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ABSTRACT

Past works have shown that, somewhat surprisingly, over-parametrization can help
generalization in neural networks. Towards explaining this phenomenon, we adopt
a margin-based perspective. We establish: 1) for multi-layer feedforward relu
networks, the global minimizer of a weakly-regularized cross-entropy loss has
the maximum normalized margin among all networks, 2) as a result, increasing
the over-parametrization improves the normalized margin and generalization error
bounds for deep networks. In the case of two-layer networks, an infinite-width
neural network enjoys the best generalization guarantees. The typical infinite
feature methods are kernel methods; we compare the neural net margin with that of
kernel methods and construct natural instances where kernel methods have much
weaker generalization guarantees. We validate this gap between the two approaches
empirically. Finally, this infinite-neuron viewpoint is also fruitful for analyzing
optimization. We show that a perturbed gradient flow on infinite-size networks
finds a global optimizer in polynomial time.

1 INTRODUCTION

In deep learning, over-parametrization refers to the widely-adopted technique of using more parame-
ters than necessary (Krizhevsky et al.,|2012;|Livni et al.,[2014). Both computationally and statistically,
over-parametrization is crucial for learning neural nets. Controlled experiments demonstrate that
over-parametrization eases optimization by smoothing the non-convex loss surface (Livni et al.|[2014;
Sagun et al., |2017). Statistically, increasing model size without any regularization still improves
generalization even after the model interpolates the data perfectly (Neyshabur et al., 2017b). This is
surprising given the conventional wisdom on the trade-off between model capacity and generalization.

In the absence of an explicit regularizer, algorithmic regularization is likely the key contributor
to good generalization. Recent works have shown that gradient descent finds the minimum norm
solution fitting the data for problems including logistic regression, linearized neural networks, and
matrix factorization (Soudry et al.| |2018; Gunasekar et al., 2018b; L1 et al., 2018} |Gunasekar et al.,
2018a; Ji & Telgarskyl 2018). Many of these proofs require a delicate analysis of the algorithm’s
dynamics, and some are not fully rigorous due to assumptions on the iterates. To the best of our
knowledge, it is an open question to prove analogous results for even two-layer relu networks. (For
example, the technique of |Li et al.| (2018)) on two-layer neural nets with quadratic activations still
falls within the realm of linear algebraic tools, which apparently do not suffice for other activations.)

We propose a different route towards understanding generalization: making the regularization explicit.
The motivations are: 1) with an explicit regularizer, we can analyze generalization without fully
understanding optimization; 2) it is unknown whether gradient descent provides additional implicit
regularization beyond what ¢ regularization already offers; 3) on the other hand, with a sufficiently
weak /5 regularizer, we can prove stronger results that apply to multi-layer relu networks. Additionally,
explicit regularization is perhaps more relevant because ¢, regularization is typically used in practice.

Concretely, we add a norm-based regularizer to the cross entropy loss of a multi-layer feedforward
neural network with relu activations. We show that the global minimizer of the regularized objective
achieves the maximum normalized margin among all the models with the same architecture, if the
regularizer is sufficiently weak (Theorem [2.T)). Informally, for models with norm 1 that perfectly
classify the data, the margin is the smallest difference across all datapoints between the classifier
score for the true label and the next best score. We are interested in normalized margin because its
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inverse bounds the generalization error (see recent work (Bartlett et al.l|2017; Neyshabur et al.| 2017a;
2018}, [Golowich et all 2017) or Proposition [3.T). Our work explains why optimizing the training loss
can lead to parameters with a large margin and thus, better generalization error (see Corollary [3.2)).
We further note that the maximum possible margin is non-decreasing in the width of the architecture,
and therefore the generalization bound of Corollary [3.2]can only improve as the size of the network
grows (see Theorem [3.3)). Thus, even if the dataset is already separable, it could still be useful to
increase the width to achieve larger margin and better generalization.

At a first glance, it might seem counterintuitive that decreasing the regularizer is the right approach.
At a high level, we show that the regularizer only serves as a tiebreaker to steer the model towards
choosing the largest normalized margin. Our proofs are simple, oblivious to the optimization
procedure, and apply to any norm-based regularizer. We also show that an exact global minimum is
unnecessary: if we approximate the minimum loss within a constant factor, we obtain the max-margin
within a constant factor (Theorem [2.2)).

To better understand the neural network max-margin, in Section ff] we compare the max-margin
two-layer network obtained by optimizing both layers jointly to kernel methods corresponding to
fixing random weights for the hidden layer and solving a 2-norm max-margin on the top layer.
We design a simple data distribution (Figure [I)) where neural net margin is large but the kernel
margin is small. This translates to an Q(v/d) factor gap between the generalization error bounds for
the two approaches and demonstrates the power of neural nets compared to kernel methods. We
experimentally confirm that a gap does indeed exist.

In the setting of two-layer networks, we also study how over-parametrization helps optimization.
Prior works (Mei et al.l 2018}, |Chizat & Bachl 2018}, |Sirignano & Spiliopoulos, [2018}; [Rotskoff
& Vanden-Eijnden, 2018)) show that gradient descent on two-layer networks becomes Wasserstein
gradient flow over parameter distributions in the limit of infinite neurons. For this setting, we prove
that perturbed Wasserstein gradient flow finds a global optimizer in polynomial time.

Finally, we empirically validate several claims made in this paper. First, we confirm that neural
networks do generalize better than kernel methods. Second, we show that for two-layer networks, the
test error decreases and margin increases as the hidden layer grows, as predicted by our theory.

1.1 ADDITIONAL RELATED WORK

Zhang et al.| (2016) and [Neyshabur et al.| (2017b) show that neural network generalization defies
conventional explanations and requires new ones. [Neyshabur et al.|(2014)) initiate the search for the
“inductive bias” of neural networks towards solutions with good generalization. Recent papers (Hardt
et al., 2015; Brutzkus et al., [2017} [Chaudhari et al.l 2016) study inductive bias through training time
and sharpness of local minima. Neyshabur et al.|(2015a) propose a new steepest descent algorithm in
a geometry invariant to weight rescaling and show that this improves generalization. Morcos et al.
(2018) relate generalization in deep nets to the number of “directions” in the neurons. Other papers
(Gunasekar et al.l 2017} [Soudry et al.| 2018} Nacson et al.| [2018};|Gunasekar et al.,[2018b; |L1 et al.,
2018}, |Gunasekar et al., [2018a) study implicit regularization towards a specific solution. Ma et al.
(2017) show that implicit regularization can help gradient descent avoid overshooting optima. |[Rosset
et al.| (2004azb) study logistic regression with a weak regularization and show convergence to the max
margin solution. We adopt their techniques and extend their results.

A line of work initiated by [Neyshabur et al.| (2015b)) has focused on deriving tighter norm-based
Rademacher complexity bounds for deep neural networks (Bartlett et al., [2017; Neyshabur et al.|
2017a}; |Golowich et al., 2017 and new compression based generalization properties (Arora et al.,
2018b)). [Dziugaite & Roy| (2017) manage to compute non-vacuous generalization bounds from
PAC-Bayes bounds. [Neyshabur et al.|(2018) investigate the Rademacher complexity of two-layer
networks and propose a bound that is decreasing with the distance to initialization. [Liang & Rakhlin
(2018) and Belkin et al.|(2018)) study the generalization of kernel methods.

On the optimization side, Soudry & Carmon|(2016) explain why over-parametrization can remove
bad local minima. Safran & Shamir|(2016) show that over-parametrization can improve the quality of
the random initialization. [Haeffele & Vidal| (2015)), Nguyen & Hein|(2017), and |Venturi et al.|(2018)
show that for sufficiently overparametrized networks, all local minima are global, but do not show
how to find these minima via gradient descent. \Du & Lee| (2018)) show that for two-layer networks
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with quadratic activations, all second-order stationary points are global minimizers. |Arora et al.
(2018a) interpret over-parametrization as a means of implicit acceleration during optimization. Mei
et al.| (2018), [Chizat & Bach|(2018)), and [Sirignano & Spiliopoulos| (2018) take a distributional view
of over-parametrized networks. |Chizat & Bach| (2018) show that Wasserstein gradient flow converges
to global optimizers under structural assumptions. We extend this to a polynomial-time result.

1.2 NOTATION

Let R denote the set of real numbers. We will use ||-|| to indicate a general norm, with ||-||1, ||||2, || ||cc

denoting the ¢1, {5, ¢, norms on finite dimensional vectors, respectively, and || - || 7 denoting the
Frobenius norm on a matrix. In general, we use ~ on top of a symbol to denote a unit vector:
when applicable, % = wu/||u||, where the norm || - || will be clear from context. Let S¥~! £ {1 €

: ||u||2 = 1} be the unit sphere in d dimensions. Let £P(S?~!) be the space of functions on
S ~1 for which the p-th power of the absolute value is Lebesgue integrable. For a € £LP(S%1),

we overload notation and write ||all, £ (s |o(a)|Pda) Y7 Additionally, for a; € L£1(S41)
and ap € L(S¥71) or ag, ap € L2(SU71), we can define (a1, az) £ [, 1 a1(@)az(a)du < oo.
Furthermore, we will use Vol(S%~1) £ de,l 1du. Throughout this paper, we reserve the symbol
X = [x1,...,2,] to denote the collection of datapoints (as a matrix), and Y = [y1, . .., yx] to denote
labels. We use d to denote the dimension of our data. We often use © to denote the parameters of
a prediction function f, and f(©; z) to denote the prediction of f on datapoint 2. We will use the
notation <, 2 to mean less than or greater than up to a universal constant, respectively. Unless stated

otherwise, O(+), ©(-) denote some universal constant in upper and lower bounds, respectively. The
notation poly denotes a universal constant-degree polynomial in the arguments.

2 WEAK REGULARIZER GUARANTEES MAX MARGIN SOLUTIONS

In this section, we will show that when we add a weak regularizer to cross-entropy loss with a
positive-homogeneous prediction function, the normalized margin of the optimum converges to some
max-margin solution. As a concrete example, feedforward relu networks are positive-homogeneous.

Let [ be the number of labels, so the i-th example has label y; € [I]. We work with a family F of
prediction functions f(©;-) : R — R! that are a-positive-homogeneous in their parameters for
some a > 0: f(cO©;z) = c*f(©;x),Ve > 0. We additionally require that f is continuous in ©. For
some general norm || - ||, we study the A-regularized cross-entropy loss L, defined as

)23 oy D el e

Z —1 exp(f;(0;2;))

for fixed r > 0. Let ©) € argmin L ,\(@)E] We define the normalized margin of © as:
x = min (fyi(éM z;) — max fi(Ox; fci)> (22)
Define the || - ||-max normalized margin as
* £ max [min ( (©;2;) —max f;(O;x; )]
v o1 | fyi( ) g i )

and let ©* be a parameter achieving this maximum. We show that with sufficiently small regulariza-
tion level \, the normalized margin -, approaches the maximum margin y*. Our theorem and proof
are inspired by the result of Rosset et al.| (2004aib)), who analyze the special case when f is a linear
predictor. In contrast, our result can be applied to non-linear f as long as f is homogeneous.

Theorem 2.1. Assume the training data is separable by a network f(©*;-) € F with an optimal
normalized margin v* > 0. Then, the normalized margin of the global optimum of the weakly-
regularized objective (equation[2.1) converges to ~v* as the strength of the regularizer goes to zero.
Mathematically, let vy be defined in equation[2.2] Then

Y=y as A —=0
"We formally show that Ly has a minimizer in Claimof Section@
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An intuitive explanation for our result is as follows: because of the homogeneity, the loss L(©))
roughly satisfies the following (for small A, and ignoring problem parameters such as n):

LA(©) = exp(—[[©x]|“va) + MO

Thus, the loss selects parameters with larger margin, while the regularization favors parameters with
a smaller norm. The full proof of the theorem is deferred to Section [A.T]

Theorem [2.T] applies to feedforward relu networks and states that global minimizers of the weakly-
regularized loss will obtain a maximum margin among all networks of the given architecture. By
considering global minimizers, Theorem 2.1 provides a framework for directly analyzing generaliza-
tion properties of the solution without considering details of the optimization algorithm. In Section
we leverage this framework and existing generalization bounds (Golowich et al.|[2017) to provide a
clean argument that over-parameterization can improve generalization.

We can also provide an analogue of Theorem [2.1] for the binary classification setting. For this
setting, our prediction is now a single real output and we train using logistic loss. We provide formal
definitions and results in Section[A.2] Our study of the generalization properties of the max-margin
(see Section[3]and Section [)) is based in this setting.

