the following conditions hold:

e Given input X € R*? prefix matrix P € R™*4,

P

e LetS = [X

:| e R(m+L)xd

* Given projections Wg, Wy, Wy € Réxd

o Let Q := XWqg € RLxd,
o Let Kp := SW € Rim+L)xd
e Let Vp := SWy € RimtL)xd

o Let A :=exp(QK},) € REX(m+L),
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* Let D := diag(Al(,,41,)) € REXE,
We define:
Attn(Q, K, V) := D ' AVp.

L.2 Error Bound
Here, we provide our two statements about error bound.

Theorem L.2 (Formal version of Theorem 5.1). Given an input matrix X € R¥*¢ and prefix matrix
P € R™*? we denote Q = XWq, Ko = PWk and Vo = PWy. If the condition Eq. (3), ||Q|lec <

o(v/logm), | Kclleo < o(v/logm), ||Velleo < o(v/logm) and d = O(log m) holds, then Algorithm 2
outputs a matrix T € RE* within time complexity of O(L?d) that satisfies:

| T — PrefixAttn(X, P)|loc < 1/ poly(m).
Proof. Following Definition L.1, we can have matrix A € RE*(m+L) a5 follows:

A=QK"
= [exp(XWoWLXT) exp(XWoW/LPT)]

P
¥l
Our Algorithm 2 actually implement on using () = XWg and PWg to approximate
exp(XWoW,-PT) by Lemma L.7.
Trivially, this proof follows from Theorem L.5 and Lemma L.7.

where the second step follows from K = SWy and S = [

O

Corollary L.3. Given an input matrix X € RY*? and prefix matrix P € R™*%, we denote Q =
XWq, K¢ = PWg and Vo = PWy. If the condition Eq. (3), ||Q|lsc < o(v/1ogm), [[Kc|e <

o(vIogm), ||[Velleo < o(v/1ogm) and d = O(logm) holds, then there exists an algorithm that outputs a
matrix T € RY*4 within time complexity of O(L'T°Vd) that satisfies:

|T" — PrefixAttn(X, P)||co < 1/ poly(m).

Proof. The algorithm and proof can trivially follow from Algorithm 1, 2, 3 and Theorem 1 in HyperAtten-
tion (Han et al., 2024). ]

L.3 Tools from Fast Attention

In this section, we introduce some tools from previous work which we have used.

Definition L.4 (Approximate Attention Computation AAttC(n, d, B, €,), Definition 1.2 in (Alman and
Song, 2023)). Let ¢, > 0 and B > 0 be parameters. Given three matrices Q, K,V € R™ % with
the guarantees that ||Q|ce < B, |K|lee < B, and ||V ||eo < B, output a matrix T € R™ ¢ which is
approximately equal to DY AV, meaning,

|IT — D7 AV || < e€q.

Here, for a matrix M € R™", we write | M ||o := max; j | M, ;|.

Theorem L.5S (Upper bound, Theorem 1.4 in (Alman and Song, 2023)). There is an algorithm that solves
AAttC(n,d = O(logn), B = o(v/Iogn), e, = 1/ poly(n)) in time n*+o),

Definition L.6 (Definition 3.1 in (Alman and Song, 2023)). Let v > 1 denote a positive integer. Let

€ € (0,0.1) denote an accuracy parameter. Given a matrix A € RZ5", we say A € RL;" is an

(e, 7)-approximation of A if

o« A= Uj - U2T for some matrices Uy, Uy € R™*" (ie., A has rank at most r), and

11187



. ‘Aviyj — Ai7]’| <e€- Am-for all (’L,]) S [’I’L]Z

Lemma L.7 (Lemma 3.4 in (Alman and Song, 2023)). Suppose Q, K € R™ <, with |Qllcc < B, and
| K||oo < B. Let A := exp(QK " /d) € R™™. For accuracy parameter ¢ € (0, 1), there is a positive
integer g bounded above by

g=0(max{ 1og(1f§(11//:))/32) BY).

and a positive integer r bounded above by

< (2(9 + d))
< 2
such that: There is a matrix A € R"™" that is an (e, 7)-approximation (Definition L.6) of A € R"*".
Furthermore, we can construct the matrices Uy = ¢(Q) and Uz := ¢(K) through a function ¢(-)
defining A = Uy U, can be computed in O(n - 1) time.

