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Abstract

Modern neural networks are often regarded as complex black-box functions whose
behavior is difficult to understand owing to their nonlinear dependence on the data
and the nonconvexity in their loss landscapes. In this work, we show that these
common perceptions can be completely false in the early phase of learning. In
particular, we formally prove that, for a class of well-behaved input distributions,
the early-time learning dynamics of a two-layer fully-connected neural network
can be mimicked by training a simple linear model on the inputs. We additionally
argue that this surprising simplicity can persist in networks with more layers and
with convolutional architecture, which we verify empirically. Key to our analysis
is to bound the spectral norm of the difference between the Neural Tangent Kernel
(NTK) at initialization and an affine transform of the data kernel; however, unlike
many previous results utilizing the NTK, we do not require the network to have
disproportionately large width, and the network is allowed to escape the kernel
regime later in training.

1 Introduction

Modern deep learning models are enormously complex function approximators, with many state-
of-the-art architectures employing millions or even billions of trainable parameters [Radford et al.,
2019, Adiwardana et al., 2020]. While the raw parameter count provides only a crude approximation
of a model’s capacity, more sophisticated metrics such as those based on PAC-Bayes [McAllester,
1999, Dziugaite and Roy, 2017, Neyshabur et al., 2017b], VC dimension [Vapnik and Chervonenkis,
1971], and parameter norms [Bartlett et al., 2017, Neyshabur et al., 2017a] also suggest that modern
architectures have very large capacity. Moreover, from the empirical perspective, practical models
are flexible enough to perfectly fit the training data, even if the labels are pure noise [Zhang et al.,
2017]. Surprisingly, these same high-capacity models generalize well when trained on real data, even
without any explicit control of capacity.

These observations are in conflict with classical generalization theory, which contends that models of
intermediate complexity should generalize best, striking a balance between the bias and the variance
of their predictive functions. To reconcile theory with observation, it has been suggested that deep
neural networks may enjoy some form of implicit regularization induced by gradient-based training
algorithms that biases the trained models towards simpler functions. However, the exact notion of
simplicity and the mechanism by which it might be achieved remain poorly understood except in
certain simplistic settings.
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One concrete mechanism by which such induced simplicity can emerge is the hypothesis that neural
networks learn simple functions early in training, and increasingly build up their complexity in later
time. In particular, recent empirical work Nakkiran et al. [2019] found that, intriguingly, in some
natural settings the simple function being learned in the early phase may just be a linear function of
the data.

In this work, we provide a novel theoretical result to support this hypothesis. Specifically, we
formally prove that, for a class of well-behaved input distributions, the early-time learning dynamics
of gradient descent on a two-layer fully-connected neural network with any common activation can
be mimicked by training a simple model of the inputs. When training the first layer only, this simple
model is a linear function of the input features; when training the second layer or both layers, it is a
linear function of the features and their {5 norm. This result implies that neural networks do not fully
exercise their nonlinear capacity until late in training.

Key to our technical analysis is a bound on the spectral norm of the difference between the Neural
Tangent Kernel (NTK) [Jacot et al., 2018] of the neural network at initialization and that of the linear
model; indeed, a weaker result, like a bound on the Frobenius norm, would be insufficient to establish
our result. Although the NTK is usually associated with the study of ultra-wide networks, our result
only has a mild requirement on the width and allows the network to leave the kernel regime later
in training. While our formal result focuses on two-layer fully-connected networks and data with
benign concentration properties (specified in Assumption 3.1), we argue with theory and provide
empirical evidence that the same linear learning phenomenon persists for more complex architectures
and real-world datasets.

Related work. The early phase of neural network training has been the focus of considerable recent
research. Frankle and Carbin [2019] found that sparse, trainable subnetworks — “lottery tickets” —
emerge early in training. Achille et al. [2017] showed the importance of early learning from the
perspective of creating strong connections that are robust to corruption. Gur-Ari et al. [2018] observed
that after a short period of training, subsequent gradient updates span a low-dimensional subspace. Li
et al. [2019a], Lewkowycz et al. [2020] showed that an initial large learning rate can benefit late-time
generalization performance.

Implicit regularization of (stochastic) gradient descent has also been studied in various settings,
suggesting a bias towards large-margin, low-norm, or low-rank solutions [Gunasekar et al., 2017,
2018, Soudry et al., 2018, Li et al., 2018, Ji and Telgarsky, 2019a,b, Arora et al., 2019a, Lyu and Li,
2019, Chizat and Bach, 2020, Razin and Cohen, 2020]. These results mostly aim to characterize the
final solutions at convergence, while our focus is on the early-time learning dynamics. Another line
of work has identified that deep linear networks gradually increase the rank during training [Arora
et al., 2019a, Saxe et al., 2014, Lampinen and Ganguli, 2018, Gidel et al., 2019].

A line of work adopted the Fourier perspective and demonstrated that low-frequency functions are
often learned first [Rahaman et al., 2018, Xu, 2018, Xu et al., 2019a,b]. Based on the NTK theory,
Arora et al. [2019c] showed that for very wide networks, components lying in the top eigenspace of
the NTK are learned faster than others. Using this principle, Su and Yang [2019], Cao et al. [2019]
analyzed the spectrum of the infinite-width NTK. However, in order to obtain precise characterization
of the spectrum these papers require special data distributions such as uniform distribution on the
sphere.

Most relevant to our work is the finding of Nakkiran et al. [2019] that a neural network learned in the
early phase of training can be almost fully explained by a linear function of the data. They supported
this claim empirically by examining an information theoretic measure between the predictions of
the neural network and the linear model. Our result formally proves that neural network and a
corresponding linear model make similar predictions in early time, thus providing a theoretical
explanation of their empirical finding.

Paper organization. In Section 2, we introduce notation and briefly recap the Neural Tangent
Kernel. In Section 3, we present our main theoretical results on two-layer neural networks as well as
empirical verification. In Section 4, we discuss extensions to more complicated architecture from
both theoretical and empirical aspects. We conclude in Section 5, and defer additional experimental
results and all the proofs to the appendices.



2 Preliminaries

Notation. We use bold lowercases a, b, a, 3, . . . to represent vectors, bold uppercases A, B, . ..
to represent matrices, and unbold letters a, b, «t, 3, . . . to represent scalars. We use [A]; ; or [a]; to
index the entries in matrices or vectors. We denote by ||-|| the spectral norm (largest singular value)
of a matrix or the £, norm of a vector, and denote by ||-|| - the Frobenius norm of a matrix. We use
(-, ) to represent the standard Euclidean inner product between vectors or matrices, and use ® to
denote the Hadamard (entry-wise) product between matrices. For a positive semidefinite (psd) matrix
A, let A'/2 be the psd matrix such that (A'/2)? = A; let Ayax(A) and Apin(A) be the maximum

and minimum eigenvalues of A.

Let [n] :={1,2,...,n}. Fora,b € R (b > 0), we use a £ b to represent any number in the interval
[a—b,a+0b]. Let I; be the d x d identity matrix, 04 be the all-zero vector in R?, and 14 be the all-one
vector in R?; we write I, 0, 1 when their dimensions are clear from context. We denote by Unif(A)
the uniform distribution over a set A, and by A (i, %) or N(u, X) the univariate/multivariate

Gaussian distribution. Throughout the paper we let g be a random variable with the standard normal
distribution A/(0, 1).

We use the standard O(+), ©(+) and ©(-) notation to only hide universal constant factors. For a, b > 0,
we alsousea S borb 2 atomeana = O(b), anduse ¢ < borb > atomean b > Ca for a
sufficiently large universal constant C' > 0. Throughout the paper, “high probability” means a large
constant probability arbitrarily close to 1 (such as 0.99).

Recap of Neural Tangent Kernel (NTK) [Jacot et al., 2018]. Consider a single-output neural
network f(a; @) where x is the input and 6 is the collection of parameters in the network. Around a

reference network with parameters 8, we can do a local first-order approximation:
f(a;0) ~ f(a;0) + (Vo f(x:0),0 — 6).

Thus when 6 is close to 0, for a given input x the network can be viewed as linear in Vg f(; 0).
This gradient feature map « — Vg f(; 0) induces a kernel Kg(z,z') := (Vo f(x;0), Vo f(x';0))
which is called the NTK at . Gradient descent training of the neural network can be viewed as kernel
gradient descent on the function space with respect to the NTK. We use NTK matrix to refer to an
n X n matrix that is the NTK evaluated on n datapoints.

While in general the NTK is random at initialization and can vary significantly during training, it
was shown that, for a suitable network parameterization (known as the “NTK parameterization”),
when the width goes to infinity or is sufficiently large, the NTK converges to a deterministic limit
at initialization and barely changes during training [Jacot et al., 2018, Lee et al., 2019, Arora et al.,
2019b, Yang, 2019], so that the neural network trained by gradient descent is equivalent to a kernel
method with respect to a fixed kernel. However, for networks with practical widths, the NTK does
usually stray far from its initialization.

3 Two-Layer Neural Networks

We consider a two-layer fully-connected neural network with m hidden neurons defined as:

flx; W, v) = % ivrqb (w:m/\/g) = %vnﬁ (Wa:/\/g) , (1)

where € R% is the input, W = [wy, ..., w,,]" € R™*?is the weight matrix in the first layer, and
v =[v1,...,0,]" € R™ is the weight vector in the second layer.’ Here ¢ : R — R is an activation
function that acts entry-wise on vectors or matrices.

Let {(z;,9:)}™; C R? x R be n training samples where x;’s are the inputs and y;’s are their associ-
ated labels. Denote by X = [1,...,x,]" € R"*% the data matrix and by y = [y1,...,y,] € R"
the label vector. We assume |y;| < 1 forall i € [n].

>The scaling factors % and \/% are due to the NTK parameterization such that the weights can be initialized

from A(0, 1). The standard parameterization can also be equivalently realized with the NTK parameterization
by properly setting different learning rates in different layers [Lee et al., 2019], which we do allow here.



We consider the following ¢ training loss:

n

1 2

L(W,v) = %;(f(mi;w,v) —4)?, @)

and run vanilla gradient descent (GD) on the objective (2) starting from random initialization.
Specifically, we use the following symmetric initialization for the weights (W, v):

Wi, .., Wipn/2 T ./\/(Od,Id>, Wiym/2 = W; (Vi € [m/2]),

ULy ey Unga R UNIF({1, =13),8 0y = —v; (Vi € [m/2)).

The above initialization scheme was used by Chizat et al. [2019], Zhang et al. [2019], Hu et al.
[2020], Bai and Lee [2020], etc. It initializes the network to be the difference between two identical
(random) networks, which has the benefit of ensuring zero output: f(x; W,v) = 0 (Vx € R%),
without altering the NTK at initialization. An alternative way to achieve the same effect is to subtract
the function output at initialization [Chizat et al., 2019].

3)

Let (W (0),v(0)) be a set of initial weights drawn from the symmetric initialization (3). Then the
weights are updated according to GD:

W(t+1)=W(t) —mVwL(W(t),v(), v(t+1)=uv(t)-mnV.L(W(),v(), @
where 1; and 7, are the learning rates. Here we allow potentially different learning rates for flexibility.

Now we state the assumption on the input distribution used in our theoretical results.

Assumption 3.1 (input distribution). The datapoints x1, . . ., x, are i.i.d. samples from a distribution
D over RY with mean 0 and covariance X such that Tr[X] = d and | Z|| = O(1). Moreover, x ~ D
can be written as x = $'/%x where & € R satisfies E[z] = 04, E[zz "] = I, and T’s entries are
independent and are all O(1)-subgaussian.”

Note that a special case that satisfies Assumption 3.1 is the Gaussian distribution A (0, X), but we
allow a much larger class of distributions here. The subgaussian assumption is made due to the
probabilistic tail bounds used in the analysis, and it can be replaced with a weaker bounded moment
condition. The independence between &’s entries may also be dropped if its density is strongly
log-concave. We choose to use Assumption 3.1 as the most convenient way to present our results.