2.1 OPTIMIZATION ACCURACY

Since L is typically hard to optimize exactly for neural nets, we study how accurately we need to
optimize L) to obtain a margin that approximates v* up to a constant. The following theorem shows
that it suffices to find ©’ achieving a constant factor multiplicative approximation of L (0, ), where
A is some sufficiently small polynomial in n, [, v*. Though our theorem is stated for the general
multi-class setting, it also applies for binary classification. We provide the proof in Section

Theorem 2.2. In the setting of Theorem|2.1| suppose that we choose

*\7/a
A= _ 27’/(1 1 —a/r ('Y )
exp(~(27/% ~ )7/
Sor sufficiently large c (that only depends on r/a). For § < 2, let ©' denote a 3-approximate
minimizer of Ly, so Ly (0") < BLx(©,). Denote the normalized margin of ©' by ~'. Then

*

’>77.
T =10 gerr

3 GENERALIZATION PROPERTIES OF A MAXIMUM MARGIN NEURAL NETWORK

In Section 2] we showed that optimizing a weakly-regularized logistic loss leads to the maximum
normalized margin. We now study the direct implications of this result on the generalization properties
of the solution. Specifically, we use existing Rademacher complexity bounds of |Golowich et al.
(2017) to present a generalization bound that depends on the network architecture only through the
inverse y-normalized margin and depth of the network (see Proposition [3.1). Next, we combine
this bound with Theorem[2.1]to conclude that parameters obtained by optimizing logistic loss with
weak /o-regularization will have a generalization bound that scales with the inverse of the maximum
possible margin and depth. Finally, we note that the maximum possible margin can only increase as
the size of the network grows, which suggests that increasing the size of the network improves the
generalization of the solution (see Theorem [3.3).

We consider depth-K neural networks with 1-Lipschitz, 1-positive-homogeneous activation ¢ for
K > 2. Suppose that the collection of parameters O is given by matrices W1, ..., Wg. The K-layer
network will compute a real-valued score

f(©;2) 2 Wr¢(Wr_16(- - p(Wiz)---)) 3.1

where we overload notation to let ¢() denote the element-wise application of the activation ¢. Let
m; denote the size of the i-th hidden layer, so W; € R™ >4 W, € R™2X™1 ... Wy € RIXmx-1,
We will let M £ (my,...,mg_1) denote the sequence of hidden layer sizes. We will focus on
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{o-regularized loss. The weakly-regularized logistic loss of the depth-K architecture with hidden
layer sizes M is therefore

21y
Lam(©) £ 3 log(1+ exp(—y:f(05:))) + Al|O|% (32)

i=1

We note that f is K-homogeneous in ©, so the results of Section [2{apply to Lx E] Following our
conventions from Section [} we denote the optimizer of L r¢ by ©x a4, the normalized margin
of ©x, m by .M, the max-margin solution by ©**, and the max-margin by 4. Our notation
emphasizes the architecture of the network. Since the classifier f now predicts a single real value, we
need to redefine

Iom = Hliin Yi f(Ox a5 24)
*,M A :
2 max miny; f(O; x;
Illa<1 i vif (85 1)

When the data is not separable by a neural network with architecture M, we define v*** to be zero.

Recall that X = [z1,...,2z,] denotes the matrix with all the data points as columns, and Y =
[y1, .- .,yn] denotes the labels. We sample X and Y i.i.d. from the data generating distribution pgasa,
which is supported on X’ x {—1,+1}. We can define the population 0-1 loss and training 0-1 loss of
the network parametrized by © by

L©O)= Pr [yf(6;z) <0]

(%,y)~Pdata

Let C' £ sup, v ||z||2 be an upper bound on the norm of a single datapoint. Proposition shows
that the generalization error only depends on the parameters through the inverse of the margin on the
training data. We obtain Proposition [3.1|by applying Theorem 1 of [Golowich et al.| (2017) with the
standard technique of using margin loss to bound classification error. There exist other generalization
bounds which depend on the margin and some normalization (Neyshabur et al., 2015b};2017a; Bartlett
et al.,|2017; Neyshabur et al., 2018])); we choose the bounds of |Golowich et al.| (2017 because they
fit well with /5 normalization. In the two-layer case K = 2, the bound below also follows from
Neyshabur et al.[(2015b)).

Proposition 3.1. [Straightforward consequence of|Golowich et al.|(2017, Theorem 1)] Suppose ¢ is
1-Lipschitz and 1-positive-homogeneous. For any depth-K network f(©;-) separating the data with
normalized margin vy = min; y; f(0; z;) > 0, with probability at least 1 — § over the draw of X, Y,

C
<
og 1o 4c
where €(7y) £ log] 52 x

; ; c 3
mainly scales with TREOE

+ 4/ log%/ 9 Note that €(v) is typically small, and thus the above bound

For completeness, we state the proof in Section|C.1] By combining this bound with our Theorem [2.1]
we can conclude that optimizing weakly-regularized logistic loss gives us generalization error bounds
that depend on the maximum possible margin of a network with the given architecture.

Corollary 3.2. In the setting of Proposition[3.1] with probability 1 — 0,

C
. < *,M
hr;ljlolp L(Oxm) MR/ /5 +e(v) (34

where €(7) is defined as in Proposition Above we implicitly assume v > 0, since otherwise
the right hand side of the bound is vacuous.

2 Although Theoremis written in the language of multi-class prediction where the classifier outputs [ > 2
scores, the results translate to single-output binary classification. See Section
3 Although the m factor of equation decreases with depth K, the margin « will also tend to

decrease as the constraint ||| < 1 becomes more stringent.
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By applying Theorem 2.2 with Proposition 3.1} we can also conclude that optimizing L x x4 within a
constant factor gives a margin, and therefore generalization bound, approximating the best possible.

One consequence of Corollary [3.2]is that optimizing weakly-regularized logistic loss results in the
best possible generalization bound out of all models with the given architecture. This indicates
that the widely used algorithm of optimizing deep networks with ¢5-regularized logistic loss has an
implicit bias towards solutions with good generalization.

Next, we observe that the maximum normalized margin is non-decreasing with the size of the architec-
ture. Formally, for two depth-K architectures M = (mq,...,mg_1) and M’ = (mf,...,mh_,),
we say M < M’ if m; < m} Vi =1,... K — 1. Theorem [3.3|states that if M < M/, then the
max-margin over networks with architecture M’ is at least the max-margin over networks with
architecture M.

Theorem 3.3. Recall that v denotes the maximum normalized margin of a network with archi-
’
tecture M. If M < M, we have v*M < %M As a important consequence,

the generalization error bound of Corollary[3.2lfor M’ is at least as good as that for M.

This theorem is simple to prove and follows because we can directly implement any network of
architecture M using one of architecture M’, if M < M/’. This can explain why additional over-
parameterization has been empirically observed to improve generalization in two-layer networks
(Neyshabur et al.l |2017b): the margin does not decrease with a larger network size, and therefore
Corollary [3.2] gives a better generalization bound. In Section[6] we provide empirical evidence that
the test error decreases with larger network size while the margin is non-decreasing.

The phenomenon in Theorem contrasts with standard ¢s-normalized linear prediction. In this
setting, adding more features increases the norm of the data, and therefore the generalization error
bounds could also increase. On the other hand, Theorem shows that adding more neurons (which
can be viewed as learned features) can only improve the generalization of the max-margin solution.

4 NEURAL NET MAX-MARGIN VS. KERNEL METHODS

We will continue our study of the max-margin neural network via comparison against kernel methods,
a context in which margins have already been extensively studied. We show that two-layer networks
can obtain a larger margin, and therefore better generalization guarantees, than kernel methods. Our
comparison between the two methods is motivated by an equivalence between the /5 max-margin of
an infinite-width two-layer network and the ¢;-SVM (Zhu et al., 2004) over the lifted feature space
defined by the activation function applied to all possible hidden units (Neyshabur et al.| 2014} Rosset;
et al.,[2007; [Bengio et al.,2006)). The kernel method corresponds to the /5-SVM in this same feature
space, and is equivalent to fixing random hidden layer weights and solving an ¢5-SVM over the top
layer. In Theorem [4.3] we construct a distribution for which the generalization upper bounds for the
¢1-SVM on this feature space are smaller than those for the £5-SVM by a Q(1/d) factor. Our work
provides evidence that optimizing all layers of a network can be beneficial for generalization.

There have been works that compare ¢; and ¢>-regularized solutions in the context of feature selection
and construct a feature space for which a generalization gap exists (e.g., see Ng (2004)). In contrast,
we work in the fixed feature space of relu activations, which makes our construction particularly
challenging.

We will use m to denote the width of the single hidden layer of the network. Following the convention
from Section[3] we will use v*" to denote the maximum possible normalized margin of a two-layer
network with hidden layer size m (note the emphasis on the size of the single hidden layer). The
depth K = 2 case of Corollary immediately implies that optimizing weakly-regularized /5 loss
over width-m two-layer networks gives parameters whose generalization upper bounds depend on the
hidden layer size only through 1/4*™. Furthermore, from Theorem it immediately follows that

’Y*’l S 7*,2 S S ’Y*’OO
The work of Neyshabur et al.| (2014) links v to the /1 SVM over a lifted space. Formally, we
define a lifting function ¢ : R? — £>°(S?!) mapping data to an infinite feature vector:
z € R = p(z) € L2(ST1) satisfying o(x)[a] = ¢(a' z) 4.1)
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where ¢ is the activation of Section 3] We look at the margin of linear functionals corresponding
toa € L1(S?1) . The 1-norm SVM (Zhu et al., 2004) over the lifted feature ¢ (z) solves for the
maximum margin:

N .
Y, = Max min y¢<0¢, 90(331»
a  j€[n] 4.2)

subject to ||al]; <1

where we rely on the inner product and 1-norm defined in Section[I.2] This formulation is equivalent
to a hard-margin optimization on “convex neural networks” (Bengio et al.,2006). Bach|(2017) also
study optimization and generalization of convex neural networks. Using results from [Rosset et al.
(2007);Neyshabur et al.|(2014)); Bengio et al.|(2006)), our Theoremimplies that optimizing weakly-
regularized logistic loss over two-layer networks is equivalent to solving equation [#.2] when the size
of the hidden layer is at least n + 1, where n is the number of training examples. Proposition §.1]
essentially restates this with the minor improvement that this equivalenceﬂ also holds when the size
of the hidden layer is n.

Proposition 4.1. Let v, be defined in equation Then % =400 ==y
For completeness, we prove Proposition d.1]in Section [B] relying on the work of [Tibshirani| (2013)
and Rosset et al.| (2004a)).

Importantly, the ¢;-max margin on the lifted feature space is obtainable
by optimizing a finite neural network. We compare this to the ¢ margin
attainable via kernel methods. Following the setup of equation .2 we
define the kernel problem over o € £2(S91): | i

i

x‘
f
Yoo £ max min yilo, o)) i § [
a  i€n] 4.3) 1= / 1
subject to v/kl|al2 < 1 S

where k£ Vol(S?71). (We scale |||z by v/k to make the lemma Figure 1: A visualiza-
statement below cleaner.) First, 74, can be used to obtain a standard tjon of 60 sampled points
upper bound on the generalization error of the kernel SVM. Following  from P in 3 dimensions.
the notation of Section E], we will let Ly, m denote the 0-1 population Red points denote nega-
classification error for the optimizer of equation[4.3] tive examples and blue
Lemma 4.2. In the setting of Proposition[3.1] with probability at least points denote positive ex-

1—0, the generalization error of the standard kernel SVM with relu feature ~amples.
(defined in equationd.3)) is bounded by

i

Lpyoom S ——=—= +eo, 4.4

log max{log2 L,Q}
Vd . .
where €, = \/ - aL + 4/ 1Og(i/5) is typically a lower-order term.

The bound above follows from standard techniques (Bartlett & Mendelson} 2002)), and we provide a
full proof in Section We construct a data distribution for which this lemma does not give a good
bound for kernel methods, but Corollary [3.2]does imply good generalization for two-layer networks.

