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We provide high-probability bounds on the condition number of random feature matrices. In particular,
we show that if the complexity ratio N/m, where N is the number of neurons and m is the number of
data samples, scales like log_1 (N) or log(m), then the random feature matrix is well-conditioned. This
result holds without the need of regularization and relies on establishing various concentration bounds
between dependent components of the random feature matrix. Additionally, we derive bounds on the
restricted isometry constant of the random feature matrix. We also derive an upper bound for the risk
associated with regression problems using a random feature matrix. This upper bound exhibits the double
descent phenomenon and indicates that this is an effect of the double descent behaviour of the condition
number. The risk bounds include the underparameterized setting using the least squares problem and
the overparameterized setting where using either the minimum norm interpolation problem or a sparse
regression problem. For the noiseless least squares or sparse regression cases, we show that the risk
decreases as m and N increase. The risk bound matches the optimal scaling in the literature and the
constants in our results are explicit and independent of the dimension of the data.

Keywords: random feature models; conditioning; restricted isometry property; double descent.

1. Introduction

Random feature methods are essentially two-layer shallow networks whose single hidden layer is
randomized and not trained [32,33]. They can be used for various learning tasks, including regression,
interpolation, kernel-based classification, etc. Studying their behaviour not only results in a deeper
understanding of kernel machines but could also yield insights into more complex models, such as very
wide or deep neural networks.

Consider x € R? to be the input vector and W = [w; J-] € RN o be a random weight matrix,
where each column of the matrix W is sampled from some prescribed probability density p(w). Then
the random feature map is defined by ¢ (W7x) € CV, where ¢ : R — C is some Lipschitz activation
function applied element-wise to the input. The resulting two-layer network with N neurons is defined by
y = CTp(WTx) € C%u, where the final layer C € CV*%u needs to be trained for a given problem. The
analysis of these models with respect to the dimensionality, stability, testing error, etc. often depends
on the extreme singular values (or the condition number) of the matrix A := ¢(XTW) e CmxN,
where X = [x,...x,] € R4*m s a collection of m random samples of the input variable. In
particular, for regression or interpolation, knowledge of the condition number of A can yield control
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2 Z.CHEN AND H. SCHAEFFER

over the error as well as reveal the landscape of the testing error as a function of the model complexity
ratio N/m.

The testing error (or risk) of random feature models have been of recent interest [39,17,20,26,34,36],
in particular, with a goal of quantifying the number of features needed to obtain a given learning rate.

In [34], it was shown that the random feature model yields a test error of O(N -3 + m_%) when trained

on Lipschitz loss functions. Thus if m < N then the generalization error is O(N _%) for large N. In
[35], a comparison between the test error using kernel ridge regression with both the full kernel matrix
and a column subsampled kernel matrix (related to Nystrom’s method) suggests that the number of
columns (and rows) should be roughly the square root of the number of original samples in order to
obtain their learning rate. The squared loss case was considered in [20,36], providing risk bounds when
the random feature model is trained via ridge regression. In [36], it was shown that for f/ in an RKHS,

using N = O(/m log m) is sufficient to achieve a test error of O(m’%) with a random feature method.
The results in [35,36] use similar technical assumptions on the kernel and the second moment operator,
e.g. a certain spectral decay rate on second moment operator, which may be difficult to verify. Note that
for the ridge regression results, the penalty parameter A = A(m) often must remain positive and thus
such results do not include interpolation. In [39], the risk was analysed for a regularized model with the

target function in an RKHS, noting that to achieve N~ + m™? one must place explicit assumptions on
the decay rate of the spectrum of the kernel operator, see also [3]. In [26], an investigation of the kernel
ridge regression and the random feature ridge regression problems in terms of the N, m and d was given.
The main result suggests that an ‘optimal’ choice for the complexity ratio N/m depends on an algebraic
scaling in N, m and d.

In the overparameterized setting, minimum norm regression problems are often used, either by
minimizing the £Z or £! norm with a data fitting constraint. The £! problem can be used to obtain a low
complexity random feature model in the highly overparameterized setting and was proposed and studied
in [17] (see also [40] for a related algorithmic approach). By solving the £! basis pursuit denoising
problem with a random feature matrix, test error bounds were obtained as a function of the sparsity, N,
m and d. It is worth noting that in the dense case, i.e. when the sparsity equals N and m =< N? up to log

terms, the test error scales like N~ + m3 up to log terms, thus the method achieves the upper bounds
provided by other methods but utilizes a different computational approach.

The min-norm interpolation problem (or the ridgeless limit as A — 07) has received recent attention
for random feature methods [4,5,8,18,21,26,27,38]. In [4,38], the test error for general ridge and ridgeless
regression problems is shown to be controlled by the condition number, or the related notion of effective
rank, of the random design matrix. It was shown in [26] that the min-norm interpolators are optimal
among all kernel methods in the overparameterized regime.

In some settings, overparameterized random feature models can produce lower test error even though
they have large complexity. However, choosing N and m only using the risk bounds could lead to an
insufficient picture of the parameter landscape for random feature models or neural network. In modern
learning, the graph of the test error as a function of the model’s complexity (i.e. relative number of
neurons) has two valleys. The first is when the number of parameters is relatively small; this is the
underparameterized regime where the model has small complexity and small risk. As the complexity
reaches the interpolation threshold (N = m), the risk tends to peak and then begins to decay again as
the number of parameters continues to increase well into the overparameterized regime. This is referred
to as the double descent phenomenon [1,5-7] and has had several recent results, specifically, in the
characterization of the test error as a function of the complexity ratio [1,2,5-7,19,26,27]. A direct analysis
of the double descent curves for random feature regression [26,27] showed that in the overparameterized
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 3

regime, taking N/m = (O(1) can lead to suboptimal results which can be corrected if N/m — oo. To
achieve near optimal test errors, they suggest setting N =< m!™% for small § > 0.