We allow ¢ to be any of the commonly used activation functions, including ReL U, Leaky ReLU, Erf,
Tanh, Sigmoid, Softplus, etc. Formally, our requirement on ¢ is the following:

Assumption 3.2 (activation function). The activation function ¢(-) satisfies either of the followings:

(i) smooth activation: ¢ has bounded first and second derivatives: |¢'(z)| = O(1) and |¢" (z)| =
O(1) (Vz € R), or

>
(ii) piece-wise linear activation: ¢(z) = {Z (z20) for some a € R, |a| = O(1).8

az (z < 0)
We will consider the regime where the data dimension d is sufficiently large (i.e., larger than any

constant) and the number of datapoints n is at most some polynomial in d (i.e., n < do(l)). These
imply logn = O(logd) < d¢ for any constant ¢ > 0.

Under Assumption 3.1, the datapoints satisfy the following concentration properties:

i _
d

Claim 3.1. Suppose n > d. Then under Assumption 3.1, with high probability we have

1+ 0(\/@) (Vi € [n]), Lzumidl — 0(\/@) (Vi,j € [n],i # j), and || XX T|| = ©(n).

The main result in this section is to formally prove that the neural network trained by GD is
approximately a linear function in the early phase of training. As we will see, there are distinct
contributions coming from the two layers. Therefore, it is helpful to divide the discussion into the
cases of training the first layer only, the second layer only, and both layers together. All the omitted
proofs in this section are given in Appendix D.

8Qur results also hold for A/(0, 1) initialization in the second layer. Here we use Unif ({21} for simplicity.
"Recall that a zero-mean random variable X is o2-subgaussian if E[exp(sX)] < exp(c?s?/2) (Vs € R).
8We define ¢'(0) = 1 in this case.



3.1 Training the First Layer

Now we consider only training the first layer weights W, which corresponds to setting 72 = 0 in (4).
Denote by f; : R? — R the network at iteration ¢ in this case, namely f!(z) := f(x; W (t),v(t)) =
f(a; W(t),v(0)) (note that v(t) = v(0)).

The linear model which will be proved to approximate the neural network f; in the early phase of
training is £ (z; B) := BT (), where

e ::% [Cf] with ¢ = E[¢/(g)] and v = Elg¢/(9)] - VI[Z2/d. ()

Here recall that g ~ A/(0,1). We also consider training this linear model via GD on the {5 loss, this
time starting from zero:

n

B(0) =0411, PB(t+1)=p0() — nlvﬁ% Z (flinl(wi;ﬁ(t)) _ yi)2~ ©

i=1
We let £/ be the model learned at iteration ¢, i.e., fi*!(z) := finl(z; 3(t)).

We emphasize that (4) and (6) have the same learning rate 7;. Our theorem below shows that f} and
finl are close to each other in the early phase of training:

Theorem 3.2 (main theorem for training the first layer). Let o € (0, i) be a fixed constant. Suppose
the number of training samples n and the network width m satisfy n 2> d'*® and m > d**<.
Suppose 1 < d and ny = 0. Then there exists a universal constant ¢ > 0 such that with high
probability, forall0 <t <T = dl;;gd simultaneously, the learned neural network f! and the

linear model f}™! at iteration t are close on average on the training data:
fZ Fias) — fim () < a2, (7)

Moreover, f} and ™! are also close on the underlying data distribution D. Namely, with high
probability, for all 0 < t < T simultaneously, we have

Eonp [min{(f} (z) - f;"'(2))*,1}] S d” a)+\/@ ®

Theorem 3.2 ensures that the neural network f! and the linear model f}*! make almost the same
predictions in the early time of training. This agreement is not only on the training data, but also over
the underlying input distribution D. Note that this does not mean that f} and f/"! are the same on
the entire space R? — they might still differ significantly at low-density regions of D. We also remark
that our result has no assumption on the labels {y;} except they are bounded.

The width requirement in Theorem 3.2 is very mild as it only requires the width m to be larger than
d'* for some small constant o. Note that the width is allowed to be much smaller than the number
of samples n, which is usually the case in practice.

The agreement guaranteed in Theorem 3.2 is up to iteration ' = c - dlogd (for some constant c). It

turns out that for well-conditioned data, after T iterations, a near optimal linear model will have been
reached. This means that the neural network in the early phase approximates a linear model all the
way until the linear model converges to the optimum. See Corollary 3.3 below.

Corollary 3.3 (well-conditioned data). Under the same setting as Theorem 3.2, and additionally
assume that the data distribution D’s covariance X satisfies Ain(2) = Q(1). Let B, € RT! be the
optimal parameter for the linear model that GD (6) converges to, and denote f'*(x) := fl"l(x; 3,).
Then with high probability, after T = c - dlog 4 jterations (for some universal constant c), we have

fz Ph) = [ @)" S a7, Byup [min{(fh(x) — /17 (@))%, 1)) S a2 + (/1L



3.1.1 Proof Sketch of Theorem 3.2

The proof of Theorem 3.2 consists of showing that the NTK matrix for the first layer at random
initialization evaluated on the training data is close to the kernel matrix corresponding to the linear
model (5), and that furthermore this agreement persists in the early phase of training up to iteration
T. Specifically, the NTK matrix @1 (W) € R™*"™ at a given first-layer weight matrix W, and the
kernel matrix @' ¢ R™*™ for the linear model (5) can be computed as:

01 (W) = (¢(XWT/Vd)¢(XW T /Vd)T /m) © (XX T /d), @™ := (X XT +117)/d.
We have the following result that bounds the difference between ®1 (W (0)) and ®'"! in spectral

norm:

Proposition 3.4. With high probability over the random initialization W (0) and the training data
X, we have ||©1(W(0)) — ©""!|| < .

Notice that [|©'"! || = ©(2) according to Claim 3.1. Thus the bound = in Proposition 3.4 is of
smaller order. We emphasize that it is important to bound the spectral norm rather than the more
naive Frobenius norm, since the latter would give H®1(W(0)) — @l H r 2 q» Which is not useful.
(See Figure 5 for a numerical verification.)

To prove Proposition 3.4, we first use the matrix Bernstein inequality to bound the perturbatlon of
©1(W(0)) around its expectation with respect to W (0): ||©1(W(0)) — Eyy (o) [©1(W(0))]]| <

<rt=- Then we perform an entry-wise Taylor expansion of Eyy 0)[©1(W(0))], and it turns out that
the top-order terms exactly constitute @'"!, and the rest can be bounded in spectral norm by T

After proving Proposition 3.4, in order to prove Theorem 3.2, we carefully track (i) the prediction
difference between ft1 and ft““l, (i1) how much the weight matrix W move away from initialization,
as well as (iii) how much the NTK changes. To prove the guarantee on the entire data distribution we
further need to utilize tools from generalization theory. The full proof is given in Appendix D.

3.2 Training the Second Layer

Next we consider training the second layer weights v, which corresponds to 771 = 0 in (4). Denote by
f? : R® — R the network at iteration ¢ in this case. We will show that training the second layer is
also close to training a simple linear model f!i"2(x;~) := ~ "4 (x) in the early phase, where:

% (x ( and v are defined in (5),
d _
¥alz) = ll]l \/%V ll]] ’ 190 : ]Egg()],)] ©
121 — Izl 1)2
ﬁOJFﬂl(\/’ 1)+192(\/g 1) 192 [( )¢/( )]

As usual, this linear model is trained with GD starting from zero:

n

Y(0) = 0at2, (t+1)=~(t) - n2v7% S (M2 @i (t) - vi)? (10)

i=1
We denote by f1"2 the resulting model at iteration ¢.

Note that strictly speaking f'"2(x;~) is not a linear model in = because the feature map 1, (x)
contains a nonlinear feature depending on ||z|| in its last coordinate. Because H\f”

data assumption according to Claim 3.1, its effect might often be invisible. However, we emphasize
that in general the inclusion of this norm-dependent feature is necessary, for example when the target
function explicitly depends on the norm of the input. We illustrate this in Section 3.4.

~ 1 under our

Similar to Theorem 3.2, our main theorem for training the second layer is the following:

Theorem 3.5 (main theorem for training the second layer). Ler o € (0, i) be a fixed constant. Sup-
>dite if E = d/1 if E =

mz - ) lf [d)(g)] 0 ) Suppose M2 K / ogn, UC [¢(g)] 0

m 2 d*TY otherwise N2 K 1, otherwise

and m1 = 0. Then there exists a universal constant ¢ > 0 such that with high probability, for all

posen 2> d'T° and {
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Figure 1: Two-layer neural network learns a linear model early in training. (a) Losses of a
neural network and the corresponding linear model predicted by (11). Solid (dashed) lines represent
the training (test) losses. We have d = 50, and use 20,000 training samples and 2,000 test samples.
The neural network and the linear model are indistinguishable in the first 1,000 steps, after which
linear learning finishes and the network continues to make progress. (b) Evolution of logits (i.e.,
outputs) of 5 random test examples. We see excellent agreement between the predictions of the neural
network and the linear model in early time. (c) Discrepancy (in MSE) between the outputs of the
network and the linear model for various values of d. As predicted, the discrepancy becomes smaller
as d increases.

0<t<T=c¢- % simultaneously, we have
1 - in 2 —Q(a : in —Q(a
S (Rl — @)t SN, Equp [minf(f2() - [F(@),1}] S 479,
i=1

Similar to Theorem 3.2, an important step in proving Theorem 3.5 is to prove that the NTK matrix
for the second layer is close to the kernel for the linear model (9). Note that the theorem treats the
case 9 = E[¢(g)] = 0 differently. This is because when 9y # 0, the second layer NTK has a large
eigenvalue of size ©(n), while when ¥ = 0, its largest eigenvalue is only O("I?%).

We remark that if the data distribution is well-conditioned, we can also have a guarantee similar to
Corollary 3.3.

3.3 Training Both Layers

Finally we consider the case where both layers are trained, in which 77, = 72 = 1 > 0 in (4). Since
the NTK for training both layers is simply the sum of the first-layer NTK and the second-layer
NTK, the corresponding linear model should have its kernel being the sum of the kernels for linear
models (5) and (9), which can be derived easily:

ng

d

fin(x;8) =6 "p(x), P(x):= \/%u , (11
Uy Jr191(% —1) +192(% —1)2

where the constants are from (9). Note that (1p(x), ¥ (x')) = (1 (x), Y1 (x")) + (P2(x), Y2 (x')).

Again, we can show that the neural network is close to the linear model (11) in early time. The
guarantee is very similar to Theorems 3.2 and 3.5, so we defer the formal theorem to Appendix D; see
Theorem D.1. Note that our result can be directly generalized to the case where 1; # 72, for which
we just need to redefine the linear model using a weighted combination of the kernels for (5) and (9).

3.4 Empirical Verification

Verifying the early-time agreement between neural network and linear model. We verify our
theory by training a two-layer neural network with erf activation and width 256 on synthetic data
generated by  ~ N(0, I) and y = sign(f*(x)), where f* is a ground-truth two-layer erf network
with width 5. In Figure la, we plot the training and test losses of the neural network (colored in
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blue) and its corresponding linear model fi™ (in red).’ In the early training phase (up to 1,000 steps),
the training/test losses of the network and the linear model are indistinguishable. After that, the
optimal linear model is reached, and the network continues to make progress. In Figure 1b, we plot
the evolution of the outputs (logits) of the network and the linear model on 5 random test examples,
and we see excellent early-time agreement even on each individual sample. Finally, in Figure 1c, we
vary the input dimension d, and for each case plot the mean squared error (MSE) of the discrepancies
between the outputs of the network and the linear model. We see that the discrepancy indeed becomes
smaller as d increases, matching our theoretical prediction.

The necessity of the norm-dependent feature. We now illustrate the necessity of including the
norm-dependent feature in (11) and (9) through an example of learning a norm-dependent function.

We generate data from ¢ ~ N(0,I) and y = % + ReLU(a"z) (||al| = O(1)), and train a
two-layer network with ReLU activation. We also train the corresponding linear model f lin(11)
as well as a “naive linear model” which is identical to f except ¥; and 9J, are replaced with 0.

Figure 2 shows that f!" is indeed a much better approximation to the neural network than the naive
linear model.

4 Extensions to Multi-Layer and Convolutional Neural Networks

In this section, we provide theoretical and empirical evidence supporting that the agreement between
neural networks and linear models in the early phase of training may continue to hold for more
complicated network architectures and datasets than what we analyzed in Section 3.