Theorem 4.3. There exists a data distribution pqaya such that the {1 SVM with relu features has a
good margin: g, 2, 1 and with probability 1 — § over the choice of i.i.d. samples from paata, obtains

[dlogn
Lél-svm S g + 6[1
n
A log(1/6)

generalization error
where €g, = | === is typically a lower order term. Meanwhile, with high probability the {2 SVM

has a small margin: v, < max { \/ lo%, 1/d } and therefore the generalization upper bound from

“The factor of % is due the the relation that every unit-norm parameter © corresponds to an « in the lifted
space with ||a|| = 2.
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Lemma is at least

Q (min {Ld logn})
n

In particular, the {5 bound is larger than the {1 bound by a Q(+/d) factor.

Although Theorem [4.3]compares upper bounds, our construction highlights properties of distributions
which result in better neural network generalization than kernel method generalization. Furthermore,
in Section [6] we empirically validate the gap in generalization between the two methods.

We briefly overview the construction of pqat, here. The full proof is in Section
Proof sketch for Theorem We base pdata on the distribution D of examples (z, y) described

below. Here e; is the i-th standard basis vector and we use z ' e; to represent the ¢-coordinate of x
(since the subscript is reserved to index training examples).

e Y= +1, 55161 = —i—}, wieg = +} w; prol;. %i
~ y=+1, z e1=-1, x ex=— w/ prob.

—'r N(Oa-[de)? and y = _1’ .’ETel — +1, LE’TGQ — W/prob. 1/4

at y=-1, 2'egy=-1, zTes=+1 w/prob.1/4

Figure [I] shows samples from D when there are 3 dimensions. From the visualization, it is clear that
there is no linear separator for D. As Lemma@] shows, a relu network with four neurons can fit this
relatively complicated decision boundary. On the other hand, for kernel methods, we prove that the
symmetries in D induce cancellation in feature space. As a result, the features are less predictive of
the true label and the margin will therefore be small. We formalize this argument in Section [D.T]

Gap in regression setting: We are able to prove an even larger Q(+/n/d) gap between neural
networks and kernel methods in the regression setting where we wish to interpolate continuous
labels. Analogously to the classification setting, optimizing a regularized squared error loss on
neural networks is equivalent to solving a minimum I-norm regression problem (see Theorem[D.5).
Furthermore, kernel methods correspond to a minimum 2-norm problem. We construct distributions
Ddata Where the 1-norm solution will have a generalization error bound of O(1/d/n), whereas the 2-
norm solution will have a generalization error bound that is £2(1) and thus vacuous. In Section we
define the 1-norm and 2-norm regression problems. In Theorem [D.10] we formalize our construction.

5 PERTURBED WASSERSTEIN GRADIENT FLOW FINDS GLOBAL OPTIMIZERS IN
POLYNOMIAL TIME

In the prior section, we studied the limiting behavior of the generalization of a two-layer network as
its width goes to infinity. In this section, we will now study the limiting behavior of the optimization
algorithm, gradient descent. Prior work (Mei et al.| 2018} |Chizat & Bachl [2018) has shown that as
the hidden layer size grows to infinity, gradient descent for a finite neural network approaches the
Wasserstein gradient flow over distributions of hidden units (defined in equation [5.1)). |Chizat & Bach
(2018) assume the gradient flow converges, a non-trivial assumption since the space of distributions
is infinite-dimensional, and given the assumption prove that Wasserstein gradient flow converges to a
global optimizer in this setting, but do not specify a convergence rate. [Mei et al.[(2018) show global
convergence for the infinite-neuron limit of stochastic Langevin dynamics, but also do not provide a
convergence rate.

We show that a perturbed version of Wasserstein gradient flow converges in polynomial time. The
informal take-away of this section is that a perturbed version of gradient descent converges in
polynomial time on infinite-size neural networks (for the right notion of infinite-size.)

Formally, we optimize the following functional over distributions p on R%+1:

L[p] éR(/@dp) +/Vdp
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where ® : R — RF, R: RF — R, and V : R¥*! — R. In this work, we consider 2-homogeneous
® and V. We will additionally require that R is convex and nonnegative and V' is positive on the unit
sphere. Finally, we need standard regularity assumptions on 12, ®, and V:

Assumption 5.1 (Regularity conditions on ®, R, V). ® and V are differentiable as well as upper
bounded and Lipschitz on the unit sphere. R is Lipschitz and its Hessian has bounded operator norm.

We provide more details on the specific parameters (for boundedness, Lipschitzness, etc.) in Sec-
tion We note that relu networks satisfy every condition but differentiability of ®F| We can fit a
neural network under our framework as follows:

Example 5.2 (Logistic loss for neural networks). We interpret p as a distribution over the parameters
of the network. Let k = n and ®;(0) £ wo(u'x;) for & = (w,u). In this case, [ Pdp is a
distributional neural network that computes an output for each of the n training examples (like a
standard neural network, it also computes a weighted sum over hidden units). We can compute the
distributional version of the regularized logistic loss in equationby setting V (0) 2 \||0]|2 and

A

R(a1,...,an) =Y 1 log(1+ exp(—y;a;)).

We will define L'[p] : R¥1 — R with L'[p](0) £ (R'([ ®dp), ®(0)) + V(0) and v[p](0) =
—VoL'[p](0). Informally, L'[p] is the gradient of L with respect to p, and v is the induced velocity
field. For the standard Wasserstein gradient flow dynamics, p; evolves according to

d

P =V - (v[pe]pt) (5.1)
where V- denotes the divergence of a vector field. For neural networks, these dynamics formally
define continuous-time gradient descent when the hidden layer has infinite size (see Theorem 2.6

of |Chizat & Bachl(2018)), for instance).

We propose the following modification of the Wasserstein gradient flow dynamics:

d

at”
where U is the uniform distribution on S?. In our perturbed dynamics, we add very small uniform
noise over U<, which ensures that at all time-steps, there is sufficient mass in a descent direction for
the algorithm to decrease the objective. For infinite-size neural networks, one can informally interpret
this as re-initializing a very small fraction of the neurons at every step of gradient descent. We prove
convergence to a global optimizer in time polynomial in 1/¢, d, and the regularity parameters.
Theorem 5.3 (Theorem with regularity parameters omitted). Suppose that ® and V are 2-
homogeneous and the regularity conditions of Assumption[5.1|are satisfied. Also assume that from
starting distribution pg, a solution to the dynamics in equation exists. Define L* £ inf » Llp].
Let ¢ > 0 be a desired error threshold and choose o = exp(—dlog(1/¢)poly(k, L{po] — L*)) and

2 ‘Z—zpoly(log(l/e), k, L[po] — L*), where the regularity parameters for ®, V, and R are hidden

in the poly(-). Then, perturbed Wasserstein gradient flow converges to an e-approximate global
minimum in t. time:

= —opi + U =V - (v[p]ps) (5.2)

in Lip)] — L* <e.
oin (1] <e

We provide a theorem statement that includes regularity parameters in Section [E.1] We prove the
theorem in Section[E.2]

As a technical detail, Theorem [5.3|requires that a solution to the dynamics exists. We can remove this
assumption by analyzing a discrete-time version of equation [5.2}

pri1 Z pe+n(—op + U =V - (v]pdpr))
and additionally assuming ® and V' have Lipschitz gradients. In this setting, a polynomial time
convergence result also holds. We state the result in Section [E.3]

An implication of our Theorem [5.3] is that for infinite networks, we can optimize the weakly-
regularized logistic loss in time polynomial in the problem parameters and A~!. By Theorem we
only require A~* = poly(n) to approximate the maximum margin within a constant factor. Thus, for
infinite networks, we can approximate the max margin within a constant factor in polynomial time.

5The relu activation is non-differentiable at 0 and hence the gradient flow is not well-defined. (Chizat & Bach
(2018)) acknowledge this same difficulty with relu.
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Figure 2: Comparing neural networks and kernel methods. Left: Classification. Right: Regression.
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Figure 3: Dependence of margin and test error on hidden layer size. Left: Synthetic. Right: MNIST.

6 SIMULATIONS

We first compare the generalization of neural networks and kernel methods for classification and
regression. In Figure|2|we plot the generalization error and predicted generalization upper boundsﬁ] of
a trained neural network against a /5 kernel method with relu features as we vary n. Our data comes
from a synthetic distribution generated by a neural network with 6 hidden units; we provide a detailed
setup in Section [FI} For classification we plot 0-1 error, whereas for regression we plot squared error.
The variance in the neural network generalization bound for classification likely occured because
we did not tune learning rate and training time, so the optimization failed to find the best margin.
The plots show that two-layer networks clearly outperform kernel methods in test error as n grows.
However, there seems to be looseness in the bounds: the kernel generalization bound appears to stay
constant with n (as predicted by our theory for regression), but the test error decreases.

We also plot the dependence of the test error and margin on the hidden layer size in Figure [3] for
synthetic data generated from a ground truth network with 10 hidden units and also MNIST. The plots
indicate that test error is decreasing in hidden layer size while margin is increasing, as Theorem 3.3
predicts. We provide more details on the experimental setup in Section [F.2]

In Section[F.3] we verify the convergence of a simple neural network to the max-margin solution as
regularization decreases. In Section[F4] we train modified WideResNet architectures on CIFAR10
and CIFAR100. Although ResNet is not homogeneous, we still report improvements in generalization
from annealing the weight decay during training, versus staying at a fixed decay rate.

7 CONCLUSION

We have made the case that maximizing margin is one of the inductive biases of relu networks
obtained from optimizing weakly-regularized cross-entropy loss. Our framework allows us to
directly analyze generalization properties of the network without considering the optimization
algorithm used to obtain it. Using this perspective, we provide a simple explanation for why
over-parametrization can improve generalization. It is a fascinating question for future work to
characterize other generalization properties of the max-margin solution. On the optimization side, we
make progress towards understanding over-parametrized gradient descent by analyzing infinite-size
neural networks. A natural direction for future work is to apply our theory to optimize the margin of
finite-sized neural networks.

SWe compute the leading term that is linear in the norm or inverse margin from the bounds in Proposition

and Lemmas @ @ and @}

10
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A MISSING PROOFS IN SECTION 2]

We first show that L does indeed have a global minimizer.
Claim A.1. In the seiting of Theorems[2.1land argming Ly (©) exists.

Proof. We will argue in the setting of Theorem [2.1] where Ly is the multi-class cross entropy
loss, because the logistic loss case is analogous. We first note that L) is continuous in © be-
cause f is continuous in © and the term inside the logarithm is always positive. Next, define
b £ infg Lx(0) > 0. Then we note that for ||©|| > (b/\)}/" £ M, we must have L(0) > b.
It follows that inf|g|<as LA(©) = infe Lx(©). However, there must be a value © which at-
tains inf|je|<as LA(©), because {© : [|©f < M} is a compact set and L is continuous. Thus,
infe Ly(©) is attained by some ©. O
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A.1 MISSING PROOFS FOR MULTI-CLASS SETTING

Towards proving Theorem[2.1} we first show as we decrease )\, the norm of the solution ||© || grows.
Lemma A.2. In the setting of Theorem[2.1} as X — 0, we have [|©,]| — oc.

To prove Theorem [2.1] we rely on the exponential scaling of the cross entropy: L can be lower
bounded roughly by exp(—||©x]||7x), but also has an upper bound that scales with exp(—||©x|[7*).
By LemmalA.2] we can take large ||©, || so the gap v* —~y, vanishes. This proof technique is inspired
by that of Rosset et al.|(2004a).

Proof of Theorem 21 For any M > 0 and © with v¢ £ min; (f(©;x;) — max;,, f(0;x;)),

1o exp(M°f,. (©;2;))
Ly(MO) = — —1 :
HMO) ”; * S exp(Maf;(©;1;))

+ AM"||©||"  (by the homogeneity of f)

1 1
—a! FAMTOT (Al
n ; R > iz, XD(M(f5(0;25) — [y, (0;11))) 10| (A.1)
<log(1 + (I — 1) exp(~M*7e)) + AM"|[O]|" (A2)

We can also apply >, exp(M*(f;(©;z:) — fy,(0;2;))) > maxexp(M*(f;(0;;) —
fy:(©;2;))) = exp e in order to lower bound equation and obtain

1
LA(M®) 2 —log(1 + exp(—M10)) + AM" 0] (A3)

Applying equation[A.2]with M = ||©, and © = ©*, noting that ||©*| < 1, we have:
LA(©"]|0x]]) < log(1+ (I — 1) exp(—[|Ox[|*y™)) + Al O] (A4)
Next we lower bound L (©,) by applying equation[A.3]

1 :
LA(©5) 2 —log(1 + exp(—[[O[|"7)) + AlOAll (A3)

Combining equation[A.4]and equation with the fact that L (©,) < L»(©*||©.]|) (by the global
optimality of ©), we have

VA > 0,nlog(1 + (I — 1) exp(=[|©x[*7")) = log(1 + exp(—Ox[|*7x))

Recall that by Lemma [A2l as A — 0, we have ||©,| — oo There-
fore, exp(—||OA||*Y*),exp(—[|Oxr]|%yx) — 0. Thus, we can apply Taylor expan-
sion to the equation above with respect to exp(—|©x]*v*) and exp(—||©Or]|%ya). If
max{exp(—[|Ox[|*v*), exp(—||Oa]|*va)} < 1, then we obtain

n(l = 1) exp(=[|©x]*v*) > exp(=[[O]*a) — O(max{exp(~[|Ox]|"v*)?, exp(~[|©x]|*72)*})

We claim this implies that v* < lim infy_ ). If not, we have lim inf_,o v < 7*, which implies
that the equation above is violated with sufficiently large ||©,]| (||©x]| > log(2(£ — 1)n)/* would
suffice). By Lemma[A.2] |©,| — oo as A — 0 and therefore we get a contradiction.