1.1 Some related work

Some of the earlier results in the literature on random matrix theory for some related problems focused on
random kernel matrices in the form K; ; = ¢(xl.ij), specifically, characterizing the spectrum of square
matrices depending on one random variable x [10,12,13]. In [9,18,28-30], the asymptotic behaviour
of asymmetric rectangular random matrices A = ¢ (X’ W) was studied, in particular, to quantify the
limiting distribution on the spectrum of the Gram matrix AA*. In [25] the asymptotic behaviour of the
resolvent operator of the Gram matrix was studied, where W is random but X is deterministic. Using
concentration arguments, [23,25] analysed the spectrum of the Gram matrix of random feature maps in
the high-dimensional setting where N grows like m. Precise asymptotics for the random feature ridge
regression model in the large m, N and d limit and a characteristic of the test error as a function of
the dimensional parameters were given in [24]. They also showed the existence of a phase transition
with respect to N/m at the interpolation threshold. In [22], the authors studied the multiple-descent
curve for the scaling d = m*, where ¢ € (0, 1). They observed non-monotonic behaviour in the test
error as a function of the sample size m. The results in [22] rely on the restricted lower isometry of
the kernels, showing that (with high probability) the empirical kernel matrix has a certain number of
non-zero eigenvalues with a lower bound.

1.2 Our contributions

In this work, we provide high-probability bounds on the conditioning of the random feature matrix
A = qb(XTW) for N neurons, m samples and with dimension d. In particular, when the N/m scales
like log(m) (overparametrized) or log_1 (N) (underparameterized), the singular values of A concentrate
around 1 and thus with high probability the condition number of the random feature matrix is small. In
addition, the guarantees break down in the interpolation region where we prove that the system is ill-
conditioned. When N = m, as the number of features (or equivalently the number of samples) increases
the conditioning at the interpolation regime worsens. This transition between the conditioning states
coincides with the phase transition in the double descent curves (the risk) for random feature regression.
As an additional application of our results, we show that the condition number can be used to obtain state-
of-the-art test error bounds for a particular class of target functions. We highlight some comparisons with
other works below.

¢ Our theoretical results are related to other random matrix results, such as [9,18,25,28-30]; however,
we quantify the behaviour of the random feature matrix for both finite and large N and m and provide
both sample and feature complexity bounds. Our results give a simple scaling between N and m that
yields well-conditioned random feature matrices.

*  We connect the conditioning of the random matrix to the double descent curves and provide another
characterization of the underparameterized and overparameterized regions, compared with [26,27].
Specifically, our results show that the complexity ratio N/m needs to be only logarithmically far
from the interpolation threshold to have small risk, rather than algebraically far. Our results support
similar conclusions to [26,27].

e We provide non-asymptotic bounds, i.e. N, m and d are finite, and the bounds explicitly relate the
scaling between these quantities. In our work, the weights and data can be unbounded. In [27], the

20z Joquieidag zz uo Jesn Aleiqr] 969100 V10N Ad L8SBE9L/FSOPEEYZ/E L /SIoIE/IBIRWI/LO0D"dNO"0ILISPEOE)/:SARY W) PAPEOIUMOQ



4 Z.CHEN AND H. SCHAEFFER

focus is on the case for N,m,d — oo where the weights and data are assumed to be uniformly
distributed and bounded. In addition, our work also includes the sparse recovery regime (specifically
the restricted isometry property (RIP) condition), which has not been studied in previous random
feature works.

* The proofs give explicit values for the constants used in our bounds and thus our results hold up to
additive terms, for example, compared with the results of [36] which are based on overall rates. Our
bounds improve for high-dimensional data, since the constants are independent of the dimension d.

* The analysis in [17] established the structure of the random feature matrix using a coherence estimate
(for sparse regression in the overparameterize regime). A coherence bound leads to a non-optimal
quadratic scaling (up to log terms) between m and N (or the sparsity s). Our results directly estimate
the restricted isometry constant thus yielding a linear scaling (up to log terms) between m and
N (or s). A complete proof is given in C and is one of the key theoretical contributions of this
work. This difference allows for a more precise characterization of the underparameterized and
overparameterized regimes, i.e. it shows that the complexity ratio only needs to scale by log factors
rather than polynomials. Our results also match the transition point N = m seen in [24,26,27] and
the linear scaling considered in [30]. Our RIP result allows for the use of random feature models in
sparse regression which is novel in this field.

*  We establish risk bounds for random feature regression without the need for assumptions on the
spectrum of the second moment operator or kernel [35,36]. We also improve the bounds in the sparse
setting [17]. Similar results hold for other conditioning-based methods, such as greedy solvers. Our
risk bounds include the effects of noise on the measurements, with the assumption that the noise is
bounded (or bounded with high probability, e.g. normally distributed).

1.3 Notation

Let R be the set of all real number and C be the set of all complex number where i = +/—1 denotes the
imaginary unit. Define the set [V] to be all natural numbers smaller than N, i.e. {1,2, ..., N}. Throughout
the paper, we denote vectors or matrices with bold letters, and denote the identity matrix of sizenxnbyI,.
For two vectors x,y € C4, the inner product is denoted by (x,y) = ZJ(‘I:] xj)_{j, where x = [xy,... ,xd]T
andy = [y,... ,yd]T. For a vector x € C¢, we denote by lxll, the £P-norm of x and for a matrix

A € C"™N the (induced) p-norm is written as ||A|| - For a matrix A € C™*N _its transpose is denoted

as AT and its conjugate transpose is denoted as A*. Lastly, let A'(u, X) be the normal distribution with
mean vector it € R4 and covariance matrix ¥ € R4 If A € C™N is full rank, then the pseudo-inverse
isAT =A*(AA") " 'ifm < NorAT = (A*A)"'A* if m > N. The condition number with respect to the
2-norm of a matrix A is defined by x (A) := ||All, AT l|l,. Denote the k-th eigenvalue of the matrix M by
A (M).