4.1 Theoretical Observations

Multi-layer fully-connected (FC) neural networks. For multi-layer FC networks, it was known
that their infinite-width NTKs have the form K (z, ') = h(1=l =" Lﬁ) (xz,x' € R?) for
some function 4 : R? - R [Yang and Salman, 2019]. Let © be the NTK matrix on the n training

d d
data: [©]; ; = K(z;, ;). Under Assumption 3.1, we know from Claim 3.1 that % ~ 1 and
(®i,25)

21 ~ 0 (i # j). Hence we can Taylor expand / around (1, 1, 0) for the off-diagonal entries of ®
and around (1, 1, 1) for the diagonal entries. Similar to our analysis of two-layer networks, we should
be able to bound the higher-order components in the expansion, and only keep the simple ones like
XX 7,117, etc. This suggests that the early-time linear learning behavior which we showed for
two-layer FC networks may persist in multi-layer FC networks.

Convolutional neural networks (CNNs). We consider a simple 1-dimensional CNN with one
convolutional layer and without pooling (generalization to the commonly used 2-dimensional CNNs
is straightforward):

1 m
W, V). = — 'v;r w, * T . 12)
Here € R%is the input, W = [wy, ..., w,,]T € R™9and V = [vy,...,v,,]" € R™*? contain

the weights, where m is the number of channels (or width), and ¢ < d is the filter size. All the
weights are initialized i.i.d from A/(0, 1). The convolution operator * is defined as: for input € R?

For ¢ = erf, we have 99 = 91 = 92 = 0, so f'™ in (11) is a linear model in = without the nonlinear
feature.
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Figure 3: Good agreement between 4-hidden-layer CNN/FC network and linear model on
CIFAR-10 early in training. (a) Decomposition of the test losses onto Vj, (solid lines) and Vth-
(dashed lines) for , FC and the corresponding linear model. (b) Three randomly selected test
outputs for different models. (c) The relative MSE between the networks and the linear model.
Note that we adjust the learning rates of and FC so that their corresponding linear models are
identical.

and filter w € R?, we have w x z € R? with [w * z]; := > =1 [wl; [&];, ;. We consider circular
padding (as in Xiao et al. [2018], Li et al. [2019b]), so the indices in input should be understood as
[m]z = [x]i+d’

We have the following result concerning the NTK of this CNN:

Proposition 4.1. Let ¢ = erf. Suppose n > d*** and q = dzt2e for some constant o € (0, %)
Consider n datapoints x1, . .., T, i~y Unif ({£1}4). Then the corresponding NTK matrix ©cyn €
R™*"™ of the CNN (12) in the infinite-width limit (m — o0o) satisfies HGCNN — 2§2XXT/d|| N
with high probability, where ( = E[¢(g)].

The proof is given in Appendix E. The above result shows that the NTK of a CNN can also be close
to the (scaled) data kernel, which implies the linear learning behavior in the early time of training the
CNN. Our empirical results will show that this behavior can even persist to multi-layer CNNs and
real data beyond our analysis.

4.2 Empirical Results

We perform experiments on a binary classification task from CIFAR-10 (“cats” vs “horses”) using
a multi-layer FC network and a CNN. The numbers of training and test data are 10,000 and 2,000.
The original size of the images is 32 x 32 x 3, and we down-sample the images into size 8 x 8 X 3
using a 4 x 4 average pooling. Then we train a 4-hidden-layer FC net and a 4-hidden-layer CNN
with erf activation. To have finer-grained examination of the evolution of the losses, we decompose
the residual of the predictions on test data (namely, f;(x) — y for all test data collected as a vector
in R290%) onto V4;,, the space spanned by the inputs (of dimension d = 192), and its complement
Vi (of dimension 2000 — d). For both networks, we observe in Figure 3a that the test losses of the
networks and the linear model are almost identical up to 1,000 steps, and the networks start to make
progress in Vi after that. In Figure 3b we plot the logit evolution of 3 random test datapoints and
again observe good agreement in early time. In Figure 3c, we plot the relative MSE between the
network and the linear model (i.e., Ez || fi(x) — fi(x)||?/Eqx || f () || evaluated on test data). We
observe that this quantity for either network is small in the first 1,000 steps and grows afterwards. The
detailed setup and additional results for full-size CIFAR-10 and MNIST are deferred to Appendix A.

5 Conclusion

This work gave a novel theoretical result rigorously showing that gradient descent on a neural network
learns a simple linear function in the early phase. While we mainly focused on two-layer fully-
connected neural networks, we further provided theoretical and empirical evidence suggesting that
this phenomenon continues to exist in more complicated models. Formally extending our result to
those settings is a direction of future work. Another interesting direction is to study the dynamics of
neural networks after the initial linear learning phase.
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A Experiment Setup and Additional Plots

We provide additional plots and describe additional experiment details in this section.

In Figure 4, we repeat the same experiments in Figure 3 on the full-size (32 x 32 x 3) CIFAR-10 as
well as MNIST datasets, using the same 4-hidden-layer FC and CNN architectures. For both datasets
we take two classes and perform binary classification. We see very good early-time agreement except
for CNN on CIFAR-10, where the agreement only lasts for a shorter time.

For the experiments in Figures 3 and 4, the FC network has width 512 in each of the 4 hidden
layers, and the CNN uses circular padding and has 256 channels in each of the 4 hidden layers. For
CIFAR-10 and MNIST images, we use standard data pre-processing, i.e., normalizing each image to
have zero mean and unit variance. To ensure the initial outputs are always 0, we subtract the function
output at initialization for each datapoint (as discussed in Section 3). We train and test using the
£ loss with +1 labels. We use vanilla stochastic gradient descent with batch size 500, and choose
a small learning rate (roughly %) so that we can better observe early time of training (similar
to Nakkiran et al. [2019]).

We use the Neural Tangents Library [Novak et al., 2019] and JAX [Bradbury et al., 2018] for our
experiments.
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Figure 4: Replication of Figure 3 on full-size CIFAR-10 (top row) and MNIST (bottom row). In
Figure 4a, there is no projection onto V;:- because the data dimension 32 x 32 x 3 is larger than the
number of test data 2,000.

B Additional Notation and Lemmas

We introduce some additional notation and lemmas that will be used in the proofs.

We use O() to hide poly-logarithmic factors in n (the number of training datapoints). Denote by
1{gy the indicator function for an event E. For a vector a, we let diag(a) be a diagonal matrix

whose diagonal entries constitute a. For a matrix A, we use vec (A) to denote the vectorization of
A in row-first order.

For a square matrix A, we denote its diagonal and off-diagonal parts as Aqiag and Aqg, respectively.
Namely, we have A = Agiag + Ao, Where [Aqiag]; ; = [A]; ; L1i=jy and [Aog]; ; = [A]; ; Tiizjy-
Equivalently, Agiae = A® T and Aoz = A® (117 —1).
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Lemma B.1. For any matrix A and a submatrix A; of A, we have || A4]| < || A]l.

Proof. For simplicity we assume that A1 is in the top-left corner of A4,i.e. A = {ﬁ; ii] . The

same proof works when A; is any other submatrix of A.

By the definition of spectral norm, we have
A= max x'A
ll=ll= Hyll 1

Hw\l Hyll 1 [ }
T
Ty

A A
o 2]l
_I\wﬂI:I\ylH:l[ ]A3 A4| | O

T
= m Ty A1y1
llexll=lly:ll=1

= [[Aa]l- 0
Lemma B.2. For any square matrix A, we have || Agiag| < | Al and || Aor || < 2| Al

il < ||A]| for all i since [A], ; can be viewed as a

Proof. From Lemma B.1 we know that ‘[A}

submatrix of A. Thus we have

| Adiagl] = max| (4] ,| < Al

It follows that
[Aotr]| = | A — Adiag|| < [[All + [[Adiagll < 2| A . O

Lemma B.3 (Schur [1911]). For any two positive semidefinite matrices A, B, we have
1A © B[ < [A]- max[B], ;.

C General Result on the Closeness between Two Dynamics

We present a general result that shows how the GD trajectory for a non-linear least squares problem
can be simulated by a linear one. Later we will specialize this result to the settings considered in the

paper.
We consider an objective function of the form:

1 2
F(0) = — | £(6) -
0)= - 176)— wl”.
where f : RY + R" is a general differentiable function, and y € R" satisfies ||y| < /n. We

denote by J : RV s R™"*¥ the Jacobian map of f. Then starting from some 8(0) € R”, the GD
updates for minimizing F' can be written as:

1
Ot +1) = 0(t) —nVE(O(1)) = 0(t) — —nJ(0(1)) " (f(6(¢) — y)-
Consider another linear least squares problem:
1 2
Gw) = — [|®w —
(@)= 5 [0~y
where & € R"*M s a fixed matrix. Its GD dynamics started from w(0) € R can be written as:
1
wt+1) =w(t) —nVG(w(t)) = w(t) — gn‘lﬁ(@w(t) —y).

Let K := ®® T, and let



uln(t) == dw(t),
which stand for the predictions of these two models at iteration ¢.
The linear dynamics admit a very simple analytical form, summarized below.

Claim C.1. Forallt > 0 we have u"™(t) —y = (I — %nK)t (u'™(0) — y). As a consequence, if
n < HKH’ then we have Huhn — y|| < Hu“n(()) — y||f0rallt > 0.

Proof. By deﬁnition we have u!™(¢ + 1) = u!™(¢) — InK (u'™(t) — y), which implies u"™ (¢ +
1) —y = (I - LnK) (u'™(t) — y). Thus the first statement follows directly. Then the second
statement can be proved by noting that HI 77K H < 1whenn < =T KH O

We make the following assumption that connects these two problems:

Assumption C.1. There exist 0 < € < ||K||,R > 0 such that for any 8,0’ € R, as long as
|16 —6(0)|| < Rand |6 — 6(0)|| < R, we have

HJ J)" KH <e.

Based on the above assumption, we have the following theorem showing the agreement between w(t)
and u''®(¢) as well as the parameter boundedness in early time.

Theorem C.2. Suppose that the initializations are chosen so that u(0) = u'™(0) = 0, and that the
learning rate satisfies n < ﬁ Suppose that Assumption C.1 is satisfied with R*¢ < n. Then there

2
exists a universal constant ¢ > 0 such that for all 0 <t < CRT.'

e (closeness of predictions) Hu(t) ul( H me ;

o (boundedness of parameter movement) ||0(t) — 6(0)|| < R, ||w(t) — w(0)]] < R.

Proof. 'We first prove the first two properties, and will prove the last property ||w(t) — w(0)|| < R at
the end.

We use induction to prove ||u(t) — u'™(t)|| < ”—tfl and ||0( ) 0(0)|| < R. Fort = 0, these
statements are trivially true. Now suppose for some 1 < ¢ < c ® we have Hu ul(7) || < L\/Tf
and ||0(1) — 0(0)|| < RforT =0,1,...,t — 1. We will now prove Hu h“(t)H < T and

[|6(t) — 6(0)|| < R under these induction hypotheses.

Notice that from [[u(r) — u'™(7)|| < < CR ¢ < v/nand Claim C.1 we know [Ju(7) — y|| <
Vnforall T < t.

Step 1: proving ||0(¢) — 0(0)|| < R. We define

1
JO—0):= / J(0+ z(6' —6))dx.
0

We first prove ||0(t — 1) — 0(0)|| < &. If t = 1, this is trivially true. Now we assume ¢ > 2. For
each 0 < 7 <t — 1, by the fundamental theorem for line integrals we have

u(r +1) —u(r) = J(O(1) = 0(t + 1)) - (8(7 + 1) — 6())
f%J(O(T) = 0(r+1))J(8()) " (u(r) - y).

Let E(t) = J(@(t) — O0(r + 1)J(O(r))" — K. Since ||0(7)—6(0)|] < R and
|0(T + 1) — 8(0)|| < R, from Assumption C.1 we know that || E(7)|| < e. We can write

u(r+1) —y = (I = LJ(0(r) = 0(7 + 1)) J(6(r)T) (u(r) — y)

= (I - %K) (u(r) —y) — %E(T)(U(T) - y).