Finally, we have ) < v* by definition of v*. Hence, lim_,o ) exists and equals v*. O
Now we fill in the proof of Lemmal[A.2]

Proof of Lemma @ For the sake of contradiction, we assume that 3C' > 0 such that for any Ay > 0,
there exists 0 < A < Ag with [|©,]] < C. We will determine the choice of Ag later and pick A such that
[1©4]] < C. Then the logits (the prediction f; (0, z;) before softmax) are bounded in absolute value

by some constant (that depends on C'), and therefore the loss function — log %%m))for
j=1exp(f;(©;z;

every example is bounded from below by some constant D > 0 (depending on C' but not \.)
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Let M = A\~Y/("+1) e have that

0 <D <Ly\0),) <L\(MO") (by the optimality of © )
1
< —log +AM" (by equation[A.2)

1+ (l — 1) exp(_Ma,y*)
=log(1+ (I — 1) exp(—A~%/FD4*)) L \I/(r+1D)
<log(1+(I—-1) exp(—)\g“/(T+1)7*)) i /\l/(r—i-l)

Taking a sufficiently small Ay, we obtain a contradiction and complete the proof. O

A.2 FULL BINARY CLASSIFICATION SETTING

For completeness, we state and prove our max-margin results for the setting where we fit binary labels
yi € {—1,+1} (as opposed to indices in [I]) and redefining f(O;-) to assign a single real-valued
score (as opposed to a score for each label). This lets us work with the simpler A-regularized logistic
loss:

L5(0) 2 13" log(1 + exp(~y:f(8:.2:))) + A

i=1
As before, let ©, € argmin Ly (©), and define the normalized margin vy by 7» £ min; y; f(Ox; ;).
Define the maximum possible normalized margin

& Joex min i f(©; ;) (A.6)

Theorem A.3. Assume v* > 0 in the binary classification setting with logistic loss. Then as A — 0,
A=

The proof follows via simple reduction to the multi-class case.

Proof of Theorem@] We prove this theorem via reduction to the multi-class case with [ =
Construct f : R? — R? with f1(0;2;) = —3f(©;z;) and f2(0;25) = 5/(©;z;). Define new
labels y; = 1ify; = —1and y; = 2if y; = 1. Now note that fyi(@7 xi)— fj#ﬂ(@? x;) =y f(O; 2;),
so the multi-class margin for © under f is the same as binary margin for © under f. Furthermore,
defining

: ey (0:0)) o
2L T ey T

we get that L, (©) = Lx(©), and in particular, Ly and Ly have the same set of minimizers. Therefore
we can apply Theorem [2.1]for the multi-class setting and conclude v, — ~* in the binary classification
setting. O

A.3 MISSING PROOF FOR OPTIMIZATION ACCURACY

*\T/a l/a
Proof of Theorem[2.2] Choose B = (,Y% log %) . We can upper bound Ly (©’) by

computing

L(0") < BLA(O)) < BLA(BO*)

< Blog(1+ (I —1)exp(—B*~*)) + SAB" (by equation[A.2)
< B(l —1)exp(—B*y*) + BAB" (using log(1 + z) < z)
A L= 1><w*>"/a)” ‘
+ BA | — log ——————
s+ (s

A (=D &
(W*W‘l (1 + <log 3 ) > 2 U5
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<UB>
. Now we note that

r/a
/ (UB) A (I =1)(y*) /e 1
Ly©) <L SQﬁ(’y*)T/a log 3 < — 5
)

Furthermore, it holds that ||©’||" < L5~

1+:r
exp(—=~']|©]|*)

> Vo > —1,
1
n I+exp(—y'O'N*)

for sufficiently large ¢ depending only on a/r. Now using the fact that log(x
we additionally have the lower bound Lx(©’) > L log(1 + exp(—'[|©'[|)) >

Since L(YB) < 1, we can rearrange to get

nLy(©) nL({UB)
s “log ey | log it pwer | —log(2nLU)
- |©7]| - [©]] - [©]
The middle inequality followed because —*— is increasing in x for 0 < x < 1, and the last because
q y - g
to get

LWB) < L Since —log 2nL(VE) > 0 we can also apply the bound [|©|" < L(

s — X%/ log 2n LU B)
7z (LWB)ya/r

*\7/a T/a
—log (2715(7*;\,/(1 <1 + (log %) )>
(by definition of L(UB))

= a/r
a./'r *\r/a r/a
6 (1 + (log (=07 )(J ) ) >

*\1T/a T/a
log <1 + (log =06 )

*\r/a
> v* log((;ﬁ)n)\ ) _
a ﬁa/r _ *\r/a r/a a/r _ *\r/a r/a a/r
<1+ <log ( 1)(;) ) > <1+ <log U 1)(;) ) )
* V)

We will first bound &. First note that

(v )/ (v)/e

TS — —log28n - log “X4— —log26n(l — 1) > c—3 (A7)
c

log (,Y*;\r/a

*\r/a
log((;ﬁ)n)\) _ log

log 7(1_1)(;*)7«/.1 B log /e )T : +log(l —1)

O > (1 - 1)° and B < 2. Next, using the

where the last inequality follows from the fact that

*\r/a
fact that log ;\ > (2,‘/(;1)“/” we note that
a/r

—r/a a/r —r/a
(=) I
(1 + <1og iy < |1+ @/ =1yl
Combining equation[A.7)and equation[A.8] we can conclude that
—a/r
c—3

*\7r/a
log(J75-) (L= 1))/
n 14 (log~—27 ) >
+ (og A ) - 2

= log (lfl)(;’*)r/a

«yr/a\T/a
Finally, we note that if 1 4 <log w) is a sufficiently large constant that depends only on

<2 (A.8)

a/r (which can be achieved by choosing ¢ sufficiently large), it will follow that © < —. Thus, if
¢ > 5, we can combine our bounds on & and © to get that

rs Y
7= 1084/
]
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B MISSING PROOF OF PROPOSITION [4.]]

Proposition .| follows simply from applying Corollary 1 of Neyshabur et al| (2014) to a hard-margin
SVM problem. For completeness, we provide another proof here. The proof of Proposition 4. 1] will
consist of two steps: first, show that equation[#.2] has an optimal solution with sparsity n, and second,
show that sparse solutions to equation[4.2]can be mapped to a neural network with the same margin,
and vice versa. The following lemma and proof are based on Lemma 14 of [Tibshirani| (2013).

Lemma B.1. Let supp(a) = {u : |a(a)| > 0}. There exists an optimal solution o* to equation
with |supp(a*)| < n.

For the proof of this lemma, we find it convenient to work with a minimum norm formulation which
we show is equivalent to equation 4.2}
min ||a|q
« (B.1)
subject to y; (o, (x;)) > 1 Vi

Claim B.2. Let S C L' (S?7Y) be the set of optimizers for equation andlet 8" C LY(S?1) be
the set of optimizers for equation If equation is feasible, for any o € S, =%~ € S, and for
Yeq

any o/ € S, Ha'll eS.

Proof. Let opt’ denote the optimal objective for equation We note that ﬁ is

feasible for equation with objective %, and therefore ~,, > Furthermore,
pt 1 o

t/
ﬁyi Joesa (@)o(u xi)da > 1Vi, and so - is feasible for equation with objective
'y . Therefore, opt’ < — As a result, it must hold that opt’ = ’y , which means that Ha’H is
£1 £1
optimal for equatlon and -5 optimal for equatlon as desired. O

First, note that if equation @ is not feasible, then v,, = 0 and equation @has a trivial sparse
solution, the all zeros function. Thus, it suffices to show that an optimal solution to equation [B.T]
exists that is n-sparse, since by Lemma [B.2] equation E&nd equation 4.2 have equivalent solutions
up to a scaling. We begin by taking the dual of equation

Claim B.3. The dual of equation[B-1| has form

max A\ T

AER?
Z&yz ¢(a' ;)

i=1

Ai >0

For any primal optimal solution o* and dual optimal solution \*, it must hold that

subject to <1Va e si!

> Nyig(u' ;) = sign(a* (1)) <= o*(a) # 0 (B.2)

i=1

Proof. The dual form can be solved for by computation. By strong duality, equation [B-2] must follow
from the KKT conditions. [

Now define the mapping v : S*~! — R™ with v;(@) £ y;¢(a ' x;). We will show a general result

about linearly dependent v(a) for @ € supp(a*), after which we can reduce directly to the proof of
Tibshirani (2013)).

Claim B4. Let o* be any optimal solution. Suppose that there exists S C supp(a*) such that
{v(a) : u € S} forms a linearly dependent set, i.e.

Z cav(a) = 0 (B.3)

u€eS
for coefficients c. Then Zaes cg sign(a*(u)) = 0.

17
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Proof. Let \* be any dual optimal solution, then \* " v (@) = sign(a* (7)) Va € supp(a*) by Claim
Thus, we apply A* T to both sides of equationto get the desired statement. O

Proof of Lemma|B.1} The rest of the proof follows Lemma 14 in [Tibshirani (2013) The lemma
argues that if the conclusion of Claim [B.4] - holds and an optimal solutlon a* has S C supp(a*)
with {v(@) : @ € S} linearly dependent, we can construct a new o’ with ||o/||; = |la*||; and
supp(a’) C supp(a*) (where the inclusion is strict). Thus, if we consider an optimal o* with
minimal support, it must follow that {v(@) : & € supp(a*)} is a linearly independent set, and
therefore |supp(a*)| < n. O

We can now complete the proof of Proposition {.1]

Proof of Proposition.1] For ease of notation, we will parametrize a two-layer network with m units
by top layer weights w1, . .., w,, € R and bottom layer weights u1, ..., u, € R As before, we
use O to refer to the collection of parameters, so the network computes the real-valued function

2) = > widlu]a)

Note that we simply renamed the variables from the parametrization of equation 3.1}

We first apply Lemma [B.T] to conclude that equation 4.2] admits a n-sparse optimal solution a*.
Because of sparsity, we can now abuse notation and treat * as a real-valued function such that
> acsupp(ar) |07 (@)] < 1. We construct © corresponding to a two-layer network with m > n hidden

units and normalized margin at least % For clarity, we let W correspond to the top layer weights
and U correspond to the bottom layer weights. For every @ € supp(«), we let © have a corresponding

hidden unit j with (w;,u;) = (s1gn N1/ a*(“” 1/ O‘*(“)l ) and set the remaining hidden

units to 0. This is possible because m > n. Now

m 1 o )
D= wow =5 3 @)
j=1 uesupp(a*)
Furthermore,

d 0@ | 0" @, »
=3 wl+ = > O g S @ <1

Jj=1 a€supp(a) a€supp(cx)

Thus it follows that © has normalized margin at least vy, /2, so Y™ > 7y, /2.

To conclude, we show that y*™ < ~, / 2 Let ©*™ denote the parameters obtaining optimal m-unit

margin v*"™ with hidden units (w}"™, u}""™) for j € [m]. We can construct « to put a scaled delta
mass of 2w [|u}™ [|2 on @™ for j € [m]. It follows that
m m
2,
lafl =D 2fwy ™ [lu; ™2 < Y wp™ + lup™ 5 = €75 < 1
j=1 j=1
Furthermore,

m

/Sd,laW@Tx):?Z o T (GO

Jj=1
Z (;™ @) = 2f(6*"; )
=1

Thus, « is a feasible solution to equation with objective value at least 2¢y*"™. Therefore, v, >
2% 80 T = Ay, /2. O
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C RADEMACHER COMPLEXITY AND GENERALIZATION ERROR
We prove the generalization error bounds stated in Proposition and Lemma[4.2] via Rademacher
complexity and margin theory.

