arXiv:2610.11833v1 [cs.AI] 8 Oct 2026

PROBABILITY-SIGNATURE DYNAMICS:
UNPACKING MODULAR ADDITION LEARNING WITHIN
TWO-LAYER NETWORKS

Yunji Wang!', Junjie Yao''!, LinyuLiu®, Pinyan Lu*, Zhi-Qin John Xu'?*

1School of Mathematical Sciences, Shanghai Jiao Tong University
Institute of Natural Sciences, MOE-LSC, Shanghai Jiao Tong University
SHuawei Technologies Ltd
4Shanghai University of Finance and Economics

fThese authors contributed equally to this work.

*Corresponding author: xuzhigin@sjtu.edu.cn

ABSTRACT

Neural networks trained on modular addition tasks often develop Fourier-structured
representations that support exact generalization. While prior work has identified
these Fourier circuits, the mechanism by which gradient-based training selects them
from the data distribution remains unclear. We address this question using probability
signatures, which express leading gradient interactions through conditional statistics
of the training distribution. For modular addition, these signatures are cyclic shift
operators and are diagonalized by the discrete Fourier transform, yielding approxi-
mately decoupled Fourier-mode dynamics. This explains the emergence of Fourier
sparsity, frequency matching, and phase alignment. The same framework resolves a
puzzle under label noise: corrupted examples can show faster early loss decrease
than clean examples, despite lacking a coherent generalization rule. We show that
noise increases conditional label collisions, strengthening early shared-coordinate
reinforcement. Finally, this method can be applied to other operators. Taking XOR
as an example, we observed the predicted frequency in experiments.

Keywords Two Layer Network, Modular Addition, Training Dynamics

1 Introduction

The modular addition task is a canonical setting in which to study grokking. During the initial phase
of training, an over-parameterized model can fit individual training examples yet fails to uncover an
interpretable rule. After substantially prolonged training, however, its test performance may improve
abruptly even though the training loss has already become very small. This delayed transition is
commonly referred to as grokking. In modular addition, the onset of grokking is accompanied
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by the emergence of a distinctive structure in the weights. Prior studies have shown that trained
networks develop Fourier circuits (Nanda et al., 2023} Gromov, 2023)). Specifically, the input and
output weights of many hidden units become concentrated at matching Fourier frequencies, and
appropriate combinations of these Fourier components can compute (a + b) mod P. Mechanistic
interventions, including Fourier projection and ablation experiments, provide strong evidence that
these components are functionally important for generalization. Their formation also reflects the
transition from a memorizing solution to a generalizing one.

These results answer an important reverse question: given a trained network, which circuit does
it implement, and which components of that circuit support generalization? They have not fully
answered the complementary forward question: why should gradient-based training produce Fourier-
structured parameters from the modular-addition data distribution in the first place? The fact that
Fourier features can represent modular addition does not imply that the training dynamics must
discover them. Meanwhile, current work can already account for observed phenomena in neural
networks, such as frequency competition and phase alignment (He et al., 2026). However, its
theoretical analysis is based on a Fourier decomposition of the weights, which need to presuppose
that the Fourier basis is related to modular addition.

Our focus is therefore not to show again that Fourier-structured neurons can implement modular
addition, nor to re-establish that these neurons support generalization. Instead, we study the missing
forward direction

training distribution = leading gradient terms =  Fourier-mode selection.

More specifically, we ask the following questions. Which statistics of the training data enter
the leading-order parameter dynamics? Why are Fourier modes approximately decoupled in the
modular-addition problem? What determines whether a neuron is suppressed by weight decay or
develops a dominant Fourier component? And, how to derive the weight structure in advance from
the training distribution?

We study these questions in a two-layer embedding MLP trained on modular addition dataset with
some randomly corrupted labels. Our main analytical tool is the probability signature framework
introduced by Yao & Xu|(2025)), which shows the correlation between data statistics and embedding
without studying either modular addition learning or the key structure of data statistics.

Our contributions are as follows.

* We utilize probability signatures to directly explain the emergence of dominant Fourier
modes during the learning dynamics.

* We have explained the puzzle in the early memorization regime: uniformly random label
noise consistently exhibits a faster initial loss decrease than clean data. Some statistics from
training distribution can measure this difference.

 The analysis framework can be extended to more tasks, such as XOR, enabling us to predict
the structures that network parameters may form before training.
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2 Related Work

Grokking. Grokking, the delayed onset of generalization long after interpolation, was first reported
on small algorithmic datasets, where weight decay proved essential (Power et al.,[2022)). Subsequent
work explains the delay through properties of the optimization trajectory: effective theories of
representation learning and norm growth (Liu et al., 2022)), loss landscapes shaped by weight decay
and initialization scale (Liu et al., 2023), instabilities of adaptive optimizers (Thilak et al., [2022),
and the transition from lazy to rich training dynamics (Kumar et al.,|2024). These characterize when
and why generalization occurs, from the emergent Fourier circuits as a result of training. Based on
this, we point out that weight decay determines the formation of the Fourier structure as a threshold,
which establishes the connection between weight decay and Grokking.

Modular arithmetic. Prior work has established that trained networks can implement modular
addition through sparse Fourier circuits, and has introduced diagnostics such as frequency matching
and phase alignment to characterize these circuits (Nanda et al.,|2023). Analytic and scaling-oriented
studies have further related the norms and spectral profiles of Fourier modes to the learned solution
(Gromov, [2023; Michaud et al., 2023). These works provide important mechanistic and functional
descriptions of Fourier structure in trained networks. Our analysis is based on these research results,
but we present a forward perspective: starting from training distribution rather than from the
Fourier circuits obtained through training. More recent work (He et al.,|2026) provides a complete
explanation for the frequency competition and phase alignment by decomposing neurons onto
the Fourier basis. Compared with theirs, our contribution stands out in the fact that we do not
require the prior knowledge of the Fourier circuit found in the modular-addition task. By studying
the algebraic structure of the probability signature, we derive the Fourier basis as the common
eigenvectors. We not only explain the above phenomena, but also we hope to provide a unified
explanation for the puzzle of early noise and the extension to other training tasks.

Learning with corrupted labels. Neural networks can both generalize from structured examples
and memorize corrupted labels. This interaction has been studied broadly through early learning and
memorization dynamics (Arpit et al., 2017;|Liu et al.,|2020). For algorithmic and modular-arithmetic
tasks, prior work has documented robust generalization in the presence of label corruption and the
coexistence of generalizing and memorizing subnetworks (Doshi et al., 2024; [Liu & Lu, 2026). Our
contribution is not a general theory of learning under label noise. Instead, we isolate one early-time
phenomenon: randomly corrupted examples lead to faster initial loss decrease, and we relate it to
probability signature, which is computable from the training data.

3 Preliminaries

3.1 Settings
Let 2 = {0,1,..., P — 1} be a finite alphabet, where P is a prescribed prime. We consider the
prediction of a binary operation F': {2 x 2 — Q from examples X = (a, b) to the label F'(a,b).

All pairs in 2 x () are divided into three disjoint subsets Djean, Dhoise, Prest Of cardinalities N jean,
Nioise> and Nieg, respectively. The labels of clean and test are set to F'(a,b) = (a + b) mod P,
while the labels of noise are replaced by uniform random numbers.

3



Probability-Signature Dynamics A PREPRINT

The training dataset consists Of Djean and Dypise. We define Niain = Netean + Nnoise> Where Niin -
Niest = 8 : 2 and Nypise = Nypain. < represents the noise ratio.