13)
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It follows that
lee(r +1) — y]|*
< e 2o 421 25) iy ][22t

2B i) - 9|

< (- 25) - w0 (v Levie (Zevi))
= [|(1 - L&) (i)~ )| + 00 (e < m)
2
= Jlu(r) — P — 2 (ulr) — ) K (wlr) — ) + T K (ur) — ) + O
2 2 T N 1/2 2
< Jur) ~yl* = Zulr) — ) K (ulr) — y) + 5 |K] - [K 2 u(r) - )| +0me)
< () ol = L) - y) K (u() ~ ) + One). (Ll < 2y

n
On the other hand, we have

1o(r+ 1) — 6(7)|”

=L 30@) (ur) - y)|°

= () ) T 0()T0(r) (u(r) ~ ) (14)
<7 ((ulr) — ) K (u(r) - y) + [ulr) -yl | 16T 0(r) - K]))
<L ((u() - 9) K (u(r) - y) + O(ne))..

Combining the above two inequalities, we obtain

lu(r +1) = ylI* — llu(r) -yl

2
n(n 2
<= 2 (L 16t + 1) - 671" - One) ) + Ol
n
=0 16(7 +1) = 0(7)|* + O(ne).
Taking sum over 7 =0, ..., t — 2, we get

—2
n
lu(t = 1) = yl* = |u(0) - y||* < 0 D ll6(r +1) = 6(n)II* + Olnte),
which implies
*Z 16(r + 1) = 0()|* < lyll* + Olnte) < |ly||* + O(R*€) = O(n).

Then by the Cauchy-Schwartz inequality we have

o —1) — |<Z||0T+1 ||<\lt—1 ZH (r+1)—6(n)|

< VT OW) < Jf] 0().

vl

Choosing ¢ sufficiently small, we can ensure [|@(t — 1) — 6(0)]| <
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Now that we have proved [|6(t — 1) — 8(0)|| < £, to prove [|(t) — 6(0)|| < R it suffices to bound

the one-step deviation ||@(t) — 6(t — 1)|| by &. Using the exact same method in (14), we have
n
l6t) = 6(t = )| < —V/n[K[ +One) SnVIK[ /n = Vu | Kl /n/n < VeR,

where we have used n < ﬁ and < nt < cR%. Choosing c sufficiently small, we can ensure
[6(t) — 6(t — 1)|| < £. Therefore we conclude that [|6(t) — 8(0)|| < R.

Step 2: proving ||u(t) — w'™(t)|| < "—\/tg Same as (13) we have

ut) —y = (I- 1K) (u(t—1) ~y) - LE(t - )(u(t - 1) ~y),
where E(t — 1) = J(0(t — 1),0(¢)J(0(t — 1))T — K. Since ||8(t —1) — 6(0)|] < R and

t
|6(t) — 8(0)|| < R, we know from Assumption C.1 that || E(t — 1)|| < e. Moreover, from Claim C.1
we know

w(t) —y = (I- 1K) (@™ (t-1) ~y).
It follows that

u(t) — ul(t) = (I - %K) (u(t —1) —ul™(t — 1)) — %E(t ) (ult—1) —y),
which implies
n

[a(t) — wln(t)]| < H (1- gK) (u(t — 1) — ulin(t — 1))H + H%E(t ~D(u(t—1)— y)H

< Jlult—1) =@t = 1) + 0 (Levn)
in ne
= |ju(t—1) — (¢ — || +0 <\/ﬁ) .
Therefore from ||u(t — 1) — w!™(t — 1)|| < "(L\ﬂ%)e we know ||lu(t) — ul™(t)|| < 2=, completing
the proof.

Finally, we prove the last statement in the theorem, i.e., [|w(¢) — w(0)| < R. In fact we have already
proved this — notice that we have proved ||0(t) — 6(0)|] < R and that a special instance of this
problem is when 0(t) = w(t), i.e., the two dynamics are the same. Applying our result on that
problem instance, we obtain ||w(t) — w(0)| < R. O

D Omitted Details in Section 3
In Appendix D.1, we present the formal theoretical guarantee (Theorem D.1) for the case of training
both layers.

In Appendix D.2, we calculate the formulae of various Jacobians and NTKs that will be used in the
analysis.

In Appendix D.3, we prove Theorem 3.2 (training the first layer).

In Appendix D.4, we prove Corollary 3.3 (training the first layer with well-conditioned data).
In Appendix D.5, we prove Theorem 3.5 (training the second layer).

In Appendix D.6, we prove Theorem D.1 (training both layers).

In Appendix D.7, we prove Claim 3.1 (data concentration properties).

D.1 Guarantee for Training Both Layers

Now we state our guarantee for the case of training both layers, continuing from Section 3.3. Recall
that the neural network weights (W (¢), v(t)) are updated according to GD (4) with learning rate
m = no = 1. The linear model f1""(z; ) in (11) is also trained with GD:
1 . lin . 2
8(0) = 0442, O(t+1)=06(t) —nVsy- (@i 8 (1) — yi)®

i=1
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We let f; and fI'™ be the neural network and the linear model at iteration ¢, i.e., fi(x) :=
f@; W (t),v(t) and ;" (@) == 1" (a; 8(1)).

Theorem D.1 (main theorem for training both layers). Let « € (0, %) be a fixed constant. Suppose
n < d/logn, if E[¢(g)] =0
n <1, otherwise
constant ¢ > 0 such that with high probability, forall 0 <t <T =c

n 2> d** and m > d*T°. Suppose { . Then there exists a universal

. % simultaneously, we have

U () — £ @) SN, B [min{(fu() — (@))%, 1)) £ a7 4 [luT.
1

n
1=

We remark that if the data distribution is well-conditioned, we can also have a guarantee similar to
Corollary 3.3.

D.2 Formulae of Jacobians and NTKs

We first calculate the Jacobian of the network outputs at the training data X with respect to the
weights in the network. The Jacobian for the first layer is:

J (W, v) = [Jy(wr,v1), Ji(wa,v2), ..., J1 (W, vm)] € Rxmd, (15)

where

Ji(w,,vy) = \/%vrdiag (gb'(X'wr/\/E)) X e R™ r € [m].

The Jacobian for the second layer is:

1
Jo(W) = —¢(XW' /Vd) e R 16
2(W) 1= T6(XWT Vi) (16)
Here we omit v in the notation since it does not affect the Jacobian. The Jacobian for both layers is
simply J(W,v) := [J1(W,v), Jo(W)] € R (mdtm),

After calculating the Jacobians, we can calculate the NTK matrices for the first layer, the second
layer, and both layers as follows:

0,(W,v) :=J,(W,v)J,(W,v) = e iqﬂ (¢'(Xw V)¢ (Xw /\/&)T) ® XX1
1 ) . 1 ) 1 ’ m — r T T d ’
Ox(W) = Io(W) (W) = L o(XW T V)XW Vi),
O(W,v) :=J(W,v)J(W,v) =0, (W,v)+ Oy(W).
a7
We also denote the expected NTK matrices at random initialization as:
xXxT
O i=Eur(o.nemtmiriar) v (¢ (Xw/ Vi) (Xw/Va)T )] © =2
bo.dl
=Ew~n(0,1) [((ﬁ/(Xw/\/;i)gb/(Xw/\/;i)T)} © P (18)
O i=Eynio.n) |[9(Xw/Vdo(Xw/Vd)T|,
Q" :=0] + 0.

These are also the NTK matrices at infinite width (m — o0).

Next, for the three linear models (5), (9) and (11) defined in Section 3, denote their feature/Jacobian
matrices by:

Uy o= [y (@), ... Pi(zn)],
Wy = [ho(x1), ... ha(wn)] 19)
W= [(xq),... ,'Lﬂ(a}n)]T.
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Figure 5: Verification of Proposition 3.4/D.2. We simulate the dependence of the spectral and
Frobenius norms of ©1 (W (0))—0©"'""! ond. We set ¢ = erf,n = 10* and m = 2x 10, and generate

data from A(0, I) for various d. We perform a linear least-squares fit on the log mean norms against

log(d). Numerically we find ||©;(W(0)) — ©""!|| oc d=1263 and ||©;(W(0)) — @' ]| o
J-0-718

Consequently, their corresponding kernel matrices are:
@ .— ¥, w] — é(CQXXT +07117),
"2 = w,w] — % (gQXXT + ;y211T> +4qq’, (20)
e .= gy’ = é (2C2XXT + gu211T> +aq’.

Here the constants are defined in (9), and g € R™ is defined as [q], := ¥+ (% —1) 499 ”\%H —
1)? for each i € [n].

D.3 Proof of Theorem 3.2 (Training the First Layer)

For convenience we let v = v(0) which is the fixed second layer. Since we have v, € {£1}
(Vr € [m]), we can write the first-layer NTK matrix as

O1(W.v) = =3 (¢ (X, V) (Xw, Vi) ) @

r=1

m

bo.d
7

Because it does not depend on v, we denote @1 (W) := @, (W, v) for convenience.

D.3.1 The NTK at Initialization

Now we prove Proposition 3.4, restated below:
Proposition D.2 (restatement of Proposition 3.4). With high probability over the random initialization
W (0) and the training data X, we have

[@:(w () - ™| 5 o

We perform a simulation to empirically verify Proposition D.2 in Figure 5. Here we fix n and m to be
large and look at the dependence of ||©1 (W (0)) — ©'!|| on d. We find that |©, (W (0)) — ©""! ||
indeed decays faster than 4. In contrast, ||©1(W(0)) — ©""! ||, decays slower than , indicating

that bounding the Frobenius norm is insufficient.

To prove Proposition D.2, we will prove ®1(W (0)) is close to its expectation @3 (defined in (18)),
and then prove @7 is close to @'"!, We do these steps in the next two propositions.
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Proposition D.3. With high probability over the random initialization W (0) and the training data

X, we have n
1©1(W(0)) — ©7| < Tira

Proof. For convenience we denote W = W (0) and ©®; = @1 (W) = ©1(W(0)) in this proof.
From Claim 3.1 we know ||X bl || = O(n) with high probability. For the rest of the proof we will

be conditioned on X and on Claim 3.1, and only consider the randomness in W.

We define @5” = (gb’(Xw,./\/E)(é’(pr/\/E)T) ©) XTXT foreach r € [m]. Then we have ©; =
Ly, GY). According to the initialization scheme (3), we know that @gl), 852), ce @gm/ ?) are
independent, ®™/*tY @(™/2*2 @™ are independent, and E[®\"] = O for all r € [m].

Next we will apply the matrix Bernstein inequality (Theorem 1.6.2 in Tropp [2015]) to bound
|©®1 — ©7F||. We will first consider the first half of independent neurons, i.e. r € [m/2]. For each r
we have

o] = \ diag (¢ (Xw,/Vd)) - XTXT - diag (¢/(Xw, /Vd)) H
< |[diag (o' (Xw,/ VD) HXffTH ||aiag (¢ (Xw./va) )|
< 0(1)-O(n/d) - O(1)
= O(n/d).

Here we have used the boundedness of ¢’(-) (Assumption 3.2). Since ®F = ]E[G)Y)], it follows that
181 < O(n/d),
e — e <om/a),  vrem

m/2

> E[(6) -7 < % [EL©1 - ©1)%]| < O(mn?/d?).
r=1 r=1

Therefore, from the the matrix Bernstein inequality, for any s > 0 we have:

m/2 2
—s%/2
Pr |3 (@~ o) >s| <2n- =/ .
& O = = exp(O(mn2/d2+sn/d>
Letting s = 5 - 1=, we obtain
m/2 1

2,2/ 1242«
) . m n m*n?/d
Pr| > (07" @) > T oy S2n.exp(—Q(an/d2+mn2/d2+a>)

= 2n - exp (—Q (dzﬂa))

— JO) . =)

<1,

where we have used m = Q(d'+) and n = d°1). Therefore with high probability we have

m/2 m n
(r) *

Y (@ -e)| <5 o

r=1

Similarly, for the second half of the neurons we also have with high probability

U (r) . m n
Z (@7 - 07| < o gitar
r=m/2+1
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Finally, by the triangle inequality we have

w1 " ) N 1 /rm n m n _n
[©1 - O = o ;(91 -0 < ooy (5 e T3 dHQ) = Jira
with high probability, completing the proof. O

Proposition D.4. With high probability over the training data X, we have
||@* @hnl || <

d1+a

Proof. We will be conditioned on the high probability events stated in Claim 3.1.
By the definition of ®7, we know

[Gﬂi,j =

1 L.
2@ Euion |0/ @/ Vd)o (w e, NO)T] i e o]
We define
®(a,b,c) =K., 2p)on(0,0)[¢ (21)¢' (22)], where A = (Z g) . a>0,b>0,|c| <Vab.