Assume that our data X, Y are drawn i.i.d. from ground truth distribution p4,ta supported on X x Y.
For some hypothesis class F of real-valued functions, we define the empirical Rademacher complexity

R(F) as follows:

- 1
m(f) £ ﬁEez

n
Sup Z & f(@i)
feri4
where ¢; are independent Rademacher random variables.

For a classifier f, following the notation of Sectioe will use L(f) £ Pr(y,)mpana (S (2) < 0)
to denote the population 0-1 loss of the classifier he following classical theorem (Koltchinskii
et al., |2002), (Kakade et al., 2009) bounds generalization error in terms of the Rademacher complexity
and margin loss.

Theorem C.1 (Theorem 2 of Kakade et al.| (2009)). Let (x;,y;)"_; be drawn iid from pqata. We
work in the binary classification setting, so Y = {—1,1}. Assume that for all { € F, we have
sup,cy f(x) < C. Then with probability at least 1 — § over the random draws of the data, for every

v>0and f € F,
" AR(F log log, %< log(1/5
S Ly (on) <)+ 5O floBlor T flog1/0)
- 0% n 2n

1=

3\>—‘

C.1 PROOF OF PROPOSITION[3.1]

We will prove Proposition [3.1| by applying the Rademacher complexity bounds of [Golowich et al.
(2017) with Theorem [C.T}

First, we show the following lemma bounding the generalization of neural networks whose weight
matrices have bounded Frobenius norms.

Lemma C.2. Define the hypothesis class F i over depth-K neural networks by

sz{ﬂ&»:WﬂstKw}

Let C £ sup,cy ||@|l2. Recall that L(©) denotes the 0-1 population loss L(f(©;-)). Then

for any f(©;-) € Fk classifying the training data correctly with unnormalized margin vo =
min; y; f(©; xz) > 0, with probability at least 1 —

log log2 o log 1/5
L(©) < %K(K e +1/ Ny (C.1)

Note the dependence on the unnormalized margin rather than the normalized margin.

Proof. We first claim that sup (g..ye 7, SUPgzex f(0;2) < C. To see this, for any f(0;-) € Fk,

f(©;2) = Wiko(-- o(Whz)---)
< Wkllrllo(Wik-16(- - o(Wiz) - -+ )ll2

< Wkl|pl[Wk-16(- - ¢(Wiz) -+ )2
(since ¢ is 1-Lipschitz and ¢(0) = 0, so ¢ performs a contraction)

<zl £C (repeatedly applying this argument and using |W;||p < 1)
Furthermore, by Theorem 1 of |Golowich et al.|(2017), Ef{(}' & ) has upper bound

C

. - c
R(Fk) S KED/2 Jn
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Thus, we can apply Theorem|C. I|to conclude that for all f(©
1-94,

" C

;+) € Fi and all v > 0, with probability

L©) < =Y 1(yf @xl)<7)+

K12
- )/\f

1=

/loglogg T, log(1/6)
n

In particular, by definition choosing v = yg makes the first term on the LHS vanish and gives the

statement of the lemma.

Proof of Proposition[3.1} Given parameters © = (W7, ..
6 = (Wl,.. WK) such that f(©;-) and f(O;
[WalZ = = |[Wk||% < +. To d0 this, we set

K
) LA

T wslelielle

By construction

o ey W)/

W;
IW; 1% ol
_ AT IWli3)
iy W%
<1
~ k
Furthermore, we also have
F(O;2) = Wro(--- p(Wyz)--)
K
([T ||Wk|\F)1/k
1
_ o
o/
C]
= f(©;z)

Now we note that by construction, L(©) = L(6). Now ! (6;
)

perfectly, has unnormalized margin -, and furthermore f(O;
us to conclude the desired statement.

O

., Wk), we first construct parameters
) compute the same function, and || |% =

J

(by the AM-GM inequality)

) (by the homogeneity of ¢)

(since f is K-homogeneous in ©)

-) must also classify the training data
€ Fx. As aresult, Lemma|C.2{allows

O

To conclude Corollary we apply the above on © ¢ and use Theorem

C.2 PROOF OF KERNEL GENERALIZATION BOUNDS

Let ]-"129’4’ denote the class of ¢o-bounded linear functionals in lifted feature space: fé’d)

2

(a, p(x)) : a € L2(S*1), [|a]l2 < B}. We abuse notation and write a € F? to indicate a linear

functional from }"1234)
x = {«

. As before, we will use L(«) to indicate the 0-1 population loss of the classifier
,(z)) and let C £ sup,¢ v ||z||2 be an upper bound on the norm of the data. We focus on

analyzing the Rademacher complexity if%(fé’¢), mirroring derivations done in the past (Bartlett &
Mendelson, 2002). We include our derivations here for completeness.

Lemma C.3. 9%(]-%’4)) < %B S le(za)3
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Proof. We write

: 1
ER(]:g(b) = ;Eﬁi

sup <aazfi@(xi)>]

ae]-‘f;d’
1 n
< =B | sup |laf2||D> eie(a)
n aefé’d) i=1 2
1 n
<-B- Eel Z GZCP(xl) ‘|
n i=1 2
1 - ’
< -B |E, Z eip(x;) (via Jensen’s inequality)
n
i=1 2

B B, |30 cieslola). ola)

<
" =1 j=1
1 n
< EB Z llo(z:)|3 (terms where 7 # j cancel out)
i=1

O

As an example, we can apply this bound to relu features:

Corollary C.4. Suppose that ¢ is the relu activation. Let k = Vol(S™™1). Then E)A%(]:é’(b) S
Bl X|lpvE ~ BCVk
nvd = Vdn ~

Proof. We first show that ||¢(z;)[|3 = © (%]|2]/3). We can compute
lp(zi)lI3 = Vol (S )Eqgga-: [relu(a’ z;)’]

= SE,U‘Ngd—l [relu(vVda " 2;)?]
1
= SMEUNN(OJdXd) [relu(u”? z;)%] (M is the second moment of N'(0, 1))
2
K
=0 (EH%'H%) (C2)
where the last line uses the computation provided in Lemma A.1 by|Du et al.|(2017). Now we plug
this into Lemma [C.3]to get the desired bound. O
We will now prove Lemma 4.2}

Proof of Lemma.2] From equation we first obtain sup,c v [¢(z)[l2 S C/%. Denote the

optimizer for equationby avg,. Note that /oy, € F2°, and furthermore L(oy, ) = L(v/ray,).
Since \/kay, has unnormalized margin \/k7ve,, we apply Theorem on margin /k7, and

hypothesis class ]-'12 1o get with probability 1 — 4,

Lég—svm = L(\/Eaéz) <

. 4sup,cx [lo(2)]l2
4Wﬁ%+w%M2 Ve, [log(1/0)

VEYe, n 2n
c
_ C logmax{log2 \/3722,2} log(1/0)
< + +
Ve, Vdn n n
(applying Corollary [C:4)
[
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D MISSING PROOFS FOR COMPARISON TO KERNEL METHODS

D.1 CLASSIFICATION

In this section we will complete a proof of Theorem[4.3] Recall the construction of the distribution D
provided in Section[d] We first provide a classifier of this data with small £; norm.

Lemma D.1. In the setting of Theorem[d.3| we have that

V2

“=

Proof. Consider the network f(z) = % ((a:T(el +e2)/V2) s +(zT(—er—ea)/V2) s — (2T (—e1 +
e2)/V2)y — (x7(er — 62)/\/§)+>. The attained margin v = g, SO Ve, > %. O

Now we will upper bound the margin attainable by the {5 SVM.
Lemma D.2 (Margin upper bound tool). In the setting of Theoremd.3| we have

1 1 —
*Z@(%’)yi
n i=1

< .
722*\/E

2

Proof. By the definition of ~,,, we have that for any o with v/k||a||2 < 1, we have

n

1
Ve, £ max —» (o, yip(:))
* 7 VElal2<1n 2
Setting o = ﬁ% Sy 2 S0 o(@)yill2 completes the proof. (Attentive readers may

realize that this is equivalent to setting the dual variable of the convex program [4.3]to all 1’s
function.) 0

Lemma D.3. In the setting of Theorem let (x;,y;)"_, be n i.i.d samples and corresponding
labels from D. Let ¢ be defined in equation with ¢ = relu. With high probability (at least
1 —dn=19), we have

< VE/nlogn +Vk/d

2

% ; o)y

Proof. Let W; = ¢(x;)y;. We will bound several quantities regarding W;’s. In the rest of the proof,
we will condition on the event E that Vi, ||2;]|3 < dlogn. Note that E is a high probability event
and conditioned on F, x;’s are still independent. We omit the condition on E in the rest of the proof
for simplicity.

We first show that assuming the following three inequalities that the conclusion of the Lemma follows.
1. Vi, |[W;||3 < klogn .
2. 0% % Var[y, Wil 2 > e B[[W; —EW;[[3] < nklogn
3 ERSWilllz S ven/d.

By bullets 1, 2, and Bernstein inequality, we have that with probability at least 1 — dn 10 over the
randomness of the data (X,Y),

o

i=1

n

ZWi*E

=1

< Velog'®n +/nklog?n < \/nn log®n
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By bullet 3 and equation above, we complete the proof with triangle inequality:

i=1 9 i=1

Therefore, it suffices to prove bullets 1, 2 and 3. Note that 2 is a direct corollary of 1 so we will only
prove 1 and 3. We start with 3:

< +\/n/<alog2n§ nklog® n + v/kn/d

By the definition of the £, norm in £2(S%~1) and the independence of (x;,;)’s, we can rewrite

n 2 2
E W; =k-n> E [ E @xu-y} (D.1)
> ] ] e e
Letu = (ul,.. ,Ug) and 4_g = (Us,...,uq) € RY72 and define 7 £ |[u_z|2. Letz_o =
(zTes,..., 2" eq). Note that p(z)[aly = y[uy - v ey + Uz - 7 eg + U 4z o] and u ,2_5 has

distributlon |@_all2 - N(0,1) = 7 - N(0,1). Let z = @' 4x_o/7, and therefore z has standard
normal distribution. With this change of the variables, by the definition of the distribution D, we have

1 1
E ¢@u-y=- E [(@+ud+712)¢]+- E [(—81 — U+ 72)4]
(x,y)~D 4 z~N(0,1) 4 z~N(0,1)
1 1
-~ E [(m1—t2+72)4] -~ E [(+u1 —t2+72)4]
4 2~ N(0,1) 4 2~N(0,1)

By claim[D.4] and the 1-homogeneity of relu, we can simplify the above equation to

1 s _ _ _
( IE;: Dgp(m)[a] Yy = 17-. (201 + O(min{|ay + az|/T, |t + U2|2/7—2})
z,y)~

— 7 (26 — O(in{lay — @al/7, i — wal*/7°}))

< min{|u| + |, (Jay| + |az])?/7}

It follows that
2

E E ¢@lu]-y| <Eq[min{(ja|+|az)? (Ja] + |a2])*/a-2(3}]
a~Sa=1 | (z,y)~D

S Eq [(|lw] +la2))? - 1llazllz < 1/2]] +Eq [(|a] + [az)*/|la2]3 - Llla—z(l2 > 1/2]]
< exp(—Vd) + Eq [(Jar] + |a2])*] < 1/d? (D.2)
Combining equation [D.1] and equation [D.2] we complete the proof of bullet 3. Next we prove

bullet 1. Note that o(z)[u]y is bounded by || + |ia| + ||a o2 _2||2. Therefore, conditioned on
[zill2 < dlogn

IWill3 < B (1] + 2| + [[aloz—2]2)?]

~

S E [P+ E [lwP]+ E [lale3]
1 G~Sd—1 a~Sd—1
S1/d+ |lz—23/d < logn
Hence we complete the proof. O

Claim D4. Let Z ~ N(0,1) and a € R. Then, there exists a universal constant ¢y and co such that
[E{(a+2)+ +(—a+2)4] - 2a1| < cmin{lal, a®}.