L.4 Derivation of Low-Rank Approximation on /

Re-state Conditions. Given an input matrix X € R*? and prefix matrix P € R™*?, we denote Q =
XWqo, K = XWgV = XWy € REX4, Besides, we also denote Ko = PWy, Vo = PWy € Rm*4,

We relax the infinite norm £, on these state matrices to o(y/log(m + L)). Formally, we assume the
following setting to align with (Alman and Song, 2023):

* [Qllse < o(y/log(m + L)).
* [Klloe < o(y/log(m + L)).
* Vs < o(/log(m + L)).
* | Kcllso < o(y/log(m + L)).
* [Vello < o(y/log(m + L)).

Note that our kernel mapping function ¢ doesn’t enlarge the values of input entries, we have:
* [6(Qi)llco < o(y/log(m + L)), forany i € [L].

s |6(Kcr)|loo < o(y/log(m + L)), for any r € [m].

* [2(Q)lleo < o(y/1og(m + L)).
* [ 2(Ko)lloo < o(y/log(m + L)).

Note that Z = ®(K¢) ' - Vi, where K¢, Vo € R™*4 and ®(K¢) € R™*". The minimum error of
low-rank approximation is given by:

min |Za-Zp— 7|
ZAGRTXS,ZBERSXd

min W Za-Zp—Z||F
ZA€ERTXs ZpeRsxd

<Vd = 5| ®(Kp)loo - |VPlloo
< o(log(m+ L)) - Vd—s

IN

Recall that we follow from Lemma L.7, for i € [L], we have:
exp(Qf KT /Vd)1L +6(Q:) 'k

> exp(Q] KT /VAd)1L + exp(Q] K/ /Vd)1,,
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where we choose this € = 1/ poly(m).
So we obtain the error of low-rank approximation on prefix attention computation:

” exp(Q/ K" /VA)V +¢(Qi)"Z
exp(Q] KT /Vd)1y, + ¢(Q;) Tk
_exp(Qf KT /NA)V +¢(Qi) " Za - Zp
exp(Q) KT/Vd)1, + ¢(Qi)Tk
= ¢(Qi) " (Z — Za - Zp)
/(exp(Q] K /Vd) 1 + ¢(Qi) " k)|lso
<|p(Qi) (Z = Za- Zp)
/(exp(Q] KT/Vd)1y,
+exp(Q K/ /Vd) 1y — 1/ poly(m))]|s
= 16(Q:) " (Z — Za - ZB)|lx
J(exp(Qf KT /Vd)1
+exp(Q] K¢ /Vd)1y, — 1/ poly(m))
16(Qi) " (Z — Za - Z5)| e
3(m + L) exp(—o(log(m + L))/Vd)
1¢(Qi)lloollZ — Za - ZB||
3(m+ L) exp(—o(log(m + L)) /vd)
o(\/Tog(m + L) Z = Za - Zblls
3(m + L) exp(—o(log(m + L))/Vd)

oo

IN

IN

IN

< o(log"3(m + L)) -vd —s - o(m + L)l/\/a
- f(m+1L)
< L

where the last step follows from choosing m > Q(exp(d)) and C' € (0, (v/d — 1) /+/d) is some constant.

M Taylor Series

In this section, we provide some perturbation analysis for NTK analysis.
Lemma M.1 (Lemma B.1 in (Li et al., 2024a)). If the following conditions hold

e Let C' > 10 denote a sufficiently large constant

s Let B := max{Co/log(nd/J),1}.

s Let W = [wy, - -, wy,] and w, be random Gaussian vectors from N'(0, 021;).

e Let V = [v1,- - , U] and v, denote the vector where ||v, — w,|2 < R, ¥r € [m).
o Let v; € R% and ||z;]]2 < 1, Vi € [n].

e Let R € (0,0.01).

e LetS; and gl be the softmax function corresponding to W and V' respectively.

o Let a; = {1, exp(W ;) and &; = (1, exp(V ' x;)), Vi € [n].
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Then, with probability at least 1 — § / poly(nd), we have