Then we can write

. 1 lzl* |lzl|* = 2
[el]i,j_dw;rw'q)< d (Ji ; sz .

We consider the diagonal and off-diagonal entries of ®7 separately.

For i # j, from Claim 3.1 we know ”'ﬁ”i” =1+0(L), ] é“Q = 110(%) and #fﬂ =+0(

7
Hence we apply Taylor expansion of QD around (1, 1,0):

@<|wi|2 E w?%)
d > d  d
=®(1,1,0) + ¢4 <||m(;||2 - 1) + c2 <||mcjl2 - 1) —1-637(3[:;;}]')2
‘o (noc;n? . 1)1 (nwdn _1>2+ <<w35j>2>2
=®(1,1,0) + ¢; (””Z"Q—l) + ¢ (”””f—l) +C3(m;§j)2ié<;>.

Here (cq, ¢z, c3) := V®(1,1,0). Note that (1, 1,0) and all first and second order derivatives of ®
at (1, 1,0) exist and are bounded for activation ¢ that satisfies Assumption 3.2. In particular, we have

®(1,1,0) = (E[¢'(9)])* = ¢ and ¢35 = (E[g¢(9)])°. Using the above expansion, we can write

T T T
@D =¢* (F5) o (dinele) T ) e (T ding(e))
off off

xXxT xXxT
+c3 O) + E,
d d off

n = l)® Ly @iy (L
where € € R" is defined as [e]; = *=; Land [E]; ; = £0(y) - =7 Lizgy = £0(15)-

<o) ofs

).

<
<
N
N

Now we treat the terms in (21) separately. First, we have

‘ bo.d ’XXT

diag(e) - < ||diag(€) = max

i€[n]

’XXT
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Similarly, we have ’ XTXT ~diag(e)” <0 (%)

Next, for (X if ’ oX f T) o we can use the 4th moment method in El Karoui [2010] to show

2
that it is close to its mean. Specifically, the mean at each entry is E [(Jf]) ] d2 (z #9),
and the moment calculation in El Karoui [2010] shows the following bound on the error matrix

F— (X;(T ® X;{T Tr[E ]117)

off.

Bfie1] <z mir <o (s + ) <o (%),

where we have used n 2 d. Therefore by Markov inequality we know that with high probability,
[F| <O (3%)-

For the final term FE in (21), we have

~ (1 ~/n
181 < 1Bl < 020 () =0 (51)
Put together, we can obtain the following bound regarding (©7F )¢

XX T 22 T
H<@>{C2 — C3 r[ }11 >
off

d d?
3 A n 22
sc O(d15)+62 O(d15)+c3 O(d125)+0(d15> @2)
~/n
=0 (d1~25 ) '
Here we have used Lemma B.2 to bound the spectral norm of the off-diagonal part of a matrix by the
2
spectral norm of the matrix itself. Notice c3 Tr[z = (E[g¢’ (g )])2 . % =12 (c.f. (5)). Hence (22)
becomes n
* linl A
[(©1 =™l =0 (7). @3
For the diagonal entries of ©7, we have [@7], ; = “ﬁ”Z - ® (Hm(;”z, \Iw;\\27 ”w:iHQ). We denote

®(a) := ®(a,a,a) (a > 0). When ¢ is a smooth activation as in Assumption 3.2, we know that ®
has bounded derivative, and thus we get

lzill* & [ leil® ( ( 1 )) (— ~( 1 )) 5 ( 1 )
Q7. = -0 =1£0(—=) |- (2Q1)£O0(—= ]| =21)x0|—].
[ l]z,z d d \/& ( ) \/E ( ) \/E
~ (24)
When ¢ is a piece-wise linear activation as in Assumption 3.2, ®(a) is a constant, so we have

) (W) = ®(1). Therefore (24) also holds. Notice that ®(1) = E[(¢'(g))?] =: 7. It follows

from (24) that
~ 1
ONgine — I =0 —= ).
107 )atag — ] (ﬂ)

Also note that

. ~ 1
ol - el =0 (7).

Therefore we obtain

@1 -e™),, - -] =0 (). es)
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Combining the off-diagonal and diagonal approximations (23) and (25), we obtain

|©1 — ™ — (=1l = 0 (575

Finally, when n > d'+* (0 < o < 1), we have || I|| = 1 < 5. Hence we can discard the identity
component above and get

|©; — e =0 (dl%) )

This completes the proof. O

Combining Propositions D.3 and D.4 directly gives Proposition D.2.

D.3.2 Agreement on Training Data

Now we prove the first part of Theorem 3.2, i.e., (7), which says that the neural network ft1 and the
linear model f/i*! are close on the training data. We will use Theorem C.2, and the most important
step is to verify Assumption C.1. To this end we prove the following Jacobian perturbation lemma.

Lemma D.5 (Jacobian perturbation for the first layer). If ¢ is a smooth activation as in Assumption 3.2,
then with high probability over the training data X, we have

HJl(Wm) - Jl(ﬁZv)H < /ﬂd HW - WHF, YW, W e R4, (26)
m

If ¢ is a piece-wise linear activation as in Assumption 3.2, then with high probability over the random
initialization W (0) and the training data X, we have

W — W(0 1/3 1 1/4
||J1<W,v>—J1<W<o>,v>||5\/Z<” () ), wweree

m
27)

Proof. Throughout the proof we will be conditioned on X and on the high-probability events in
Claim 3.1.

By the definition of J1 (W, v) in (15), we have

(J1 (W, v) — Jy (W, 0)) (L (W, v) = Jy(W,v)) "

1 / / A/ / ’ A/ T
-— (¢ (XWTN&) ! (XWT/\/&)) ((b (XWT/x/&) ! (XWT/\/&)) ® ((ZX;(T).
Then if ¢ is a smooth activation, we have with high probability,

HJl(Wm) _ Jl(W,v)HQ

< % ¢ (XWT/\@) — ¢ (XWT/\/Q) H2 - max EAls ((28) and Lemma B.3)

5% ¢ (XWT/x/ﬁ) — ¢ (XWT/ﬁ)“i-d (Claim 3.1)
§% XWT/\/Q—XWT/\/(}Hi-d (¢ is bounded)
iy g
<1
~md

< W—WH . (Claim 3.1)
md

This proves (26).

2

F

X |w - w

24



Next we consider the case where ¢ is a piece-wise linear activation. From (28) and Lemma B.3 we
have

o (Wi V) — & (W (O)ai V)|

2

1
|1 (W, v) — J1 (W(0), )| < — | XX T|| - max

i€[n]

n
< — .max

¢ (Way/Vd) — o (W (0):/Va)|

~ md i€[n)
(29)
For each i € [n], let
M; = {r € [m] : sign(w, ;) # sign(w,.(0) "x;)}
Since ¢’ is a step function that only depends on the sign of the input, we have
2
|¢WaiVa) - o WO V|| Sl vie ). (30)

Therefore we need to bound ||, i.e. how many coordinates in Wa; and W (0)x; differ in sign for
eachi € [n].

Let A > 0 be a parameter whose value will be determined later. For each i € [n], define

N; = {r € [m] : [w,(0) "] < Aljal|}-

We have
m m/2
NIl =D L, ) s <t} = 2 D L, 0)Tae <Az}
r=1 r=1

where the second equality is due to the symmetric initialization (3). Since % ~ N(0,1),
we have E (14, (0)Ta:j<x i3] = Prllgl < Al < % Also note that wy(0), ..., w,,/2(0) are
independent. Then by Hoeffding’s inequality we know that with probability at least 1 — 4,

2 1
|N;| < \/7/\m+0 <\/mlog> .
™ )
Taking a union bound over all ¢ € [n], we know that with high probability,
IN;| < Adm + v/mlogn, Vi € [n]. (31

By definition, if 7 € M; but r ¢ N;, we must have |w,! @; — w,(0) "@;| > |w,(0) "@;| > Az ].
This leads to

i 2 2
1w = WO)ai]* =3 |(w, —w,(0) T2l > 3 [(w, w0, (0) ]
r=1 reM;\N;
> N NzillPz YD Ad=\4d|M;\ N
T‘EMi\Ni TG]\/Ii\Ni
Thus we have
[(W =W (O)ail|* _ [W =W O ] _ [W — W ()] ,
|M; \ N;| < v < SVF < 2 . Vie[n).
(32)
Combining (31) and (32) we obtain
W —w ()|’
27\ 1/3
Letting A = (W) , we get
IM;] < m23 W =W (O)|*? + \/mlogn, Vi€ [n. (33)
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Finally, we combine (29), (30) and (33) to obtain
|92, v) = (W (0),0)]* § -~ (m?* |W = W (0)]** + \/mIogn)

_n ([w-w©O)*  [logn
T d ml/3 + m |

This proves (27). O

The next lemma verifies Assumption C.1 for the case of training the first layer.
Lemma D.6. Let R = \/dlogd. With high probability over the random initialization W (0) and the

training data X, for all W, W € R4 such that |W — W (0)| » < Rand‘ W - W(O)HF <R,

we have

< n

HJl(va)Jl(ﬁ}vv)T —et g JFE

Proof. This proof is conditioned on all the high-probability events we have shown.

Now consider W, W € R™*4 such that W —W(0)|| <Rand Hﬁvf - W(O)HF <R Ifgisa
smooth activation, from Lemma D.5 we have

n n nlogd n
[ T2(W,0) = (W (0),0)]| S\~ W = WO0) < /- dlogd £ 1/ 5B < [T

where we have used m > d'*. If ¢ is a piece-wise linear activation, from Lemma D.5 we have

- _ 1/3 osn )\ 4

Jl(W,v)—J1(W(0),U)||§\/;<W mv:f/g())n +<17i > )
n ( (dlogd)'/® logn e
()

< [n (dlog d)'/®
~A\d T gi/6+a/6

n
L —4—F.
dzt7
Hence we always have |Ji(W,v)— Ji(W(0),v)|]|] < di/fg Similarly, we have
2 7

| W 0) = 1w (0),0) | <

dzt%
Note that from Proposition D.2 and Claim 3.1 we know

|| 1(W (0), 0)J1 (W (0),0) T|| < [|©"]| + —= = ST

n
dita ~ g " dita ~ g’
which implies [|J1 (W (0),v)| < /5. It follows that [|J, (W, v)|| < /% + Vo< /% and

dztT ™~
HJl(W,v)H < /5. Then we have

[ 5W o)1 (W, 0) = 5 (W (0),0)2 (W0),0) |

< W )] | 1U(W,0) = (W (0),0)|| + [T.(W (©0),0)]] - [1:(W.0) = Iy (W (0), v)]

5\/? AN (T
d Jds+% d dzt%
.. n

S g

Combining the above inequality with Proposition D.2, we obtain

o in n n n
| nw 0B W) e < e+ s S

completing the proof. O
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Finally, we can instantiate Theorem C.2 to conclude the proof of (7):

Proposition D.7. There exists a universal constant ¢ > 0 such that with high probability, for all
0<t<T=c- % simultaneously, we have:

o EXL (@)~ A @) < d s
o [W(t)—W(0)| < vdlogd, |B(t)] < Vdlogd.

Proof. Let R = /dlogd and ¢ = C dl%% for a sufficiently large universal constant C' > 0.

From Lemma D.6 we know that Assumption C.1 is satisfied with parameters € and R. (Note that
e< 5 S ||®11“1H.) Also we have R%¢ < n, and ) < d < W Therefore, we can apply

Theorem C.2 and obtain forall 0 < ¢ < T":

§ T(p ) _ flinl(,, )2 < nite < aF V/nlog n
i=1 (fe @) i (i))? S ~ Vn d7 < ds’

n

which implies

Furthermore, Theorem C.2 also tells us || W (¢t) — W (0)|| » < v/dlogd and |3(t)|| < v/dlogd. O

D.3.3 Agreement on Distribution

Now we prove the second part of Theorem 3.2, (8), which guarantees the agreement between f}! and
f}in! on the entire distribution D. As usual, we will be conditioned on all the high-probability events
unless otherwise noted.