Model. Let e,, e, € R” be one-hot encodings. We study the two-layer MLP f(a,b) = W o(Ue, +
Vey) € RY, where U,V € RP*P W € RF*P | e, e, means the one-hot encodings of input a, b,
and D > P. The output distribution is softmax( f(a, b)).

We use the cross-entropy loss function and employ L2-weight decay with coefficient A\. Param-
eters are initialized independently according to U;, Vi, Wi; ~ N(0, D~%7), where ~y controls
the initialization scale. Consider a continuous gradient flow model as an approximation, it is

% = —n(VyL + A\0). For more details about initialization, learning rate or optimizer, please refer
to the appendix [A]

3.2 Probability signatures

The Probability Signature proposed in the related work (Yao & Xul 2025)) is a statistical quantity
derived from sampling and not dependent on training. It can characterize the main terms of the
gradient at different training stages. In order to create the application environment for Probability
Signature, we first extended the fully connected network with the same embedding to our model.

Proposition 1 (Gradient flow). Assume the neural network f(z,y) = Wo(Ue, + Ve,), using
full batch GD with cross-entropy loss and ignoring weight decay, with the activation function
o(h) = 04crh+ 2h*+o(h?) which is C* near zero. If we sample training data from (x,y, z) ~ m,
then we denote the probability that the first position is x by r, and the random variable E.[-|x] by
the conditional expectation under the fixed first position.

Under the assumption of small initialization that ||U ||, ||V ||oo, ||W||ee < €, we derived that

dU*
dt

_ rwn{clw—r(] - %1]31;) [Ew[ez | 2] — C—];W(U”C FEL[VY | x])}

T}

where U® € RY represent the x-th column of U and ||6||«. = O(€*) means the higher order terms.

1
+ o B, [(UI + V) oW (e, — 51p)

Proof. See Appendix [E.I]

From the gradient flow equation, we can further decompose the conditional expectation. Assume
sampling from the training distribution (X, Y, Z) ~ m, we define the probability signatures:

e, 2)=P(Z=2|X =2x), ez, 2)=P(Z=12|Y =2x),
the 3-order tensor joint probability signatures:
D (z,y,2)=P(Z=2Y=y|X=21), ®V(r,y2)=PZ=2X=y|Y =2),
and the trace-back probability signatures

PNy =PY =y | X =2), P,y =PX=y|Y =2)
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We also denote o) := > e P(Z = 2| X = x)e., a column vector, and L = > yeaP(Z =
z2,Y =y | X =z)e, ® e,, amatrix. The same notation applies to the others. Then we can rewrite
the gradient flow equation in Proposition (I|as

dU* 1 c 1
= = rfm{cle {w;‘” — 51p) = 5 (I — S1plp)W(U" + vwfsb]

P P P
x T (a) 1 x (a) T : (a)
+ce|UT0W ¢ _F(U + Vi) o (W' 1p) 4+ diag(VOWW) | » + 0.
The above statistics ¢, @, 1) are referred to as Probability Signatures.

4 Theoretical Analysis

In this chapter, we hope to derive this frequency structure from a forward perspective. Reviewing
the gradient flow equation |1} we divide it into p-part, ®-part and ¢)-part based on the association
with different probability signatures. Additionally, due to the weight decay, there is also a —A\U
term. The proof of the following theorems will be found in Appendix [E.2][E.3] and [E.4]

Theorem [I| characterizes the dominant part of the gradient flow equation.

Theorem 1 (Dominance of the gradient). Under the condition of |I| and non-zero weight decay,
assume that n = 1 and

1

=gy~ = L1, o,
Under small initialization that ||U|| s, ||V ||so, [|W ||ee < € we have
du* N _ (@) —
T —\U® + ¢| diag(VOYW) -V o W| + o,
dv= - _ ) B —
m = —-\V"+¢| diag(UP, W) —U © W | + dy,
dw, : = =
i :—AW;+0PMQUWJﬁy—U®V}+&M

where ¢ = cory, ||0]le S €. Here we define U == P2 U* V .= P13 Vo W =

~Y

P_l Zm<W—|—)Z‘, and\:[JZ = Z P [X = QE’Y =y | 7 = Z]em ®6y'

TyeQd =T
4.1 The Fourier basis derived from the signatures

Let’s assume there is no noise and the training is conducted on the entire clean dataset. We define
Of = P~'Y ., € @ ejy, as the joint signature in this situation. Write S, = P®}, which is a
shift-r permutation matrix. They satisfy

S8y = Spry,  ST=S5_,, SIS, =1

Here * denotes the conjugate transpose and [ is the P X P identity matrix. They form a commuting
family of normal operators and therefore possess a common orthonormal eigenvectors over C. The
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basis can be obtained directly from the simplest nontrivial shift: S;q = wq implies F'(y+1) = wF(y)
for some unit root w” = 1, which yields

FT(S) _ P—1/2€—27rirs/P, (I):Fr _ P—1€27ri7“a:/PFr. (1)

These vectors are the normalized Fourier basis, and F' := [Fy, F}, - - -, Fp_1] is the standard Fourier
matrix. We use i := F'u to represent the Discrete Fourier Transform (DFT) of vector u.

Estimate by the main term of Theorem [I] we find that this system is separable for each hidden unit
d € [D]. Thus we can consider this equation on one hidden state u, v, w € R”, with system

P—1 P—1
1, = c| diag(v' &fw) — (P! Z Vi) (P! Zwk)] — Au,,
Y k=0 k=0

Vg N J/
-~

Vmean

We can expand the middle term v, by
vy =v (FT'A*F)w = (F*Vv)A*(Fw) = (1,w®,--- , ") (Fv o Fw),

At the same time, the Fourier transform of v,,,.,,, will be absorbed into the zero-frequency component,
because it is independent of the index .

Multiplying on the left by F', we have:
(Fu), = C(Fv),(Fw), — A\u,, (r#0),
Similarly, we find that for each frequency r # 0,

u, ~ Cw,v, — \u,, v, &~ Cw, U, — AV, w, ~ CU,V, — \W,.

where v means DFT and v means conjugate. That is, the system is decoupled at each nonzero fre-
quency. Each 3-variable system 1., v,., w,. corresponding to frequency r will evolve independently.

The next theorem indicates that the conditions for neurons to grow depend on the initialization,
and weight decay plays a filtering role. Moreover, growing neurons always develop a dominant
frequency and adhere to specific phase patterns.

Proposition 2 (Dominant frequency and phase alignment). Fix a hidden unit d. For each nonzero
frequency r, let U,.(t) = ﬁdm(t), V.(t) = XA/d,r(t), and W,.(t) = W4 .(t). Assume C > 0 and that the
three mode amplitudes remain nonzero up to the first singularity. Let s} be the blow-up time of the
corresponding undamped system. If there exists some r, s} < C/\ and s} = min;zo{s;}, then r is
the first frequency to blow up. Hence it makes the dominant frequency. Moreover, it is going to hold
arg U, (t) + arg V,.(t) — arg W,.(t) — O, when t approaches the blow-up time.

Through the proposition, we can summarize the mechanism of weight decay filtering. The argument
sy depends on the initial weights of a group of neurons ug, v, Wy, and weight decay provides
a unified survival threshold, and the competition of patterns and the initial random asymmetry
determine which frequencies cross this threshold.
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Figure 1: Accuracy-Epoch curves of A = 0,107 5 x 107*,1073. For A = 0, model reaches 100%
on clean and noise, but 0 on test, overfitting. For A = 10~%, model reaches almost 100% on clean,
noise and test, generalization. For A = 5 x 10~%, model forgets the noise. And for \ = 1073, model
cannot converge.

