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Abstract

We investigate gradient descent training of wide neural networks and the corre-
sponding implicit bias in function space. Focusing on 1D regression, we show that
the solution of training a width-n shallow ReLU network is within n~'/2 of the
function which fits the training data and whose difference from initialization has
smallest 2-norm of the second derivative weighted by 1/¢. The curvature penalty
function 1/( is expressed in terms of the probability distribution that is utilized to
initialize the network parameters, and we compute it explicitly for various common
initialization procedures. For instance, asymmetric initialization with a uniform
distribution yields a constant curvature penalty, and thence the solution function is
the natural cubic spline interpolation of the training data. The statement generalizes
to the training trajectories, which in turn are captured by trajectories of spatially
adaptive smoothing splines with decreasing regularization strength.

Keywords. Implicit bias, overparametrized neural network, cubic spline interpola-
tion, spatially adaptive smoothing spline, effective capacity.

1 Introduction

Deep neural networks have achieved tremendous success in many areas. Understanding why neural
networks trained in the overparametrized regime and without explicit regularization generalize well
in practice is an important problem (Zhang et al.| 2017). It has been observed that some form of
capacity control different from network size must be at play (Neyshabur et al., 2014])). Specifically the
implicit bias of parameter optimization has been identified to play a key role in the generalization
performance of neural networks (Neyshabur et al.| 2017). By implicit bias we mean that among
the many hypotheses that fit the training data, the algorithm selects one which satisfies additional
properties that may be beneficial for its performance on new data.

The implicit bias of parameter optimization has been investigated in terms of the properties of the
loss function at the points reached by different optimization methodologies (Keskar et al.,[2017;|Wu
et al., 2017; |Dinh et al.,|2017). In terms of the solutions, Maennel et al.[|(2018]) show that gradient
flow for shallow ReLU networks initialized close to zero quantizes features in a way that depends on
the training data but not on the network size. Soudry et al.|(2018) show that in classification problems



with separable data, gradient descent with linear networks converges to a max-margin solution.
Gunasekar et al.| (2018b)) present a result on implicit bias for deep linear convolutional networks, and
Ji and Telgarsky|(2019) study non-separable data. |Chizat and Bach|(2020) show that gradient flow
for logistic regression with infinitely wide two-layer networks yields a max-margin classifier in a
certain space. |Gunasekar et al.| (2018a) analyze the implicit bias of different optimization methods
(natural gradient, steepest and mirror descent) for linear regression and separable linear classification
problems, and obtain characterizations in terms of minimum norm or max-margin solutions.

Jacot et al.|(2018)) and [Lee et al.|(2019) showed that the training dynamics of shallow and deep wide
neural networks is well approximated by that of the linear Taylor approximation of the models at a
suitable initialization. [Chizat et al.| (2019) observe that a model can converge to zero training loss
while hardly varying its parameters, a phenomenon that can be attributed to scaling of the output
weights and makes the model behave as its linearization around the initialization. [Zhang et al.| (2019)
consider linearized models for regression problems and show that gradient flow finds the global
minimum of the loss function which is closest to initialization in parameter space. This type of
analysis connects with trajectory based analysis of neural networks (Saxe et al.|[2014). Oymak and
Soltanolkotabi (2019) studied the overparametrized neural networks directly and showed that gradient
descent finds a global minimizer of the loss function which is close to the initialization.

Towards interpreting parameters in function space, Savarese et al.| (2019) and |Ongie et al.| (2020)
studied infinite-width neural networks with parameters having bounded norm, in 1D and multi-
dimensional input spaces, respectively. They showed that, under a standard parametrization, the
complexity of the functions represented by the network, as measured by the 1-norm of the second
derivative, can be controlled by the 2-norm of the parameters. Using these results, one can show that
gradient descent with /5 weight penalty leads to simple functions. [Sahs et al.| (2020) relates function
properties, such as breakpoint and slope distributions, to the distributions of the network parameters.

In this work, we study the implicit bias of gradient descent for regression problems. We focus on
wide networks with rectified linear units (ReLU) and describe the bias in function space. We present
our main results in Section 2] and develop the main theory in Sections [3|and 4] In the interest of a
concise presentation, technical proofs and extended discussions are deferred to appendices.

2 Main results and discussion

We obtain a description of the implicit bias in function space when applying gradient descent to
regression problems with wide ReL.U neural networks. Our strategy and main results are as follows.

1. In Section[3] for a linearized model Theorem 2] shows that gradient descent with sufficiently small
step size finds the minimizer of the training objective which is closest to the initial parameter
(similar to a result by [Zhang et al.,[2019). Then Theorem [3|shows that the training dynamics of
the linearization of a wide network is well approximated in parameter and function space by that
of a lower dimensional linear model which trains only the output weights.

2. In Section[d] for networks with a single input and a single layer of ReLUs, we relate the implicit
bias of gradient descent in parameter space to an alternative optimization problem. In Theorem 3]
we show that the solution of this problem has a well defined limit as the width of the network
tends to infinity, which allows us to obtain a variational formulation.

3. In Theorem [6] we translate the description of the bias from parameter space to function space.
This is expressed as the minimization of the 2-norm of second derivative weighted by a function
that depends on the distribution that is utilized to initialize the parameters, subject to fitting the
training data. In Theorem[9] we provide explicit descriptions of the weight function for various
common initialization procedures.

Finally, we can utilize recent results bounding the difference in function space of the solutions
obtained from training a wide network and its linearization (Lee et al., 2019, Theorem H.1). We
prove the following result (proof in Appendix D).

Theorem 1 (Implicit bias of gradient descent in wide ReLU networks). Consider a feedforward
network with a single input unit, a hidden layer of n rectified linear units, and a single linear output
unit. Assume standard parametrization [2) and that for each hidden unit the input weight and bias
are initialized from a sub-Gaussian (W, B) (3) with joint density pyy g. Then, for any finite data set



{(z4s,y:)} M, and sufficiently large n there exist constant u and v so that optimization of the mean
square error on the adjusted training data {(z;,vy; — ux; —v)}M | by full-batch gradient descent with
sufficiently small step size converges to a parameter 0* for which f(x,0*) attains zero training error.
Furthermore, letting ((z) = [, (W 3pw 5(W, —Wz) dW and S = supp(¢) N [min; x;, max; x;],

we have || f(z,0%) — g*(2)|l = O(n"2),2 € S (the 2-norm over S) with high probability over the
random initialization 0y, where g* solves following variational problem:

min L /" e 2
geC2(S) /S (Sﬂ)(g () = ["(2,60))" dz 0

subjectto  g(z;) =y; —ux; —v, i=1,...,M.

Here, the curvature penalty function 1/((x) emphasizes different parts of the input space depending
on the density pw s from which weights and biases are initialized.

Interpretation An intuitive interpretation of the theorem is that at those regions of the input space
where ( is smaller, we can expect the difference between the functions after and before training to
have a small curvature. We may call p = 1/¢ a curvature penalty function. The bias induced from
initialization is expressed explicitly. We note that under suitable asymmetric parameter initialization
(see Appendix , it is possible to achieve f(-,8y) = 0. Then the regularization is on the curvature

of the output function itself. Moreover, if we substitute constraints g(z;) = y; by a quadratic term

1 ?il (9(z;) — y;)? added to the objective, we obtain the variational problem for a so-called

spatially adaptive smoothing spline (see|Abramovich and Steinberg] |1996; |Pintore et al.,|2006). This
problem can be solved explicitly and can be shown to approximate early stopping. This allows us to
describe the optimization trajectory in function space (see Appendix[M). In Theorem 9] we obtain the
explicit form of ( for various common parameter initialization procedures. In particular, when the
parameters are initialized independently from a uniform distribution on a finite interval, ¢ is constant
and the problem is solved by the natural cubic spline interpolation of the data. The adjustment of
the training data simply accounts for the fact that second derivatives define a function only up to
linear terms. In practice we can use the coefficients a and b of linear regression y; = az; + b+ ¢;,
i=1,..., M, and set the adjusted data as {(z;, ¢;)} .

We illustrate Theorem [I] numerically in Figure [I] and more extensively in Appendix [A] In close
agreement with the theory, the solution to the variational problem captures the solution of gradient
descent training uniformly with error of order n~'/2. To illustrate the effect of the curvature penalty
function, Figure (1| also shows the solutions to the variational problem for different values of ¢
corresponding to different initialization distributions. We see that at input points where ( is small /
peaks strongly, the solution function tends to have a lower curvature / be able to use a higher curvature
in order to fit the data.

Relation to previous and concurrent works |Zhang et al.| (2019) described the implicit bias of
gradient descent in the kernel regime as minimizing a kernel norm from initialization, subject to
fitting the training data. Our result can be regarded as making the kernel norm explicit, thus providing
an interpretable description of the bias in function space and further illuminating the role of the
parameter initialization procedure. We prove the equivalence in Appendix [[] [Savarese et al.| (2019)
showed that infinite-width networks with 2-norm weight regularization represent functions with
smallest 1-norm of the second derivative, an example of which are linear splines. We further discuss
this in Appendix A recent preprint further develops this direction, for two-layer networks with
certain activation functions that interpolate data while minimizing a weight norm (Parhi and Nowak]
2019). In contrast, our result characterizes the solutions of training from a given initialization without
explicit regularization, which turn out to minimize a weighted 2-norm of the second derivative and
hence correspond to cubic splines. In finishing this work we became aware of a recent preprint (Heiss
et al.| [2019) which discusses ridge weight penalty, adaptive splines, and early stopping for one-input
ReLU networks training only the output layer. These results are closely related to ours, although they
do not connect to training the full network.

Consequences and possible generalizations The key innovation from this work is the interpretable
description of the implicit bias of gradient descent in function space for regression problems. One
of the technical challenges that we encountered was the reformulation of the bias in parameter
space into a suitable optimization problem which has a continuous limit and proving convergence
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Figure 1: Illustration of Theorem Left: Uniform error between the solution g* to the variational
problem and the functions f(-,0*) obtained by gradient descent training of a neural network (in this
case with uniform initialization W ~ U(—1,1), B ~ U(—2,2)), against the number of neurons.
The inset shows examples of the trained networks (blue) alongside with the training data (dots) and
the solution to the variational problem (orange). Right: Effect of the curvature penalty function on
the shape of the solution function. The bottom shows g* for various different ( shown at the top.
Again dots are training data. The green curve is for ¢ constant on [—2, 2], derived from initialization
W ~ U(=1,1), B ~ U(-2,2); blue is for ((x) = 1/(1 + 2?)2, derived from W ~ N(0,1),
B ~ N(0,1); and orange for ((z) = 1/(0.1 + 2%)2, derived from W ~ N(0,1), B ~ N(0,0.1).
Theorem E| shows how to compute ( for the above distributions.

of the corresponding solutions. With the presented bias description we can formulate heuristics for
parameter initialization either to ease optimization or also to induce specific smoothness priors on
the solutions. In particular, by Proposition [8|any curvature penalty 1/¢ can be implemented by an
appropriate choice of the parameter initialization distribution. By our analysis, the effective capacity
of the model, understood as the set of possible output functions after training, is adapted to the size M
of the training dataset and is well captured by a space of cubic splines relative to the initial function.
This is a space with dimension of order M independently of the number of parameters of the network.
Several generalizations are interesting to consider in more detail, including multi-dimensional inputs,
other network architectures and activations, and other loss functions. We comment on these in

Appendix
3 Wide networks and parameter space

3.1 Notation and problem setup

Consider a feedforward network fully connected between subsequent layers with ng inputs, L hidden

layers of widths 11, ..., nz, and k outputs. Given an input 2 = x(°) € R"0, the pre-activation value
h(") and post-activation value (") at layer [ are given by:
A = w0z 4 p® 2O = g(pW), )

where ¢ is a point-wise activation function, W € R™*™-1 and b() € R™ are the weights and
biases of layer /. For any given input x, the output of the network is f(z,6) = h**!(x) € R*¥. We

write § = vec(Ulell{W(l), b(D}) for the vector of all network parameters. These parameters are
initialized by independent samples of pre-specified random variables VV and B in the following way:

1 1
whL [ —w, VL [ B (3)
’ ni—1 np—1

More generally, we will also allow weight-bias pairs to be sampled from a joint distribution of (W, BB)
which we only assume to be sub-Gaussian. In the analysis of Jacot et al.|(2018)); |Lee et al.[(2019),



W and B are Gaussian N(0, 02). In the default initialization of PyTorch, ¥V and B have uniform
distribution U (—o, o). The setting (2)) is known as the standard parametrization. Some works (Jacot
et al., 2018} [Lee et al., 2019) utilize the so-called NTK parametrization, where the factor /1/n;_1
1s carried outside of the trainable parameter. If we fix the learning rate for all parameters, gradient
descent leads to different trajectories under these two parametrizations. Our results are presented for
the standard parametrization. Details on this in Appendix [C.3]

We consider a regression problem for data {(z;,y;)}M, with inputs X = {x;}}, and outputs
= {y;}£,. For a loss function £: R¥ x R¥ — R, the empirical risk of our function is L(f) =

Zﬁl o f (a:l, 0),y;). We use full batch gradient descent with a fixed learning rate 7 to minimize

L(6). Writing 6; for the parameter at time ¢, and 6, for the initialization, this defines an iteration
011 =0, —nVL(0) = 0, — Vo f(X,0.)"Vx0, L, 4)

where f(X,0;) = [f(x1,0:), -, f(zar,0:)]" is the vector of network outputs for all training inputs,
and Vy(x g,)L is the gradient of the loss with respect to the model outputs. We will use subscript ¢ to
index neurons and subscript ¢ to index time.

3.2 Implicit bias in parameter space for a linearized model

In this section we describe how training a linearized network or a wide network by gradient descent
leads to solutions that are biased, having parameter values close to the values at initialization. First,
we consider the linearized model. This is obtained by the first order Taylor expansion of the network
function with respect to the parameter, at the initial parameter value,

™ (z,w) = f(z,00) + Vo f(z,00)(w — ). &)

We write w for the parameter of the linearized model, in order to distinguish it from the parameter
of the nonlinearized model. The empirical loss of the linearized model is defined by L'"(w) =

ZM £(f" (x4, w), ;). The gradient descent iteration for the linearized model is given by

wo = 0o, wiy1 =wr —nVaf(X, 9())valin(x,wt)Llin~ (6)

Next, we consider wide neural networks. Assume that the widths of the hidden layers are identical,
i.e.ny =ng = --- = ny, = n. According to Lee et al.| (2019, Theorem H.1),

1

sup 177 (2, wi) = f(,00)]|l2 = O(n~2)

with arbitrarily high probability. So gradient descent training of a wide network or of the linearized
model give similar trajectories and solutions in function space. Both fit the training data perfectly,
meaning f1*(X,weo) = f(X,0s) = Y, and are also approximately equal outside the training data.