Given the initialization (W (0), v) (recall that v = v(0) is always fixed), we define an auxiliary
model f2%!(x; W) which is the first-order Taylor approximation of the neural network f(x; W, v)
around W (0):

Frot (s W) = fa; W(0), ) + (W = W(0), Vw f(a; W(0), v))
=(W —W(0), Vw f(z; W(0),v))
= (vec (W — W(0)), p1(x)),

where p1(x) := Vw f(x; W(0),v). Above we have used f(x; W (0),v) = 0 according to the
symmetric initialization (3). We also denote 2" (x) := fa"<!(z; W (t)) for all ¢.

For all models, we write their predictions on all training datapoints concisely as
fHX), fin(X), f22x1(X) € R™. From Proposition D.7 we know that f} and f}»! make similar
predictions on X (for all £ < T' simultaneously):

| fH(X) = X)) < f (34)

We can also related the predictions of f} and f2"*! by the fundamental theorem for line integrals:
F(X) = £ (X) = fo(X) = Ji(W(0) = W (t),v) - vec (W (t) = W(0)),

auxl auxl auxl (35)
£ (X)) = (X)) = £ (X)) = Ju(W(0),v) - vee (W(E) — W(0)),

where J,(W(0) — W(t),v) := fol J(W(0) + z(W(t) — W(0)),v)dz.  Since
[|W(t) — W(0)|| < +/dlogd according to Proposition D.7, we can use Lemma D.5 in the same
way as in the proof of Lemma D.6 and obtain

NG

dzt+%’

[J1(W(0) = W(t),v) = L (W(0),v)]| <
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Then it follows from (35) that
[fH(X) = froH (X)) = [[(J (W (0) = W (1), v) — Ji(W(0),0)) - vec (W (1) — W(0))]]

%

< —4— +/dlogd
dzt7
<V
S E
(36)
Combining (34) and (36) we know
aux in \/ﬁ
) = g 0| 5

This implies

LY min (1) - ) 1} £ 5D () ) S

i=1

Next we will translate these guarantees on the training data to the distribution D using Rademacher

p1(m)]’

complexity. Note that the model f2'*!(zx) — f/"1(x) is by definition linear in the feature { ()

and it belongs to the following function class (for all t < T):

Fi={oram [0 ol < 2v/ioza)

This is because we have |[vec (W (t) — W(0))|| < +/dlogd and ||3(t)]| < v/dlogd forallt < T.
Using the well-known bound on the empirical Rademacher complexity of a linear function class with
bounded /> norm (see e.g. Bartlett and Mendelson [2002]), we can bound the empirical Rademacher

complexity of the function class F:

1
Rx(F)i=JE, oz Lfggza i ]

< YEEL IS ((lpa(@) + b () ) @7

n

- @ \/Tr[®1(W(O), v)] + Tr[@lin1].

Since ¢’ is bounded and w = O(1) (Vi € [n]), we can bound

THOL(W(0).0)) = 30 4 5 (w,0) i) - 12 <,

and
pt d d |~

Therefore we have

Rx(F) S

Now using the standard generalization bound via Rademacher complexity (see e.g. Mohri et al.
[2012]), and noticing that the function 2z — min{2?, 1} is 2-Lipschitz and bounded in [0, 1], we have
with high probability, for all ¢ < T" simultaneously,

Epp {mm{( auxl () ftlinl(w))2 7 1}}

\/dlogd\/ﬁ: dlogd.
n

n
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gt o) o3

dlogd
dl—i—a

5. (38)

d- (n 2 dte)
d-

Therefore we have shown that f2"*! and f}"! are close on the distribution D for all t+ < 7. To
complete the proof, we need to show that ft1 and f} auxl are close on D. For this, we take an

. . C L~ ~ iid . .
imaginary set of test datapoints &, ..., Z, ~ D, which are independent of the training samples.

Let X € R™*? be the corresponding test data matrix. Since the test data are from the same
distribution D, the concentration properties in Claim 3.1 still hold, and the Jacobian perturbation
bounds in Lemma D.5 hold as well. Hence we can apply the exact same arguments in (36) and obtain
with high probability for all t < T,

-] < o

which implies
1 - . ~ auxl =~ -
— > min {(f (@) = fN @)% 1) <d
i=1

Now notice that f} and f2"*! are independent of X. Thus, by Hoeffding inequality, for each ¢, with
probability at least 1 — § we have

Eonp [min {(f} () - /i (@))%, 1}]

<= Z min { (£} (z;) — /"' (2:))%,1} + O

1
<d % +\/—10g5.
n

Then letting § = 100T and taking a union bound over ¢ < 7', we obtain that with high probability, for
all ¢ < T simultaneously,

Eoop [min {(f} () — ff*Y (@)%, 1}] Sd % +/ loi L (39)

Therefore we have proved that f} and f***! are close on D. Finally, combining (38) and (39), we
know that with high probability, for all ¢t < T',

Here we have used min{(a + b)2,1} < 2(min{a?,1} + min{b?,1}) (Va,b € R). Therefore we
have finished the proof of (8). The proof of Theorem 3.2 is done.

D.4 Proof of Corollary 3.3 (Training the First Layer, Well-Conditioned Data)

Proof of Corollary 3.3. We continue to adopt the notation in Appendix D.3.3 to use f1(X),
Hnl(X), etc. to represent the predictions of a model on all n training datapoints. Given The-
orem 3.2, it suffices to prove that fin! and fli"! are close in the following sense:

; Z (! (@) = i (@) S a2, (40)

Eqnp [mm{< (@) — £ (@) 1] S dH, (41)
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According to the linear dynamics (6), we have the following relation (see Claim C.1):
in in\ T
X)) —y = (I - +mO™)" (—y),
i . in1\? in1) >
LX) =y = Jim (T = 5m@™) (—y) =i (I - 5m®™) " (~y).

From the well-conditioned data assumption, it is easy to see that @'"!’s non-zero eigenvalues are all
Q(%) with high probability. As a consequence, in all the non-zero eigen-directions of ®'in! the corre-

sponding eigenvalues of (I — %m@“nl)T are at most (1 — L7, - Q(%))T < exp (—Q (%)) =
exp (—Q(logd)) = d=(). This implies

Hf%nl(X) B iinl(X)H < H(I_ %m@nm)T . %nlelinl)OOH Nyl < 400 m,

which completes the proof of (40).

To prove (41), we further apply the standard Rademacher complexity argument (similar to Ap-
pendix D.3.3). For this we just need to bound the /5 norm of the parameters, |3(T)|| and ||3.]|-
From Proposition D.7, we already have ||3(T)|| < +/dlogd. Regarding 3., we can directly write
down its expression
B = (T ¥) ¥ y.

Here ¥, is the feature matrix defined in (19), and T stands for the Moore—Penrose pseudo-inverse.
Recall that ©®'""! = ¥, ¥ Notice that every non-zero singular value of (¥ W)W is the inverse
of a non-zero singular value of ¥, and that every non-zero singular value of ¥, is Q(\/% ). This

implies || (] ¥)TW || < \/g. Hence we have

18,11 £ \/2vi = V.

Therefore we can apply the standard Rademacher complexity argument and conclude the proof
of (41). O

D.5 Proof of Theorem 3.5 (Training the Second Layer)

Since the first layer is kept fixed in this case, we let W = W (0) for notational convenience. Similar
to the proof of Theorem 3.2 in Appendix D.3, we still divide the proof into 3 parts: analyzing the
NTK at initialization (which is also the NTK throughout training in this case), proving the agreement
on training data, and proving the agreement on the distribution.

Itis easy to see from the definition of @' in (20) and Claim 3.1 that if J # 0, then ||@""2|| = O(n)

with high probability, and if 5 = 0, then ||©'2|| = O(™'°%") with high probability. As we will
see in the proof, this is why we distinguish these two cases in Theorem 3.5.

D.5.1 The NTK at Initialization

Proposition D.8. With high probability over the random initialization W and the training data X,

we have
n

di+s-

HGQ(W) _ @unzH <

To prove Proposition D.8, we will prove ®2 (W) is close to its expectation @3 (defined in (18)), and
then prove @ is close to ®'2, We do these steps in the next two propositions.

Proposition D.9. With high probability over the training data X, we have

: n
H@; - @1”‘2” § dlita’

Proof. We will be conditioned on the high probability events stated in Claim 3.1.
By the definition of ®3, we know

[63]1,3' = Ew~n(0.1) [d)(wTﬂ?i/\/g)éf’(wij/\/g)T ) i,j € [n].
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We define

2
[0,0,6) = B i )0 where A = (1), a2 002 0, <@

Then we can write

N 3l [l mij)
@ . =T (R Z T
(O3l <\/E N

T .
—lands;; =% de . Below we consider the diagonal and off-diagonal entries

Denote ¢; := ‘w;H

of ®3 separately.

For i # j, we do a Taylor expansion of I' around (1,1, 0):
[©3];;

€ €;

1 .
=1(1,1,0) + VI'(1,1,0) " +§[ei7ej,si,j}-v2r(1,170)- +O0(leil® + les > + 15 %)

Si.j Si,j

1 1
=92 + V01 (ei +e;) + (sij + Ioa(e? + e?) + Dieie; + 519%3 4 ysij(ei+ej) 0 <d3/2)

1
= (Vo + V1e; + 92€3) (I + V1ej + 1926 ) — 191192(61'6? +eZej) — ﬂ%e?e? + (35 + 519%32

1
+ys;4(e;i +ej) £ O (d3/2)
1 (1
Z[][]io(&m>i0< )+@%ﬁ-ﬂﬁj+wwwﬁﬂﬁio(ﬁﬂ)

1
— ol lal, + vy + 3985+ 2l + ) 0 (5 )

Here ¢, 9g, 91,V are defined in (9), and 7 is the (1, 3)-th entry in the Hessian V2I'(1, 1,0) whose
specific value is not important to us. Recall that [g], = J + U1e; + Jae7.

On the other hand, by the definition (20) we have

[@11112] ,

2
z,j_CSi’j—’_i

+[al; [al; -

It follows that

) 1
* lin2 _
©;-0 ]i,j_ 19 ” 2d+781’j(el+ej)i0<d3/2>

Tr[X?] 1
= 519? (5123 - d2) +sigei+e;) £ 0 <d3/2>

Here we have used the definition of v in (5). In the proof of Proposition D.4, we have proved that all
the error terms above contribute to at most O( 3155 ) in spectral norm. Using the analysis there we get

(@3~ @) = 0 (57 -

Regarding the diagonal entries, it is easy to see that all the diagonal entries in ©3 and ®'"2 are O(1),
which implies

1(©3 — ©"%)aiag || = O(1).

Therefore we have

@5~ 02 = 0 315) + 0 =0 (7).

sincen > d'te (0 < a < ). O
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Proposition D.10. With high probability over the random initialization W and the training data X,

we have
n

1©2(W) - O3] S 2

Proof. For convenience we denote @2 = ©5(W) in the proof. We will be conditioned on X
and on Claim 3.1, and only consider the randomness in W. From Proposition D.9 we know that

@3] = O(n/d), if 9o = E[¢(g)] =0

2 O(n), otherwise
Define ©)" := ¢(Xw,/Vd)$(Xw,/Vd)T for each r € [m]. We have @, = Ly el
According to the initialization scheme (3), we know that @él), G')gz)7 s @gm/ 2 are independent,
@gm/2+1)’ G(QT'L/2+2), e @gm) are independent, and E[@gr)] = ©;j forall r € [m].

Since the matrices @ér) are possibly unbounded, we will use a variant of the matrix Bernstein inequal-
ity for unbounded matrices, which can be found as Proposition 4.1 in Klochkov and Zhivotovskiy

is a

[2020]. There are two main steps in order to use this inequality: (i) showing that H@ér) - 03
sub-exponential random variable for each r and bounding its sub-exponential norm; (ii) bounding the
variance Hzrrnz/lz ]E[(@g«) - 03)?] H For the first step, we have

|ef — o3 <&t + el
= [|o(xw, VD" + Om)
< N6(0,)]7 + Hpr/x/&H2 o (¢ is Lipschitz)
<nt WCW

n 2
St 2w,

Since [|w, ||2 is a x? random variable with d degrees of freedom, it has sub-exponential norm O(d),

which implies that the random variable H eg’”) — O3 || has sub-exponential norm O(n).