2. Empirical behaviour

The double descent phenomena appears in both the condition number for random matrices and the risk
associated with the corresponding regression problem. In Fig. 1, we examine the behaviour of the risk
and the condition number of the Gram matrix as a function of the complexity N/m, where N is the
column size, i.e. the number of features, and m is the row size, i.e. the number of samples. Let d be the
dimension of each sample. We set d = 3 and m = 100, and vary the number of features N € [500].
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Fic. 1. Double Descent of the Condition Number and Risk. The condition number and risk curves are plotted as a function of
the complexity ratio N/m. The curves are rescaled for visualization purposes, where the units are multiples of 2.9 x 103 for the
risk and 4.8 x 10% for the condition number. Each of the graphs display the double descent phenomena corresponding to the same
complexity regions. In each plot, the global minima of the risk is obtained in the overparameterized regime N/m > 1 where the
linear system remains well-conditioned as N grows.

The weights of the random feature matrix are sampled from N (0,0.1) and the 100 training points are
sampled from N (0, 1). The target function for the £> regression problem is linear f(x) = b’x, where
the components of b € R? are randomly sampled from the uniform distribution U[0, 1], which differs
from the randomness used in the weights. The outputs on the training samples have either zero noise
or additive gaussian noise with 10% SNR (as indicated on the graphs). The training is done using the
psuedo-inverse, i.e. the least squares problem or the min-norm interpolator depending on the complexity
ratio. The empirical risk is measured on 1000 testing samples from N (0, 1). For each N, the risk and
condition numbers are averaged over 10 random trials. Each curve in Fig. 1 is rescaled so that the values
are within the same range, noting that the minimum value of the condition number is 1 before rescaling.
In each case, the double descent of the condition number and the empirical risk coincides with the same
complexity regimes. Specifically, both peak at the interpolation threshold N/m = 1 with large values
obtained within a certain width of this threshold, which was also observed for this problem in [11]. It
is worth noting that in these three experiments, using Fourier features [32-34] with and without noise
or using ReLU features, the global minima of the risk is obtained in the overparameterized regime, i.e.
when N/m > 1.

In Fig. 2, the probability density function associated with the singular values of the normalized
random feature matrix in the underparameterized and overparameterized regimes is plotted using
different complexity scales N/m. The curves in Fig. 2 are normalized to have their maxima equal to
1 and are estimated using a smooth density approximation over 10 trials. In both plots, the red curves
indicate the interpolation threshold N/m = 1 and are the transition boundaries between the two regimes
(i.e. between the two plots). The weights and data are sampled from A/(0, 1). In this experiment we
set d = 50 and m = 3d = 150, and vary the number of features N based on the logarithmic scalings
indicated on the graphs. In Fig. 2, the corresponding linear system is well conditioned when the support
of the probability density is bounded away from the endpoints of the interval. Empirically, this is the
case (with high probability) for the log and log-cubed scaling.

The choice of scalings in the plots is to provide empirical support for the theoretical results
in Section 3, specifically, that a logarithmic scaling is sufficient to obtain a bound on the extreme
singular values. In addition, there is an observable symmetry between the (estimated) probability density
functions in the underparameterized and overparameterized regimes using the same scaling (with m and
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FiG. 2. Probability Density Functions for the Singular Values: The (normalized) smooth estimations of the probability density
functions associated with the singular values of the normalized random feature matrix in the underparameterized (left) and
overparameterized (right) regimes are plotted. The red curves indicate the interpolation case N/m = 1 and are the transition
boundaries between the two plots.

N switched). The symmetry is not exact, partly due to rounding in order to obtain integer values for NV, but
the plots in Fig. 2 show that the overparameterized and underparameterized systems are well-conditioned
when using the same functional scaling.

3. Condition number of random feature maps and insights

In this section, we discuss the bounds on the extreme singular values of the random feature matrix A =
o X TW) where the elements of the matrices W and X are randomly drawn from normal distributions.

3.1 Main result

Before discussing the results, we state the main assumption that is used throughout the paper. Specifically,
the data and weights are normally distributed and the random feature matrix is built using Fourier
features. This assumption is not necessary for the conclusions in this work; however, they simplify
expressions for the constants and the parameter scalings.

AssumpTiON 1. The data samples {xj}je[ are drawn from N (0, yzl ) and the set of random feature

m]
weights {@; )y are drawn from N (0,01 ,). The random feature matrix A € C™V is defined
component-wise by aj = ¢(xj, ®;), where ¢ (x, w) = exp(i(x, ®)).

Treorem 1. [Conditioning in Three Regimes] Assume that the data {x; weights {@;};c(n) and

Vietmy
random feature matrix A € C"*¥ satisfy Assumption 1.
(a) (Underparameterized Regime m > N) If the following conditions hold:

) 2N
m > Cn “Nlog 5 3.1

Vo @y%et +1)i > N, (3.2)
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 7

for some n,$ > 0, then with probability at least 1 — 2§ we have
1 *

M| —ATA) -1
m

(b) (Overparameterized Regime m < N) If the following conditions hold:

< 3n,

for all k € [NV].

D) 2m
N > Cn “mlog =
Van@ytet + i = m,

for some 71,§ > 0, then with probability at least 1 — 2§ we have
1 *

M| A4 ) — 1
N

(c) (Interpolation Threshold) If m = N > 2, then the eigenvalues satisfy

<3n,

for all k € [m].