4.2 Estimation of noise

The actual training dataset is 80% of the complete data with « noise inside. The following theorem
will provide an approximation to bridge the gap caused by sampling.

Theorem 2 (Estimation of noise). Under Proposition |I} sample D as above experiments with
training data ratio p and uniform-label noise ratio «. Take U := diag(VOIW) —V © W as the
main term under the full-addition signature. Then we estimate

. 1—
Utwwﬂwzgﬁa,
where ||8]|oo < €. The sampling error is controlled by

[(1—p) + a]p”

Epg. = 0, Varp(é'.) S pP3

(6%62 + 0364) .

Similar results also hold for V and W.

S Validation on Fourier frequency

We regard all the column vectors of W or the row vectors of U and V' as neurons, since the output
of the neural network is f(a,b) = ZdD:1 We(Ugeq + Vgep). In analysis, we assume that they evolve
approximately independently. We denote the concatenation of the d-th row of U, V, the d-th column
of Wby b, = (Ug, Vg, Wd) and the collection of §,; by V. We consider Fourier transform of some
neuron u € RP, itis 0, = Ef:_ol uy e 27/ P for b = 0,..., P — 1. We define the dominant
frequency and sparsity by
~ 2
T(u) = argmaxg luk|, p(u) = % € [0,1].
Dot |Uk[?

It is noted that frequency r and P — r are regarded as the same under Fourier transform.
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Figure 2: (A) Scatter between Fourier sparsity and the norm of neurons at epoch 10, 500, 1000, 2000.
(B) The highest and lowest sparsity 100 neurons are selected, denoted by V; and V,. We observe

top  _ , . top bot  pbot ; Tt
Lavive = D _gey, Larive and similarly for €520, (5% ., Lecay (C) The clean/noise dataset contributions

to the drive. It is £'°P:clean — > e, Larive | Dy, and similarly for others.

drive

Experiments. We conducted experiments under different weight decay settings, with the same
o(xz) = GELU(x), noise ratio & = 0.1 and initialization scale v = 0.5, in Figure Il Additional
experiments with other activation functions are reported in Appendix It is clearly evident from
Figure [I] that weight decay has a significant impact on the direction of the training process. We
observe that A = 0.0005 acts as a regularization. That is, the model generalizes well while ignoring
all the noise.

We naturally derived from weight decay to consider observing the norms of each group of neurons
in the network. The growth of the norms can be described as:

1d
§&H9d||2 = —n(Ba, VaL) — N||0a]* .
—_————— N —

CE drive decay

In Figure [JJA, we present the evolution of the norm and frequency sparsity of the neurons. It can be
observed that due to weight decay, the norm of most neurons is continuously reduced to 0, while a
few neurons can grow. Meanwhile, all the new-grown neurons have relatively high sparsity.

In Figure [2B, we report that norm growth is concentrated on high-sparsity neurons, and the growth
of the norm and the improvement of the accuracy occur simultaneously in terms of time, according
to Figure[I] We also compare separately on clean and noisy examples in Figure 2IC. It shows that
CE—drive term of high-sparsity neurons is contributed primarily by clean data. And these driving
forces are almost completely unrelated to the noise in the data.

Cosine Similarity Check. Theorem (I|and 2| provide two estimates for the real gradient flow. We
conducted numerical experiments in Appendix [C.I] comparing the cosine similarity between the
estimated gradient and the actual gradient. The results show that it can achieve cosine-similarity
> 0.9 with the actual gradient.

We find that the dominant frequencies of Uy, Vy, and W tend to agree if the neuron reaches high
sparsity. If the common frequency is 7, we extract the components at the dominant frequency by
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Figure 3: Frequency matching and phase alignment. In the odd columns, the horizontal coordinate is
the dominant nonzero Fourier frequency of w and the vertical coordinate is its frequency sparsity; in
the even columns, the coordinates are arg(u) + arg(v) mod 27 and arg(w) mod 27, respectively.
Red points indicate exact agreement of the dominant frequencies of ugy, v4, and w,, while blue
points indicate a mismatch; dashed lines show phase equality.
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Figure 4: Early(< 100 epochs) clean and noise loss dynamics. o means the noise ratio. Noise loss
always decreases more rapidly.

(ug, vg, wy) = ((@)T, (V)s, (ﬁ/\d)T), then their phases will tend to satisfy arg(u,) + arg(vy) =
arg(wy) (mod 27). Figure [3|shows that frequency matching and phase alignment emerge together
during training, which is consistent with the result of Prop

Full-batch GD check. Using the full addition table, a GELU-activated network, and shared
initialization, we compare exact CE training with the truncated model. We simulate both systems
over 50 independently evolved neurons and report the dominant frequencies to which they ultimately
converge, as well as the frequency sparsity. For the valid neurons, the dominant frequencies predicted
by the truncated model exhibit 93% agreement with the converged dominant frequencies of the
actual GELU-network. Experimental details are provided in the Appendix [C.2]

6 Application of Probability Signature

6.1 The puzzle of early noise

We identify a puzzle in the early training: uniformly random label noise consistently exhibits a
faster initial loss decrease than clean data. It was also recorded by (Liu & Lu, 2026) but has not been
resolved. From Figure ] this phenomenon holds under almost any ratio of noise. Although this may
appear inconsistent with the frequency principle (Xu et al., 2020), which states that high-frequency
data components are fitted later and low-frequency components earlier. In the discrete setting, the
similar redefinition of frequency will be the probability that the predicted label will change while
changing one of the input tokens. In this section, we employ probability signatures to quantify this
speed difference.
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In the small-initialization regime, the loss derivative is approximately L x — ZZN:1 o(U* +
Vi)t (Zj\le 1(z—epyo (U™ + V¥ )) , with sampling (z;, y;, 2;) from the training distribution. We
ignore weight decay because we are comparing the loss of different parts within the same training.
From this, we consider counting the numbers of sample pairs that share common coordinates.

For pairs with distinct coordinates define x(0) = E[o(a + 3) "o (y + d)], while for pairs sharing one
coordinate define k(1) = E[o(a + 8) "o (a + 7)], where o, 3,7, ~ N(0,1/D) are i.i.d. vectors.

Generally, we have 1 (1) > £(0) (see appendix [ 1). Let n, be the number of examples labeled =
and define Ky = > _n?. Then the following theorem can compare the early loss for full training
dataset. Note that (*), »(®) here are understood as matrices.

Theorem 3 (Early loss decrease). Suppose the training dataset contains every distinct pairs
(a,b) € Q x Q, and the model structure is the same as that mentioned before. For different label
distribution, the early-time loss-slope is positively correlated with

ELce < —k(0)Ko — (5(1) = k(0) K1, K1 = P23 + 0[5 - 2).

Proof. See Appendix [E.5]

For modular addition, conditioning on any fixed value of a (or b), the label is uniform on €2. Hence,

1
= = FlPlzTDa (Ko, K1) = (P°,0),

For a fully random labeling, let Z,, = P.(Z = y | X = x). The P pairs with first coordinate =
receive independent labels, so

Zyy ~ P~ Binomial(P, P~1).

According to the binomial distribution, we get E[Z2 ] = 2P~> — P~3. It further gives E [K,] =
P3+ P? — P,E[K,] = 2(P? — P), which are both greater than those in modular-addition case.
Thus, uniform random labels can produce a faster early loss decrease than modular-addition labels.