Proof. Without loss of generality we can assume a > 0. Then,
Ella+2)+ +(—a+2Z2)4]=E[(a+ Z2)1[Z > —a]| + E[(Z — a)1]Z >
=E[a-1[Z > —d]|]+E[Z-1[Z > —a]] —Ela-1[Z > a]| + E[Z - 1[Z > 4]
=E[al[-a < Z <da]|+2E[Z - 1][Z > a]] (byE[Z -1[-a < Z <a]] =0)
=E[al[-a<Z <a]|+2E[Z-1]Z > 0] -2E[Z - 1[a > Z > 0]]
= 2¢; + O(min{a, a?})

all
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where the last equality uses the fact that ¢; £ E[Z-1[Z > 0]] and E[al[—a < Z < q]]
aE[1[—a < Z < a]] £ amin{l,a}.

LA

Now we will prove Theorem 4.3]

Proof of Theorem To circumvent the technical issue of bounded support in Proposition[3.1]and
Lemma4.2] we construct pyata to be a slightly modified version of D: perform rejection sampling
of (z,y) ~ D until we obtain a sample with ||z|3 < dlogn. Since this occurs with very high

probability, the high probability result of Lemma[D.3|still translates to pdata. Now apply Lemma [D.2]
to conclude that v, < %22 + 1. Furthermore, Lemmaallows us to conclude that v, 2 1.

~ n

We can therefore apply Proposition[3.1] and conclude that with probability 1 — 4,
dlogn log log(dlogn log(1/d
Lzl_svmg\/g+\/gg(g)+\/g(/)

n n n

Furthermore, plugging -y, into the bound of Lemma[4.2] gives us

- {17 ; \/10§n}+ \/1oglo§(dn) . \/log(;/é)

D.2 REGRESSION

We will first define the 1-norm and 2-norm regression problems. The regression equivalent of
equation[4.2]for v € £1(S?1) is as follows:

oy, €argmin |lal;
[e3

(D.3)
subject to (v, p(x;)) = y;
Next we define the regression version of equation 4.3}
oy, €argmin ||al|2
@ (D.4)

subject to {a, p(z;)) = y;
where a € £2(S%71).

We will briefly motivate our study of the regression setting by connecting the minimum 1-norm solu-
tion to neural networks. To compare, in the classification setting, optimizing the weakly regularized
loss over neural networks is equivalent to solving the /1 SVM. In the regression setting, solving the
weakly regularized squared error loss is equivalent is equivalent to finding the minimum 1-norm
solution that fits the datapoints exactly.

Theorem D.5. Let f(O;-) be some two-layer neural network with m > n hidden units parametrized
by ©, as in Sectionld] Define the \-regularized squared error loss

L1
Lyxm(©) = — Z(f(@;xi) —y:)* + A|©]3

n -
=1

n

with ©y ,,, € argming Ly ,,(0O). Suppose that equation is feasible with optimal solution oy, .
Then as A — 0, L 1 (Ox1m) — 0and ||Ox |3 — 2|, |1

Proof. We can see that equation will have a n-sparse solution a* using the same reasoning
as the proof of Lemma Furthermore, following the proof of Proposition 4.1} the function
x — {a*, ¢(x)) is implementable by a neural network ©*™ with ||©*™ |2 = 2||a*||; = 2|/, 1.
Following the same reasoning as before, we can also conclude that ©*™ is an optimal solution for:

. 2
min 03

D.5)
subject to f(©;z;) = y;
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Now we note that A|©x 13 < Ly m(Oxm) < Lam(0*™) = A|©*™]|3, so as A — 0, and also
1Oxrmll2 < [|©*™||2. Now assume for the sake of contradiction that 3B with ||© |2 < B <
||[©* |5 for arbitrarily small A. We define

n

1

T m@i)n - Z;(f(@; i) — yi)”
i—
subjectto ||©l2 < B
Note that r* > 0 since ©*"™ is optimal for equation However, L ,, > r* for arbitrarily small
A, a contradiction. Thus, limy ¢ [|©*™(|3 = ||©@*™]]5. O

We proceed to provide similar generalization bounds as the classification setting. This time, our

bounds depend on the norms of the solution rather than the margin. Let f%(a;-) £ z +— {(, o(z))
(for (z) defined in equation[d.1)). Following the convention in Section [C.2] define hypothesis class

}%'4) 2 {f%(a;+) s a € LS, |||y < B} of linear functionals bounded by B in 1-norm. As

before, define ]-%"b and let ﬁi(]—' ) denote the empirical Rademacher complexity of hypothesis class
F.

We will first derive a Rademacher complexity bound for fé‘b.
Claim D.6. R(F5?) < L1BE,, [|IX0, cip(ai)] ]
Proof. We write

S 1

m(]:]lB’(ﬁ) = Eei l sup <aazei@($i)>]

n 046]:}.3’4’
n
Z €ip(Ti)
i=1

.

We will now complete the bound on 93(F ]15,’¢) for Lipschitz activations ¢ with ¢(0) = 0.
Claim D.7. Suppose that our activation ¢ is M-Lipschitz and $(0) = 0.Then

S(FL) < SBMVEL ol
B /= n

IN

.

1

—Ee, | sup |[los
n oze]:g’(’>

n

> cipla)

i=1

IN

1
-B-E,,
n

Proof. We will show that

n

Z eip(x;)

=1

]S:’)M

oo

from which the statement of the lemma follows via Claim Fix any 4’ € SY~!. Then we get the
decomposition

B, | swp Y ed(@ zm)|| <E. ||D as@ x|+
aeSd—1 . —
i=1 i=1 . N (D6)
Ee, io(a' ;)| — inf io(a’
| s ;esb(u v)| = inf | ;m(u )
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‘We can bound the first term as

E, iﬁiéf)(ﬁ/TIi) ] < | E <§; €i¢(fLITfEi)>2
< i¢>(ﬂ’T3«”i)2
i=1
<M zn:(ﬂ’Txi)Q (since ¢ is Lipschitz and ¢(0) = 0)
i=1
<M ; i3 (D.7)

We note that the second term of equation [D.6]can be bounded by

n n
E,, | su eip(a'z;)| — inf eip(a’ x;
| (et - S »]
n n
<E | sup Zeiqﬁ(ﬂ—'—xi)— inf NCEED)
ueSd—1 i=1 aest—t =

This follows from the general fact that the difference between the supremum and infimum of the
absolute value of a quantity is bounded by the difference between the supremum and the infimum.
Furthermore, by symmetry of the Rademacher random variables,

n

T . T
E., aigﬁl ; €6o(u' x;) — aég£1 2 eo(u x;)| < 2E, (D.8)

sup Z eip(u x;)

aesd=1 T

This simply gives an empirical Rademacher complexity of the hypothesis class F £ {x + ¢(a ' z) :
@ € S?1} scaled by n. By the Lipschitz contraction property of Rademacher complexity, using the
fact that ¢ is M-Lipschitz, we can therefore bound equation [D.8|by

2E., [ sup qus(fﬁxi)] <2M | il (D.9)
uestTt i i=1
Plugging equation and equation back into equation [D.6| gives the desired bound. O

The following is a generalization bound based on the 1-norm:

Lemma D.8. Leti(-;y) : R — [—c¢, c] be a bounded M-Lipschitz loss function. Assume that ¢ is a
1-Lipschitz activation with $(0) = 0. Let (z;,y;)?_, be drawn i.i.d from paata. Then with probability
at least 1 — § over the dataset, every o € L1(S?™1) satisfies

E (@) mpanea L f? (5 2)39)] <

%Zl(ﬁ(a;m);yi) +12M

=1

max{1, o[ X|r} n C\/log(1/5) + log(max{1, 2||a[|1[| X[ r})
n 2n

Proof. Our starting point is Theorem 1 of Kakade et al.|(2009), which states that with probability
1 — 9, for any fixed hypothesis class F and f € F,

n . 6
B onan @3] < S 107+ 288(F) + 0/ B o)
=1
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We define B; = ﬁ for j > 0. We note that by Claim E)A%(]: }9’;15) < 32%. and apply the above

on F 113;;5 using §; £ 2]9%. Then using a union bound, with probability 1 — Z;io 0; =1—9, forall

j>0and f®(a;-) € ]:;;b
1 ; log(1/9;
n D UL (s w)iyi) + 2MR(F ) + ¢ %/53)
=1

log(1/8) + log(27+1)

IN

E(ay)~pana 1 (052); )]

IA

I\~ o 2
= U asa)iyi) + 6M = + ¢
nizl n

Now for every « with ||a|; < m, we use the inequality for F 1’;1), and for every other o, we

apply the inequality corresponding to .Fjlgﬁl, where 27 < ||a||1|| X || < 2771, This gives the desired
statement. O

We can also provide the same generalization error bound for the 2-norm and relu features:

Lemma D.9. In the setting of Lemma[D.8| choose ¢ to be the relu activation. Then with probability
1 — 6, every o € L2(S471) satisfies

E(w,p)mpanea L (5 2)59)] S

1 ¢ Vemax{l, af2|| X F} log(1/6) + log(max{1, [|a[[2|| X[ r})
E;l(f¢(a§xi)§yi)+M d 2 z JrC\/ on 2 r

Proof. We proceed the same way as in the proof of Lemma@ We define B; as before, and this

time have R(F 2’_¢ < /R from Corollary |C.4} Thus, again union bounding over all j, equation
B; ) N y g g q

equation gives with probability 1 — 6, for all j > 0 and f?(a;-) € .7-',23J¢

\/EQj log(1/8) + log(27+1)
+c
nvd n

Now we assign the « to different j as before to obtain the statement in the lemma. O

E e ppepa 1 (0320 )] S S 1( s 2i)s) + M

i=1

Note that if [ is some bounded loss such that [(y; y) = 0 (for example, truncated squared error), for
o, and ay, the loss terms over the datapoints (in the bounds of Lemmas[D.8|and [D.9) vanish. For
loss [, define

Lfl-l‘Eg £ Em’y’\’pdata [l(fd) (afl ) 1‘); y)]
Liyreg 2 Ba g [L(f? (003 2)3 )]

Next, we will define the kernel matrix K with K;; = (¢(x;), ¢(x;)). Now we are ready to state and
prove the formal theorem describing the gap between the 1-norm solution and 2-norm solution.

Theorem D.10. Recall the definitions of oy, and o, in equation|D.3|and equation[D.4} For any
activation ¢ with the property that K is full rank for any X with no repeated datapoints, there exists
a distribution pyata such that with probability 1,

||a€1 Hl <1
On the other hand,
n
]E(:Ehyi)?:l""iidpdata[||a‘€2H%] = E

For i.i.d samples from this choice of Paata, if | is bounded (I(-;y) : R — [—1,1]), 0 on correct
predictions (I(y; y) = 0), and 1-Lipschitz, then with probability 1 — 6,

d log(1/6) + logn
Lipmg 53 Lo800)+ logn

Meanwhile, in the case that ||a, |3 > 2, the upper bound on Ly, e from Lemma@ is Q(1) and in

- K’

particular does not decrease with n.
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We will first show that for any dataset X, there is a distribution over Y such that the expectation of
||cve, ||2 is large. When it is clear from context, y will denote the vector corresponding to Y.

L

Lemma D.11. There is a distribution A over L*(S?') such that for any dataset X with y; =

(o(z:), B) for B~ A,

Eslllowe, [13] >

a3

and with probability 1,
”afl Hl <1

We note the order of the quantifiers in Lemma the distribution A must not depend on the
dataset X. We first provide a simple closed-form expression for ||, ||3.

Claim D.12. If K is full rank, then ||ay, |3 = y" K~y
Proof. This follows by taking the dual of equation [D.4] O

Proof of Lemma[D.IT1] We sample 3 ~ A as follows: first sample % ~ S?~! uniformly. Then set 3 to
have a delta mass of 1 at % and be 0 everywhere else. Define the vector v = [¢p(a"x1) -~ d(a' z,)];
then it follows that we set our labels y to v. It is immediately clear that ||y, |1 < ||8]]1 < 1.

To lower bound Eg|| v, ||3], from Claim we get

Eg~alllo, 3] = Egusa-1[vg K~ vg]

= B g1 [traceK "L (vgv] )]
= trace(K ' By ga-1 [vav, |
= ltrace(K—lK) (by definition of K)
"
Tk
O

Proof of Theorem We note that since the distribution A of Lemma does not depend on
the dataset X, it must follow that

n
]E(fﬂi);;l’\/iid./\/(o,ldxd) [EBNAH|OZZ2||§]] = E
n
]EﬁN-A [E(?ﬂi)?aNimN(OJ(zxd)[”a&”g]] = E

Thus, there exists 5* such that if we sample X i.i.d. from the standard normal and set y; =
(¢(xi), B*), the expectation of [|av,||3 is at least 2. We choose pqata corresponding to this 5*, with
x sampled from the standard normal. Now it is clear that pg,t, Will satisfy the norm conditions of

Theorem

For the generalization bounds, with high probability || X ||z = ©(vnd) as x is sampled from the
standard normal distribution. Thus, Lemma[D.8|immediately gives the desired generalization error
bounds for Ly, reg. On the other hand, if ||, [[2 > /2, then the bound of Lemma is at least

Villanl2| Xllr o o

d (1)

E MISSING PROOFS IN SECTION[3]

E.1 DETAILED SETUP

We first write our regularity assumptions on ®, R, and V' in more detail:
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Assumption E.1 (Regularity conditions on ®, R, V). R is convex, nonnegative, Lipschitz, and
smooth: IM g, Cr such that |V2R||,, < Cg, and |[VR||2 < M.