1
1 1\2 1 1
Er (-4 a)<(1-2) ——— 4+ _
““(N )—( N) @yt DaF TN
1 1
Ea ., (]—vA*A) 22—+

where the expectation is with respect to {x;} ¢, and {@;}epny-

The universal constant C > 0 is no greater than 4 if min{m, N} > 25.

The proof of Theorem 1 is given in Section 5.

Theorem 1 provides a characterization of the behaviour of the condition number of the random feature
matrix as a function of complexity N/m, with respect to any dimension d. If the parameter n is chosen
to satisfy n < 1/3, then the eigenvalues of the normalized Gram matrices are strictly between 0 and 2.
Moreover, in the extreme cases, when m > N or m < N, then 7 can be small and the eigenvalues of the
normalized Gram matrices will concentrate near 1. If the random feature matrix is square and we assume
that the complexity bound m = N < (4y2c2 + 1)%/* holds, then by applying Markov’s inequality the
minimum eigenvalue of the matrix N~'A*A satisfies

1
P (Amin (IVA*A) > N‘Z) <2N72.

On the other hand, the largest eigenvalue of N~'A*A must be larger than 1, since columns of this
matrix are of norm 1. Therefore, at the interpolation threshold, the Gram matrix becomes ill-conditioned.

D=
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8 Z.CHEN AND H. SCHAEFFER

Altogether, Theorem 1 shows that the conditioning of the random feature matrix exhibits the double
descent phenomena.

One interesting consequence of Theorem 1 is that the random feature matrix does not need

regularization to be well-conditioned. This was also observed in [31] for random matrices A, where
a; ; are drawn randomly from some probability distribution and for kernel matrices A = K(X TX), ie.
symmetric systems.
REMARK 1. The symmetry in the conditions for the overparameterized and underparameterized regimes
is inherited from the assumption that the weights and samples use the same distribution (with different
variances). The results can be extended to uniform or sub-gaussian random sampling for x or @ and other
feature maps, which will lead to similar overall conditions but break this type of symmetry.

REMARK 2. In several of the theoretical results, the smaller of the dimensional parameter (N, m or sparsity
s) must be less than \/517 (4)/202 + 1)%. If we set the parameters to § = 0.01, n = 1/4 and y,0 = 2,
then for d > 44 the complexity limitation is on the exascale. If one wants the inner product (x, ®) to
)d/4, which
is like exp(y20?) for large d. Thus in the rescaled case in high dimensions, if yo = +/46, then the
complexity limitation is on the exascale. On the other hand, for small yo the complexity bounds can
place a severe limitation on the smaller of the dimensional parameters.

be order 1 (for example, dividing the variance d), then after rescaling we get (4)/202 /d+1

4. Generalization error using the condition number

With the control on the condition number, we can provide bounds on the generalization error (or risk)
associated with regression problems using random feature matrices in both the underparameterized and
overparameterized settings. We show that the double descent phenomena on the risk is a consequence of
the double descent phenomena on the condition number.

4.1 Set-up and notation

The analysis for the generalization error will follow the set-up from [17,32-34]. For a probability density
p (associated with the random weights @) in R4 and an activation function ¢ : R¢ x R? — C, a function
f:R? — C has finite p-norm with respect to ¢ if it belongs to the class [32]

| <]

—| <oot.

p(@)

The regression problem is to find an approximation of a target function f € F (¢, p), that is, given a set
of random weights {@; }; <[y, We train

F(p,p) = If(x) = /]Rd a(@)p(x;w)de :  ||f], :=sup

N
fra = o wp @.1)

k=1

using (x;,y;), where y; = f(x;) + ¢; and ¢; is the measurement noise, for j € [m]. Let A € C™<N be

the matrix with ajp = qb(xj, w;) for j € [m] and k € [N]; the training problem is equivalent to finding
¢ € CN such that Ac ~ y, wherey = [yy,...,y,,]T € C".
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 9

AssumpTiON 2. The measurement noise {ej}je[m] is bounded by some constant E, i.e. ||ej||oo <E.

Assumption 2 can be extended to random noise. For example, if ¢; ~ (0, v,y andm > 2log (671)
then with probability at least 1 — & the noise is bounded by |e¢;| < 2v forall j € [m]. This does not change
our technical arguments except for an additional § term in the probability bounds.

4.2 Underparameterized regime, least squares problem

In the underparameterized (overdetermined) regime where we have more data samples than features, the
coefficient ¢* are trained via the least squares problem:

e argmin [|Ac —y/l5,
ceRN

where ¢ = [cq, ey C?V]T and the (trained) approximation is given by

N
Fie = oo 4.2)

k=1

Using the condition number of A, we can control the risk

RUD) = 1 =Py = [ 10 =P duco,

with high probability, where u is defined by the sampling measure for the data x (see Assumption 1).

THeEOREM 2. [Least Squares Risk Bound m > N] For any f € F(¢,p), let the data {xj}je[m],

weights {@; };<[y) and random feature matrix A € C™*N satisfy Assumption 1, and let the noise satisfy
Assumption 2. If for some 1,5 > 0 the following conditions hold:

- 2N
m > Cn “Nlog >

d
Von (4202 +1) = N,

where C > 0 is a universal constant independent of the dimension d; then with probability at least 1 — 8§
the following risk bound holds:

R() < 16K() (1 N log? (é)) EIF12 + B, (43)
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10 Z.CHEN AND H. SCHAEFFER

where K(n) := % and
2 (144 d\/1+,/121 ('")+ g (1
€ = —— o — 10 — — 10 - .
JN Y a e\s 2 %%\

The proof of Theorem 2 is given in Appendix D. Note that K(n) is an upper bound for the condition
number of the matrix m~'A*A using Theorem 1.

. . . . _1
REMARK 3. In the noiseless case, the risk bound that appears in Theorem 2 scales like O (N 1 im2 ),
where the order hides the dimension, parameters and constants.