Next we consider the mixture of clean and noise. Without loss of generality, we assume sampling in
complete €2 x {2 and dividing it into clean samples (modular addition) and noise (uniform random
label). The loss for one example (z;, y;, z;) can be regarded as

Nirain
Li ~ _K’(O)ni - (K’(l) - ’{(O))A’w A% = Z 121':2.7'(1901‘:551' + 1yi:yj)‘

=1, j#i

Here the coefficient A; is regarded as A ., for a clean sample, or A . for a noise. Taking
expectations, the counts satisfy Aean = 2a(1 — P71), and Aoiee = 2(1 — P~1). Consequently,
Anoise — Actean = 2(1 — a)(1 — P7') > 0, so the loss of noise decreases more rapidly. This
prediction is consistent with the experimental observations and can also be applied to other forms
of noise. In Appendix [F.1/and we conducted additional experiments, thereby verifying that the
theoretical predictions presented here are reliable.
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Figure 5: Hadamard frequency structure in the XOR experiment. For sampled neurons at epochs 0,
50, 200, the horizontal axis is ||f4||2 and the vertical axis is the sparsity of w,. Red points denote
neurons whose three dominant frequencies agree. The right panel reports test accuracy and the
number of high-sparsity, frequency-matched neurons; high-sparsity means p > 0.7.

6.2 Extension of the Method: XOR as an example

The Fourier structure observed in modular addition has previously been identified and functionally
validated from trained networks. However, these results primarily provide a mechanistic descrip-
tion of the circuit after it has formed, rather than a general forward description to predict the
representation basis associated with a new algebraic operation.

Our probability-signature analysis suggests such a prescription. In the small-initialization regime,
the leading parameter dynamic is governed by linear operators constructed from conditional statistics
of the training distribution. When these probability-signature operators admit a common eigen basis,
transforming the parameters into this basis approximately decouples the leading-order dynamics
into independent modes. Thus, the relevant representation basis need not be assumed to be the
Fourier basis in advance, instead it can be predicted by finding the common eigenvectors of the joint
signature.

This observation provides a natural route for transferring the analysis beyond modular addition.
Starting from the Fourier transform, we notice that relevant probability signatures can be regarded
as the operators on the Abelian group, whose common eigenvectors are given by the corresponding
group characters whenever the operators are simultaneously diagonalizable.

For example, consider the task on Q = {0,...,63}, with F'(a,b) = axor b. Its joint signature is
" 1
oW = P(Z=2Y=y|X=1),Q¢c, = 6—42E(ymw>.
y,2EQ YyeEN

Hadamard basis simultaneously diagonalize these operators: there is an orthogonal basis H =
[Ho, Hy, . .., Hgs] such that H‘lq)gf)H is diagonal for every x € (). The properties of H can be
referred to in Appendix [E.6 Therefore, we claim that after training on XOR, the weights will evolve
into a shape similar to the Hadamard basis.
Validation. We write u = 223:0 E,, . H}, and define its sparsity by

maxy |Eu,k|2

Pu = .
>k | Bkl

11
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The existence of this orthogonal basis allows the above analysis to be applied to XOR. Based on
the redefined frequency sparsity, in Figure [5| we present the observations regarding the frequency
matching, as well as the high correlation between frequency sparsity and norm. The observed birth
and growth of high-sparsity neurons supports our claim.

7 Conclusion and Discussion

Using the probability-signature framework, we provide a unified data-side account of three phe-
nomena. First, for modular addition, the conditional-distribution operators induced by the training
data recover the Fourier basis as their common eigenbasis and yield approximately decoupled
leading-order dynamics, thereby accounting for the emergence of dominant frequencies, frequency
matching, and phase alignment. Second, under uniformly random label noise, conditional label
collisions among examples sharing an input coordinate explain why corrupted examples can exhibit
a faster initial loss decrease than clean examples. Third, the same operator viewpoint suggests
a route for predicting the special structures that neurons may develop on datasets generated by
other binary operations: for XOR, the joint signature identifies the Hadamard basis as the rele-
vant candidate coordinate system, in agreement with the weight patterns observed after training.
Limitations. We approximate the empirical gradient flow using idealized dynamics derived from
discrete, full-distribution probability signatures, together with finite-sample and label-noise correc-
tions. Moreover, our dynamical analysis concerns the dominant gradient terms within a particular
training regime; we do not claim that this approximation remains valid throughout the entire training
process. Further discussion of the scope and empirical accuracy of this approximation is provided

in Appendix [C.1]
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Figure 6: Accuracy curves using Adam, with weight decay A = 0,1075,5-107%,107%,107® and
initialization scale v = 0.1, 0.5, 1.0.
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Figure 7: Loss curves using Adam.

A Model and training details

The neural network structure of this article can be written as

i

fla,b) =Wo(Ue, + Vey) = W (Uga + Vap),

U
Il
=)

Here, U and V are input embedding matrices in RP*¥ and W is the output matrix in R”*? with

D representing the width of the hidden layer (D = 2000, P = 113). The output probability can be
expressed as

14
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Figure 8: Accuracy curves using AdamW.

eXp(f (a,0)-)
>0 exp(f(a, b))

The loss of the training data is given by the cross-entropy:

p(XZ)Zz

N
1
Lcg = N 121 —log p(X

The total loss after adding weight decay is:

L=Lcg+ - (HU||F+HVHF+HWHF)

The learning rate strategy we employ is warmup + cosine decay:

n- Twatrmup t < Twarmup
nt - warmup ) 7T
UM <1 + 1o + (1 - 770) CO8 %) , t > Twarmup
The minimum learning rate 17, = 107°, and the initial learning rate n = 1073 if using the

Adam/AdamW optimizer. Experiments using Adam can generally be reproduced under the AdamW
optimizer with about 1000x weight decay. Figure [6][7] compares the specific accuracy or loss curves
with Adam under different weight decay and initialization. If the weight decay is too small or
absent, there will be no generalization. If the weight decay is too large, it may cause the training to
fail to converge, and at this point, all parameters will be compressed to zero. With an appropriate
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Figure 10: (a)-(d): Final accuracy using activation functions o(x) = z (linear), o(z) = z*

(quadratic), o(x) = tanh(z), or o(x) = max(0, z), under different weight decay.

weight decay, using a smaller initial value can shorten the training convergence time. Moreover,
check Figure [§]9] for AdamW. Compared with Adam, greater weight decay needs to be used to
achieve a similar effect, and we find that in this problem the Adam optimizer can provide better
regularization, that is, a reduction of noise.

B Discussion on Activation Functions

We use o(z) = GELU(x) as the activation function in the main text, which is smooth near zero.
The analytical method in our text is based on the expansion of the activation function, hence
we conducted the same experiments with other activation functions, such as o(x) = z (linear),
o(z) = 2%, o(x) = tanh(z), and o(x) = ReLU(z). The experimental results are presented in
Figure[T0] From the figure, it can be seen that using the linear activation is almost impossible to
learn well on the training set. Using tanh(x) as the activation function results in very low test
generalization. However, using the quadratic or ReLU activation function can achieve great test
generalization under an appropriate weight decay.
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Let’s review the mathematical derivation of the probability signature presented in the main text, we
use the Taylor expansion of the activation function,

o(h) =0+ (0)h+ %U"(O)h2 + o(h?),

to derive the probability signature. We can categorize all the expanded terms into 1-order or 2-order
terms, based on whether they come from the 1st-order expansion or the 2nd-order expansion.
In Theorem |[I] the 1-order terms are eliminated because of the assumption of uniform marginal
distribution. As a result, the second-order derivative term is the key to this problem.