Let ©,, be the empirical neural tangent kernel (NTK) of the standard parametrization at time 0, which
is the matrix ©,, = + IV f(X,00)Vof(X,0)". According to Yang| (2019), if the parameters are
initialized by a Gaussmn the empirical NTK converges in probability to an analytic NTK then defined
by © = lim,,_, @n in probability. Let Amx(e ) be the maximum eigenvalue of @7, Now we
consider the implicit bias of training the linearized model using (6). [Zhang et al.|(2019) show that
gradient flow converges to the solution with zero empirical loss which is closest to the initial weights.
We show a similar result for the case of gradient descent with small enough learning rate.

Theorem 2 (Bias of the linearized model in parameter space). Consider a convex loss function
¢ with a unique finite minimum and which is K-Lipschitz continuous, i.e. [((y1,y) — (Y2, y)| <
K|y1 — . Ifrank(ng(X 60)) = M, then the gradient descent iteration (6) with learning rate
n < m converges to the unique solution of following constrained optimization problem:

min w — ol .t (X, w) = . (7)

The proof and further remarks are provided in Appendix [E] Note that this statement is valid for the
linearization of any set of functions, not only neural networks.



3.3 Training only the output layer approximates training all parameters

In the following we consider networks with a single hidden layer of n ReLUs and a linear output:
£, 0) =S w2 wz + V], + 0@, ®)
i=1

We show that the functions and parameter vectors obtained by training the linearized model are close
to those obtained by training only the output layer. Hence, by the arguments of the previous section,
training all parameters of a wide network or training only the output layer gives similar functions.

Let 6y = vec(W(l) , p ) w® , 5(2)) be the parameter at initialization so that f1"(-,6y) = f(-, o).

After training the linearized network let the parameter be wo, = vec(W®, 51 W@ (). Us-
ing initialization (3), with probability arbitrarily close to 1, W', 5" = O(1) and W'>,5? =

O(n_% ) Therefore, writing H for the Heaviside function, we have
(1)

Vi oo £ (@,00) = (W HW w4+ 530 o, W HW 2 +5Y)] =0 ),

i

9)
—(1 —(1
Vi g £ (@:00) = [z + 514, 1] = 0(1).

So when n is large, if we use gradient descent with a constant learning rate for all parameters, then the

changes of W), b(1)_ b(2) are negligible compared with the changes of (). So approximately we

)

can train just the output weights, Wi(2 ,4=1,...,n, and fix all other parameters. This corresponds

to a smaller linear model. Let w; = vec(WEl) , B,El), Wt(z) , 5&2)) be the parameter at time ¢ under the
7 (D) 7(1) 7(2)
NN

update rule where W are kept fixed at their initial values, and

(2)

W =W, Wt(ﬂ = W2 = Ve L™ (@). (10)

Let Woo = lim;_ .o, @;. By the above discussion, we can expect that 1" (2, &s,) will be close to
(2, wso). In fact, we prove the following in the case of the MSE loss.

Theorem 3 (Training only output weights vs linearized network). Consider a finite data set
{(@i, yi)}L,. Assume that (1) we use the MSE loss {(,y) = %||g—yl|3; (2) liminf,, Amin (©) > 0.
Let wy denote the parameters of the linearized model at time t when we train all parameters using (0)),
and let Wy denote the parameters at time t when we only train weights of the output layer using (10).

If we use the same learning rate 1 in these two training processes and n < (G then for any
x € R, with probability arbitrarily close to 1 over the random initialization (3)), /
sup | fi(z, &) — (@, w)| = O(n™1), asn — oo. (1D
t
Moreover, in terms of the parameter trajectories we have
—(1) = _ —(1) = _
sup [, =WV s = 0™, sup 5 =52 = 00, (12
52 (2 — 7(2) (2 _
sup [Wi*) = Wi, = 0(n=>2), sup 5, ~ 5| = O(n™"). (13)

The proof and further remarks are provided in Appendix [} By combining Theorem [3]and the fact
that training a linearized model approximates training a wide network (Lee et al.| 2019, Theorem
H.1), we obtain the following.

Corollary 4 (Training only output weights vs training all weights). Consider the settings of Theo-
rem and assume that the joint distribution of (W, B) is sub-Gaussian. Then sup, || fi*(z, &) —

f(z,04)]]2 = O(n_%) with arbitrarily high probability over the random initialization (3).

The proof is provided in Appendix [G} In view of Corollary 4] in the next sections we will focus on
training only the output weights and understanding the corresponding solution functions.

"More precisely, for any § > 0, 3C, s.t. with prob. 1 — §, |W£-2>|, |B(2)| < Cn~Y?and \WE-UL |Bl(-1>| <C.



4 Gradient descent leads to simple functions

In this section we provide a function space characterization of the implicit bias previously described

in parameter space. By Theorem [2] gradient descent training of the output weights (I0) achieves
; ~ ; n o =(2), 55(1 -

zero loss. " (w},Goc) = (a5, 00) = S0, (WD = W)Wy + Bl = ;= f(w;.60).

j =1,..., M, with minimum ||[W () — w ||%2. Hence gradient descent is actually solving

min [WO - W23 st S W2 W)W ey 405 =y — f(25.00), = 1,..., M.
w@ =1

. (14)
To simplify the presentation, in the following we let f1"(z,6,) = 0 by using the ASI trick (see
Appendix[C.2)). The analysis still goes through without this.

4.1 Infinite width limit

We reformulate problem (14) in a way that allows us to consider the limit of infinitely wide
networks, with n — oo, and obtain a deterministic counterpart, analogous to the convergence

of the NTK. Let p, denote the empirical distribution of the samples (Wi(l),bi)?zl, so that
pa(A) = 2570 14 ( W(l) b)) Here 14 is the indicator function for measurable subsets

A in R2. We further consider a function «,,: R?> — R whose value encodes the difference of
the output weight from its initialization for a hidden unit with input weight and bias given by the

argument, Ozn(Wi(l), b)) = n(Wl@) - Wl@)). Then with ASI can be rewritten as

min (WD by dp, (WD b
_min / a2 (W) dp (W), ) n

subject to / an (WD WP, 40 dp, (WD 0) =y, j=1,..., M.
R2

Here we minimize over functions a, in C(IR?), but since only the values on (W( ) b; i )7, are taken

into account, we can take any continuous interpolation of an(Wi(l), bi),i =1,...,n. Now we
can consider the infinite width limit. Let u be the probability measure of (W, B). We obtain a
continuous version of problem (I3)) by substituting  for p,,. By the Glivenko-Cantelli Theorem in
two dimensions (Lo et al.,|2016), we know that p,, weakly converges to u. We prove that in fact the
solution of problem (I5) converges to the solution of the continuous problem. Let

g"($7 Oén) = / an(W(l)a b) [W(l)-r + b]-i- d,un(W(l)y b)
R2

be the function represented by a network with n hidden neurons after training, and let g(x, @) =
Jgo (WO YWDz 48] dp(WD, b) be the function represented by the infinite-width network.
We prove the followmg theorem. Details in Appendix [H]

Theorem 5. Let (W, 1), b)), be i.i.d. samples from a pair (W, B) of random variables with finite
Sfourth moment. Suppose ., is the empirical distribution of (Wi(l), b)), and @, (WM b) is the
solution of (13). Let @(W(l)7 b) be the solution of the continuous problem with  in place of i,,. Then
for any bounded [—L, L], sup,¢(_p, 1 |9 (%, @n) — g(z,@)| = O(n='?) with high probability.

4.2 Function space description of the implicit bias

Next we connect the problem from the previous section to second derivatives by first rewriting it in
terms of breakpoints. Consider the breakpoint ¢ = —b/W () of a ReLU with weight W (!) and bias b.
We define a corresponding random variable C = —B/)V and let v denote the distribution of (W, C )E]

Here we assume that P(WW = 0) = 0 so that the random variable C is well defined. It is not an important
restriction, since neurons with weight wh =0 give constant functions that can be absorbed in the bias of
output layer.



Then with v(W®) ¢) = a(W® | —cW ™)) the continuous version of (T3) is equivalently given as

min / VWD o) dw(WD ¢)
R2

C 2
YEC(R?) (16)
subject to / AWO WD (z; — )]y dv(WD e) =y, j=1,..., M.
R2
Let v¢ denote the distribution of C = —B/W, and vyy|c—. the conditional distribution of W

given C = c¢. Suppose v¢ has support supp(v¢) and a density function pe(c). Let g(x,v) =
Sz YWD )W (2 — ¢)]4 dv(WD) ¢), which again corresponds to the output function of the
network. Then, the second derivative g with respect to « (see Appendix [[) satisfies

g"(z,7) = pe(z) /]R FWD, 2)|[ WO | dvyyjem, (WD), (17)

Thus (W), ¢) is closely related to g”(z,~) and we can try to express in terms of ¢''(x, ).
Since ¢g”’(z, ) determines g(x,~y) only up to linear functions, we consider the following problem:

; 2w w
) d )
WGC(R%{IJIGRWGR /Rz v ( C) V( C)

subject to ux; + v+ / A WD WD (z; — o)y db(WH e) =y, j=1,...,M.

R2
(18)
Here u, v are not included in the cost. They add a linear function to the output of the neural network.
If w and v in the solution of (I8) are small, then the solution is close to the solution of (I6). [Ongie
et al.|(2020) also use this trick to simplify the characterization of neural networks in function space.
Next we study the solution of (I8) in function space. This is our main technical result.

Theorem 6 (Implicit bias in function space). Assume W and B are random variables with P(W =
0) =0, and let C = —B/W. Let v denote the probability distribution of (W, C). Suppose (7,4, D) is
the solution of (I8)), and consider the corresponding output function

g(x, (3,1,7)) = ux + v+ / AW, WD (z — )]y dv(WW, ). (19)
]R2

Let v denote the marginal distribution of C and assume it has a density function pc. Let E(W?|C)
denote the conditional expectation of W? given C. Consider the function

¢(x) = pe(x)E(W?|C = z). (20)

Assume that training data x; € supp(¢), ¢ = 1,...,m. Consider the set S = supp(¢) N
[min; x;, max; x;]. Then g(z,(¥,u,v)) satisfies g" (x, (7,w,v)) = 0 for x ¢ S and for x € S
it is the solution of the following problem:

. (h"(x))? N i
hEIgIQI(lS)/S () de st h(z;)=y;, j=1,...,m. 20D

The proof is provided in Appendix [[} where we also present the corresponding statement without ASI.
Theorem [6] formulates the implicit bias in terms of an optimization problem in function space which
depends on the function . We study the explicit form of this function in the next section.

4.3 Explicit form of the curvature penalty function

Proposition 7. Let pyy g denote the joint density function of (W, B) and let C = —B/W so that pc
is the breakpoint density. Then ((x) = E(W?|C = 2)pc(z) = [ |W [*pyw (W, —Wz) dW.

The proof is presented in Appendix [J] If we allow the initial weight and biases to be sampled from a
suitable joint distribution, we can make the curvature penalty p = 1/ arbitrary.

Proposition 8 (Constructing any curvature penalty). Given any function p: R — R, satisfying
Z = fR % < 00, if we set the density of C as pc(x) = %ﬁ and make W independent of C with

non-vanishing second moment, then (E(W?|C = x)pc(z)) ™ = (E(W?)pe(z)) ™! x o(z), x € R.



Further remarks on sampling and independent variables are provided in Appendix [} To conclude this
section we compute the explicit form of ( for several common initialization procedures.

Theorem 9 (Explicit form of the curvature penalty for common initializations).

(a) Gaussian initialization. Assume that W and B are independent, W ~ N(0,02) and B ~
3 3
N(0,02). Then C is given by ((x) = 20,95

7r(o’§+m20'fv)2 .
(b) Binary-uniform initialization. Assume that W and B are independent, W € {—1,1} and
B ~ U(—ap, ap) with ap > L. Then ¢ is constant on [—L, L.
(¢) Uniform initialization. Assume that W and B are independent, W ~ U(—ay,, a,,) and B ~
U(—ay, ap) with 2= > L. Then ( is constant on [—L, L|.

The proof is provided in Appendix [K] Theorem [9](b)| and [(c)] show that for certain distributions of
(W, B),  is constant. In this case problem (21} is solved by the cubic spline interpolation of the data
with natural boundary conditions (Ahlberg et al., [1967). The case of general ( is solved by space
adaptive natural cubic splines, which can be computed numerically by solving a linear system and
theoretically in an RKHS formalism. We provide details in Appendix [N]
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Appendices

The appendices are organized as follows. In Appendix [A] we illustrate our theoretical results numeri-
cally, and in Appendix [B]we provide details on the numerical implementation.

In Appendix [C| we briefly comment on definitions and settings around the parametrization and
initialization of neural networks, as well as on the limiting NTK and the linearization of a neural
network. In Appendices [DJE] [F [G] [H] [l [l [K] we provide the proofs of the formal results from the
main part.

In Appendix |L{ we show the equivalence between our variational characterization of the implicit bias
of gradient descent in function space and the description in terms of a kernel norm minimization
problem. We provide an interpretable description of the kernel norm.

In Appendix [M|we discuss the relation between the gradient descent optimization trajectory and
a trajectory of spatially adaptive smoothing splines with decreasing smoothness regularization
coefficient which converges to the spatially adaptive interpolating spline.

In Appendix [N|we give the explicit form of the solution to our variational problem, i.e. the spatially
adaptive interpolating spline, which corresponds to the output function upon gradient descent training
in the infinite width limit.

In Appendix |Olwe comment on some of the possible extensions and generalizations of the analysis.
In particular, we give a generalization of Theorem|[I]to the case of multi-dimensional inputs, and a
formulation for neural networks with activation function different from ReL.U.

A Numerical illustration of the theoretical results

Gradient descent training and variational problem To illustrate Theorem [lI| across different
initialization procedures, in Figures[AT|and [A2] we show analogous experiments to those in the left
panel of Figure[I] but using two types of Gaussian initialization instead of the uniform initialization.
As we already observed in the right panel of Figure[I] here the effect of the curvature penalty function
is also visible. In portions of the input space where ( is peaked, the solution function can have a high
curvature, and, conversely, in portions of the input space where ( takes small values, the solution
function has a small second derivative and is more linear.