* Standard inner product

- Part 1. [{w,, z;)| < B, Vi € [n], Vr € [m)]
— Part 2. |[(vy,x;)| < B+ R, Vi € [n], Vr € [m)]
- Part 3. [(wy — vy, xi + 25)| < 2R, Vi, j € [n], Vr € [m]

* exp function

— Part 4. exp(—B) < exp((wy, 2;)) < exp(B), Vi € [n], Vr € [m)]

— Part 5. exp(—B — R) < exp({v,, z;)) < exp(B + R), Vi € [n], Vr € [m)]

— Part 6. |exp((w, — vy, z; + x5)) — 1| < 4R, Vi, j € [n], Vr € [m]

— Part 7. |exp((wy, x;)) — exp((vy, x;))| < Rexp(B + R), Vi € [n], Vr € [m]

* softmax S function

— Part 8. |a; — &;| < mRexp(B + R),Vi € [n]

— Part 9. |o; ' — a7 < L exp(3B + 2R), Vi € [n]

— Part 10. |S; ;| < exp(2B)/m,Vi € [n],Vr € [m]

— Part 11. |S;,| < exp(2B + 2R)/m, Vi € [n],¥r € [m]

— Part 12. |S;, — S| < & exp(4B + 3R), Vi € [n],Vr € [m)]

— Part 13. forany z € R™ and || z||s < 1, we have |(z,S;)—(2,S;)| < Rexp(4B+3R),Vi € [n]

Lemma M.2. If the following conditions hold
e Let C' > 10 denote a sufficiently large constant
s Let B := max{Co+/log(nd/J),1}.
e Let W = [wy, -+, wp,)] and w, be random Gaussian vectors from N (0, 021,).
* w, forr € [m] satisfies ||w,||2 < B with probability at least 1 — §/ poly(nd) as in Lemma M.]1.
e Let a € R™ be defined as Definition G. 1.
* Define By, := Wy . 0o a € R™ for k € [d] as Definition G.5.
* Define vy, := P - Ly — B € R™ for k € [d] and r € [m] as Definition I.1.
* Define «; for i € [n] as Definition G.3.
Then, with probability at least 1 — § / poly(nd), we have
* Part 1. |By,| < B
 Part 2. ||Bkll2 < By/m
e Part 3. ||vgr|l2 < 2¢/mB
e Part4. |a~ Y < exp(B)/m
e Part 5. (B, S:) < exp(4B)

* Part 6. (vi,,,S;) < exp(6B)
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Proof. Proof of Part 1. We can get the proof by Gaussian tail bound.
Proof of Part 2. We have

m
1Bkll2 = | > B2,
r=1

m
S
r=1
<Vm-B
where the first step follows from the definition of £ norm, the second step follows from Part 1 of this

Lemma, the last step follows from simple algebras.
Proof of Part 3. We have

m

Hvk,’rHZ = \ Z (ﬁk,r - ﬁk,r1)2

ri=1

m
é \ Z /8’%77’ + Bl%,’]"l + |2Bk77"/8k:77‘1‘

ri=1

ri=1

<2y/m-B

where the first step follows from the definition of {5 norm, the second step follows from simple algebras,
the third step follows from Part 1 of this Lemma, the last step follows from simple algebras.

Proof of Part 4. This proof follows from Part 4 of Lemma M.1 and Definition G.3.

Proof of Part 5. We have

§\24B2

(Br>Si) < |Brll2 - [ISill2

<VmB-|Si2
m
<VmB- sz,
r=1
m
exp(6B
<vmp- 3O
r=1
B
< ymB - SP68)
m
< Bexp(3B)
< exp(4B)

where the first step follows from Cauchy-Schwarz inequality, the second step follows from Part 2 of this
Lemma, the third step follows from the definition of £ norm, the fourth step follows from Part 11 of
Lemma M.1, the fifth step follows from triangle inequality, the sixth step follows from B < exp(B), last
step follows from simple algebras.

Proof of Part 6. This proof follows from Part 3 of this Lemma, B < exp(B) and Part 11 of
Lemma M.1. O
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