The theoretical explanation matches our observation of poor generalization with linear/Tanh. Be-
cause tanh(z) = x — 23/3 + - - - does not contain the second-order derivative term. Meanwhile,
the quadratic activation function contains the second-order derivative term, which does well in the
test case. Besides, the success of RELU is not in contradiction to the analysis, because it is not
differentiable near 0. We will discuss the RELU activation function in detail in Appendix [D]

C Experimental Details

C.1 Gradient Flow Approximation

In this section, we present the experimental results with the aim of verifying the rationality of the
approximation methods employed in Theorem [1{and Theorem

By Theorem we can approximate the gradient flow of U” as U® ~ —AU* + ¢ - diag(V‘I);(pa)W),

)

where @' is the probability signature of the actual training dataset. We extract its main term,

V=L = diag(VO W),

as an approximation for the cross-entropy gradient. Flatten this vector, we get VL1, which is
an approximation for the cross-entropy gradient VL. We compare the two gradients by cosine
similarity
; (VoLy,VoL)
il Y
IVoLallz - [[VoLll2

as Approx 1 in Figure

Similarly, by Theorem [2| we can approximate the gradient flow of U” as Ur =~ —\U* + ¢ -
diag(V® W), where @ is the probability signature of the clean modular addition, it is,

xT

1

A
+
I

1

We also extract and flatten its main term as VLo, comparing which with the cross-entropy gradient
VL by cosine similarity, as Approx 2 in Figure[T1] The experimental results show that both the
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Gradient Approximation Comparison
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Figure 11: Cosine similarity between the approximated gradients and the actual gradients. The
blue curve uses the main term from Theorem [I] and the red one uses the main term from Theorem 21

approximated gradients and the actual gradients have a high similarity of 90%. This verifies our
theoretical analysis. Meanwhile, the control experiments using o(x) = 22 can serve as an ablation
study, which demonstrates that using only the 2-order main terms is sufficient for achieving test
generalization in the modular-addition task.

Discussion on the small initialization assumption. In the main text, the approximation of the
gradient is required to be expanded within a small parameter region. At the same time, we claim that
the neurons we are studying can always grow. This note will clarify that this is not in contradiction.

First of all, we acknowledge that there are higher-order terms in the gradient flow equation such
as § = O(h?). Our theoretical derivation does not assume that these higher-order terms should
be omitted. We focus on the dominant part. There exists a scale hy. When the parameter is less
than hg, the second-order term becomes dominant, while when the parameter is greater than hy,
the higher-order terms become dominant. It is noted that when weight decay exists, there is a
non-high-order term of —\6 in the gradient flow equation. Therefore, an appropriate A will position
the decay term between the above, and when the scale of the parameters expands beyond the region
dominated by the second-order, the weight decay becomes the main term, thereby preventing the
scale of the parameters from continuing to grow.
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Figure 12: Neuron-wise frequency concentration in the truncated and original GELU systems.
Heatmaps show the evolution of matched-frequency sparsity for individual neurons during training.
Rows correspond to neurons, and columns represent training epochs. Numbers indicate the final
winning Fourier mode, whereas *x’ marks neurons whose winner had not stabilized by the specified
threshold. Higher values indicate stronger concentration onto a matched nonzero frequency.

C.2 Frequency Selectivity

We used complete addition tables with P = 7, D = 50, GELU activation, Gaussian scale D~'/2.
Both models started from identical initialized parameters. The exact update was

Opr1 = O + 0.2(=VL(0)) — 10746,
and the truncated update replaced —V L by the field in Theorem [I|with ¢ = ¢”(0)/7 and the same
weight decay A = 0.0001.

Recording every 25 epochs, the experiment tracked the evolution of the dominant frequency of
each neuron, in Figure[T2] We found that approximately 50% of the neurons developed a dominant
frequency, and among this subset, a proportion of 0.93 converged to the same dominant frequency.
Because shared initialization parameters were used, these neurons gave rise to the same frequency
selection, which is consistent with our argument in Proposition 2}

D Discussion on the ReLLU activation

In this section, we will discuss the ReL U activation function in detail. The ReLU activation function
is not differentiable at 0, which makes it difficult to analyze using Taylor expansion. However, we
can still analyze the behavior of the network with ReLLU activation by considering the piecewise
linear nature of ReLLU.

D.1 Fourier-mode is able to do modular addition under RELU

We give a note on how 2L-MLP with ReLU activation do well in modular addition.
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Proposition 3 (A sufficient Fourier condition for modular addition). Let P be an odd prime, and
letwyg € Zp \ {0}, 0 < d < D be prescribed frequencies. For each hidden unit d, let ¢1 4, 2 4 be
mutually independent random variables distributed uniformly on [0, 27). If the parameters are set
10 Ugy = cos(%% + ¢1,d) Ve = Cos(%% + ¢2,d) , Wea = COS(%—}MG + )10+ Qﬁz,d) . then
the prediction of the neural network is (a + b) mod P with probability tending to 1 as D — oc.

Proof. Fix a,b € Zp, and write
¢, = (a+b) mod P.

For each hidden unit d and output coordinate c, define
Xae = Weqgmax{0,Usq + Vip}.
Then
1 2D
10 = 53 Xae

Since |W. 4| < 1 and
0 <max{0,Uqq + Vap} <2,

we have
—2< X4.<2.

We first compute the expectation of a single-unit contribution. Set

_ 2mwqa _ 2mwgb
W=7 + O1,4, Bq = Iz + ¢2.4,
and let
5 — 2nwg(c —a — b)
d,c — P
Because 5 ( b)
Twyla +

Or,a4+ P20 = g+ Bqg — dTy

we obtain
Wea = cos(ag + Ba + 0d,)-

Thus,

E[X4.] = E[cos(ag + Ba + da,.) max{0, cos og + cos B4}] .

Since oy and f3; are independent and uniformly distributed on [0, 27), we may set

aq + Ba ag — Ba
s = , t= .
2 2
Using
cos ag + cos By = 2 cos s cost,
we have

1 2m 2m
E[Xa.] = (2n) /o /o cos(2s + d4.) [2 cos s cost] dt ds.
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For fixed s, ,
/ [2 cos s cost], dt =4|coss|.
0
Consequently,
1 2
E[X4c] = —2/ | cos s| cos(2s + 64.) ds
™ Jo
5 . 27
= M/ | cos s| cos(2s) ds
w2 0
=3 cos(0g,c).

In the second equality, the sine term vanishes by symmetry, and in the last equality we used

2m 4
/ | cos s| cos(2s) ds = —.
0 3

Therefore,

4 2nwg(c —a —b
E[Xa.] = 5,2 008 ( a 2 )) :

For the target coordinate c,, we have
¢,—a—b=0 (mod P),

and hence

4
E[Xd7c*] — ﬁ

Now consider any ¢ # c,. Since P is prime,
wg Z0 (mod P), c—a—b#0 (mod P)

imply
we(c—a—>b)Z0 (mod P).
Define
2mr
‘= max cos|— |.
P reZp\{0} P

Because Zp \ {0} is finite and none of the corresponding angles is congruent to 0 modulo 2,

pp < 1.
It follows that, for every d and every ¢ # c,,
4
EXi < -—
[ d, ] < 32 ppr
Hence, with A
Ap:i=-—(1- >0
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we have
E[Xac ] —E[Xq] > Ap for all d and all ¢ # c,.