4.3 Overparameterized regime, min-norm interpolator

In the overparameterized (underdetermined) regime, we have more features than data, and thus popular
models for training the coefficient vector ¢” rely on minimizing ||c¥|| » under the constraint that Ac® — y

is zero or small. First, we consider training ¢ using the min-norm interpolation problem:

¢¥ € argmin lcll,. 4.4)
Ac=y

The solution is given by ¢* = ATy where the psuedoinverse AT = A*(AA*)~!, noting that the inverse of
the Gram matrix exists with high probability under the conditions of Theorem 1. This is also referred to
as the ridgeless case, since ¢ = ATy can be viewed as the ridgeless limit of the coefficients, ci, which
are obtained by the ridge regression problem

- in L lAc — yl12 + Al 4.5
Ck—argmlnmll ¢ —ylz + Allells, 4.5)

ceRN

i.e. the vector obtained when A — 0. With ¥ defined as (4.2), we have the following result analogous
to Theorem 2.

THeoreM 3. [Min-Norm Risk Bound m < N] For any f € F(¢,p), let the data {xj}

jelm]
{@i}kery) and random feature matrix A € Cm™N gatisfy Assumption 1, and let the noise satisfy
Assumption 2. If for some 7,6 > 0 the following conditions hold:

weights

_ 2m
N > Cn “mlog >

d
«/Sr/ (4)/202 + 1) N >m,
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 11

where C > 0 is a universal constant independent of the dimension d, then there exists a constant C>0
such that the following risk bound holds:

R(f) < Clog} (%) (m_% + K(n)m? 62) 112 + Cm? K(p) log? (%) £,

with probability at least 1 — 8§, where K(n) := % and
2 (144 d/1+,/121 (5)+ Diog (X
€= — o — log (— —log{=-)]-
N 4 a %\ 2 ®\s

The proof of Theorem 3 is given in Appendix D. In this case, K () is an upper bound for the condition
number of the matrix N~!AA* using Theorem 1.

1
REmARK 4. In the noiseless case, the risk bound that appears in Theorem 3 scales like O (m_ 7), where
the order hides the dimension, parameters and constants.

4.4  Overparameterized regime, sparse regression

Next, we consider the sparse regression setting, where we minimize the £! norm of the coefficients.
The goal is to obtain a subset of the features which maintain an accurate approximation to the target
function without needing to use the entire feature space, i.e. to obtain low complexity random feature
models (see [17]). This is implicitly related to methods for pruning overparameterized networks and
the lottery ticket hypothesis [15]. Specifically, it is conjectured that there are smaller subnetworks of
overparameterized randomly trained networks which are accurate representation of the target function
with lower complexity. Our results also provide an additional motivation based on the structure of the
transform of f, i.e. the decay of o(w).
We consider the £! basis pursuit denoising problem [14]

¢’ € argmin lelly, (4.6)
lAc—yll2<&/m

where £ is a parameter related to the noise level (taking into account model inaccuracy as well). The
constraint in (4.6) is inexact compared with the interpolation condition used in (4.4). In addition, one
cannot guarantee the existence of exact sparse solutions of Ac = y in the presence of approximation
error and measurement noise.

In this setting, we modify the approximation f* to incorporate a pruning step as done in [17]. Suppose
that ¢® is a solution of (4.6); we define f* by

Fra =" oo, @4.7)

keSt

where S is the index set of the s-largest absolute entries of ¢*. This guarantees that the approximation
only depends on at most s < N random features. For any vector ¢, we denote by ¥, ,(c) the £”-error of
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12 Z.CHEN AND H. SCHAEFFER
the best s-term approximation to ¢, i.e.
Uy p(€) = inf{|lc — c||p : € is s sparse}.

This is a measure of the compressibility of a vector ¢ with respect to the £ norm and will appear in the
risk bounds as a source of error from the sparsification.

To measure the conditioning of the system with respect to sparse recovery, we define the restricted
isometry constant of a matrix A € C"™*V using the notation from [14]. For an integer s < N, the s-th
RIP constant of A, denoted by 8, = §,(A), is the smallest § > 0 such that

(1= 8)lxl3 < IAx|3 < (1 + &) |Ix3

holds for all s-sparse x. We have the following estimate of the s-RIP constant of the random feature
matrix A.

THEOREM 4. [Estimate on Restricted Isometry Constants] Assume that the data {xj weights

jelm]

C™*N satisfy Assumption 1. For n1,M2,6 € (0,1/2) and

{@i}kernyy and random feature matrix A €
some integer s > 1, if
-2 -1
m>Cin;“slog(6™")
m > C2n2_2 s 10g3(s) log(N)
Vo, 4y%? + )i = N,

where C| and C, are universal positive constants, then with probability at least 1 — 24, the s-RIP constant

3, (\/L%A) is bounded by f (7, n,), where

F(11,1m2) := 30y + 13 + 2,

With the above theorem, we can derive the following result.

THEOREM 5. [Sparse Regression Risk Bounds] For any f € F(¢, p), let the data {xj weights

(meN

Yetmr»

{@i}kery) and random feature matrix A € satisfy Assumption 1, and let the noise satisfy

Assumption 2. Let ¢* be obtained from (4.6) with £ = _/2(e2||f| o T E?). If the following conditions
hold:

m > Cslog>(2s) log(N)

\1/—05 (47/202 + l)% >N

§>N" log3(25)’
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 13

then with probability at least 1 — 88 the following risk bound holds:
1
R(fu) = c (1 —f-Nm_% log% (E)) (62||f||f; +E2)
7 _1 —1 1 1 2
+C I+ Nmo2s log? 3 Vg1 (c™)7,

where f¥ is defined as (4.7), ¢* is the vector whose components are defined by c; = Il\,“("’") , fork € [N]

p(@i)
and
2 12 m 1 1
= |1+4y0d,1+,/=1 (—) “10g (=) ).
€ JN +4yo \/ + p og 3 + > og 3

The constants C, C’, C” > 0 are universal constants independent of the dimension d.