To verify that the results are stable over different data sets, in Figure [A3] we show an experiment
similar to that of Figure[I] but for a larger data set.

Gaussian initialization 0% =1

. s :
10t — 1 ’\ 1
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Figure A1l: Illustration of Theorem |l Shown is the error between the output function f(-,8*) of
the trained neural network and the solution g* to the variational problem (1) against the number
of neurons, n. Shown is the average over 5 repetitions, with error bars indicating the standard
deviation. Here the training data is fixed, and the parameters were initialized with W ~ N (0, 1) and
B ~ N(0,1). The right panel shows the data (dots), trained network functions (blue) with 20, 80,
320, 1280 neurons, and the solution (orange) to the variational problem.
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Figure A2: Illustration of Theorem Similar to Figure but with a different initialization
W ~ N(0,1) and N(0,0.1), which gives rise to a curvature penalty function ¢ that is more strongly
peaked around = = 0 (see Figure[I). We observe in particular that the solutions are more curvy
around x = 0.

Uniform initialization 3 .
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Figure A3: Tllustration of Theorem|[I] Similar to Figure 1} with uniform initialization, but with a
larger dataset and larger networks.

Training all layers versus training only the output layer To illustrate Theorem 3} we conduct
the following experiment. We use the same training set as in Figure [I|and use uniform initialization.
Starting from the same initial weights, we train the network in two ways. One way is only training the
output layer and another way is training all layers of the network. The result is shown in Figure [A4]
The left panel plots the error between two trained network functions against the number of neurons n.
In this experiment the error is of order n—3/2, which is even smaller than the upper bound n~! given
in Theorem 3] Potentially the bound can be improved. The right panel plots two trained network
functions with 20, 80, 320, 1280 neurons.

Effect of linear function on implicit bias In our main result Theorem [I] since the variational
problem defines functions only up to addition of linear functions, we need to adjust training data by
subtracting a specific linear function ux + v. However, in our previous experiments, we don’t adjust
the training data and the statement of Theorem [I]still approximately holds. The reason might be that
the coefficients u and v of the linear function which we need to subtract are relatively small. In order
to see the effect of linear function on implicit bias, we conduct the following experiment. Similar
to Figure [T} we use uniform initialization. We add a linear function 10z + 10 to the training data in
Figure(I} So the training data we use are {(—2, —8.5), (—1,0.5), (0,11.5), (1, 20.5),(2,31.5)}. In
Figure [A5| we show analogous experiments to those in the left panel of Figure[T] In order to clearly
show the difference between the trained network function and the solution to the variational problem,
we subtract 10z + 10 from these two functions in the right panel of Figure[A3] From the right panel
of Figure[A3] we see that the difference between plotted two functions is relatively larger than that in
Figure[I] From the left panel of Figure[A3] we see that the error between these two functions stops to
decrease when number of neurons n is larger than 1280. It means that the limit of trained network

13



Only output layer vs all parameters
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Figure A4: Illustration of Theorem Training only output layer vs training all parameters of the
network. We use uniform initialization and the same training set as in Figure[T} The left panel plots
the error between two trained network functions against the number of neurons n. For one network,
we only train the output layer while for the another one, we train all layers. The right panel shows the
data (dots) and two trained network functions with 20, 80, 320, 1280 neurons.

function as n — oo is slightly different from the solution to the variational problem. If we choose
bigger u and v, we expect that the difference will become larger.

Severely unadjusted data

y=02757x07 | \ / N \ /
—4— Error 2 RUO ’D: n{jﬂ
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Figure A5: Effect of not adjusting the data. We use uniform initialization and add a linear function
10z + 10 to the training data of Figure[I] In order to clearly show the difference between trained
network function and the solution to the variational problem, we subtract 10z + 10 from these two
functions in the right panel. In the right panel we see that if we ignore v and v in the variational
problem (T8), the solution is slightly different from (2T).

B Details on the numerical implementation

Implementation of gradient descent Training is implemented as full-batch gradient descent. In
practice we choose the learning rate as follows. We start with a large learning rate and keep decreasing
it by half until we observe that the loss function decreases. After that, we start training with the fixed
learning rate we found. We observe that the learning rate we found is inversely proportional to the
width n of the neural network. This observation is in accord with Theorem 2] with respect to the upper
bound of the learning rate in order to converge.

We note that the implicit bias in parameter space Theorem [2]is independent of the specific step size
that is used in the optimization, so long as it is small enough. See Appendix [E|] The stopping criterion
for training of the neural network is that the change in the training loss in consecutive iterations is
less than a pre-specified threshold: |L(6;) — L(6;_1)| < 1078.

For the comparison of the functions f(-,6*) and ¢g*, the 2-norm of error || f (-, 6*) — g*||2 is computed
by numerical integration with step 0.01 over [min(;z;), max;(x;)].
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We use ASI (see Appendix [C.2)) at initialization. Then the initial output function of the network is
f(-,6p) = 0. Then according to Theorem || I the weighted 2-norm of the second derivative of the
trained network function is minimized. So in the figures the output function is actually equal to the
difference from initialization.

Numerical solution of the variational problem The variational problem for cubic splines can be
solved explicitly as described in Appendix @ For a general non-constant curvature penalty 1/¢,
we can obtain a numerical solution to problem (1)) as follows. First we discretize the interval
[-L, L] evenly with points z; = —L + 2jL/n, 7 = 0,...,n. For simplicity we suppose that
the input training data points are among these grid points, and we denote them by x;,,...x;, ..
Then we initialize f(z;) = 0 for z; not in the training data (to be optimized) and f(z;,) = y;
(fixed values during optimization). We use central differences to approximate the second derivative,
(z;) = f(x"“)_Qf(ijf(xj’l), where h = |z;41 — x;|. Then the objective function in 2I)

(f($_7‘+1)—2f(03_7‘)+f(ﬂ7j—1))2
h2

is approximated by """ j 1 C(M) . This is quadratic problem in f(x;),

je{1,...,n}\ {j1,...,Jm}. If we equate the gradient to zero, we obtain a linear system. The
solution can be written in closed form in terms of the inverse of a design matrix. As with any linear
regression problem, in practice we may still prefer to use an iterative approach to obtain a numerical
solution. We use a discretization of the interval [—2, 2] into 200 pieces and use conjugate gradient
descent for solving the linear system.

C Additional comments

C.1 NTK convergence and positive-definiteness

The convergence of the empirical NTK to a deterministic limiting NTK as the width of the network
tends to infinity and the positive-definiteness of this limiting kernel can be ensured whenever the
neural network converges to a Gaussian process. The arguments from Jacot et al.| (2018)) to prove
convergence and positive definiteness hold in this case. As they mention, the limiting NTK only
depends on the choice of the network activation function, the depth of the network, and the variance
of the parameters at initialization. They prove positive definiteness when the input data is supported
on a sphere. More generally, positive definiteness can be proved based on the structure of the NTK as
a covariance matrix. Let || f||2 = Eqp[f(2)” f(x)], where p denotes the distribution of inputs. The
NTK is positive definite when the span of the partial derivatives 9y, f(-,0),i =1, ..., d, becomes
dense in function space with respect to || - ||,, as the width of the network tends to infinity (Jacot et al.|
2018). For a finite data set x1, . .., x s, positive definiteness of the corresponding Gram matrix is
equivalent to 0y, f(x;, -) being linearly independent (Du et al., 2018, Theorem 3.1). This condition
for positive definiteness does not depend on the specific distribution of the parameters, but if anything
it only depends on the support of the distribution of parameters and on the input data. The precise
value of the least eigenvalue may be affected by changes in the distribution however. The convergence
of the network function to a Gaussian process in the limit of infinite width and independent parameter
initialization is a classic result (Neal, |1996)). To verify this Gaussian process assumption it is sufficient

that ), Wi(Q)J(Wi(l)x + b;) is a sum of independent random variables with finite variance.

C.2 Anti-Symmetrical Initialization (ASI)

The AntiSymmetrical Initialization (ASI) trick as proposed by [Zhang et al.|(2019) creates duplicate
hidden units with opposite output weights, ensuring that f(-,6y) = 0. More precisely, ASI defines

Fast(@,0) = L2 f(a,0') — L2 f(x,0"). Here 0 = (19/,19") is initialized with ¥, = 9!/, so that

n \[ ) n B . B
fasi(x,90) = 3 VGO D, 4, + Z VW rall =00 (Al
i=1
The parameter vector is thus 9y = vec(V( ) V(l) a, aV fV(Q) @V@), @6(2), fgﬁe)).

The basic statistics on the size of the parameters remains like (3)), even if now there are perfectly
correlated pairs of parameters. Hence the analysis and results on limits when the number of hidden
units tends to infinity remain valid under ASI. The ASI is not needed for our analysis, which can be
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used to compare different types of initialization procedures, but it simplifies some of the presentation.
One motivation for using ASI in practical applications is that it provides a simple way to implement a
simple output function at initialization. Since the output function at initialization directly influences
the bias of the gradient descent solution, this is a particular way to control the bias. Manipulating the
bias from initialization is also the motivation presented by [Zhang et al.|(2019). A related discussion
also appears in

C.3 Standard vs NTK parametrization

We have focused on the standard parametrization of the neural network. Jacot et al.[|(2018) use a
non-standard parametrization which is now known as the NTK parametrization. We briefly discuss
the difference. A network with NTK parameterization is described as

(I+1) — /1 ,,(+1),.l (1+1) O L A(0.1

h Vawt et + b and ué;’)J N(0,1) (A2)
2+ = ¢(pU+1)) b’ ~ N(0,1)

In contrast to the standard parametrization, in the NTK parametrization the factor y/1/n; is carried

outside of the trainable parameter. In this case, the scaling of the derivatives is V) f (z,00) =

o) (2)

; - and w;”’ are

O(n~%) and V., o f(x,00) = O(n~%). In turn, during training the changes of w

comparable in magnitude. This implies that we can not ignore the changes of wgl) and approximate

the dynamics by that of the linearized model that trains only the output weights as we did in the case
of the standard parameterization. In particular, we can not use problem (A62) to describe the result
of gradient descent as n — oo.

C.4 Weight norm minimization

Savarese et al| (2019) studied networks of the form (§) allowing the width to tend to infin-
ity. They showed that the minimum weight norm for approximating a given function g is re-
lated to a measure of the smoothness of g by lim._,o(infy C'(0) s.t. || f(,0) — gllec < €) =

max{ [*2_ |g"(2)| da, |g'(=00) + ¢/(00)[}, where C(6) = 3 I, (W) + (W[")?). Here
the derivatives are understood in the weak sense. This implies that infinite width shallow networks
trained with weight norm regularization (sparing biases) represent functions with smallest 1-norm of
the second derivative, an example of which are linear splines. (Note that C'(6) is not strictly convex in
the space of all parameters and also the 1-norm of the second derivative is not strictly convex, hence

the solution is not unique).

The result of [Savarese et al.| (2019) is illuminating in that it connects properties of the parameters
and properties of the represented functions. However, the result does not necessarily inform us about
the functions represented by the network upon gradient descent training without explicit weight
norm regularization. Indeed, if we initialize the parameters by (3) with sub-Gaussian distribution,
the neural network can be approximated by the linearized model. Then by Theorem[2] [|w — 6o||2 is
minimized rather than ||w]||2. But in this case ||fp]|2 is bounded away from zero with high probability
and the 2-norm of all parameters (or also of the weights only) is not minimized. On the other hand,
if we initialize the parameters with ||f||2 close to 0, then the neural network might not be well
approximated by the linearized model. This has been observed experimentally by |Chizat et al.{(2019)
and we further illustrate it in Appendix [C.5]

Even if we assume that the linearization of a network at the origin is valid, in order for the network
to approximate certain complex functions, the weights necessarily have to be bounded away from
zero. This means that reaching zero training error requires to move far from the basis point, where
the difference between linearized and non-linearized model could become significant. In turn, the
implicit bias description derived from a linearization at the origin may not accurately reflect the
implicit bias of gradient descent in the original non-linearized model.

The paper by [Parhi and Nowak|(2019) follows the approach of [Savarese et al.[(2019) and generalizes
the result of Savarese et al.|(2019) to different types of activation functions ¢. Then they show that
minimizing the weight “norm” of two-layer neural networks with activation function ¢ is actually
minimizing 1-norm of L f in place of the second derivative, where f is the output function of the
neural network. Here L and o satisfy Lo = 9, i.e. ¢ is a Green’s function of L. Such activation
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functions can be used in combination with our analysis. We comment further on such generalizations
in Appendix

C.5 Basis parameter for linearization of the model

We discuss how the quality of the approximation of a neural network by a linearized model depends
on the basis point. For a feedforward ReLU network and a list X = (x;)7*, of input data points,
the mapping 0 — f(X,0) = [f(x1,0),..., f(zm,0)] is piecewise multilinear. Each of the pieces is
smooth and we can assume that it is approximated reasonably well by its Taylor expansion. However,
the quality of the approximation can drop when we cross the boundary between smooth pieces.
Consider a single-input network with a layer of n ReLLUs and a single output unit. At an input x
the prediction is f(2;0) = WA[W Mz 4 bW, + b3, where § = (WO 51 W2 b(2)), The
Jacobian is non-smooth whenever 6 € H,; = {W»(ll)a:+b§1) = 0} for some j = 1,...,n. Hence for
m input data points x;, ¢ = 1, ..., m, the locus of non-smoothness is given by m central hyperplanes
H;;,©=1,...,m in the parameter space of each hidden unit j = 1,...,n. For an individual ReLU,
if the parameter 6 is drawn from a centrally symmetric probability distribution, the probability p that
an ¢ ball around cfy intersects one of the non-linearity hyperplanes H;, i = 1, ..., m, behaves roughly
as p = O(mc~1). Hence we can expect that the prediction function will be better approximated by
its linearization f"(x,0) = f(z,cfp) + Vo f(z,clp)(0 — cy) at a point by if c is larger. This is
well reflected numerically in Figure [A6] As we see, for larger initialization the model looks more
linear. We observed that this qualitative behavior remains same if we try to adjust the size of the
window around the initial value.