Assumption E.2. @ is differentiable, bounded and Lipschitz on the sphere: 3Bg, Mg such that
[®(0)|| < Ba VO € S, and |®;(0) — ®;(0)| < Ms||0 — 0'||2 V0,0 € S°.

Assumption E.3. V is Lipschitz and upper and lower bounded on the sphere: 3by,, By, My such
that 0 < by < V() < By V0 € S%, and |[VV (0)|2 < My V0 € S°.
We state the version of Theorem [5.3]that collects these parameters:

Theorem E.4 (Theorem with problem parameters). Suppose that ® and V are 2-homogeneous
and Assumptions|[E.] and[E3|hold. Fix a desired error threshold e > 0. Suppose that from a
starting distribution po, a solution to the dynamics in equation[5.2) exists. Choose

o £ exp(—dlog(l/e)poly(h Mv, MR, .2\4.:1>7 bV7 Bv, CR, B.:p, L[po] — L*))

d2
te £ gPOlY(lOg(l/G),k,MV,MR,M@,bv,Bv,CR,Bcp,L[po} - L*)

Then it must hold that ming<¢<¢_ L[p;] — inf, L]p] < 2e.

E.2 PROOF OF THEOREM[E. 4]

Throughout the proof, it will be useful to keep track of W; £ /Eg..,, [||0]]3], the second moment of
p¢. We first introduce a general lemma on integrals over vector field divergences.

Lemma E.5. For any hy : R = R, hy : R4 — R and distribution p with p(9) — 0 as
0] = oo,

[ OV - (ha(0)0(6))d8 = ~Eun (T 6), a(6))]

Proof. The proof follows from integration by parts. O

We note that p, will satisfy the boundedness condition of Lemma [E:3] during the course of our
algorithm - pg starts with this property, and Lemma [E.9| proves that p; will continue to have this
property. We therefore freely apply Lemma[E-3]in the remaining proofs. We first bound the absolute
value of L'[p;] over the sphere by By, £ MrBg + By.

Lemma E.6. Forany 0 € S*=1,t >0, |L'[p](0)| <= By.

Proof. We compute
2] =|(vr ( [ 2d0) .20) + v6)

<fon( o)

1®(8)]l2 + V() < MrBs + By
2

Now we analyze the decrease in L[p;].

Lemma E.7. Under the perturbed Wasserstein gradient flow

d

T Lo = —0Bomp, [L (0] (0)] + 0B 4 [L'[p) (0)] — Eomp, [[0[1] (9) 3]
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Proof. Applying the chain rule, we can compute

d d d
9 Lip) = <VR ( / @dpt) ] <I>dpt> + 2 [ van

Ly L0 (6))

T dt
= [ Lipdorio)as
— o [Lipldpit o [ Llpddv? =~ [ L1p)0)V - clp) @)pi(o))as
= —~0Bonp, [L'[p)(0)] + 0Egyra[L' [p:](0)] — Egmp, [[[v]pe) (03],
where we use LemmalE.5|with hy = L'[p;] and hy = v[p,]. O

Now we show that the decrease in objective value is approximately the average velocity of all
parameters under p; plus some additional noise on the scale of o. At the end, we choose o small
enough so that the noise terms essentially do not matter.

Corollary E.8. We can bound 4 i Lips] by

9 Llpd < oBLWE +1) ~ Eomy 0o 0) ) ®1)

Proof. By homogeneity, and Lemma Egmp [L'[pe)(0)] = Egmp, [L'[04](0)]10]|3] < BLWZ. We
also get E5_;7a[L'[p:](9)] < By, since U? is only supported on S?. Combining these with Lemma
[E.7| gives the desired statement. O

Now we show that if we run the dynamics for a short time, the second moment of p, will grow slowly,
again at a rate that is roughly the scale of the noise o.

LemmaE.9. Forall0 <t <t W3 < %7;’;?.

Proof. Lett* £ arg maxXy g(o ) WE/. Integrating both sides of equation and rearranging, we get

+*

0< [ o llolpd@)3kds < Lipol = Llpd + oy [ (W2 -+ 1)ds

< Llpo] — L[pi] + t*o B (WS + 1)
Now since R is nonnegative, we apply L{pi-] > Egp,. [V(0)] > Egep,. [V(0)]|0]|3] > by W2. We

now plug this in and rearrange to get W7 < W2 < Lb[c O]jt ;giL < Lb[c O}j:;‘;BL Yo <t <t. O

Now let W2 £ % By Lemma VO <t <t, WE<W2

The next statement allows us to argue that our dynamics will never increase the objective by too
much.

Lemma E.10. Forany t1,t; with0 < t; <ty <t,, Llps,] — Llpt,] < o(ta —t1)Bp(W2 + 1).
Proof. From Corollary [E.8] V¢ € [t1,t2] we have

d
S Lo < oBL(WE+1)

Integrating from ¢; to ¢4 gives the desired result. O

The following lemma bounds the change in expectation of a 2-homogeneous function over p;. At a
high level, we lower bound the decrease in our loss as a function of the change in this expectation.
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Lemma E.11. Let h : R¥™! — R that is 2-homogeneous, with |Vh(0)| < M V0 € S? and
|h(0)| < BVO € S%. Then V0 < t < t., we have

1/2
(Z/hdp’ <oBW2+1)+ MW (—th[pt] + 0B (W2 + 1)) (E.2)

Proof. Let Q(t) £ [ hdp;. We can compute:

dt
— [ b@)(-00(6) = V- (ol @) (©))a0 + o [ b

— o [ @6l @)a0 + o [navt~ [b)V-Clpl@mENs €3

Qt) = / h(6) 2 (9)d0

Note that the first two terms are bounded by o B(W?2 + 1) by the assumptions for the lemma. For the
third term, we have from Lemma [E.3}

| [ )V - (o 0)90(6))d8] = v [(TH(0). 1o 8))
=< \/Eewf IVR(O) 131 Eo~ . [[Iv]pe] (0)]13] (by Cauchy-Schwarz)
=< \/E9~pf IV R@)II10131 Eo~p, [Iv[oe (0)113]  (by homogeneity of V)
< MW, \/E«%m [lv]pe) (0)]3] (since h is Lipschitz on the sphere)
d 1/2
< MW, (—dtL[pt} + 0B (W2 + 1)) (by Corollary [E-8)

Plugging this into equation|[E.3] we get that

d 1/2
SLlpd + 0BV 4 1))

|Q'(t)| < e B(W? 4 1) + MW, (—dt

O

We apply this result to bound the change in L'[p;] over time in terms of the change of the objective
value. For clarity, we write the bound in terms of ¢; that is some polynomial in the problem constants.

Lemma E.12. Define Q(t) = f@dpt Forevery® € Stand 0 < t < t+1 < t, Je; £
poly(k, CR,B(@,Mq),BL) such that

_ _ t+1
L [p)(@) — Lpisd)(8)] < CrBa / 2010 (E4)

< oley (W2 +1) + aaWNI(L[ps] — Lipegt] + oley (W2 +1))1/2 (E.5)

Proof. Recall that L'[p](0) = (VR([ ®dp;), ®(F)) + V (6). Differentiating with respect to ¢,

L 1p() = <dVR </ @dpt) 7<I>(9)>
! = @(Clet)TVQR(Q(t))Q’(O

< CrBs||Q'(t)|l2
< CrBas|Q'(t)|I1 (E.6)
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Integrating and applying the same reasoning to —L’[p;] gives us equation Now we apply Lemma
ETTto et
k
d
— | ®,d
dt / Pt

Q@)=
1/2
O’B.:p(WZ + 1) + Mg W, (:litL[pt] + O'BL(WE + 1)> ]

i=1

<y

i=1

1/2
< koBg(W?2 + 1) + kMo W, (—th[pt} + 0B (W2 + 1))

We plug this into equation [E.6]and then integrate both sides to obtain

t+1
CrBa / Q@)

dt
< kolCrB2(W?2 + 1) + kCrBe MaWN1(L|ps] — L{pis1] + olBL (W2 +1))4/2

t+1 1/2
< kolCrB2(W?2 4 1) + k:C’RB@Mq,WE/ (—L[pt] + 0B (W2 + 1))
t

Using ¢; = max{kCrB2,kCrBsMs, Br} gives the statement in the lemma. O

Now we also show that L’ is Lipschitz on the unit ball. For clarity, we let co 2 kM rMo + My,
Lemma E.13. Forall 8,6 € S¢,

IL'[p)(0) = L'[p)(0")] < 2|0 — 02 (E.7)
Proof. Using the definition of L’ and triangle inequality,

L[6)(8) — L[A)(@)] < HVR ( / cbdp)

< (VEMpMg + My)||0 — 0|2 (by definition of Mg, My, My)

) [(0) — @(6")ll2 + [V(8) = V()]

O

Now the remainder of the proof will proceed as follows: we show that if p; is far from optimality,
either the expected velocity of 6 under p; will be large in which case the loss decreases from
Corollary or there will exist 6 such that L'[p;](§) < 0. We will first show that in the latter
case, the cU“ noise term will grow mass exponentially fast in a descent direction until we make
progress. Define K, 7 = {§ € S% : L'[p;](f) < —7}, the —7-sublevel set of L'[p;], and let
m(S) £ Ey_ya[1(0 € S)] be the normalized spherical area of the set S.

Lemma E.14. [f K, 7 is nonempty, for 0 < § < 7, log m(K;TH) > —2dlog .

Proof. Let@ € K, 7. From Lemma|E.13} L'[p](8') < —7 4 § for all ¢’ with [|§ — 6]|, < Z. Thus,
we have

- 1)
(™) 2 By |16 02 < 2)
2
Now the statement follows by Lemma 2.3 of (Ball, |1997). O

Now we show that if a descent direction exists, the added noise will find it and our function value will
decrease. We start with a general lemma about the magnitude of the gradient of a 2-homogeneous
function in the radial direction.

Lemma E.15. Let h : RI*L — R be a 2-homogeneous function. Then for any § € R4+
0T Vh(6) = 2||6]|2h(0).
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Proof. We have h(0 + af) = (||0]|2 + «)?h(f). Differentiating both sides with respect to o and
evaluating the derivative at 0, we get 0 VA(0) = 2||0||2h(0), as desired. O

We state the lemma claiming that our objective will decrease if L'[p;](f) < 0 for some 6 € S¢.
Lemma E.16. Choose

S log(W2 /o) + 2dlog 22

T—0

l +1

If K. is nonempty for some t* satisfying t* + 1 < t., then after | steps, we will have

(1/4 — ale; (W2 +1))2
l2W2

Lipp11) < Lpe-] — + oley (W2 4 1) (E.8)

We will first show that a descent direction in L’[p;] will remain for the next [ time steps. In the
notation of Lemma , define z(s) £ CBg [ 7°||Q’(t)|1dt. Note that from Lemma , for

- > 0P Jix
all 0 € S? we have |L'[ps-4](8) — L'[ps<](0)] < 2(s). Thus, the following holds:

Claim E.17. Forall s <1, K;::Z(s) is nonempty.

Proof. By assumption, 30 with § € K.7. Then L'[ps 1 4](0) < L'[ps=](0) + 2(s) < —7 + 2(s), s0

K,. ::Z(s) is nonempty. O

LetT, £ K . :_/524'2(8) for 0 < s < [I. We now argue that this set 75 does not shrink as ¢ increases.
Claim E.18. Forall s’ > s, Ty D Ts.

Proof. From equation|E.6and the definition of 2(s), | L' [pi15/](0) — L'[p+5)(0)] < 2(s") — 2(s). It
follows that for § € T}

L'lpe4s](0) < L'[pe15)(0) + 2(s") — 2(s)
< —7/2+ 2(8) — 2(8) + 2(5) (by definition of T})
< —7/2+ 2(s")
which means that § € T. O

Now we show that the weight of the particles in T grows very fast if z(k) is small.