The proofs are given in Appendix D. Note that in the worst case setting:

N

b < (1= %) 171,

REMARK 5. The sparsity parameter s in Theorem 5 can be defined by the user since it is obtained by the
pruning step used in (4.7). When s = N, Un (¢*) = 0 and thus Theorem 3 and Theorem 5 generally
agree in terms of the risk’s dependency on €2 |[f||f, and E2. On the other hand, if & (w) decays much faster
than p(®) or has small support within the support set of p(®), then the vector ¢* will be compressible
and the sparse regression problem would be better.

5. Conditioning in three regimes

In this section, we prove Theorem 1. The proofs for Theorem 1 Part (a) and (b) depend on the matrix
Bernstein inequality Lemma A.2, and Part (c) follows from a more direct estimate on the expectation of
the eigenvalues of the Gram matrix.

Proof of Theorem 1. To prove Part (a), we bound each of the following three terms:

I, 1,
am(—=aa)—1] < |-aa -1,
m m 5
<1 i(XX*—EXX*)
~m e x A 02L
=1 2
1 m
+ D EX X —E X XD+ ILI,. 5.1)
=1 2

by n > 0, where X is the ¢-th column of A* and L := E, (X, X}) — Iy.
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14 Z.CHEN AND H. SCHAEFFER

First, L is a symmetric matrix with Lj = 0 and

| _d
Lj’k - Ex,w[eXp(l<x/é’wk - ‘0/))] = (2)/202 + 172,

for j,k € [N],j # k. Let z be a unit vector, then by Holder’s inequality
N d d
1 2 1 2
L. s = _— < f — 2
|(Lz,z)| j§k’l (272024_ 1) 34| = (2)/202—1— 1) lzll7
J#k

d
1 2
<N{|{—n—
- (2y202+1)
d
1 4
<N|—M—
N (4y202+1)
< Vs,

where assumption (3.2) was used in the last inequality. Therefore, the third term in (5.1) is bounded by
LIl < ~/8n <.
Next, define the random variable Z by

Z(@)s- ., 0p) = |E X X)) — Ep o X XD

Since E,(X,X}) depends only on {@g}reny> the random variable Z is independent of data {xj}je[m].
Note that Z is the norm of a dependent random matrix, and thus we cannot guarantee an exponential
concentration rate and instead we apply Markov’s inequality. The second moment of Z is bounded by

E,Z(®),...,00)%) = E,|E, X, X}) — E, ,(X,X}3

< E,IE,(X,X}) — E, , (X, XD

d
=S B e (<Lt - ol - (- )’
@ 2 k2 2y202 41

Jk=1
2 2 —1 ‘
= > |E,exp (—V oy — wj”Z) - (2),202 i 1)

J#k
=1
J#k

< N2 !
- 4y202 + 1

d
2
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 15

By Markov’s inequality and the complexity assumption (3.2),

d
N ! #
P,Z(w)=n) <P, (Z(w) z % (4)/202 + 1) )

5(4;/202 113

¥z E,(Z(®)%)

<34.

This implies that with probability at least 1 — & with respect to the draw of {w;};cy). We have
IE, (X, X7}) — E, , (X, XDl < n.

Next, we condition the remaining term in (5.1) on the draw of {w;} ke[N] where we have shown that
IE, (X, X}) — E, ,(X, X)), < n. Specifically, define the random matrices {¥;} ¢, by

Y, =X, X — E (X, XP),
where each Y, depends only on {x,},¢[,,, conditioned on the given draw of {@;};cy)- The matrix ¥,
satisfies (Y,);; = 0 and (Y,);;, = exp(i(x;, @, — @) — exp(—y?|l @, — @;13/2) for j, k € [N],j # k.
The norms are bounded by

N 2
; i _y- w12
I1Y,ll, < max 2 le! o=@} _ o= le=0jl < 2N ¢ € [m],
€N
k

ki
using Gershgorin’s theorem. By the previous results, we have
IE X X7lly < 1B X X} — By (X X7l + 1By X X7
=n+ Iy +Ll,
<2n+1

and thus

> E(YD)
(=1

m
= 2_|Ex
2 (=1

m
<> |vE.xexn - @ XZXZ)ZH
=1

Ms

(NIE X XD, + I, X XD)13)
=1

<m[N(1 4 2n) + (1 +2n)%1,
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16 Z.CHEN AND H. SCHAEFFER

noting that X;X, = N. Applying Lemma A.2 (by setting the parameters in the theorem’s statement to
ol=m (%N + %) and K = 2N and assuming that n < %) yields
)
2

1
Px(a 2'7):?,\7(
2

2
mn
< 2N exp (——)
- 10 50 4Nn
?N +3 + 5

m

PRy

=1

m
D (X.X; —EX,X})
=1

If m > 4Nn~2log (2N/8) (assuming N > 25), then with probability at least 1 — § with respect to the
draw of {x;};c(,;, we have m™ 1| 3201, X, X7 — 0L E X, X, < .
Altogether, (5.1) is bounded by

1 *
n(5ama) -1
m

with probability at least (1 — §)> > 1 — 28 if the conditions in the previous steps are satisfied.

For Part (b), note that the samples {xj}je[m] and the weights {@;};c[y) take real values and their
distributions are symmetric about 0. Therefore, the feature matrix A = [aj’k] where ajp = exp(i (xj, @)
and its conjugate transpose A* = [a, jlwherea; ; = exp(—i{wy,x;)) have the same distribution. Arguing
similarly as in the proof of Part (a) proves Part (b) as well. Essentially, one can consider the system where
the meaning of @ and x is switched.