Parameter space of a ReLU

Network predictions over 2D parameter slices
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Figure A6: Left: For a single ReLU, the map 6 — f(X, ) from parameters to prediction vectors
over aset X = {x1,...,x,} of m input data points is piecewise linear, with pieces separated by
m central hyperplanes. Right: Shown is the prediction f(z,6) of a shallow ReLU network on a
fixed input point z, over a 2D slice of parameters 6 = cy + v1&; + v2€2 spanned by two random
orthogonal unit norm vectors v1, v2 and parametrized by (£1,&2) € [—1,1]2. From top to bottom,
the number of hidden units is n» = 1,5, 25,125 and in each row the initial parameter 0 is drawn i.i.d.
from a standard Gaussian. In each column we use a different scaling constant ¢ = 0,0.5, 10. As we
see, for larger scaling c of the initialization the model looks more linear.
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D Proof of Theorem/I]

Proof of Theorem[I] The convergence to zero training error for ReLU networks is by now a well
known result (Du et al., 2018} |Allen-Zhu et al.| 2019). We proceed with the implicit bias result.

For simplicity, we give out the proof under ASI (see Appendix [C.2). In Section[4.2] we relax the
optimization problem (T6) to (I8). Suppose (7,1, v) is the solution of (I8). The we can adjust the
training samples {(z;, ;) }24; to {(z;,yi —ux; — )}, . It’s easy to see that on the adjusted training
samples, (0,0,7) is the solution of (I8). Then 7 is the solution of (I6). Furthermore, the solution of
(T6) in function space, g(x,7), equals to the solution of (I8) in function space, g(z, (7,0, 0)), i.e.

9(z,7) = g(x, (7,0,0)). (A3)
It we change the variable v to « as in Section[4.2] we get

9(z, @) = g(x,7), (A4)

where g(x, @) is the solution of the continuous version of problem (T3)) with x in place of y,,. On the
set S = supp(¢) N [min; z;, max; x;], according to Theorem [3]

sup |gn(z, a@p) — g(z, @)| = O(nil/Q), (A5)
zeS

where g,,(z, @,) is the solution of problem (T3] in function space. Since problem (T3) is equivalent
to problem (T4), g, (x, @y, is also the solution of (T4) in function space. According to discussion in
Sectiond] (2}, &) is the solution of (T4). Then

In (2, @) = f1 (25, Do) (A6)
According to Corollary ]
15 (@, @00) = f(@,07)]l2 = O(n™ 7). (A7)

Finally, according to Theorem|[6|and Proposition[7} g(z, (7, 0,0)) restricted on S is the solution of
(1), which is g*(z). Then on the set .S,

g(z,(i,0,0)) :g*(x) (AB)

Combining (A3), (A4), (A3), (A6), (A7), (A8), and using the fact that on domain S, ||f|l2 <
O

vol(S)|| f|loo» we prove the theorem.

E Proof of Theorem

Here we give out the proof of Theorem 2] We note that Zhang et al.| (2019) prove a similar result for
gradient flow. Our proof is for finite step size and different from theirs.

Remark A10 (Remark on Theorem [2] step size). The proof remains valid for a changing step size as
long as this satisfies the required inequality.

Proof of Theorem[2] We use gradient descent to minimize L' (w) = vail 0(f (24, w), ;). First
we prove that V, L' (w) is Lipschitz continuous. Since

[V L™ (w1) = Vo L™ (ws2)|
=[Vof(X,00) "V pin (o)L = Vo (X,00) "V prin (o) L2
<[Vaf(X,00) " |2lV prnaeony L = V i a0,y Ll 2
<K||Vof(X,00)" |l2]l f™(X,w1) — f'(X,w2)|l1  (K-Lipschitz continuity of /)
<KEVM||Vof(X,00) " |l2llf™(X,w1) — f™ (X, w2)l|2
=KVM||Vof(X,00)" |2 Vo f(X,00) (w1 — ws)|2
<KVM|[Vof(X,00)" |12l Vof(X, 002l (w1 — wa)ll2
SKn\/M)\max(én)le — wal|o.

(A9)
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So L' (w) is Lipschitz continuous with Lipschitz constant Knv/M Amax(©5,). Since L™ is convex
over w, gradient descent with learning rate n = TV Ao (6. Converges to a global minimium of

L' (w). By assumption that rank (Vg f(X,6p)) = M, the model can perfectly fit all data. Then the
minimium of L' (w) is zero and gradient descent converges to zero loss.

Let woo = limy_y oo wy. Then f““()( ,Weo) = Y. According to gradient descent iteration,

oo

Weo = By — Z nVaf(X, HO)va““(X,wt)Llin
par N (A10)
=00 — Vo  (X,00)7 >V pin o) L™

t=0

Since fUi is linear over weights w and ||w — g ||2 is strongly convex, the constrained optimization
problem ([7) is a strongly convex optimization problem. The first order optimality condition of the
problem is
_ lin X Ty —
{whn bo + Vo (X, 00)" A =0 ALD
(X, w) = .

Let A=Y, V piin(x 0,y L We can easily check out that we satisfies condition (AT1). So we is
the solution of problem (7). O

Remark A1l (Remark to Theorem[2). Making an analogous statement to Theorem [2|to describe the
bias in parameter space when training wide networks rather than the linearized model is interesting,
but harder, because the gradient direction is no longer constant. (Oymak and Soltanolkotabi| (2019)
obtain bounds on the trajectory length in parameter space, putting the final solution within a factor
48/a of ming ||@y — 6|, where § and « are upper and lower bounds on the singular values of the
Jacobian over the relevant region. However, currently it is unclear whether the solution upon gradient
optimization is indeed the distance minimizer from initialization.

F Proof of Theorem

We note that assumption (2) liminf,, o, Amin(©,,) > 0 is satisfied if the empirical NTK converges
and the limit NTK is positive definite. For details see Appendix [C.1]

Proof of Theorem 3} According to (),
wip1 = wr — Ve f(X, HO)vaﬁn(X,wt)Lhn- (A12)
Since we use the MSE loss,
wip1 = wg — Vo f(X,00)" (S (X, wp) — V). (A13)
Using (@), we get
flin(‘)(a wt+1) = flin(Xth) - 7IV9f(X» 90)v9f(‘)(a GO)T(flin(Xv wt) - y)

. o (Al14)
= [M(X, wi) — O (f (X, wi) — V).
Then we have ) A .
X W) =Y = (I =) (f™ (X, w0) = V), (A15)
and
lin o _ . A\t rlin _
X w) =Y = —mnOy) (f(X,0) —Y) (AL6)

= (I —nn©,)"(f(X,00) = V).
According to the update rule of w;, we know that w; = Vo f(X,00)T¢ + 6y, where £ is a column
vector. Then

SN w) =Y = (X w) = F(X,00) + f(X,600) =Y
= Vo f(X,00)(we — o) + f(X,00) =Y
= Vo f(X,00)Vof(X,00)"¢+ f(X,00) =Y (A17)
=10, + f(X,0)—Y
= (I =mn©,) (f(X,00) = V).
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From above equation we can solve for ¢:
€= —n"10, I — (I - m0,)1(£(X.00) = V). (A18)
Therefore
wy = —n" Vo f(X,00)TO, I — (I —nn0,)!|(f(X,00) — V) + bo. (A19)

For any x € R,

F (@, wr) = f(@,60) + Vo f(x,00)(w; — bo)
= f(x,60) = n"'Vof(x,00)Vof(X,00)T O, [T — (I —1n©)'](f(X,6) — V).
(A20)
For the training process (I0), we can define the corresponding empirical neural tangent kernel in the
following way:

~ 1
On = Ve F(X,00) Ve f(X,00)" (A21)
Using the same argument, we have
W = =01V f(X,00)7 0,1 = (I = mn©,)](F(X,60) - V) + Wy (A22)
and
F (@, @) = f(x,00) =0 Yy f(2,00)Vive f(X,00)7 O [T = (I=1n©n)1(f(X,00)~ V).
(A23)
Then

|flin(xﬂa}t) - flin(x7wt)|
VoS (@,00) Vo f(X,600)" 0,1 I — (I —nn6,)")(f(X,6) — V) (A24)
Vv f(@,00) Vg F(X,00)7 6, 1 = (I = nn®2)')(f (X, 00) = V)|

The next step is to compute the difference between én and é)n Let A© = @n — én then the ¢j-th
entry of the matrix AO is

- lz( wn S (2, 00)V 0 £ (2,00) + V0 £ (@i, 00) V00 f (5, 60))

k=1 (A25)

+ Vi) f(2i,600) Vi f(25,00)

According to initialization (3)), we can find a C' > 0 such that |Wi(1)|, |b§1)| < Cand \Wi@) |, [b®)] <
Cn~2 with probability at least (1 — §/4). Then given z € R,

IV £, 60)] WA HW 2 +b)- 2| < Cn 2z =0(n"2), (A26)
IV, f (,00)| = WP HW Nz + ) <Cnr =0(n ) (A27)
Vo f (. 00)] [W“ z+ b)) < Clal+C = 0(1), (A28)
Ve f(x,60)] =1 = O(1). (A29)
So .
(20);;] < % L_l (0~ Ho(m ) +0m~Hom ) + oo a0
—O(n™).

Since the size of A© is M x M, which does not change as n goes up. So || AO||z = O(n~!), which
means ||©, — O,]2 = O(n™1).
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Now we measure the difference of each part in (A24). According to assumption (2), inf,, Amin(én) >
0, then

1

Amin(On) > —————— =0(1 A31
(©n) ot o (00 (1) (A31)
~ 1
Amin(©n) > - =0(1). (A32)
inf,, Amin(©5) — O(n=1)
So R _ R ~ o
107" =07 2 = 167" (6n — ©,)07 2
< [16: 1121401211652 (A33)
=0(n™).
The assumption 1 < %(@) implies
T —nnO, |2 < 1, (A34)

11 = nnOnll2 < [T = nn©y |2 + 11|05 — O||2
Amax(0) . (A35)

< maX{nnT, 1-— nn)\mm(@n)} + O(n_1>‘

As n is large enough, we also have ||I — n1©,,||2 < 1. Then as n is large enough,
I = (I = 1©,)"] = [T = (I = 1n©5)"]]l
= (I = m©,)" = (I = nnB,)" 2
<|[[({ - ”Wén) - - ”nén)}(l - nnén)FlHQ
+[[(I = m©n)[(I = n1©y) — (I = nn©n)J(I — nnO,)" 2|l
+ e
+ (1T = nn©,) (I = nn©n) — (I — nn©)]l2 (A36)
< 77||én - énH2”I - nﬂénlléfl
+ 1|1 = 1O, |2]|O5 — Onlla||T — nnO, 152
+ oo
= @516, — Ol
< ll©n = Onllz - ¢ - (max{|[T = nyOp|l2, [IT — O, l2})" .

Since max{[| — 9Oy 2, |[1 = nyOnll2} < 1, sup,-q t - (max{[|T —nmnOy |2, |1 — nyOnll2})'~*
is a finite number. So
I = (I —nn©,)"] = [I = (I —n0©,) ]2 < O(n]|On — Onl2)
<O(n™h.

Let A@(:v X) 1(V9f($ GO)ng(X 90) — VW(z)f(LB, HO)VW<2)f(X, 90)T), then the ¢-th
entry of the vector A@(x,

(A37)

X
(Vi £(@,00)9 00 f (@3, 00) + V0 £ (@,00) Vo £ (25, 00))

(AO(x, X)) 71 .
n
k=1 (A38)
+ Vb(2>f(337oo)vbmf(%,@o)] .
According to (A26), (A27), (A28)) and (A29), we have
1| 1 1 _1 1
[(ABO(z, X));| < - LZ_I (O(n 2)0O(n~2) 4+ 0(n"2)0(n 2)) + 0(1)0(1)] (A39)

=0(n™1).
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Since the size of AG(z, X') is M, which does not change as n goes up. So
1AO(z, X)[l2 = O(n™"). (A40)

Let ©,,(z,X) = n~ Y (V@ f(x,00)Vige f(X,00)7)), then the i-th entry of the vector O, (z, X)

18
n

|(On (@, X)) < ! > Ve f(@,00)V e f(2i,60)

n
k=1

A

(A41)

IN

Sy jomon)
k=1

=0(1).
Since the size of (:)n(x7 X) is M, which does not change as n goes up. So
18, X)[l2 = O(n™). (A42)
Neal| (1996), |Lee et al.| (2018)) show that as n goes to infinity, the output function at initialization
f(-,6p) tends to a Gaussian process, which means that f(X,0y) ~ N (0, (X, X)). Here K(X, X)

can be computed recursively. So as n is large enough, we can find a C; > 0 such that f(x;, 6p) <
Cy,i=1,---, M with probability at least (1 — §/4). Then

1£(X,00) = V2 = O(1). (A43)

Combine all these together, we have that with probability at least (1 —4§), (A31), (A32), (A33), (A34),
(A37), (A40), (A41) and (A43) hold true. Then follow the equation (A24), we get

|5 (2, &) = f(z,0)]
=n"' Vo f(2,00)Vof(X,00) O, I — (I —nn©,)")(f(X,60) — V)

— Ve [(@,00) Vi f(X,00)7 6, [T — (I —nn©n)1(f(X,00) = V)|
=n"!||Vof(z,00)Vof(X,00)70, I — (I —nnb,)'] (A44)

— Ve F(2,00)Vige F(X,00) 70, I — (I —nn6,) |2/l £(X,60) — V|2
=n"!||Vof(x,00)Vof(X,00)70, I — (I —nnO,)']

— Vive f(x,00)Vipe f(X,00)70, [T = (I —nn6,)]||2 - O(1).

And
n"H Vo f (x,00) Ve f(X,00)7 O, I = (I —n16,)']
— Ve f(2,00)Vipe f(X,00) 70, T — (I —nn6,)"]]2
<n Vo f(x,00)Vof(X,00)" — Vi f(@,00) Vive F(X,00) 1107 21T = (T = nmn©,,)" |2
+n Vi f(2,00) Vi f(X,00) 1210, — 6, |2l — (I — nmn©5)" |2
+ 0 Vi f(,00) Vi f(X,600) 2110, l2ll[T = (T = nmn©,)"] = [T = (I = nn©,)"]||2
<O0(n~Ho(1)0(1) + O(1)O(n~HO(1) + 0(1)0O(1)O(n™1)

=0(n™1).