Claim E.19. Suppose that z(1) < 7/4. Let T, = {# € R¥! : § € T.,}. Define N(s) =
J7. 16]1°dp- 15 and B = exp(—2dlog 222 Then N'(s) > (1 — o) N(s) + 0.

Proof. From the assumption z(l) < i, it holds that T, C Kt:i/j Vs < k. Since T5 is defined as a
sublevel set, v[py- 4 5| (9) points inwards on the boundary of T’ for all 6 € T, and by 1-homogeneity
of the gradient, the same must hold for all u € T5.

Now consider any particle # € T,. We have that 8 flows to 6 + v[py 1] (0)ds at time t* 4 s +
ds. Furthermore, since the gradient points inwards from the boundary, it also follows that u +

v[pi+15](0)ds € Ty. Now we compute

[ 16113t 4 stas = (1 — ods)/ 16+ vlpe-+5](0)ds|3dps- 15 + ads/~ 1dU?
Ts Ts

s

> (1- Uds)[ (10113 + 20 "v[py-1-5](0)ds)dpys s + Um(K,;l/erZ(s))ds
Ts
(E.9)
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Now we apply Lemma E.15| using the 2-homogeneity of F’ and the fact that L'[ps 4](0) <
—7/4V0 € Ty

10113 + 26T v[pp-+](0)ds = (|63 — 4/|0]13L" [pe-+5)(F)ds
> [10]3(1 + 7ds) (E.10)
Furthermore, since K. TSZ(S) is nonempty by Claim we can apply Lemma and obtain
m(K 2y > 8 (E.11)
Plugging equation[E.T0]and equation [E-TT|back into equation [E.9] we get

/ lul|adpi-tstas > (1 — ods)(1+ 27ds)N(s) + ofds
Ts
Since we also have that T5+ds D) TS, it follows that

N(s+ds) = / lul|2dps 4 stas > (1 — ods)(1 + 7ds)N(s) + oBds

Tstds

and so N'(s) > (1 — o)N(s) + op. O
Now we are ready to prove Lemma[E.16]

Proof of Lemma[EI6] 1f z(1) = CrBg ;H |Q'(t)||1 > %. then by rearranging the conclusion of
Lemma[ET2] we immediately get equation [E-8]

Suppose for the sake of contradiction that z() < 7/4. From Claim [E.19] it follows that N (1) > o3,

and N(1) > exp((r—0)(I—1))N(1). Thus, in ) +2dlog

2 2¢co .
log(W /U)Jr:dlog = 11 time, Wt*Jrl > N(Z) > Wg’
a contradiction. Therefore, it must be true that z(I) > 7/4.

O

The following lemma will be useful in showing that the objective will decrease fast when p; is very
suboptimal.

Lemma E.20. For any time t with 0 < t < t, we have

d
%L[Pt] <oBL(WZ+1)—

Eomp [LIp) (O)

= (E.12)

Proof. We can first compute
Eowp, (L[] (0)] = Eorep, (L[] (D) 01]13]
1 = .
= SEonc 1611267 olpr)(6)] (via Lemma[E-T3)

IN

1
5V B 10131Eg 1010 O)13] (by Cauchy-Schwarz)

%Weﬁ%mnw[pt](e)llél

IN

Rearranging gives Eg.,, [||v]p:](0)(13] > WVM, and plugging this into equation [E. 1| gives

the desired result. O

Proof of Theorem Let L* denote the infimum inf, L[p], and let p* be an e-approximate global
minimizer of L: L[p*] < L* + e. (We define p* because a true minimizer of L might not exist.) Let

W* £ Eg.,-[||0]|3]. We first note that since by W*? < L{p*] < L[po], W** < L[po] /by < W2.
Now we bound the suboptimality of p;: since L is convex in p,

Llp*) = Lipt] + Eomp: [L [t (0)] = Borp, [ [21] (0)]
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Rearranging gives
Lipe] = L[p*] < Eorp, [L'[pe](0)] — Eorpr [L' 0] (6)]

< Epep, [L'[p](8)] — W** min {eeném L'[p:](0), 0} (E.13)

Now let | & W (2 log —: We —|— 2d log aWZe 2) which satisfies Lemma [E.16|with the value of 7

later specified. Suppose that there is a t with O <t<t.—2andVt' € [t,t+ 2], Lpr] — L* > 2e.
Then L{py| — L[p*] > €. We will argue that the objective decreases when we are e suboptimal:

Lips] — Liptyar] > (E.14)
(e/8W2 —loci (W2 +1))2 € )
n { W2l —3ole (W2 +1), Z4W2 201BL (W2 + 1) (E.15)

Using equation[E-T3]and W, > W*, we first note that

€ < Eomp, [L[pr)(0)] — W2 min{ené}inlL [p](6), } vt € [t t+1]
Thus, either mingega L' [pr](0) < — g5z < — g7, of Bop,, [L'[pe](0)] = 5. I3t € [t, ¢+ 1]
such that the former holds, then the 7 £ sypz sub-level set K, 7 is non-empty. Applying Lemma

[E-16] gives

€/8W2 —loc; (W2 +1))?
Lipe] - Lipws 2 C%W;(l )

Furthermore, from Lemma [E.10, L{p;10)] — L{prr4i] < oley(W2 + 1) and L{py] — Llps] <

olBr,(W2 + 1), and so combining gives

(e/8W2 —loci (W2 +1))?
AWzl

In the second case Eg~,,, [L'[p](0)] > §, Vt' € [t, t +1]. Therefore, we can integrate equation

from ¢ to ¢t + [ in order to get

—ole; (W2 +1)

—30ley (W2 +1) (E.16)

Llpt] = Lipt+ax] >

2
€ 2
Lipe] = Llpri] = ZTVVE —olBL(W: +1)
Therefore, applying Lemma [E.T0]again gives
&2
Llp] = Llpr4at] = 1= wE 201BL (W2 +1) (E.17)

Thus equation [E-T5] follows.

Now recall that we choose
o = eXP(_dlog(l/e)POIY(ka MVa MR? prv va BV7 CR7 BCI’) L[po] - L[p*]))

For the simplicity, in the remaining computation, we will use O(+) notation to hide polynomials in
the problem parameters besides d, e. We simply write o = exp(—csdlog(1/¢)). Recall our choice
te 2 O(‘z—z log?(1/e€)). It suffices to show that our objective would have sufficiently decreased in
te steps. We first note that with c3 sufficiently large, W2 = O(L[po]/b,) = O(1). Simplifying our
expression for [, we get that | = O(2log 1), so long as e W2 = o(e), which holds for sufficiently
large c3. Now let

8WZ —loc (W2 4 1))?
5, 2 (/8 Cfv;lz(l < EOE e (w2 4 1)
1"e

2

€
L~ 251BL (W2 +1)
2 3

Again, for sufficiently large c3, the terms with o become negligible, and 6; = O(%-) = O(m).
Likewise, 62 = O(delog(1/e)).

Thus, if by time ¢ we have not encountered 2¢-optimal p;, then we will decrease the objective by
O(ﬁ?ue)) in O(4log 1) time. Therefore, a total of O(g—z log?(1/e)) time is sufficient to obtain e
accuracy. [

(1>

d2
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E.3 DISCRETE-TIME OPTIMIZATION

To circumvent the technical issue of existence of a solution to the continuous-time dynamics, we also
note that polynomial time convergence holds for discrete-time updates.

Theorem E.21. Along with Assumptions[E_1| [E2] [E-3] additionally assume that V' ®; and VV are
Cs and C\y/ -Lipschitz, respectively. Let p; evolve according to the following discrete-time update:

pr1 = pe+n(—ope + U =V - (v]p]pt))

There exists a choice of

exp(—dlog(1/e)poly(k, My, Mg, by, By,Cr, Bs,Cs,Cyv, Lipo] — L[p*]))

pOIy(k>MV7MR7bVaBVaCRquMC@aCV?L[pO] - L[p*])
d2
te £ EPOIY(kvMV;MRabVa BVaCRaB<PaC¢7CV7L[pO] - L[p*])

g

(1>

n

such that ming<;<¢, L]ps] — L* < e.

The proof follows from a standard conversion of the continuous-time proof of Theorem [E.4]to discrete
time, and we omit it here for simplicity.

F ADDITIONAL MATERIAL ON EXPERIMENTS

F.1 DETAILED SETUP FOR FIGURE[2]EXPERIMENT

Our ground truth comes from a random neural network with 6 hidden units, and during training we
use a network with as many hidden units as examples. For classification, we used rejection sampling
to obtain datapoints with unnormalized margin of at least 0.1 on the ground truth network. We use a
fixed dimension of d = 20. For all experiments, we train the network for 20000 steps with A = 1078
and average over 100 trials for each plot point.

F.2 DETAILED SETUP FOR FIGURE B EXPERIMENT

The left side of Figure[3]shows the experimental results for synthetic data generated from a ground
truth network with 10 hidden units, input dimension d = 20, and a ground truth unnormalized margin
of at least 0.01. We train for 80000 steps with learning rate 0.1 and A = 107>, using two-layer
networks with 2% hidden units for 7 ranging from 4 to 10. We perform 20 trials per hidden layer size
and plot the average over trials where the training error hit 0. (At a hidden layer size of 27 or greater,
all trials fit the training data perfectly.) The right side of Figure 3] demonstrates the same experiment,
but performed on MNIST with hidden layer sizes of 2¢ for i ranging from 6 to 15. We train for 600
epochs using a learning rate of 0.01 and A = 10~° and use a single trial per plot point. For MNIST,
all trials fit the training data perfectly. The MNIST experiments are more noisy because we run one
trial per plot point for MNIST, but the same trend of decreasing test error and increasing margin still
holds.

F.3 VERIFYING CONVERGENCE TO THE MAX-MARGIN

We verify the normalized margin convergence on a two-layer networks with one-dimensional input.
A single hidden unit computes the following: x — a;relu(w;x + b;). We add || - ||3-regularization to
a,w, and b and compare the resulting normalized margin to that of an approximate solution of the ¢,
SVM problem with features relu(wz; + b) for w? + b* = 1. Writing this feature vector is intractable,
so we solve an approximate version by choosing 1000 evenly spaced values of (w, b). Our theory
predicts that with decreasing regularization, the margin of the neural network converges to the ¢;
SVM objective. In Figure[d we plot this margin convergence and visualize the final networks and
ground truth labels. The network margin approaches the ideal one as A — 0, and the visualization
shows that the network and /1 SVM functions are extremely similar.
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Figure 4: Neural network with input dimension 1. Left: Normalized margin as we decrease A. Right:
Visualization of the normalized functions computed by the neural network and /; SVM solution for
A~ 10714,

Method CIFAR10 | CIFAR100
Weight decay annealing 5.86 26.22
Fixed weight decay 6.01 27.00

Table 1: Test error on CIFAR10 and CIFAR100 for initial A = 0.0005.

F.4 EXPERIMENTS ON CIFAR10 AND CIFAR100

We train a modified WideResNet architecture (Zagoruyko & Komodakis, [2016) on CIFAR10 and
CIFAR100. Our theory does not entirely apply because the identity mapping prevents ResNet
architectures from being homogeneous, but our experiments show that reducing weight decay can still
help generalization error in this setting. Because batchnorm can cause the regularizer to have different
effects (van Laarhoven, |2017), we remove batchnorm layers and train a 16 layer deep WideResNet.
We again compare a network trained with weight decayed annealing to one trained without annealing.
We used a fixed learning rate schedule that starts at 0.1 and decreases by a factor of 0.2 at epochs 60,
120, and 160. For CIFAR10, we use an initial weight decay of 0.0002 and decrease the weight decay
by 0.2 at epoch 60, and then by 0.5 at epochs 90, 120, 140, 160. For CIFAR100, we initialize weight
decay at 0.0005 and decrease it by 0.2 at epochs 60, 120, and 160. We tried different parameters for
the initial weight decay and chose the ones that worked best for the model without annealing. We
also tried using small weight decays at initialization, but these models failed to generalize well — we
believe this is due to an optimization issue where the algorithm fails to find a true global minimum of
the regularized loss. We believe that annealing the weight decay directs the optimization algorithm
closer towards the global minima for small A.

Table|l| shows the test error achieved by models with and without annealing. We see that the simple
change of annealing weight decay can decrease the test error for this architecture.
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