Next we bound the variance. Let B > 0 be a threshold to be determined. We have:

~ [E1@f)? - (@32

E[(©)) — )]

< |Er@$y|| + eI

~ [Busvion [Joxuwva)| scxw oo vaT] | +les e

IN

Euwnn0.1) [ﬂ{w(xw/m”@} Jotxwva) ¢<Xw/¢a>¢<Xw/¢a>j

"

Euwn 0.1 []1{||¢(Xw/\/3)>3} Joxw/vay| ¢<Xw/¢a><z><XwN&>T]

+ls”
< B?|Buio.n [¢(Xw/Vd)o(Xw/Va)||
+ Ewenon [ﬂ{||¢<xwa>|>3} H¢<Xw/¢&>H4] + o3I

4
= B0} + Ewnon) [n{ww/ﬂ)nw} |o(xw/va)| } A
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2 * %112 8
< B3] + 183" + { | Ew~no,1) [ (Il Xw/f)H>B}} Ew~n(0.1) Hqﬁ(Xw/\/E)H
(Cauchy-Schwarz inequality)

= B2||©3] + 5 + \/WPr |lexw/Va)|| > B] - Ewnion [H¢<Xw/¢&>H8]

N(0,I)

Note that || o(Xw/Va)|| - |o(Xw/vVa)|| s ||Xw/vd - Xwvi| < B jw - w'| <

V% |w — w'|| for all w, w’ € R?. Then by the standard Lipschitz concentration bound for Gaussian
variables (see e.g. Wainwright [2019]) we know that for any s > 0:

W (Xw/Vd) H > M+s} <),

wN./\/ 0,I)

where M := Eq,pr0,1) {H(b(Xw/\/E) ‘H which can be bounded as
2
M? < Eopronr(o.1) [H(b(Xw/\/a)H ]

S Ew~no,1) [|¢ | + HX'w/\[H ]

n
S+ TEyenion [lw)?]
S n.

Thus, letting ns—/?d = (C'logn for a sufficiently large universal constant C' > 0, we know that with
probability at least 1 — n =19 over w ~ N(0, I),

HéXw/\fH<M+s<f+1/ logn < v/n.

Hence we pick the threshold B = C’+/n which is the upper bound above, where C’ > 0 is a universal
constant.

‘We can also bound

Buexon |[oXw V)|

n 4
=Ew~n(0.1) <Z ¢(%’Tw/\/g)2>

SEuwN(O,I) <Zn:( (x; w/\f) ))

i=1

(¢ is Lipschitz & Cauchy-Schwartz inequality)

_ . .
SEunnon <n + D (] w/\@z) (6(0)] = 0(1))
i=1
L ) !
<n*+ Ew~n(0,1) (Z(a}jw/\/gf) (Jensen’s inequality)
i=1

4
1 n
=nt +NEw~N01 (n gl:c w/f)

1 n
<n*+ n4IE3wNN(07I) [n Z w:w/\f 1 (Jensen’s inequality)
=1
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=n'+0° ) By now /2]
i=1

<nt. (las||* /d = O(1))
Combining all the above, we get

[EL0f - @)%

< B3] +[|©3]* + ¢w~5f071) ||loxw/ V)| > B] - Ewexion [H¢<Xw/¢&>HS]

* *(2 _
Snl©zf + O3] + vt
* * 12 —

=n O3] +[|©3] +n~".

We will discuss two cases separately.

Case 1: ¥y # 0. Recall that in this case Theorem 3.5 assumes m > d>*<.

Since ||@3|| = O(n), we have HE[(@;T) - @;)2]” < n? which implies

m/2
STE[(©Y - ©3)?]| < mn?.
r=1

Applying Proposition 4.1 in Klochkov and Zhivotovskiy [2020], we know that for any u >
max{nlogm,ny/m} = ny/m,

m/2 2
z : r * . u u
Pr (G)é)_@Q) > U gn-exp <—Q <mln{7’nn2’n]og7’n}>>

r=1

Letu = m - —%~. We can verify u >> n/m since m > d?T*. Then we have
d 3

m/2
() _ o Ll <n. _ i mn mn
Pr Z(@2 O3l >m el INRL exp( Q<mm{d2+2§’d1+§ 10gm}>> < 1

r=1

n
=
ats

<m-

Similarly, for the second half of the neurons we also have HZ:":m 241 (@g") - 093)
with high probability. Therefore we have with high probability,
n

182 - O3 S e

Case 2: ¥y = 0. Recall that in this case Theorem 3.5 assumes m > d**<.

Since [|©3 = O(n/d), we have HE[(@é” - @;)Q}H < n-O(n/d)+O((n/d)?) +n~3 = O(n2/d)
which implies

m/2 9

r * ~ mn
d_E(©;) - ©3)%]|| < O(mn®/d) £~
r=1

Applying Proposition 4.1 in Klochkov and Zhivotovskiy [2020], we know that for any u >

max{nlogm,n/m/d'~10} = n\/m/d'~ 10,

m/2 2
(r) * ; u u
Pr ;(92 -0y >u §n~exp(—Q(mln{mn2/dl_ﬁ),nlogm}>>.
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e - We can verify u > ny/m/d*~15 since m > d'**. Then we have

(r) * n . m m
Pr Z(@2 —O)||>m- T < n-exp (—Q <mln{d1+0'77a, e 10gm}>) < 1

r=1

Similarly, for the second half of the neurons we also have H > /241 e —e3)

with high probability. Therefore we have with high probability,

n

102 — O3 < e

The proof is completed. O

Combining Propositions D.9 and D.10 directly gives Proposition D.8.

D.5.2 Agreement on Training Data

To prove the agreement between f? and f}"2 on training data for all t < T = dlogd , we still

apply Theorem C.2. This case is much easier than training the first layer (Appendlx D 3. 2) since
the Jacobian for the second layer does not change during training, and thus Proposition D.8 already
verifies Assumption C.1. Therefore we can directly instantiate Theorem C.2 with € = C’dl%% (for

a sufficiently large constant C') and R = +/dlog d, which gives (notice that the choice of 75 in
Theorem 3.5 also satisfies the condition in Theorem C.2)

e o Tt _ dlogd - —e _ /nlogd <<@
Zﬂ K n vn ds di’

i.e.,

This proves the first part in Theorem 3.5.

Note that Theorem C.2 also tells us ||v(t) — v(0)|| < +/dlogd and ||¥(t)| < v/dlogd, which will
be useful for proving the guarantee on the distribution D.

D.5.3 Agreement on Distribution

Now we prove the second part in Theorem 3.5, which is the agreement between fZ and f/2 on
the distribution D. The proof is similar to the case of training the first layer (Appendix D.3.3), but
our case here is again simpler. In particular, we do not need to define an aux111ary model anymore
because f(x; W, v) is already linear in the parameters v. Now that f2 — f1"2 is a linear model
(in some feature space) with bounded parameters, we can bound the Rademacher complexity of the
linear function class it belongs to, similar to Appendix D.3.3. Similar to (37), we can bound the
Rademacher complexity by

vdlogd -
VEOEL, S Tr(@y(W)] + Tr[@1n2].
n
Next we bound the above two traces. First, we have

in:l o(x] w,/Vd)? §%§:( (x; w,ﬂ/\f)>

r=1

[©2(W)];;

1 m
d—Zw w, 2<1+%(dm+logn) 1
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with high probability for all i € [n] together. Here we have used the standard tail bound for >
random variables and a union bound over 7 € [n]. Hence we have Tr[@2(W)] < n. For the second
trace, we have

Tr[@linQ] _ z": <C2 ||il?1||2 + 12 + [Q]2> <n
P d 2d !

with high probability. Therefore we can bound the Rademacher complexity by 4/ % Then we
can conclude the agreement guarantee on the distribution D, i.e., for all ¢ < T simultaneously,

Eenp [min {(f2(@) - f"()) . 1}]

(e 1) 0 () o)

dlogd
d1+a

<d% 4

<d 3.

This completes the proof of Theorem 3.5.

D.6 Proof of Theorem D.1 (Training Both Layers)

The proof for training both layers follows the same ideas in the proofs for training the first layer
only and the second layer only. In fact, most technical components needed in the proof were already
developed in the previous proofs. The only new component is a Jacobian perturbation bound for the
case of training both layers, Lemma D.12 (analog of Lemma D.5 for training the first layer).

As before, we proceed in three steps.

D.6.1 The NTK at Initialization

Proposition D.11. With high probability over the random initialization (W (0),v(0)) and the train-
ing data X, we have
lin n
||®(W(O)7v(0)) -0 H S P
Proof. This is a direct corollary of Propositions D.2 and D.8, given that ® (W (0), v(0))
01 (W (0),v(0)) + ©(W(0)) ((17)) and O''" = @'in! + @'1"2 ((20)).

o

D.6.2 Agreement on Training Data

The proof for the agreement on training data is similar to the case of training the first layer only
(Appendix D.3.2). We will again apply Theorem C.2. For this we need a new Jacobian perturbation
lemma to replace Lemma D.5, since both layers are allowed to move now.

Lemma D.12 (Jacobian perturbation for both layers). If ¢ is a smooth activation as in Assumption 3.2,
then with high probability over the training data X, we have

[J1(W,v) = J1(W(0),v(0))[| S \/%IIW WO+ /5 lv=vO), YW,v. (42)

If ¢ is a piece-wise linear activation as in Assumption 3.2, then with high probability over the random
initialization W (0) and the training data X, we have

_ 1/3 oen ) /4
|71 (W, 0) = J1(W(0),v(0))]| S 3(W+(1fn) )+ o = v (0],

YW ., v.
(43)
Furthermore, with high probability over the training data X, we have
HJQ(W)—JQ(V”[?)H < 1/iHW—v”?H . YW, W. (44)
md F
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Proof. We will be conditioned on X and on the high-probability events in Claim 3.1.
We first consider the first-layer Jacobian. By the definition of J; (W, v) in (15), we have
(JL (W, ) = JL(W(0),v(0))(JL(W,v) = J1(W(0),(0))) "
1
S ( (qs' (XWT /\/&) diag(v) — ¢/ (XW(O)T /\/&) diag(v(())))

md (45)

. (¢f (XWT N&) diag(v) — ¢’ (XW(O)T /\/a) diag(v(O))>T> o (XX

Then if ¢ is a smooth activation, we have with high probability,

|2 (W, 0) — Jy(W(0), v(0))]?
1

<o (xwT V) diag(o) — o (XWO)T V) diag(o(0)|
((45) and Lemma B.3)
< % &' (XWT/\/&) diag(v) — ¢' (XW(O)T/\/&) diag(v(O))H2 (Claim 3.1)
< o (xw T Vi) dias(w(0) — ¢ (XW ()T V) ding(w(0))|
+ 2l (XWT/Vd) diag(v) — ¢/ (XWT/Vd) diag(v(()))H2
< Lo (xwTVa) - ¢ (xw()T V)| - din(o0)
Ll (xwT V) diag(o - 'U(O))H;

n 2 1 / T . 2
< — — — —_
< W =W+ — ¢ (xW7/Va) diag(v v(@))HF
(using the proof of Lemma D.5, and ||diag(v(0))|| = 1)

n 2 n 2 .
SW HW—W(O)HF—&-E lv —v(0)|°. (¢' is bounded)

This proves (42).