(A45)
So we have |f'"(z,&;) — f(x,0;)] = O(n™1), and O(n~!) does not contain any constant factor
which is related to ¢. Then

sup \fﬁn(m,@t) — fhn(x,wt)| =0(n Y, asn — oco. (A46)
t
For the difference of parameters, we have
G — wp = vee(W ) WD 3 50 w® _w® 5@ 52y, (A47)
According to (AT9) and (A22)),

—(1 — _ A A~
T = WO, = [0 Vi F(X, 00) 7051 — (T = nn,)!(F(X,00) — V)
< [0 Vg F(X, 00) 21105 12117 = (I = nn@,)! |2l £ (X, 60) — V1l

<n7H Vo f(X,60)7 |2 - O(1).
(A48)
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Here Vi) f(X,00)7 is an x M matrix, the j-th entry of the matrix is Vo) f (x;, 60). According
to (A26), we have VW;l)f(xj, 00) = O(n~Y/2). Then ||V f(X,00)T 2 = O(1). So we have
w7 (D

|[W, " = Wt(l) l2 = O(n=1), and O(n~') does not contain any constant factor which is related to .
Then
sup [, — W2 = O(n™1), as n — oco. (A49)
t
Similarly we can prove
sup ||Bz — bl = O(nY), asn — . (A50)
¢
sup ||5t2 —3%” =0(n"'), asn — occ. (AS51)
t
For th - W@) we have
772 (2 —
I, = WPl = 0~ Vypea £(X,60)7 (65711 = (I = nndy)']-
6,111 = (I = m10,)']) (F(X,60) = V)

< 7 Ve £(X,00)7 )12 (IIGE1 = O, 2l = (I = n9©n)"[|2+

105 12/l — (I = nn©)] — [I — (I—nn@)t]\b) 1F(X60) = V2
<07 [V f(X,600)T2(0(n~1)O(1) + 0(1)0(n™1)) - O(1)

=02V f(X,00)7 |2
(A52)
Here V2 f(X,00)T is an x M matrix, the ij-th entry of the matrix is V W f(x;,600). According

to (A28), we have V2 f(z;,600) = O(1). Then ||[Vyye f(X,00)7 ]2 = O(n'/?). So we have

|\W§2) — /VIZ(Z) |2 = O(n=3/2), and O(n~3/2) does not contain any constant factor which is related
to ¢. Then o
sup |[W2 — W2|a = O(n*/?), asn — oco. (A53)
¢

O

G Proof of Corollary {4

Corollary [4| is obtained by combining Theorem |3 and the fact that training a linearized model
approximates training a wide network (Lee et al.,[2019, Theorem H.1). Although Lee et al.[(2019,
Theorem H.1) consider Gaussian initialization, the arguments extend to sub-Gaussian initialization.

Proof of Corollaryd} Using Theorem[3] we have that
sup | fi% (2, &) — fi%(z,wy)| = O(n™1), asn — oo. (A54)
t

According toLee et al.| (2019, Theorem H.1), in the case of Gaussian initialization, we have

sup [ /1 (2, w;) — f(2,0)] = O(n"%), asn — oo. (A55)
t

Under our neural network setting, which is a one-input network with a single hidden layer of n ReLUs
and a linear output, we can generalize the above result to sub-Gaussian initialization. In the remark
of Theorem [3] we illustrate that the empirical NTK converges to analytic NTK for initialization with
finite variance distribution. Then for sub-Gaussian initialization the empirical NTK still converges to
analytic NTK. Then the only part we need to adapt in the proof of |Lee et al.| (2019, Theorem H.1) is
the following theorem (Lee et al., 2019 Theorem G.3):

Theorem A12. Let A be an N X n random matrix whose entries are independent standard normal
random variables. Then for every t > 0, with probability at least 1 — 2 exp(—t2/2) one has

| Allop < VN + v/ +t. (A56)
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Then Lee et al.|(2019) applies the above theorem to weight matrices in the neural network. In our
case, the weight matrices WM and W) are 1 x n matrices, which can be regarded as vectors. So

[WO|gp = (A57)

Now we use sub-Gaussian initialization. Then IP’(|WZ»(1)| > t) < 2exp(—t?/20?) for some positive
o. Then (V[/i(l))2 is sub-exponential. Using the property of sub-Gaussian exponential, we have
E exp(|WZ-(1))2 |/A) < 2 for some positive A. Using |Vershynin| (2018} Theorem 1.4.1), we have

n n 2
(12 (1)y2 . vt
P <;(Wi ) —E;(Wi )2 > t) < 2exp {—cmln (W A)] . (A58)
Let t = n\, then we have
P (Z:(VVZ-(U)2 > EZ(W;U)Q + n/\> < 2exp(—cn). (A59)
i=1 i=1

Since 2 exp(—cn) — 0 as n — oo, the above equation means that with arbitrarily high probability,

D (WP <EY (W) 4

i=1 =1 " (A60)
=nE(W;)? +nA
= O(n).

So |[W®) ||, = O(y/n). For the same reason, ||[WW(?||,, = O(1). Then follow the remaining
argument of [Lee et al.| (2019) we can show that

sup | £ (2, w;) — f(z,0)] = O(n" %), as n — oo. (A61)
t

Combine the above equation with (A34) then we finish the proof. O

H Proof of Theorem
We consider the continuous version of problem (T3):

i 2w w@
WiV, b) d b
06%1(%2) ‘/]RQ “ ( ’ ) 'u( ’ )

(A62)
subject to / aWD D)WWz + b, du(WH b)) =y, j=1,...,M.
R2
Here the only difference between (T3)) and (A62) is the difference of measures ., and p.
Proof of TheoremP] The Lagrangian of problem (T3] is
M
L(an, \") = / a2 (W, b) dpn (W 0) + Y " A (g (5, 0m) — 1) (A63)
R? :
j=1
The optimal condition is V,,, L = 0, which means
M
Vo, L =20, (WD b) + 3" X0 W W + 5], = 0 when (WD, b) = (W b)), i =1, k.
j=1
(A64)
Then
LM
@ (WO .0) = =5 3N W W 4 b when (W) = (WY b), i =10 k. (A6)
j=1
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Since only function values on (Wl-(l)7 b;)M, are really taken into account in problem (T3)), we can let

M
1
a, (W p) = = SN WD 0], YWD, b) € R? (A66)
j=1

(W, b) dpryy (WO, b) and g, (2, ).

Here A?,j =1,---, M are chosen to make g, (i, @n) = y;,i = 1,--- , M. It means that

without changing [, a2

n

M
1
-5 Z)\?/ WDz 40 WPz + 0] dun (WD 0) = ysi=1,..., M. (A67)
: R2

Similarly the Lagrangian of problem (A62) is
N M
T(a,2) = / (WD, b) du(WW,5) + 3 Aj(g(r5,0) — 7): (A68)
R2 ;
Jj=1

The optimal condition is vai = 0, which means

M
VoL =2a(WM b))+ > N [WWz;+ 8], =0 V(WD b) € R (A69)
j=1
Then
a(wm p) = —= ZA WOz +0, YWD b) € R (A70)
j 1

Here \j, j = 1,..., M are chosen to make g(x,a) = y;, ¢ = 1,..., M. It means that

M

1 )

= >N / WOz + 0], WPz + 0], dup(WH b)) =yii=1,..., M. (A71)
j=1

Compare (A67) and (A7I). Since the number of samples is finite, x; is also bounded. Then by the

assumption that Y/ and B have finite fourth moments, we have that [W(l)m + bl WMz, + 0],

has finite variance. According to central limit theorem, as n — 00, [¢, [W Mz + b], WMz, +

b] ¢ dpn (WM b) tends to Gaussian distribution of variance O(n~!). Then

[y 4 b Dtk 8 i WO, = [ WO 4 VO 4 8 (W)
R2 R2
=O0(n"1/?)
(AT2)
Vi=1,---,M, Vj=1,..., M with high probability. Since and are systems of linear
equations and coefficients of (A67) converge to coefficients of at the rate of O(n~'/?), then

N =X =0nY?), j=1,...,M. (A73)
J J
Compare (A66) and (A70). Given (W) b), we have
[, (WM b) —a(WW® )| = O(n~1/?) (A74)
Next we want to prove that sup,¢(_p, z) [9n (7, @) — g(z,@)| = O(n~'/2). Firstly, we prove that

SUPge[—L,L] ‘gn(xva) - g(.’E,a” = O(n_1/2)' Since

() = [ @OV O8] (WD)

r (A75)

g(m,a):/ aWwO p) WDz + b, du(WD, b)
R2
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So - -
Egn(z, @) = g(x, @)

Var g, (v, @) = %‘/]Rz [E(W(l),b)[W(l)x + by — g(x’a)]2 d/l(W(l),b). (A76)

Here the expectation and the variance are with respect to (W(l) b;)7 According to (A70) and the
assumption that JV and B have finite fourth moments, the integral i 1n is bounded on [—L, L].
So sup,¢(_r 1) Var gn(z,@) = O(n~ ). According to central limit theorem, as n — 00, gn(z, @)

tends to Gaussian distribution of variance O(n 1) for any z € [—L, L]. Then |g,, (z,@) — g(z,@)| =
O(n~'/2) pointwise on [—L, L] with high probability. Then we only need to prove that the sequence
of functions {g, (x, @)}, is uniformly equicontinuous. Actually, V1, z9 € [—L, L]

|gn($1,a) - gn(mg,@ﬂ
< / AW, o)W Oy + 5], —a(W O, 0)[IW Oy + 0], | du (WO, 1)
]RZ

)
R2
<)

R2

Because [, |[a(W®),b)| Wi(l)’ dpn (WD b) — foo [@(WD, )] ‘Wi(l)’ dp (W | b) with prob-
ability 1 according to the law of large numbers. So [, |[a(W 1), b)| ’Wi(l)‘ dpt, (W™ b) is bounded

and the bound is independent of n. So {g,(z, @)} is uniformly equicontinuous. Then by the
argument similar to Arzela-Ascoli theorem, with high probability,

sup |gn(z,@) — g(z,@)| = O(n~"/?). (A78)
z€[—L,L]

A77
aw®,p (ATD)

~—~

‘Wi(l)‘ |z1 — 23] dﬂn(W(l)vb)

awm,p

~—~

‘Wl(l)‘ d:un(W(l)a b) |1‘1 - 1‘2| .

Finally, we prove that sup,c(_; 1) [gn(z,@n) — gn(z,@)| = O(n™1/2). Since Vz € [~ L, L]
|gn (2, 0n) — gn(z, @)
< / (WO, )W+t —a(W D, )W+ bl | dun (W, b)

IN

T (WD, b) —a(w, b)‘ WOz 4 b4 dun (WD, b)

IN

i
L}

M
Z WOz, 40, [ WDz + by dp, (WD, b) (A79)

l\')\»—l

INA
l\D\»—l

M
Z A - Aj\/ WD, 4+ 5, WD+ by dpan (WD, )
j=1 R2

M
1 1 1 1 n
<3 ( Jnax /RQ[W( Vaj + 0]y (WM + by dpay, (W ),b)) ; A7 — N
Because [—L, L] is compactand [, [W M ;+b]4 [W M z+b]4 dp,, (WD), b) converges according to
the law of large numbers, max,c(—r, ) [pz [W M2 + 0] [W Mz +b] 4 dp, (WD), b) is a finite num-

ber independent of n. Then according to (A73), max(w+ p)esupp(u) |0 (WD, b) —a@(W D b)| —
0. Then

sup  |gn(z, @) — gn(z, @) = O(n=1/?). (A80)
z€[—L,L]
Combined with (A78), we have
sup |gn (@, @) — g(a,@)| = O(n~1/?). (A81)
z€[—L,L]
This concludes the proof. O
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I Proof of Theorem

The detailed calculation of (I7) for the second derivative g” is as follows:

g"(,7) =/ YWD, e) WO o — ) dn(W D, )
R2

= / (/ YW ¢)
supp(vc) \/R

W<1>( dVWC_C(W(l))> 5(z — ¢) dve(c)

(A82)
= [ (w0 O] i W) ) e = ehpelclie
supp(vc) \J/R
= pe(a) [ WD, ) [W0] diyie—y (W)
R
Proof of Theorem|[6] First, if « ¢ supp((), similar to (T7), we have
, (7 u,v)) = I/I/v(l)7 W(l) d — W(l)
ol (7.7.7) = pela) [ AWD.0) WO doypies (W) )

=0.
Next, we prove that g(z, (7,4, 7)) restricted on supp(() is the solution of the following problem:
h// 2
min / w dz
heC2(supp(€))  Jsupp(e) C(@) (A84)
subjectto  h(z;)=y;, j=1,....,m.

Let L(f) = fsupp( 0 W%dx. Then the functional L(f) is strictly convex on space {f €

C?*(R?)|f(z;) = yi, i =1,...,m} when m > 2. It means that the minimizer of problem (A84) is
unique.

Suppose h(z) is the minimizer of problem (A84) and h(x) is different from g(z, (7,4, v)) restricted
on supp(¢). Then by uniqueness of the solution,

L(h‘) < L(g(~,(7,ﬂ,@))). (A85)

Now our goal is to find out another (v, u, v) with smaller cost in problem (T8). Then (7,4, v) is not
the solution of (I8)), which is a contradiction. We set

W' (e)w ]
pe(c) EOW2IC = ¢)’

YW e) = ¢ € supp(Q). (A86)

Then according to (I7),

9" (x,7) = p(:v)/

F (WD z) ’W(l)‘ dVW|C:x(W(1))
R

_ W ()| W] 1 1

_ M) m|? 1)
B E(W2|C:m)/R‘W | dowie—a (W)
B h//(x)

~ EOWV[C = )

=h"(z), «€supp(().

(A87)

EW?|C = x)

It means that we can find u, v € R such that uz 4+ v + g(z,~y) = h(z). Then we find out (v, u, v)
such that g(z, (7, u,v)) = ux + v + g(z,7) = h(x) on supp((). So g(z;, (v, u,v)) = h(z;) = y;.