For Part (c), consider the case when m = N. The matrix N"'A*A can be written as the following
rank-1 decomposition:

< 3n,

1 1 N
k _ *k
]T]A A= ﬁ Z_EIXZXE,

where X, is the £-th column of A*. Since the Gram matrix, N~ 1A*A, is Hermitian we can use the Rayleigh
quotient to bound the maximum eigenvalue from below by

1 1
Mmax (NA*A) > N(A*Av, v) forallv e CV with |v|, = 1.
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 17

Thus setting v = \/LNX | yields

N
1 1
Amax (]T]A*A) > ;XTXZX}‘;XI

1
= (N2 + ZX*X[XZ‘X )

=2

N N
1 .
+ N E E exp(i{x, — Xy W — @)

=2 j k=1
N N
(N 1 .
= t3z Z D explife; —xp,0; — o).
=2 jk=
ik

Taking the expectation on both sides yields

d
1, (N —1)? 1 1
Fhmax (IVA A)>2 NTTN i) SN

where we used the characteristic function of the normal distribution.
Similarly, for the smallest eigenvalue, we have

1 1
Anin (ﬁA*A) < N(A*Av, y) forallv € CV with vil, = 1.

Since {X,} repy) Are vectors in n-dimensional space CV, we can find a unit vector u = [u;, ..., uy

CN such that u is orthogonal to span ({X o} V-1 ) and thus

1
Mmin (NA*A) —(A*Au, u)

w XyXyu

ZI—‘ ZH

N
— z ujuy exp(ixy, @, — @;)).
k=1

2

The vector u depends on {X ¢ } Ce[N-1]° thus the components u; forj € [N] are random variables depending
on {x;};cy_1) and weights {@;},<[y) but are independent of x,. By taking the expectation on both sides
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18 Z.CHEN AND H. SCHAEFFER

and applying the Fubini’s theorem, we bound the expectation on the minimum eigenvalue by

1
EX i (—A*A) <—4—= EZ iy exp(ifxy, 0 — w;))

N
J#k
1 1
- ]T/ + ]T/ Ean ..... WN X5 XN—1 Zu ukExN [eXp(l<xN’wk >)]
J#k
1 1 r?
-N + ]T]Ewl ..... ON X oo XN Zu U XD __”wk i ”2
J#k
1 2 2
= N + N wl, SON Zexp (—V e _wj”2)
J#k

1 1
=5+ [ By wy o0 (<120~ o)15)

1 d
<1+ . 1) 1 4
- N N dy202+1) °

where in the fourth line we use the Cauchy—Schwarz inequality to bound

Zuukexp(——nwk w||2) D Pl 2 [ exp(=y2lloy — o;l13)

J#k J#k J#k
4 2 2
< /uunz\/z exp(—y2 @y — @113
J#k
< /2 exp(—7 2y — o 12),
J#k
and in the fifth line we use the Jensen’s inequality. This completes the proof. U

6. Discussion

We analyse the double descent phenomenon [6] for random feature regression by relating it to the
condition number of asymmetric rectangular random matrices and deriving high-probability bounds
on the extreme singular values. The technical arguments rely on random matrix theory, specifically,
deriving a concentration bound on eigenvalues of the Gram matrix (or the restricted isometry constants)
for the various complexity setting. The bounds improve on previous results in the literature and give
a refined picture of the test error landscape as function of the complexity. In the interpolation regime,
we directly derive a lower bound on the condition number, showing that the linear system becomes
ill-conditioned when N = m. We provide risk bounds which are controlled by the conditioning of the
random feature matrix, thereby relating the generalization error with the conditioning of the system. The
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 19

risk bounds include the least squares, min-norm interpolation and sparse regression problems. While
our analysis focused on Fourier features with normally distributed weights and samples in order to
provide neater bounds, the proofs could be extended to other features and probability distributions.
For example, if we change the feature map, the constants in our results would need to include the L™
norm of the new activation function. Additionally, using other probability distributions (e.g. uniform
or subgaussian) would lead to changes in the constants and slight changes in the scalings. When W
and X are sampled from different distributions, the symmetry between the underparameterized and
overparameterized results breakdown but the main conclusions should still hold (i.e. constants may
change, but the overall scaling should remain valid).

The connections between random feature models and fully trained neural networks are rich, and
the precise translation of our results in this setting is left as a future discussion. For deep networks,
weight initialization and normalization can help to avoid the issue of vanishing gradients. That is, if the
Jacobian of the hidden layers are close to being an isometry then the network is stable in the dynamical
sense [16,29,37,41]. Based on our results, since the spectrum of random feature maps concentrate near 1,
one could show that randomization helps to provide dynamic stability within each layer of a deep neural
network.

A consequence of the theory presented in this work is that the random feature matrix does not need
regularization to be well-conditioned. This is in align with the results in previous works. Thus the risk
bounds in the noiseless case can decrease to zero without adding a penalty to the training problem.
However, it may be the case that regularization improves generalization in the presence of noise and
outliers. We leave a more detailed analysis of unconstrained regularized methods (for example, the ridge
regression problem) with noisy data for future work.
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A. Key Lemmata

In this section we present some lemmata that are used in the proof of our main results.

We first introduce a characterization of RIP constant and some notation. For a subset S C [N], let
Ag denote the submatrix of A consisting of only the columns indexed by the set S. The s-th RIP constant
8,(A) can be characterized by the maximization problem

§.(A) = max ATA— T ||,.
<@ SCIN]card($)=s lAsAs =Ll

To measure the sparsity, we denote ||z||, to be the number of non-zero entries of the vector z. Let Dy
be the union of all unit balls of dimension s in the ambient dimension M i.e.