If ¢ is a piece-wise linear activation, then with high probability,
1T1(W,v) = Ty (W (0),v(0)) |
2
diag(v)' (Wi /Vd) — diag(v(0))¢/ (W (0):/Vd) |
((45) and Lemma B.3)

1 T
< [|xx7| - max

diag(v)¢' (Wa;/Vd) — diag(v(0))¢' (W (0);/V/d) H2 (Claim 3.1)

n
< — -max
md  i€[n]

n
< — -max
md  i€ln]

g (v(0)6! (W, Vi) — diag(0(0))6/ (W (0)zi/ V)|

g (o) (W / V) — ding(0(0))6f (W V)|

+ n
— - Imax

n
< — - max
md  i€ln)

n (|W-wO*® [logn) n >
< = _ _
~d < ml/3 + m + md lo = (0]

(using the proof of Lemma D.5, and ¢’ is bounded)

o (Wai/ Vi)~ WO Va)|| + L max

n
md  i€ln)

dias(w — v(0)6' (Was/ V)|
(Jdiag(o(0)] =1

This proves (43).
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For the second-layer Jacobian, we have with high probability,

|2w) — 50| =%H¢<XWTN&>—¢<XWTN&>H
< L HX(W - W)T/\/&HF (¢ is bounded)
S,
f [ -],
completing the proof of (44). O

Based on Lemma D.12, we can now verify Assumption C.1 for the case of training both layers:
Lemma D.13. Let R = +/dlogd. With high probability over the random initialization and the
training data, for all (W ,v) and (ﬁ},ﬁ) such that |W — W (0)||r <R, Hﬁv/ — W(O)HF <R,
|lv —v(0)|| < Rand||v —v(0)|| < R, we have

n

HJ(W,’U)J(W,'TJ)T _@lin

Proof. This proof is conditioned on all the high-probability events we have shown.

Now consider (W, v) and (W, v) which satisfy the conditions stated in the lemma.

If ¢ is a smooth activation, from Lemma D.12 we know

T3 (W ) = Ty (W (0), 00D £ |- W = W) + ﬂ v - v(0)
< 1/%- dlogd+ \/Z\/m

< ndlogd
~ m
< nlogd
dit+o
n
</ o

where we have used m 2, dPre Ifpisa piece-wise linear activation, from Lemma D.12 we have

w-w ||1/3 logn
2:(W.0) = (W (0), <>>||<\/;< WO, "o~ v(0)
< n (dlog d)'/® logn 1/4 nlogd
-Vua ml/6 + m + m
< [n (dlog d)'/® nlogd
~A\d qi/3ra/e + 2+

d3

Hence in either case have ||J; (W, v) — J1(W(0),v(0))]] < d\/fg. Similarly, we have
3
| W %) - W

M\»—A

H d2+a'



Also, we know from Proposition D.2 that || J1 (W (0),v(0))]| < /% It follows that || J, (W, v)|| <
/% and HJ1 (W, v H < /T Then we have

|l W o) (W, 5)T —Jl(W(O),v(O))Jl(W(O),v(O))TH

< HJl(W o)l HJ1 (W) = Ty (W (0),0(0))| + |7 (W (0),0(0)) | - [T (W v) = Jy(W(0), v(0))|

n vn
d d2+“ d dz+“

d1+“'

Next we look at the second-layer Jacobian. From Lemma D.12 we know ||J2(W) — Jo(W(0))| S
Vo VdTogd S /L < E . Similarly we have HJQ(W) - JQ(W(O))H <

d'FE
Also, from Proposition D.8 we know ||J2(W(0))|| < +/n, which implies ||J2(W)| < y/n and
HJQ(W)H < y/n. It follows that

| 72(W) T (W)T = 1a(W (0))1(W (0)) |
< | T(W)| - || F(W) = (W (©0)|| + [ T2(W O)] - [Ta(W) — Jo(W(0))]

<V Y

d1+“ dl—&-C¥
n
Nd1+% :

Combining the above auguments for two layers, we obtain
[TW,0)J(W,5)" = J(W(0), 0(0)) T (W (0), 0(0)
=[ln W )W BT+ (W) W)

— JU(W(0),0(0)) T2 (W (0), 0(0)) " — Jo(W(0))T:(W (0))" |

IN

‘Jl(W,v)Jl(W, 3)T — JL(W(0),v(0))J, (W(0), ’U(O))TH

+ |2 W) (W) T — Ta(W (0) (W (0) |
n n

St s
n

T

Combining the above inequality with Proposition D.11, the proof is finished. O

Finally, we can apply Theorem C.2 with R = y/dlogd and € = O(dl%%), and obtain that for all
t<T:

L dlogd- oty /nlogd oV
~ NG ds s’

JZ (fi(mi) — [ (@))% S
=1

%\%

ie.,

72 ft wz hn 2))2 S d—%

This proves the first part in Theorem D.l.

Note that Theorem C.2 also tells us |[W(t) — W(0)|| < v/dlogd, ||v(t) — v(0)|| < v/dlogd and
|6(t)|| < +/dlogd, which will be useful for proving the guarantee on the distribution D.
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D.6.3 Agreement on Distribution

The proof for the second part of Theorem D.1 is basically identical to the case of training the first
layer (Appendix D.3.3), so we will only sketch the differences here to avoid repetition.

Recall that in Appendix D.3.3 we define an auxiliary model which is the first-order approximation
of the network around initialization. Here since we are training both layers, we need to modify the
definition of the auxiliary model to incorporate deviation from initialization in both layers:

faux(m; w, U) = <W - W(O)v va(Il?, W(O)? U(O))> + <’U - ’U(O)a va(:L’, W(O)a U(O)»
Then we denote f2"*(x) := fa*(x; W (t),v(t)).
There are two more minor changes to Appendix D.3.3:
1. When proving f; and f2"* are close on both training data and imaginary test data, we need to

bound a Jacobian perturbation. In Appendix D.3.3 this step is done using Lemma D.5. Now
we simply need to use Lemma D.12 instead and note that |[W () — W (0)|| < v/dlogd

and ||v(t) — v(0)|| < +/dlogd.
2. Instead of (37), the empirical Rademacher complexity of the function class that each
faux — flinJies in will be

@\/Tr[(a(w(()% v(0))] 4 Tr[O©ln]

_ 7V‘“n"gd \/T©1(W (0), v(0))] + Tx[@: (W (0))] + Tx[©'n1] + Tr[@12],

In Appendices D.3.3 and D.5.3, we have shown that the above 4 traces are all O(n) with
high probability. Hence we get the same Rademacher complexity bound as before.

Modulo these differences, the proof proceeds the same as Appendix D.3.3. Therefore we conclude
the proof of Theorem D.1.

D.7 Proof of Claim 3.1

Proof of Claim 3.1. According to Assumption 3.1, we have x; = »1/2%, where Elz;] = 0,
E[z;z; ] = I, and Z;’s entries are independent and O(1)-subgaussian.

By Hanson-Wright inequality (specifically, Theorem 2.1 in Rudelson and Vershynin [2013]), we have

for any ¢t > 0,
1/2 1/2 t?
> :F:Hf by ’>t] <2exp | —0 ,
H 2 H ||F p ||21/2H2

Pr HH%H - \/E’ > t] <2exp (—Q(t?)).

|

ie.,

Let t = C'y/logn for a sufficiently large constant C' > 0. Taking a union bound over all i € [n],

we obtain that with high probability, ||x;|| = v/d + O(y/Togn) for all i € [n] simultaneously. This
proves the first property in Claim 3.1.

For i # j, we have (z;, ;) = & £&;. Conditioned on &, we know that #, £&; is zero-mean and
O(||=&;||*)-subgaussian, which means for any ¢ > 0,

2
Pr Uaﬁan’cH >t ‘ a’:]} < 2exp <2> .
12|

Since we have shown that || 2%;||* < |2;]|> < Vd++/Togn < /d with probability at least 1 —n =19,
we have

2
Pr Ha_:lTEa_cj‘ > t] <n 1% 4 2exp (—Q (2)) .
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Then we can take ¢ = Cy/dlogn and apply a union bound over %, j, which gives [(x;, ;)| <

v/dlogn for all ¢ # j with high probability. This completes the proof of the second statement in
Claim 3.1.

Finally, for X X T, we can use standard covariance concentration (see, e.g., Lemma A.6 in Du
et al. [2020]) to obtain 0.9 < L X' T X < 1.1X with high probability. This implies || XX || =
X TX|[ = 0O(n).

E Omitted Details in Section 4

Proof of Proposition 4.1. For an input 2 € R? and an index k € [d], we let [z],., , , be the patch of
size ¢ starting from index £, i.e., [m]k:k+q = [[ac]]C , [m]k+1 e [m]k+q_1] T € Ra.

For two datapoints @, and ; (i, j € [n]) and a location k € [d], we define

<[$i]k:k+q ’ [mj]k:k+q>

q

Pijk =

which is a local correlation between x; and x;.

Now we calculate the infinite-width NTK matrix ® ¢y, which is also the expectation of a finite-width
NTK matrix with respect to the randomly initialized weights (W, V). We divide the NTK matrix
into two components corresponding to two layers: @cnn = ('-)(C,\}N + GCNN, and consider the two
layers separately.

Step 1: the second-layer NTK. Since the CNN model (12) is linear in the second layer weights, it
is easy to derive the formula for the second-layer NTK:

1
OGN, = FEwwio, 1, [0(w i/ VD) 6w 2/ V)|

P([w xzi]y, [Va)o([w * 2], /\/6)]

o (el ) o (o) 1)

1
=-E
d wN(04,14) [

1
= 7E ~
d wN(04,14)

=~
Il
_

I

1 d
E Z pz,_],
k

where
1
P) = B myntom (o), where A= (1 €)= 1.

Note that we have used the property H [ = ,/q since the data are from the

hypercube {41}¢.

For i # j, we can do a Taylor expansion of P around 0: P( ) = ¢%p £ O(|p|?). Here since ¢ = erf
is an odd function, all the even-order terms in the expansion vanish. Therefore we have

d
Z |pmk|

Next we bound the error term éZZ:l |pij k| for all i # j. For each i,j,k (i # j), since

wj}k:k-i-q = H [mj]k:lc-&-q

1

d

1
(6], = 7 2o £ Olpusal’)) = Gl +
k

@..M—‘

X, T; - Unif ({£1}%), by Hoeffding’s inequality we know that with probability 1 — J, we have

1
ikl S 10%. Taking a union bound, we know that with high probability, for all i, j, k (i # j)
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we have |p; j.1| = O(¢~'/?). Now we will be conditioned on this happening. Then we write

d
Z|pi B Z'pz,],kl + Z |pz,jk| + -
k=1

k=q+1
i.e., we divide the sum into [d/q] groups each containing no more than ¢ terms. By the definition of
Pi.j.k» 1t 18 easy to see that the groups are independent. Also, we have shown that the sum in each
group is at most ¢ - O(q—3/2) = O(q~'/?). Therefore, using another Hoeffding’s inequality among
the groups, and applying a union bound over all ¢, j, we know that with high probability for all ¢, j
(@ # ),

&.

d Z |pw lc| l O(q _1/2) O(\/‘%) =0 (q\1/a> .

Therefore we have shown that with high probability, for all ¢ # 7,

:o(q;g).

<o -exxi) | <o (-n)
-0 (i) =0 (@),

For the diagonal entries, we can easily see

\ (OG- XX T/d]

irj

This implies

| (0 - ¢xx7a)

(08— X XT/d)

=0(1) =0 (=)

diag

Combining the above two equations, we obtain

| ok —¢txxT /] =0 (5r5z).

Step 2: The first-layer NTK. We calculate the derivative of the output of the CNN with respect to
the first-layer weights as:

Vw, fenn (@ W, V) Zi: (<wr’[$]k:k+q>/\@> [w]k:k+q /V4-

Therefore, the entries in the first-layer NTK matrix are

{@(CQ,&N = =Ew,v lzm: (Va, fonn(zis W, V), Vi, fonn (s W, V))]
— Ew lﬂid Sy ((wr, [ilhpg) V) & ((wrs 25 ) /V/E) pi,j,k]
= Ew~n(0,.1,) % zd: ¢ (<w, [wi]k:k+q> /\/5) ¢’ (<w, [wj]k:k+q> /ﬁ) Pi’j,k]

1 d
EZ (Pisik) - Pivsiks
k

where

Q) = B crtomld ()0 Gl where A = (3 §). ol <1,

42



For i # j, we can do a Taylor expansion of @ around 0: Q(p) = (2 4= O(p?). Here since ¢’ = erf’
is an even function, all the odd-order terms in the expansion vanish. Therefore we have

1

d d
1 1
[Q(Cll\)lN} 4 Z ¢+ O( pz,] k))Pigk = Czw;‘rwj d Z (i, kl
k=1 k=1

1,]

Then, using the exact same analysis for the second-layer NTK, we know that with high probability,

ok —¢txxT /] =0 (5r5z).

Finally, combining the results for two layers, we conclude the proof of Proposition 4.1. O
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