27



It means that (v, u, v) satisfies the condition in problem (T8). Next we compute the cost of (v, u, v):

/ 2W W ) du(W, )

2

h” |W 1)|
dp(w@®
- e mmc—@> e

h// (1) 2
/ UliAd ) dl/W|c:c(W(1)) dve(e)
supp(¢

W2IC— c)

(

hie (A88)

/ © (Pc W2|C ) (/R WP dVW|C—c(W(1))) pe(c)de

supp
h// 2

/ ©) < W2|C > (/R |W(1)|2 dVWlC_C(W(l))) pC(C)dC

supp

h// ))
LWU <>www=@“
(h)

On the other hand, the cost of (7,@, D) is

/*ﬂwﬂ &) v (W, ¢)
RQ

-/ </va%@mwm4W®Qa@Mc
supp(¢) \/R

_ 2
>/ (Jr FWD, )W dryyie=) pe(c)de
supp(¢) fR |VV(1)|2 dVW\C:c

:/ (¢"(c.7)/pc ()’
supp(¢) fR |VV(1)|2 dVW\C:c

(Cauchy-Schwarz inequality)

(A89)

pe(c)de  (according to (I7))

. G
supp(¢) Pe(c)EW?IC = ¢)

=L(g(-,7))

=L(g(-,(7,w,v))) (g9(-,(¥,w,v)) has the same second derivative as g(-,7)).
Then

/ YWD e) dv(WD ¢) = L(h) (according to (ASS))
R2
< L(g(:, (%,u,7))) (according to (A83)) (A90)
< / F2WW ) dv(W® ¢)  (according to (ASY)).
R2

It means that the cost of (y, u, v) is smaller than the cost of (7,4, 7). So (¥, 4, ¥) is not the solution
of (I8), which is a contradiction. So our assumption is wrong. So h(z) = g(x, (7, @, v)) on supp((¢),
and g(z, (7,u,v)) is the solution of problem (A84). In the last step we prove that ¢”' (z, (¥, %, 7)) = 0
when 2 ¢ [min; z;, max; ;] and g(x, (7,4, v)) restricted on supp(¢) N [min; x;, max; x;] is the
solution of (ZI). We only need to prove these statements for h(x), which is the solution of (A84).
Since |x;| € [min; z;, max; z;], the function values on (—o0, min; ;) and (max; x;, 00) are not
related to constraints of problem (Z1I), so h(x) can be replaced by following h(xz) which also satisfies
the constraints of problem (21):

h(z) x € [min; ;, max; ;]
h(z) = { W' (min; z;)(z — min; z;) + A(min; ;) = € (—oo, min; ;) (A91)
B (max; z;)(z — max; ;) + h(max; x;) x € (max; x;,00).
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Then
R'(z) « € [min; 2;, max; x;]
B'(z) =40 x € (—oo, min; x;) (A92)
0 x € (max; z;, 00).

So the cost of h(z) is less than that of i (x). Then the fact h(x) is the minimizer of (A84) tell us
that h(z) = h(x). So h(x) should be linear on (—oo, min; z;) and (max; z;, 00). Then h”(z) =0
when x ¢ [min; z;, max; z;]. Let h(z)|s denote the function h(z) restricted on S = supp(¢) N

[min; 2;, max; x;]. Since h(x) is the solution of the problem (A84), we get h(x)|s is the solution of
the problem (21). O

In the case of not using ASI, problem (T8) becomes:

i 2w wm
’ d ’
,YeC(Rg)lyluneR,ueR /]Rz K ( C) V( C)

subject to  ux; + v —|—/ A (WD WD (z; — )]y dv(WWD ¢) =y — flzj,60),

R2
j=1,..., M.
(A93)
Then Theorem [6] without ASI is stated as follows.

Theorem A13 (Theorem 6| without ASI). Suppose (7,%,) is the solution of (A93), and consider
the corresponding output function

9(z, (7,u,v)) = ux +5+/ FW D, WD (@ —e)ly dv (WY, ¢) + f(z,60). (A4
R2
Then g(z, (7,4, 0)) satisfies g" (x, (7,4, 0)) = [ (x,0p) for x ¢ S and for x € S it is the solution
of the following problem:
" o 2
O R ES
s ¢

heC?(S) (z) (A95)
subjectto  h(z;)=y;, j=1,...,M.

J Proof of Proposition[7|and remarks on Proposition

Proof of Proposition[7} Let pyy ¢ and pyy g denote the joint density functions of (W, C) and (W, B),
respectively. We have

oW, -wae)
W,C) =|—Fi—F5— W, -WC) =W w,-WwcC A96
pw.c(W,C) ‘ a0V, ‘pw,s( : ) = [Wlpw (W, )s (A96)
and
E(W?|C = x)pe(x / W2pyw.c(W|C = z) dWpc(z)
= / W pw,c(W, l’) dW (A97)
R
= [ W (V. W) dw
R
O
Proof of Proposition|[8] The construction is given in the statement of the proposition. O

Remark A14 (Remark to Proposmonl samphng the initial parameters). The variables (W, B8) can be
sampled by first sampling C' from p¢(z) = Z g(z), then independently sampling W from a standard

Gaussian distribution and setting B = —W . In this construction, in general W and B are not
independent.
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Intuitively, if we want the output function to be smooth at a certain point xy, we can let the conditional
distribution of WV given C be concentrated around zero for C = x, or we can let the probability
density function of C to be small at C = x. Note that p¢ is the breakpoint density at initialization.
The form of this has been studied for uniform initialization by [Sahs et al.| (2020). We provide the
explicit form of the smoothness penalty function for several types of initialization in Appendix [K]

Remark A15 (Remark to Proposition[§] independent initialization). Note that constructing an arbitrary
curvature penalty function will necessitate in general a non-independent joint distribution of YV and
B. If W and B are required to be independent random variables, gives

() = E(W2|C = 2)pe(x) = / W Py (W)pis(— W) V.

Given a desired function for the left hand side, we can still try to solve for the parameter densities.
This type of integral equation problem has been studied (Nasim, |1973)) and one can write a formal
solution, although it is not always clear whether it will be a density.

K Proof of Theorem
We prove the statement for the three considered types of initialization distributions in turn.
Proof of Theorem[9| Gaussian initialization. Using (A97), we have

E(W|C = 2)pe(x) = / W oy (W) pis (— W)W

3 1 _Lz 1 _ WZ;Z
= w e 2% ———e 2% AW
/R W] V2o, V2moy

P (A98)
_ 1 /|W‘3e—(%+ﬁ)w AW
2700 Jr
=52 / wie =TI aw
2rouob Jr
Leto? =1/ (g% + i—i),then
w b
BVIC = ohpele) = <= [ W' 3=aw
V2wo,op JR V2o
o 3 2
= 70’ . 2 . —
V2o T
o 3 2
= 53.9.4/2 (A99)
\/27rawoba ™
_ 20
oo
_ 203,0?
m(of +2%07)?
Then

((z) = E(W?|C = z)pc(z)
B 203 o (A100)

O

Proof of Theorem[9} Binary-uniform initialization. Since W is either —1 or 1, EW?|C = z) = 1
for any = € supp(ve). Since B ~ U(—ayp, ap), it is easy to check —B/W ~ U(—ap,ap). So
C(z) =1/2ap, x € [—ap, ap]. O
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Proof of Theorem[9) Uniform initialization. According to Theorem 1 in[Sahs et al. (2020), the den-
sity function pe(c) of ve is

1 . ap 2
pe(c) = Taua (mln {c|, aw}) , ¢ € supp(re). (A101)
When |c[ < 2%, then pc(c) = m (aw)?. It means that p¢(c) is constant when |¢| < =.

Let pyy 5(W ™) b) denote the density function of y, py ¢ (W), ¢) denote the density function of v,
so

ob
pW,C(W(l)»C) = pW,B(W(l)v —CW(l))a*
) ¢ (A102)
]]-W(UE[—aw,aw] : ]]'—(:W(l)e[—ab,ab] . (_W(l))

da,ap

Here 1, is the indicator function which equals to 1 when condition a is true, and 0 otherwise. Then
density function pyy;c (W (|c) of the conditional distribution vyyc—, is

pw.c (WD ¢
pW|c(W(1)|C) _ M

pe(c)
(A103)
Ty WO eawan]  Loew®eapa) - (W)
pe(c)
When [c] < 7&, —cW M| < 2ra, = ap. So —eWW € [—ap, ap)istrue and 1_ () (g 0, = 1.

Combined with the fact that pe (c) is constant when |c| < 2, we have pyy|c (W V|c) is independent
of ¢ when |c| < 2. So E(W?|C = c) is constant when |c| < 2. Since & > L, EOW?|C = ¢)
and pc(c) are constant when ¢ € [—L, L]. Then ((z) = E(W?|C = z)pc(x) is constant when
ce|-L, L) O

L. Equivalence of our characterization and NTK norm minimization

In this section we demonstrate that NTK norm minimization (Zhang et al.; 2019), which characterizes
the implicit bias of training a linearized model by gradient descent, is equivalent to our characterization
in Section E} Following Jacot et al.|(2018), [Zhang et al.|(2019) show that gradient descent can be
regarded as a kernel gradient descent in function space, whereby the kernel is given by the NTK. Then
for a linearized model, gradient descent finds the global minimum that is closest to the initial output

function in the corresponding reproducing kernel Hilbert space (RKHS). Let ©,, be the empirical
neural tangent kernel of training only the output layer, i.e.

1
On(z1,22) = vamf(wh90)VW<2>f(CU2790)T

1 n
= E ZVWi<2>f(J:1,HO)VWi@)f(J;Q,HO) (A104)

i=1

1 n
= = > W 4 b s b

i=1

Asn — oo, ©, — O, where

O(xy,x2) = / WOz + W), [(WWzy + W), du(WD b). (A105)
]R2

Equivalently, using the notation in Section .2} we have

O(x1,x2) = /R WO (2 — )] WD (2 — )]y dv(WD ¢). (A106)
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Next, Zhang et al.[(2019) construct a RKHS Hg (S) by kernel (:), and the inner product of the RKHS
is denoted by (-, -)g. Then Hg(S) satisfies:

() Vze S 0(,z)eHs(S); (A107)
(i) Ve S,VfeHy, (f(1),00,2))g = flz); (A108)
(i) Va,y €S, (0(,2),0(,y)e = Ox,y). (A109)

Here the domain is S = supp(¢) N [min; 2;, max; z;], which is the same as in Theorem (1| and
Theorem @ Using the reproducing kernel Hilbert space, [Zhang et al.|(2019) prove that f'*(z, 0y )
(defined in Section[3.3) is the solution of the following optimization problem:

min - stglz)=y;, j=1,..., M. (A110)
geHé(S)HgHOn g(zj) =yj, J

As the width n tends to infinity, the above optimization problem becomes

min - stglz) =y, j=1,...,M. (A111)
geHé(S)HgH@ g(x5) = yj, J

In SectionEI, we show that f1i"(z, &, ) is the solution of the optimization problem (T5) in function
space. As width n tends to infinity, the optimization problem (I3) becomes (A62)), which we repeat
below:

min / 2(WW by du(Wm) )
aeC(R?) R2 (Al 12)

subject to / aWD D)WWz + 0], du(WH b)) =y;, j=1,...,M.
R2

Since optimization problems (ATT1) and (AT12) both characterize the implicit bias of training a
linearized model by gradient descent, they must have the same solution in function space. We express
this formally in the following theorem:

Theorem A16 (Equivalence of our variational problem and NTK norm minimization). Assume that
optimization problems (AT11)) and (AT12) are both feasible. Suppose @ is the solution of (AT112),
and consider the corresponding output function:

y(x):/ awW® p) WOz + ), du(W® b). (A113)
]R2

Then g(x) restricted on S is the solution of the optimization problem (ATT1).

Next, we give a standalone proof of this theorem using the property of kernel norm. The proof gives
us an idea of what the kernel norm actually looks like.

Proof of Theorem[A16] Since @(W ™), b) is the solution of (ATT2), according to (A70) in the proof
of Theorem 5}

M
1
a(wm p) = -3 S oW W o), V(W b) € R? (A114)
=1
for some constants \;,j = 1,..., M. Then we write @(W (), b) in the following form:
a(w p) = / h(z) WPz + b, da, (A115)
s

where h(z) can be a combination of Dirac delta functions. Then substitute (AT13) into the expression

of g(x) (ATT3) to obtain

d(z) = / @) WD + 0] WOz + 8], dp(WD, b)di
R2xS (A116)
:/h(j)é(x,j)di,
S
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where we use the expression of the NTK in equation (AT03). Then
(9(@).9(oe = lo(a). [ 1()O(w,3)d7) g0

- / h(E)(g(z), Oz, B)) g di
S

(A117)
= / h(z)g(z)dZ  (here we use the property of RKHS norm (AT08))
s
= / h(E)W(Z)O(%,Z)dZdz  (use (AIIE)).
SxS
On the other hand, using (ATT3), the objective of (AT12) becomes
[ a5 duw )
S2
_ / W@ W OF + 5, h@ WO+ 8], dedzdu(WD, p)
SxSxR?
(A118)

:/ h(:z)h(:z)/ Wz + 0] WOz + b du(WD,b) didz
SxS R2

_ /5 @O, F) i (use BTO)).

Comparing (AT17) and (AT18)), we have that optimization problems (AT11)) and (AT12) are equiva-
lent if o(W ), b) has the form (ATT3) and g(z) has the form (AT16). Moreover, if every function
g € Hg(S) can be approximated by the shallow network, we can find a(W ™), b) in form of (ATT3)
such that g(z) is expressed in the form of (ATT6). In this sense we show that optimization problems

(ATTT)) and (AT12)) are equivalent. O

In Section 4.2} we relax the optimization problem (T6) to (I8) in order to characterize the implicit
bias in function space. This relaxation can also be done in the NTK norm minimization setting. It
means that we can equivalently relax the problem (ATTT) to the following problem:
min —ur—vl|lg stglx;)=vy;, j=1,..., M. Al119

pero i, Lep 9 lo st g(z;) =yj. J (A119)
Then the optimization problems (I8)) and (ATI9) are equivalent. Theorem 6] shows that (T8) and (2T))
have the same solution on the set S = supp({) N [min; x;, max; x;]. Then we have that optimization
problems (ATT9) and (Z1)) are equivalent, which means that

min _|lg —ux —v|lg = / ¢"(@)* dz, Vg€ Hg(9) (A120)
u€ER,vER © S ((.’E) ’ © '

Next, we directly prove the above equation (AT20). Given function ¢ € Hg(S), let h =
argming, ey, (s) [hllg, st h = g — uz — v for some u € R,v € R. Then according to opti-
mality of h, we have (h,z)g = 0 and (h,1)g = 0. Consider the space W = {h € Hg(S5) :
(h,x)g = 0,(h,1)g = 0}, which is the orthogonal complement of span{1,z}. Then h is the
projection of g on W. Since h = g — ux — v, b’ = g”. So we can reformulate the equation (A120)
which we want to prove in the following theorem:

Theorem A17 (Explicit form of the kernel norm). The kernel norm on the space W = {h € Hg(S) :
(h,x)g = 0,(h,1)g = 0} is given as follows:

IR)IZ = / (h;/((z)))z dz, VYheW. (A121)
S

This theorem gives the explicit form of the kernel norm in a subspace of H g (.S). Next we prove the
above theorem using the property of kernel norm.