Averaging over d gives

E[fP)(a,b)] — E[fP(a,b)] > Ap for every ¢ # c,.

It remains to control the fluctuations around these expectations. Since the random phases are
mutually independent across hidden units, the variables { X, .}, are independent for each fixed c.
Moreover, X, . € [—2, 2]. Therefore, Hoeffding’s inequality yields, for every ¢ > 0,

P (00 ~ BP0 0)] 2 ) < 2o (-5 ).

Taking ¢ = Ap/3 and applying the union bound over the P output coordinates, we obtain

: (max £ (a,b) — E[f{”(a,b)]] > %) < 2Pexp (‘ DA%) -

cEZp 72

On the complementary event, for every ¢ # c,,

7P a,0) — 1Pa,5) > (B (a,b)] ~ B (a,b)]) ~ 25"
Ap
> 3 >0

Thus, on this event, ¢, is the unique maximizing output coordinate. Consequently,

DA?
(D) — > — — P
P <arg max fi7(a,b) c*) >1—2Pexp ( = > :

Since the right-hand side converges to 1 as D — oo, we conclude that

]P’(arg max £ (a,b) = (a + b) mod P) — 1.
cesp

D.2 Experiment Details of ReL.U activation

We conducted experiments using the ReLLU activation function, and the results are shown in Figures
[[3]and [I4] The experimental setup is consistent with that of the GELU activation function. The
results indicate that the ReLLU activation function exhibits similar behavior to GELU in terms of
weight decay selectivity or frequency-phase scatter evolution. This suggests that the observed
phenomena are not specific to those smooth activation function but rather reflect more general
properties of neural network training dynamics.

22



Probability-Signature Dynamics A PREPRINT
0.025
0.016 | =@= Top-drive —e— Top: drive_clean 44 .
=il Top-decay =A= Top: drive_noise .-°.
0.014 4 —e~ Bottom-drive 0.020 1 & Bottom: drive_clean ;'.)
=~ Bottom-decay ¥ Bottom: drive_noise °v,
0.012 1 Top:drive>decay 0.015 3 a.."g'
0010 _ Epoch 200 . ,'.';-':
0.008 - 0.010 - < 24 Epoch 500 R
- e Epoch 1000 o’ Q.
0.006 - o %e® 0
0.005 A ° S we
0.004 —— 14 1 X ’..'-.-.;.. .
0.002 0.000 - *:'? ) SRR TR
0.000 A Q- commmmean o o ® .'. ..xm
T T T T T T T T T ——0.005 T T T T T T T T T
250300 350400450500550 600650 700 300 400 500 600 700 0.0 0.2 0.4 0.6 0.8
Epoch Epoch Frequency Sparsity
Figure 13: Experiment of Figure 2] with ReLU.
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Figure 14: Experiment of Figure [3] with ReLU.

D.3 Early Memorization

Current research [Zhang et al.| (2017)); Jacot et al.| (2020) have already provided a thorough discussion
on the early memory behavior of neural networks. When use o (z) = max(0, ), we observe clear
traces of memory at (\,~y) = (0.001,0.1). The training curve from Figure shows it reaches high
accuracy on both clean and noise dataset first and then decreases due to the weight decay. Here, we
merely use the gradient flow to offer a more intuitive understanding.

Consider a single example (a, b, y) and let h = Ue, + Ve, and p = softmax(f(a, b)). By the chain
rule,

oL

aVVI/,d - [WT (p - ey)]d + )‘Ud,z-

(p—ey)o(h)g+ AW, 4,

Thus the gradient flow for the output weights is

dW, 4
dt

:(ey_

Near initialization, the softmax expansion gives

1 1 —
softmax(f) = Flp + F(f — )+ O(IfIIP/P),
so the correct output coordinate is amplified while the others are weakly suppressed. In particular,
T
the active coordinates satisfy dgy = o(h) — )\WyT , hence the weights will increase in those
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Figure 15: Accuracy curve under RELU activation and (A, ) = (0.001,0.1), with 30% noise.
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Figure 16: Example-wise interpolation and the memory score. (a). For the illustrative input
3+ 1 =4with (D, P) = (7,5),0(x) = max(0, z), the activation feature K = e3 + e5 represents
the initially active hidden coordinates; the displayed +1 values denote random initialization signs
rather than fixed parameter values. (b). Evolution of the memory score on clean and noisy training
examples.

dimensions where o (h) > 0. For the example in Figure [16(a), o(z) = max(0, ), only d = 3,5
are active in the case, namely those satisfying hy = Uy, + Vg > 0. This is only a toy model of 1
training sample. It behaves like an interpolation, storing the data onto these random dimensions.

In the full-batch setting, the exact flows are

dWc,d 1
dt = _Ntrajn Z[ i,c 1{3/1‘:0}] maX(O, Ud,ai + ‘/d,bz) _ )\Wc7d’
dUd,a
dt = Ntram iuz_a ]-{Ud a; tVa,p; >0} Z Dir 1{yz—7’}]Wrd —\Uy o
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AV 1
dt = _Nt ] Z 1{U,1,ai+Vd,bi>0} Z[pi,?” - 1{yi:7'}]WT,d - )\‘/;l,b-

le:b T

These equations show that each example (X = (a,b),y) strengthens its own output coordinate
(y) on its active hidden dimensions and suppresses the other output coordinates (¢ # y), with the
latter effect smaller by approximately a factor 1/P. This example-wise interpolation motivates the
following memory score:

N D
mem = Z Z 1{Ud,ai+vd,bi>0} Z(Wyi,d - Wc,d)‘
i=1 d=1 cAY;

From figure[I6(b), we can observe that the memory score undergoes a rapid accumulation process
in the early stages of training. Simultaneously, due to the weight decay’s effect of reducing the
norm, it gradually decreases.

E Proofs and Additional Details
E.1 Calculation of the gradient flow
Proof. Let
hyy =Uey + Ve, =U"+ VY, Pay = softmax(Wa(hw,y)).

Without loss of generality, assume that the learning rate 7 = 1. For the softmax cross-entropy loss
associated with one sample (z, vy, 2),

U, y,2) = —1og(pry)-,
the derivative with respect to the logits f(x,y) = Wo(h,,) is
Vil =pry —e..
Therefore, by the chain rule,
V.l = Diag (o’ (hyy) )W (psy — €2).
Since U” contributes to h,, only when the first position of the sample is x, the full-batch gradient

flow gives
dU*

dt

= B [0'(y) © W (e = pay) | 2] M
Because o is C® near zero and
o(h) = c1h + CQ—QhZ + o(h?),
where the powers are understood componentwise, we have
a'(h) = 11+ coh + o(||h])). (2)
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Moreover,
o(h) = cth + O(||h]]?). 3)

Let

1
Hp =1 — Flp].;

The softmax function satisfies 1
ft 0)=—=1
softmax(0) Blp,

and its Jacobian at zero is

1 1 1.\
D softmax(0) = Diag <Flp) — <Flp> (Flp>

1 1. .+
== F[— ﬁlplp

1
= —IIp.
PP

Consequently, for a logit vector g near zero,

1 1
softmax(g) = Flp + FHPQ +O([|g]*)- )

Taking g = Wo(h,,) and using (3), we obtain
9= c1Whay + O[[hay*).