Proof of Theoem[&T7} Let ©,(-) = O(-, ). We can find the orthogonal projection of ©,, on space
r' (y)O4 w(y) dy

W, which we denote by (:)z,W. Then we only need to prove that (h, C:)x,w)é = fs )

foranyh € Wandz € S.
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First, é:c,W = 0, — ux — v for some constant u, v € R. Since h € W, (h,1)g = 0and (h,x)g = 0.
Then

(A122)

- éx y)/l
- %éu,y)
= % . WO (@ - WD (y — o)) dv(WW,c)  (use (AI08))

2
— s [ OV g7 = o sgn(V )y~ ) dipwie—c (WD)l
= O [ Eov 1w 2 0)¢ = ol — duly — ol

Yy° JrR

FEOVL(W < 0)[C = e)[e — a4 e — 9]-) pe(e) de
2 0

-/ (E(W LW 2 0)C = )l — s 51y — -

LEOWALOY < 0)[C = o)fe — x1+§—y2[c - y]+) pe(c) de

- /R (EW?L(W > 0)IC = ¢)[z — ] +d(y — ¢)

+EW?L(W < 0)|C = ¢)[c — 2]4+6(y — ¢)) pe(c) de
= (EOWV*L(W 2 0)IC = y)[z — yl+ + EWV*L(W < 0)|C = y)[y — z]+) pe(y)-

(A123)
Then
/ W' ()0 w (y) .

S C(y) Y
:/ W(y) BOVAOV 2 0)[C =yl — yl+ + EOVIOY < 0)IC = y)ly —al+) pe(®)

s C(y)
:/ h'(y) (EOWV2L(OW > 0)|C = y)[z — yl4 + EOV?L(W < 0)|C = y)[y — z]4) d

s EOV[C = y) Y
_ E(Wzl(w > 0)‘6 = y) " E(Wz]l(W < 0)|C = y) "

(A124)
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Now we regard | g W dy as a function of z, then

0% [ h'(Y)O)wy)
o)

_ 0 E<W2]1(W > 0)‘0 = y) " E(WQH(W < O>|C = y) "

E(W21(W >0)C=y),, E(Wzﬂ(W <0)C=y),,

= ' (y)d(x —y) + h'(y)d(y —x)d
| P e e st =)+ S e = I )iy — o) dy
EW21(W >0)[C=x) ,, EW?1(W <0)|C=2) ,

Evic—s Ot T mmeeoa P @
=h"(z).

(A125)
From the definition of the space W, we see that the second derivative uniquely determines the element

in W. Since h € W, in order to show that [ M dy = h(z), we only need to show

n" y)@ (y) n" (y)@ (y) h )0 w )
en

! (:)// ' o ()
</S (y)g(;jW(y) a1 :</S (y )?,(y) (z,y) Q. 10
O(z,y+h)—26(z,y)+O (z,y—h)

() limy,_p O H1)=200 ~
</s ¢(y) dv: e

K (y) @(ﬂv7y+h)—2@}(L§,y)+@(w7y—h)

=1i dy, 1)e
ho0 5 C(y) vl
B (y) (O(z,y+h),1)6—2(O(2,y),1) 6 +(O(z,y—h) 1)
= lim hZ dy
h=0Jg ¢(y)
R y+h—2y+y—h
= lim ) hZ dy
h=0Jg ¢(y)
=0.
) (A126)
Similarly we can show that ([ W dy, x)g = 0. This concludes the proof. O

M Gradient descent trajectory and trajectory of smoothing splines

In the following we discuss the relation between the trajectory of functions obtained by gradient
descent training of a neural network and a trajectory of solutions to the variational problem with the
data fitting constraints replaced by a MSE for decreasing smoothness regularization strength. This
Lagrange version of the variational problem is solved by so-called smoothing splines. Smoothing
splines have been studied intensively in the literature and in particular they can be written explicitly.
We give the explicit form of the solution for the trajectory in the context of our discussion.

M.1 Regularized regression and early stopping

Bishop| (1995) shows that for linear regression with quadratic loss, early stopping and Lo regulariza-
tion lead to similar solutions. Let us recall some details of his analysis, before proceeding with our
particular setting. He considers the loss function E(w) = || Xw — y||2, where X = [x1,..., x|
is the matrix of training inputs, y = [y1,...,yas]? is the vector of training outputs, and w is the
weight vector of the linear model. Next the loss function can be written in the form of a quadratic
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function: )
EW) = [Xw—yl3

wliXTXw—2yTXw+yTy

—wIXTXw — 2yTXW + yTy (A127)
1
= §(W - w)TH(w —w*) + Eo,
where H = 2X7TX, E, is the minimum of the loss function, and w* is the minimizer. The
eigenvalues and eigenvectors of H are as follows:
HUJ‘ = )\ju]‘. (AlZS)
Then expand w and w* in terms of the eigenvectors of H:
w = ijuj, w* = Zw;uj. (A129)
J J

For the L, regularized regression problem, consider the regularized loss function E(w) = E(w) +
c/|wl|3. Denote the minimizer by w = W and consider its expansion as W = ; Wju;. Bishop
(1995)) shows that

Aj
. A130
Wi /\j +Cw] ( )

For early stopping, consider the gradient descent on E(w) with zero initial weight vector:

w =wl) _yVE

=wm ) —pHWTY —w*), (A131)
w(® =o.
Writing w(™) = > wy)uj, then
wi™ = (1 (1—nAp)")w}. (A132)

Note that 1 — (1 —nA;)™ — 1 —e~"™% as n — 0. Hence choosing a sufficiently small learning rate,
approximately we have

wi™ = (1— e 1wk, (A133)
From (AT30) and (AT33)), Bishop|(1995) observes that if ¢ is much larger than ), then the regularized
solution has coordinate w; close to 0, and similarly if 1/(n7) is much larger than )\, then the early-
stopping solution has coordinate wJ@ close to the initial value 0. We note that analogous observations
apply when the regularization term has a reference point different from zero, c[|w — W||3, and the

gradient descent iteration is initialized at a point different from zero, w(®) = Ww.

Now we want to take a closer look at the trajectories. Consider the following two functions:

s
() = )\-j—m’
j

ho(x) =1 —e 22, (A134)

Actually we can verify that k1 (0) = h2(0) = 1 and lim,_, % = 1. It implies that these two

functions are close to each other on [0, c0). Figure[A7]shows the plot of functions /1 (z) and ha(z).

Now we choose the coefficient of regularization ¢ = n% Comparing (A130) and (A133)), and using

the fact that hy (z) and ho(z) are close to each other on [0, 00), we show that early stopping and Lo
regularization lead to similar solutions across different values of ¢ = n%

Back to our problem, we repeat the gradient descent procedures (T0) here:
WP =W, WO =W® — Ve L@, (A135)

It is actually minimizing the following loss function of W (?) — W:

n

M 2
EW® -W)=3%" (Z(WS” ~ W)W s+ by — (5 - f(rcjﬁo))) . (A136)
j=1

=1
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Figure A7: Plot of functions h (x) and hs(x). The left panel plots the two function when \; = 1.
The right panel plots the two function when A; = 5.

Here we change the variable from W () to W(2) — W. Then Wt(z) — W = 0 when t = 0, so that
gradient descent start from the zero initial weight vector. Since the above model is linear with respect
to W) — W, we can apply the above argument about early stopping and Lo regularization. Suppose
that we use learning rate p,, for the neural network of width n. We show that the solution Wt@) at
iteration ¢ is close to the minimizer of the following regularized optimization problem:
M n 2
. —(2 —
W (Z(Wﬁ” — W Va; + bl = ;- flas, em) +e|W® — W3, (A137)
i=1

j=1
where ¢ = ﬁ Using the same approach and notation as in Section 4} the optimization problem

(AT37) is equivalent to

M

2
. (1) 1), (1) oy
i Z(/W%(W D)W D+ 5] dp (WD, ) w)

= (A138)

2 (D) 5
Q2 (WD b) dpn (WD, b),

where we use the ASI trick (see Appendix [C.2). Here (AT38) has an extra factor = compared to
(AT37). This is because we define ozn(Wi(l)7 b)) = n(WZ@) — W?)). According to Theorem
M, < m is sufficient in order to ensure convergence. Then we suppose that 7, = 7j/n,

where 7 is a constant so that the requirement on the learning rate in Theorem [2]is satisfied. The limit
of the optimization problem (AT38) as the width n tends to infinity is:

M

2
- O, WD 4 5, du(W ) — )
Lomin, ;:1 </RQa(W )W s + bl dp(WH,b) —y;

(A139)
1
Nt Jr2
Following the same reasoning of Section [4.2] we relax the optimization problem (AT39) to the
following one:

AW by (WD, b).

M 2
oL, D (uwj +u+ /R W, o)W+ bl du(W . 0) —yj)
ES j=1 (A140)
1
+ = [ 2WW b) du(Wm,b).
nt Jre

Using the same technique and notation as in Theorem [6] we can prove that the solution of (AT40)
actually solves the following optimization problem:

M

| a1 (@)
i ) i+ [ o (AL
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Figure A8: Trajectories of functions obtained by gradient descent training a neural network and by
smoothing splines of the training data with decreasing regularization strength (from dark to bright).
The left panel plots 20 functions along each trajectory. The right panel shows the same functions in a
two dimensional PCA representation. With asymmetric initialization of the network parameters and
adjusting the training data by ordinary linear regression, both trajectories start at the zero function.
The trajectories are not equivalent, but are close, and both converge to the same (spatially adaptive)
cubic spline interpolation of the training data (in the limit of infinite wide networks). Here we used a
large network with » = 2000 hidden units and Gaussian initialization W ~ N(0,1), B ~ N(0, 1).
The results are similar for smaller networks and different initializations.

Then in order to study the trajectory of gradient descent, we can study the optimization problem
(AT4T) with varying ¢. Figure [A§]illustrates smoothing spline and gradient descent trajectories. The
solution of (AT4T) is called spatially adaptive smoothing spline. Here the curvature penalty function
is %ﬁ, with time dependent smoothness regularization coefficient % Next, we give out the
solution of (AT4T) in the following two cases: (1) uniform case (€ is constant over domain S); (2)
spatially adaptive case (¢ is not constant over domain .S).

Remark A18 (Spectral bias). We have thus that the gradient descent optimization trajectory can be
described approximately by a trajectory of smoothing splines which gradually relaxes the smoothness
regularization (relative to initialization) until perfectly fitting the training data. If the function at
initialization is at the zero function, e.g. by ASI, then the regularization is on the function itself.
Hence the result provides a theoretical explanation for the spectral bias phenomenon that has been
observed by Rahaman et al.|(2019). The spectral bias is that lower frequencies are learned first.

M.2 Trajectory of smoothing splines with uniform curvature penalty

Suppose the reciprocal curvature penalty is constant {(x) = z on the domain S. Let A = ﬁ% Then
(AT4T) becomes the following optimization problem:
M
min h(z;) — 42+/\/ n(z))? dz. Al42
ity 2 )~ 4 [ ) (A142)

German|(2001)) gives the explicit form of the minimizer h of (AT42), which is called a smoothing

spline. The minimizer £ is a natural cubic spline with knots at the sample points z1, ..., 2. The
smoothing spline does not fit the training data exactly, but rather it balances fitting and smoothness.
The smoothing parameter A > 0 controls the trade off between fitting and roughness. The values of
the smoothing spline at the knots can be obtained as

(h(x1), ..., h(zp)) " = (I +XA)LY. (A143)
The matrix A has entries A;; = [ hi/(x)h/] (x) dz, where h; are spline basis functions which satisfy

hi(z;) = 0for j # i and h;(z;) = 1 for j = i.|German|(2001) gives out a rather explicit form of
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matrix A, which is an M x M matrix given by A = ATW 1A, Here A is an (M — 2) x M matrix
of second differences with elements:

1 1 1 1
A=, Djip1=—7— v Agipe = :
h; o hi  hita T i
And W is an (M — 2) x (M — 2) symmetric tri-diagonal matrix with elements:
h; hi + h;
Wisii=Wii1 = Wi = g, here h; = @ip1 — ;.

6’ S
As A — 0, the smoothing spline converges to the interpolating spline, and as A — oo, it converges to
the linear least squares estimate.

M.3 Trajectory of spatially adaptive smoothing splines

Let the curvature penalty p(z) = % @ ﬁ Then (AT41) can be written as

M
1 2
in — h(z;) —y; z)(h'(x))? d Al44
g 2 o)~ [ o) @) (AL4)
where W5(S) = {f: f, ' absolutely continuous and f” € L?(S)}, with L?(S) the square inte-
grable functions over the domain .S. [Abramovich and Steinberg| (1996)); [Pintore et al.| (2006) give out
the solution of explicitly, which is called a spatially adaptive smoothing spline.

According to |Pintore et al.| (2006), the solution can be derlved in terms of an appropriate RKHS
representation of W3 with inner product (f, g) f f"(z)g" (z)p(z) dz. Here WE(S) = Wa(S) N
Bs(S), where W5(.S) is defined above, and Bg( = {f f( ) = f’(0) = 0}. Notice that when
defining B2 (S) we need 0 € S. Actually we can choose any point in S. |Pintore et al.|(2006) define
B»(S) in this way just for simplicity. Then the kernel of the space W (.5) is given by

Ky (z1,22) = / p(u) oy — uly [re — u]ydu. (A145)
s

Then the minimizer & of (A144) is given by

ch (zj,x) +a+bz. (A146)
Now define the M x M matrix
o ={Kp(zi ) }ij=1,...,M; (A147)
and the M x 2 matrix
1 1
1 T2
T=1. . (A148)
1 T M
Denote the vector of coefficients ¢ = (eq,.. .,cM)T and the vector of output values y =

(y1,---,ya)T. Then the coefficients in (A146)) satisfy the following conditions:
S |(Zp) + MD)c+T (‘g)] —%,y and T {Epc +T (Z)} —TTy. (A149)

After solving for (AT49), we get the values of ¢, a and b. Plug them into (AT46), then we get the
exact form of the minimizer of (AT44).

N Solution to the variational problems after training

N.1 Interpolating splines with uniform curvature penalty

Theorem [9)(b)| and show that for certain distributions of (W, B), ( is constant. In this case
problem is solved by the cubic spline interpolation of the data with natural boundary conditions
(Ahlberg et al.,{1967).
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Theorem A19 (Ahlberg et al||1967). For training samples {(xz, vi)}M,, suppose x; € S, j =
., M. Then cubic spline interpolation of data {(z;,y;)} M, with natural boundary condition is
the solution of
min / (W (2))2da
S

heC2(9) (A150)

subjectto  h(z;)=y;, j=1,...,m.
As already mentioned in Appendix[M] cubic spline interpolation is a finite dimensional linear problem

and can be solved exactly. A cubic spline is a plecew1se polynomlal of order 3 with (M — 1) pieces.
The j-th piece has the form S;(z) = a;+bjx+c;z?+djz? j =1,---,M—1. These (M —1) pieces

satisfy equations S;(x;) = yi, Si(it1) = Yiv1, 1 = 1 M — 1 and Si(xig1) = Sip1(wig1)s
Si'(xip1) = S 1 (xig1), i =1,--- , M —2,and S”(xl) Sg}fl(mM) = 0. Hence computing the

spline amounts to solving a linear system in 4(M — 1) indeterminates.

N.2 Spatially adaptive interpolating splines

In the case that ¢ is not constant, we can still give out the form of the solution to the variational
problem (21) by using the result in Appendix [M.3] We add a coefﬁc1ent A before the regularization
term in the optimization problem (AT44)) and choose p(x) = ﬁ Then we get

1 M

heWZ(S)M [h(2) = vl +/\/< (h"())? da. (A151)

=1

As A — 0, the minimizer of (AT5T) converges to the solution of the following optimization problem:

: (h"(x))? ,
WA qe st hz)=v;, j=1,... Al152
he%vuzr?S>/Lq () 0 () =43 J=Tem, (152

which is exactly the variational problem 1. According to Appendix [M] the solution of (AT5T) is
given by:

M
AN () = Z c§.)‘)K% (zj,2) +a™ +bMe, (A153)
j=1
And the vector ¢ = (cg’\), cee CSQ))T, a™ and b satisfy the following conditions:
™) a® T [y, e a® T
(A154)
where K% , Z% and T are defined in (AT43)), (AT47) and (AT48). Since
A\
K%({El,$2) / () [x1 — u]q[xe — u]pdu
A155
=" / ( ) [x1 — u]4[xe — u]4du ( )

=" 1K%(l‘1,l‘2)

Also Xy = A7'X;. Then we let Eg-’\) = A‘lch) and ¢ = A~1c™. So we can rewrite (AT53)
and as

A (2 K )+ a™ + Vg, (A156)

C

||M§

where ¢, ) and b satisfy the followmg conditions:

. ey ) ™
Df [(zé +AMI)e™ 4+ T (bm =%y and T7 |8V 4T o )| = Ty,
(A157)
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Now as A — 0, (AT56) and become:

M
RO (@) = 3" VK (2,2) + a5, (A158)
where ¢©7), a(©") and b(") satisfy the following conditions:

0T)

( (oh)
) [Zéc(oﬂ +T (Zm*)ﬂ =1y and T" [zzcm +T <Z<0*>)] =T"y, (A159)

(AT58) and (AI59) give out the solution of (AT5T) as A — 0, which is also the solution to the
variational problem (2I)).

O Possible generalizations

0.1 Multi-dimensional inputs

We have focused on 1D regression problems, but of course we are also interested in describing the
implicit bias of gradient descent for multi-dimensional regression problems. Some of our results
are independent of the input space dimension, and others can be generalized as we discuss in the
following.

Consider a shallow neural network with d inputs. Use the same notation as in Section@ and let W)
be the d-dimensional vector sampled from a d-dimensional random vector WW. Then optimization
problem (I5) becomes:

i 2(W ) du, (WD b
oo /Rde%( ;0) dpn ( ,b)

subject to / (WO D) (WD 5y 40 dpy (WD 0) =y, 5=1,..., M,
R4 xR

(A160)
where W) becomes a d-dimensional vector. The limit of the problem (AT60) as width n — oo is

min / OéQ(W(l)a b) d#(W(l)v b)
a€C(RIxR) R xR (A161)

subject to / (WO 0 (WD x) + 0] dp(WD by =y, j=1,..., M,
R4 xR
Similar to Section ] we can relax the optimization problem (AT6T) to

min / AW by du(WD | b)
a€C(R*xR), JRIxR
ueR¥! veRr
subject to / (WO D) (WD <) + 0] dp(WD ) + (u,xj) +o=1y;, j=1,...,M
ReXR
) (A162)
Let g(x,0) = [pu,z ®(WD (WD x) + b, dp(WD,b) + (u,x;) + v be the function

represented by the infinite-width network. Then the Laplacian Ag(x,«) = Zle 92 g9(x, ) is
given by

Ag(x,a) = /dﬂ (WD p)|[WWD|12 (WD x) + b) du(WD | b)

; (A163)

- / (/ a(WW,B)[|WH3 5(WT, x) + ) duws_b<w“’>) dus(b)
R R4

where ¢ denotes the Dirac delta function; i denote the distribution of 5 which has a density function
p5(b), and iy —p the conditional distribution of W given B = b. If we assume that VW and B are
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independent, we can further simplify (AT63):
Bgx.a) = [ ([ a(WOBIWOE (W) 45) diw (W) ) dpst)
= [ ([ aw® W (W )+ b)) du (W) (164
= [ alW O =W ) WO s (~(W . ) di (WD),
where 114y denote the distribution of W. If we further assume that |[W®)||, = 1, which means we
sample from the sphere S?~! when doing initialization. Also assume that 1y has a density function
pw (W) on S, Then becomes
Bglxa) = [ WO, (W .x)) pis(~ (W )y (WO) aWD, (a165)
Let 3(WW ) = a(WD | —b) ps(—b) pyy(W D)), then
Ag(x,a) = BWD (W x)) dW®), (A166)

§d—1

Actually the right-hand side of (AI66) is precisely the dual Radon transform of 3. According to
(Ongie et al.; 2020, Lemma 3),

1

- _A\d+1D)/2 0
B =~ gyt A=A T ()}, (A167)
where R is the Radon transform which is defined by
R{f}(w,b) ::/ f(x)ds(x), (w,b) €S xR, (A168)
(w,x)=b

where ds(x) represents integration with respect to (d — 1)-dimensional surface measure on the
hyperplane (w, x) = b. The power of the negative Laplacian (—A)(@+1)/2 in (AT67) is the operator
defined in Fourier domain by

(—A)D/2f(€) = [|]|H Fg) (A169)

When d + 1 is a even number, (—A)(¢*+1)/2 is the same as applying the negative Laplacian (d + 1) /2
times, while if d + 1 is odd it is a pseudo-differential operator given by convolution with a singular
kernel.

Then according to and the definition of 3, we have
R{(=A)D2g(, )} (WD, -b)

@ p)y = —
) = T T s ) (W) (0
Then plug into the objective of (AT62),
[ W) duw,p
R4 xR
R{(=A) D 2g(, )} (W, —b)> (1)
= dp(WH b
Lo (st sty ) 490 .
2
[ (BRI W) wea
Sd=1 xR

27m)4=1pi(b) pyw (W)

-/ (R{(=A)H1/2g ()} (WD), b))’
siixn A@DTE D pg(b) py (W)

Then similar to Theorem|[6] we show that under the assumptions that: (1) W and B are independent;
(2) distribution of B which has a density function pg(b); (3) P(|[W|l2 = 1) = 1; (4) pyy has a

dwMdp

42



density function pyy (W (1)) on S?~, the solution of (AT62) in function space actually solves the
following optimization problem:

R{(=A)dHD/2 (WD) _p))?
geC®Y)  Jgariyp  4(2m)2 1= Dpg(b) pyw(WD) (A172)
subjectto  ¢g(x;) =vy;, j=1,...,M,
The optimization problem (A 172) characterizes the implicit bias of the gradient descent in function

space for multi-dimensional setting. The details of Radon transform and how to make it well-defined
are shown in the work of |Ongie et al.[|(2020). We omit the details here.

Zhang et al.[(2019) obtained a characterization in terms of the minimization of a kernel norm in
function space. This result is also valid for multidimensional inputs. In Appendix [[] we proved the
equivalence between kernel norm minimization and our results in the one-dimensional setting. In
the multi-dimensional setting, it will be interesting to show that the kernel norm is equivalent to the
objective in under some conditions.

Lastly, in the multi-dimensional setting the breakpoint density in one-dimensional setting is replaced
by a density of the locus of non-linearity of the represented functions, which has been studied by
Hanin and Rolnick! (2019)).

0.2 Other activation functions

We have focused on networks with ReLUs. The ReLU is special in that the second derivative of
ReLU is a delta function. For other activation functions the variational problem on function space
will look different.

The paper by Parhi and Nowak|(2019) considers different types of activation functions o. These are
then related to different types of linear operators L in the definition of the smoothness regularizer.
Here L and o satisfy Lo = §, i.e. o is a Green’s function of L. Suppose ¢ is homogeneous. Then
Parhi and Nowak| (2019) show that minimizing the weight “norm’}’| of two-layer neural networks
with activation function o is actually minimizing 1-norm of L f where f is the output function of the
neural network.

The approach in [Parhi and Nowak| (2019) can be combined with our analysis. So if for example we
replace the ReLU by another homogeneous activation, we can replace the operator accordingly and
get an analogous result. Use the same notation as in Section[d} and let o be the activation function,
where we assume that o is a Green’s function of a linear operator L. Then optimization problem (I3)
becomes:

- 2 (1) (1)
WO by du, (WD, b
o /R ) g, ( ,0) dpan ( )

(A173)
subject to / (WD b)) o WPz +b) du (WD b) =y;, 5=1,..., M.
R2
The limit of the problem (A173) as width n — oo is
i 2w 1)

W 0b) du(W b

oonin /Rza( ,b) du(WH,b)
(A174)

subject to / a(WD 0)o(WWz; +b) du(WD by =y;, j=1,..., M.
R2
As in Section4.2] we can change the variables and relax the optimization problem (A174) to

min / VWD e) dv(WD )
R2

VEC(R?),
peC(R)
subject to  p(z;) —1—/ YWD ) <W(1)(xj - c)) dv(WW o) =y;, j=1,...,.M
R2
Lp=o.
(A175)

3Here the form of "norm" depends on the degree of homogeneity of the activation o. We use quotation marks
here because the weight "norm" is a generalized notion of norm. It may not satisfy the property of norm.
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If the activation function o is ReLU, p is a linear function. Then becomes the optimization
problem (T8). Define the output function g of the neural network by

ol () = pla) + [ AOVD D o)) (W),

Assume that the activation function o is homogeneous of degree k, i.e. o(az) = a*o(z) forall a > 0.
Similar to (A82), we have
k
(Lg)(z, (7,p)) = L ( / YWD, WO o (sign(Wh) - (z = o)) du(w, c))
R2

k
= / (WD ¢) ’W(l)‘ 5(z —c) dv(W® ¢
R2

:/ </ ’y(W(l),C)
supp(re) \JR

k
= [ (w0 O] dnemn v D)) oo - pefelae
supp(rc) \/R

k
W(l)‘ dvmc—c(W(”)) 5(z —c) dve(c) (A176)

k
= pe(e) [ WD) [0 dupyie, (W),
R

Then similar to Theorem[6] we show that the solution of (AT75)) in function space actually solves the
following optimization problem:

: ((Lh)(x))” N i
herg}}r(ls) /S W de st h(z;)=vy;, j=1,...,m, (A177)

where ((2) = pe(x)E(W?|C = ) and S = supp(¢) N [min; z;, max; x;].

0.3 Deep networks and other architectures

For deep networks of L layers, if we only train the output layer, then we actually train a linear
model. We can construct a two-layer neural network with activation o which is a (L — 1)-layer
neural network. Then training this two-layer network is equivalent to training only the output layer of
the deep network. So we can use the arguments in Section [0.2]about the other activation functions.
However, it remains unclear how we can find out the operator L corresponding to this activation o.

In the case of shallow networks, we show that training only the output layer is similar to training
all parameters. Our analysis of shallow networks is based on this. However, in the case of a deep
network, training only the output layer is no longer similar to training all parameters. If we train all
model parameters, the results from Lee et al.|(2019) show that the model still is approximated by a
linearized model. The result on kernel norm minimization (Zhang et al.,|2019) holds in this case. It
will be interesting to study the explicit form of the kernel norm, and extensions of our analysis to the
case of training all parameters of deep networks.

0.4 Otbher loss functions

We have focused on the implicit bias of gradient descent for regression. For this type of problems, one
often considers a loss function (per example) which has a single finite minimum. Roughly speaking,
our description of the bias is in terms of smoothness properties of the solution functions. There are
various works on the implicit bias of gradient descent for classification problems, e.g. [Soudry et al.
(2018)). The implicit bias is often formulated in terms of maximum margins.

In our analysis, some theorems require that the loss function is mean square error (MSE). In Theorem
[3 the gradient flow is a linear differential equation if we use MSE. If we use a different loss, this will
be more complicated. However, we think that the result will generalize. We are also using the result
from Lee et al.| (2018)), which is based on MSE. According to them it is not clear whether their result
will still apply for other loss functions. Theorem [5]and Theorem [6]are about a variational problem
that is derived from Theorem [2} in relation to the minimization of ||§ — 0]||2. Theorem [2|remains
valid for other loss functions beside MSE. To sum up, if we can generalize the Theorem [3|and the
result of |Lee et al.|(2018) to other loss functions, we can generalize our main result in TheoremE] to
other loss functions.
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0.5 Other optimization procedures

It would be interesting to extend the analysis to modifications of the basic gradient descent optimiza-
tion procedure. The implicit bias of different optimization methods has been studied by |(Gunasekar
et al.| (2018a)) covering some instances of mirror descent, natural gradient descent, Adam, and steepest
descent with respect to different potentials and norms. In particular, they show that the implicit
bias of coordinate descent corresponds to the minimization of the 1-norm of the weights. It will be
interesting to work out the explicit form of these descriptions in function space.

The implicit bias of SGD has been studied in a series of articles, taking a different perspective to the
implicit bias of gradient descent. This has been linked to the shape of the optimization landscape,
with smaller mini-batch or larger step size leading to a bias towards wider minima of the objective
function (Keskar et al.,[2017;(Wu et al., 2017; |Dinh et al.l[2017)). Further, this is related to stability and
robustness. Here again, it will be interesting to take an NTK perspective to analyze SGD (Allen-Zhu
et al.,|2019) and explore kernel norm minimization and explicit forms of the regularization in function
space under SGD.
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