Substituting this expression into (4) gives

1 c
Poy = 1p+ SIpWhay + O(|lhey ). 5)
Thus, .
WT(ez — Puy) = Wle, — =W'1p
’ . ©6)
— =W IpWhyy + O(||hey?)-

P

Combining (2) and (6), and retaining all constant and first-order terms in h, ,, yields

U/(hx,y) © WT(ez - px,y)
= (11 + c2hyy + o([[hayl))

& (Wes = BWTLe = AW Ty + Oy 7))
=W'e, — ﬁVVTlp @
P
+ Cgh%y ® (WTGZ) - C—;hzy © (WT]_P)
T
— FW HpWhyy + 04y,
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where 9, , contains all higher-order terms. In particular, the product

— S hey © (WTLpWh,,,)

is quadratic in h,, and is therefore included in 0.

We now take the conditional expectation of each term in (7). First,

E, [clVVTeZ — C—]__l)WTlp ‘ .7:]

. 8)
= Cle (EW[GZ | .23] — Flp) .
Since h,, = U + V7,
hoy®© (W'e) =U" @ (W'he,) + VYo (W'e,).
Hence,
E. [hm ® (WTez) ‘ x} ©
=U"0 (W'E:le, | 2]) + E. [VY© (WTe,) | z].
Furthermore,
Erlhoy | 2] = U +E[Ve, | z]. (10)
It follows from (10) that
Er [hoy © (WT1p) | 2] an
= (U" +Eq[Ve, | a]) © (WT1p),
and .
E. W IIpWh,
[ P Y | z] (12)

=W'HpW (U* + E,[Ve, | z]).

Substituting (8)—(12) into the gradient-flow equation (1), we obtain

dUu” 1
el rx{clVVT (E,T[ez | z] — Flp)

+o (U0 (WTEe: | 2)) +E; [VY© (WTe,) | z])
— 5 (U +Ex[Ve, | 2]) © (W 1p)

2 1
— %WT (I — ﬁlpllz) W (U* +E,;[Ve, | z]) } + 6,

where § = O(é?).

The same calculation would be applied to V. Then we obtain the gradient flow for IV. Denote r, by
the probability of samples labeled z. According to the definition, there is

awr

at

(ez — px,y) U(hx,y)’
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Then, the gradient flow of the z-th row of W is expressed in the expected form as

.
e =, <7~Z Bolhey | Z = 2] %Ew[hxvy])
Co 1
# 2 (1 Ballhay © has) | 2 = 5] = FBlhay © ]
—C—%E [h) he W Tpe, + 0
P m gy tay PCz .
Substituting h, , = U” + V¥ yields a similar result. [

E.2 Proof of Dominance of the gradient

Proof. We give the proof for U and the same calculation would be able to applied to V" and W. For
convenience, write

¢ = Erle. | x], V, = E.[Ve, | 2],
and define
1 T
Hp = Ip — Flplp.

From proposition[I} we have

dU= 1
dt - Tm{Cle <Qr - 51P>

+ U ® (W'q,)
+ R, [VVo (We,) | 2] (1)

- % (U +V,) © (WT1p)

2
— ZWTILW (U7 + 1) } +3.

Since z | z is uniform on (2,

1
. = E_le, = —1p. 2
@ = Edle | 7] = 1 @
Therefore,
1
aWw’ (qw — F1p) =0. 3)
and
x T 1
U O W qx—ﬁlp = 0. 4)

The joint product term is
WTILpW (U* +V,) = O(€).
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Substitute all these, we have

dU*
dt

= ryCy {Eﬂ [Vy o (W'e,) | x} —V-W| +6,

It remains to identify the conditional expectation with the stated matrix expression. By definition,
diag(V ZIP’ =2Y =y | X =) diag(V¥(e] W))
:ZP =2Y=y|X=2) (VVoW'e,)
= ]E7r (VVe (W'e,) | z].
adding the weight decay term, we conclude that

dU*
dt

= —A\U* 4+ rpcy [diag (V@;“)W) — V- -W| +0.

E.3 Proof of Estimation of noise

Proof. Let G'p be the empirical full-batch vector field. To avoid random conditional denominators,
for every (z,y) € Q? let I, be the indicator that the pair is included in the training set, and let Z,,,
be its observed label when [, = 1. Uniform sampling and uniform label replacement give the
exact identity

[ 1 «

The expectation in (1) is over the training pairs, the corrupted subset, and the replacement labels,
with the parameters fixed.

We prove the assertion for U first. Applying the expansion in Proposition [I]to the empirical measure
yields

1
G, +AU" = % > Ly [qWT <ezy — 5113)

Ve 2)
1
+ U+ V) oW (ez - 51P> + A,
For equation (1), summed over y, shows that
1
foy <ez - —1p) = 0. 3)
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Consequently, both the first-order term and the part of the second-order term containing U* have
zero sampling mean. For the remaining part, (1) gives

7Ca 1
]E'D E Ey .[a:yvy ® WT (6Zzy — F]-P>
(1— ) “4)
ncy — _ — —
= Py VoW e, — VO]
Yy

This has already yielded the main components of the theorem. Exchanging U and V' for another
proof.

For the z-th output row, set ¥F := > € e ;- The same Taylor expansion gives

Ui 1 C2
G%/,a: + >\W1’ = E Z Loy (1{211796} - ]_3> [Clhfab + E(hab © hab)] + Agw (5)
a,b
where hy, = U%+V?°. The linear term in (5) has zero expectation: on every addition diagonal a+b =
z, both >, U and >, V? agree with their uniform-background sums. The same cancellation
removes the U% ® U® and V® ® V? terms. The two equal cross terms leave

nea(l — a)
P

P*ZUC‘@V%‘I—U@V . (6)

It remains to control the finite-sample fluctuation. Define &, as the centered fluctuation of the
displayed first- and second-order terms, and include the high order remainder. For simple random
sampling without replacement, the finite-population variance formula gives a factor (1 — p)/(pP?)
for a fixed input or output coordinate. Randomly corrupting an « fraction of the selected labels
contributes at most an additional a/(pP?). In (2) and (5), each coordinate of a centered first-order
summand is bounded by 2|c;|e, while each second-order summand is bounded by C|cy|€®. The
variance formula gives

Varp (&) < —— [(1 — p) + a] (ci€® + c3e') .

which is the claimed bound. O]

It is noted that the error is caused by the p and « during the sampling. If the training set contains
too few clean samples, the error between actual gradient and the predicted term will be very large,
which is consistent with our intuition.

E.4 Proof of dominant frequency and phase locking

Proof. The Fourier modes obey
U, = CV,W, = \U,, V,=CUW, - \V,, W,=CUYV, - \W,.
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SetU, = e M X,.(s), V, = e Y, (s), and W, = e Z,(s), with

C
S = X(l — G_At).
Then dx dy, 4z
= = ?T‘ZT = = YTZT‘ = = X, Y.
ds " ds " ds

If sk < C'/\ is the undamped blow-up time, its damped time is

1 AS*
= ——1 1—-——L.
br )\Og( C)

This map is increasing, so s; < s; implies t; < t7. Ast 1t} , the energy of mode w diverges while
every competing mode remains finite, and its energy fraction tends to one.

For phase locking, write U = Ae®, V = Be'®, W = Ge, and § = o + /3 — . Direct separation
of real and imaginary parts gives

: ) BG AG AB
5——C81n5(A + i + G)'

While the amplitudes remain nonzero, the factor in parentheses is positive. Thus § = 0 is stable
and 0 = 7 is unstable. A continuous random initialization avoids the unstable equilibrium with
probability one, yielding §(¢) — 0 modulo 27 on the regular continuation interval. 0

E.5 Proof of the early-loss theorem

Lemma 1. Let a, b, c,d be i.i.d. random variables and let f : R — R be such that the expectations
below exist, then

Elf(a+b)f(a+ )] = E[f(a+b)f(c+d)].

Proof. Define h(a) = E[f(a +b) | a], p=E[f(a+b)].

Since a + b and ¢ + d are independent,
E(f(a+b)f(c+d)] =E[f(a+b)E[f(c+d)] = p*.
Given a, the variables b and c are independent, so
E[f(a+b)f(a+c)|a =E[f(a+Db)|aE[f(a+c)]|a]=h(a)

Hence E[f(a + b) f(a + ¢)] = E[h(a)?].

Therefore,
E[f(a+0)f(a+c)] = E[f(a+b)f(c+d)] = E[h(a)’] — p°.

But yo = E[h(a)], so
g E[h(a)?] — p* = Var(h(a)) > 0.

Thus E[f(a +b)f(a +¢)] > E[f(a+b)f(c+ d)]. O
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For activation functions such as GELU and RELU, the above inequality will hold strictly. It is
k(1) > k(0) in the main text.

Theorem 3L

Proof. The total number of all pairs with the same label is
Ko=) n
(b)

Let né“@), count examples with first coordinate X = x and label Z = y, and define 7, analogously.

In the complete table, ng(ca) = Pgog(fg), and nS’; = P(p%. The ordered pairs sharing the first coordinate

and label number
Co= Y0l (nl®) — 1) = P|p@|3 - P2,
Ty

and similarly C, = P2||p®||2 — P2

We define
k(1) = Elo(hi)o(hy)] - D, 1=0,1,2,

Here (h;, h;) are scalar jointly Gaussian, each of variance 2s® and covariance [s?. s denotes the
initialization scale. The definition is equivalent to that in the main text.

Thus, We can count it by using the principle of inclusion-exclusion as:

~EL/n= % (£(0)Ko + (1(1) = £(0))(Ca + Cb) + (k(2) — 5(0))N)

The last item is independent of the training distribution. [

E.6 Propositions of Hadamard basis

Let
G = (Z/ZZ)6

and identify the group operation on GG with bitwise XOR. For each a € G, define the matrix
d, € RE*C by

1
(I)a(y> Z) = 6_41{z:a+y}7 Y,z € G.
For u € GG, define the Walsh character

where

6
u-v = Zujvj (mod 2).
j=1

Let H, € R¢ be the normalized Walsh vector

1

H,(v) = §Xu(v)'
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Then the family {®, : a € G} is simultaneously diagonalized by the orthonormal Walsh-Hadamard
basis { H, : u € G'}. More precisely,

(DaHu _ Xu(a)Hu — (_]') . Hu
64 64

Consequently, if H is the orthogonal matrix whose columns are the vectors H,, then

- xula)
H'®,H = diag ( )
64 ueG

for every a € G. Indeed, for u,u’ € G,

(Ha Hot) = 52 3 xalo)(v)
veG

1 utu')-w
— @Z(_l)( +u')v
veG

If u = v/, then the summand is identically equal to 1, and hence
(H,,H,) =1.
If uw # «/, then u + v’ # 0. Choose an element vy € G such that
(u+u) vy =1
The map v — v + vy is a bijection of GG, and therefore

Z(_l)(quu’)-v _ Z(_l)(quu’)-(ervo)

veG veEG

_ Z(_l)(u—l-u')v

veG

Thus the sum is zero. Hence
<Hu7 Hu’> = ]—{u:u’}a

so {H, : u € G} is an orthonormal basis of R®. Now fix a,u € G. For every y € G, we have

(®aH,)(y) =Y Caly, 2)Hu(z)

zeG

1
— —H .
ol w(a+y)

Using the character identity
Xula +y) = xula)xu(y),
we obtain

(PaHu)(y) = = - sxula+y)
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Figure 17: Early-training loss curves of the modular multiplication by 59, 60, 61.

Since this holds for every y € G,

Thus every Walsh vector H,, is a common eigenvector of every matrix ®,, with eigenvalue

_ Xula) _ (=1)"
Mula) = S5 = e

Let H denote the orthogonal matrix whose u-th column is H,. Since the columns of H form a
common orthonormal eigenbasis, we have

H'®,H = diag (m_@)) .
64 ueG

Therefore, the matrices {®, : a € G} are simultaneously orthogonally diagonalized by the
normalized Walsh—-Hadamard matrix.

F Experiment of Various Label Noise

F.1 Experiment on Modular Multiplication Task

In order to verify our theory, we designed the following experiment on the modular multiplication
task. Consider N = 61,Q = {1,2,..., N} and there are three modular-period that M; = 59, My =
60, M3 = 61. The total pairs of (2 x {2 are divided into three parts S7, S, S35. The labels of data
from

Si = {(xzayz)}a 1= 17 2737

are set to
Zi = Xi Y mod M;, z € QU {0},
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Figure 18: Early-training loss curves of the bijective noise experiment.

We trained it using the same neural network as before. See Figure [1'/| for the early-training loss
curves of the three tasks. We can see that the task with M, = 60 showed a significantly faster
decline than the others.

Our theory can easily explain this point. For M = 60, there exist a large number of pairs (x, y)
such that x - y = 2’ - y (mod M), such as

5x15=13x 15 (mod 60),

which means that the label z is more concentrated. This leads to larger K, = Y__n? and larger
@12 + ||®||3, thus a faster early training loss decline according to Theoremln contrast, for
prime numbers M; = 59 and M3 = 61, it satisfies x - y = 2’ - y (mod M) if and only if x = 2
(mod M) for non-zero y, which means the signature of M = 59,61 are more uniformly distributed.
This leads to a smaller K, and K (we think that the values of M; = 59 and M3 = 61 are very
close to each other). As shown in Figure the theoretical prediction is consistent with the actual
observation. The early loss slope of M, = 60 is much greater than the others.

F.2 Experiment on the Bijective Noise

In the main text, we point out that in the scenario of uniform noise on the labels, during the early
training phase, it is always observed that the loss of the noise decreases first, as in figure {4

Here we present a specific noise construction that ensures it does not undergo such collisions. Just
as our theory predicted, the phenomenon observed after replacing this kind of noise was completely
different from what was observed before, as shown in Figure Specifically, we construct a binary
function g(x, y) such that:

* g(z,-) is bijective for any fixed x and g(+, y) is bijective for any fixed y.
* g is not isomorphic to addition, that is,
9(@,y) # o3(01(x) + 02(y)),
where o; is from the permutation group of (2.

* Generally, g cannot be accurately fitted by our 2L-MLP.

Our final construction is

g(x,y) _ {x, o r=1Y,
(x+ 4+ (m)) (y—x)) mod 113, =z #y,
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where (f) is the Quadratic Residue Legendre symbol (of modular 113). It satisfies the above
three properties. Next, we replace the original uniform random noise with the function g(x, y). In
this case, the loss of g does not always decrease first during the early training phase. By calculating

the coefficient preceding ~(1), We can give
Adiean — Ag =20 —1,

Inferring like that in chapter [6.1] a larger A gives a more negative early loss derivative. This
indicates that when the noise ratio o < 0.5, the noise data (g(x, y)) decrease first. In contrast, when
a > 0.5, the opposite occurs. As shown in Figure the theoretical prediction is consistent with
the actual observation.
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