. N .
Dy :={ze€C" izl = L lzllp < s},

define the following seminorm on CV*V:

Bl := sup [{Bz,z}I,

z€Ds N

and thus the RIP constant §(4) = |[|[A*A — Iy ||| [14].
The following lemma is crucial to the proof of Theorem 4. This is an improvement over Lemma
12.36in [14].
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22 Z. CHEN AND H. SCHAEFFER

Lemma A.l. Let X,,...,X,, be vectors in CVN with IX,lloo < 1forall £ € [m]. For p,q > 1 such
that 1/p + 1/q = 1, we have
1
2p
) , (A1)

=l 1 2 N
< Cs % m2 _[gslog”(s)log {3+ —
q

where €, for £ € [m] are independent Rademacher random variables and C > 0 is a universal constant.
The remaining lemmata are used throughout this work.
Lemma A.2. [Corollary 8.15 from [14]] Let {X ,} teim] by a set of CNxN independent mean-zero self-
adjoint random matrices, assume that ||X, ||, < K almost surely for all £ € [m] and define

m
(D X, X;

=1

m
D XX
=1

0'2 =

> EX})
(=1

Then, for all t > 0,

m 2
t
IP( ZX(Z > t) < 2Nexp(——).
=)= 2, 2Kr
=y 207+ %
LemMma A.3. [Theorem 8.42 and Remark 8.43(c) from [14]] Let F be a countable set of functions
f:CN - R. Let X, for £ € [m] be independent random vector in CV such that Ef (X,) = 0 and
fX,) < Kas.forall £ € [m] and for all f € F for some constant K > 0 and let

m

> X

=1

Z = sup
feF

Let o2 be non-zero such that E[ X)) 2] < o2 for all f € Fand £ € [m]. Then, for all r > 0,
2 1 ¢

2
iy
P(Z>EZ+1) <ex .
( ) p(z;?;1 ag+2KJEz+zK/3)

LemMa A.4. [Theorem 9.24 in [17]] Suppose that the 2s-RIP constant of the matrix A € CmxN
satisfies

8y5(A) =

gl=
%
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 23

then for any vector ¢* € CV satisfying y = Ac* + e with e < £./m, a minimizer ¢* of the BP problem
(4.6) approximates the vector ¢* with the error bounds

lle* — €Iy < Clieyy (€¥) + C/sE

K‘,l (C*)
lle* — ||, < 0”7 + Ct,

where C, C’ > 0 are some constants. If we let S* be the index set of the s largest (in magnitude) entries
of ¢?, then we have

* .t /Ks,l(c*) *
lle gl =C —«/E + C& +419s,2(c ).

Lemma A.5. [Lemma 8 in [17]] Suppose that X for j € [m] are sampled from the normal distribution

N(0,y°I,). Let BY(R) be the £2-ball centred at 0 with radius R > 0. Then for § € (0, 1), the probability
of x; € B4(R) for all J € [m] is at least 1 — § provided that

R> y\/d+‘/12dlog (%)

LemMa A.6. [Lemma 9 in [17]] Fix confidence parameter § > 0 and accuracy parameter € > 0.
Suppose f € F(¢, p) where ¢ (x, w) = exp(i{x,®)) and p is a probability distribution with finite second
moment used for sampling the random weights w. Consider a set X C R? with diameter R = sup ||x].

xeX
4 / 1 1 ’
2

then with probability at least 1 — § with respect to the draw of @, for k € [N], the following holds:

If the following holds:

sup [f(x) —f* ()| < €llfll 5

xeX

where

N
x . : . (@)
ffx) = ;ck exp(i{x,w;)), with ¢ := Islp(wkk)'

(A2)

Lemma A.7. [Lemma 1 in [17]] Fix the confidence parameter § > 0 and accuracy parameter € > 0.
Suppose f € F(¢, p) where ¢ (x, w) = exp(i{x, )) and p is a probability distribution with finite second
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24 Z. CHEN AND H. SCHAEFFER

moment used for sampling the random weights @. Suppose

2
1 1

then with probability at least 1 — § with respect to the draw of w; for j € [N1], the following holds:

I = F N2y < €lfll,s

where f* is defined as in (A.2).

B. Proof of Lemma A.1

The proof of Lemma A.1 relies on Dudley’s inequality. First, we introduce some notation. A stochastic
process is a collection {X,},.y of random variables indexed by some set 7. The process {X,},.r is called
centerd if EX, = O for all € T. The pseudometric d associated with {X,},.r is defined as

d(s,n) = /EIX;, — X,|>, s,teT.

A centred process is called subgaussian if
Eexp(@(X, — X)) < exp(6d(s,1)*/2), s,t€T,

for some 6 > 0. For a set T, the covering number N (T, d, §) is the smallest integer N such that there
exists a set A C T with cardinality N and mijl d(t,s) <dforallteT.
NS

Lemma A.8. [Dudley’s inequality, Theorem 8.23 in [14]] Let {X,},.; be a centred subgaussian
process with associated pseudometric d. Then for any ¢, € T,

A(D)/2
EsupX, < 4v2 Vog(N (T, d, u))du
teT 0
A(T)/2
Esup |X,| < 4v2 V1og RN (T, d, u))du,
teT 0
where A(T) = sup,r v EIX,|%.
Proof of Lemma A.1. By the definition of |||-||,
m m
E:=E ZGKX(XZ‘ =E sup ZEZHXK,ZHZ .
(=1 2€DsN |y

To bound the expectation of the supremum of this Rademacher process, we will apply Lemma A.8. We
need to estimate the covering number N (Dy y»d, 1) with d being the pseudometric associated with the
stochastic process.
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Forzy,z, € D,y

daz) = | X (12 —|(X,3,z2)|2)2

\ ¢=1
- 2
= (> ((zl —2)*X, X}z, +z2))
\ ¢=1
m 5 5
= |[(Xpo21 +20) 7| (X2 = 25)]
\ ¢=1

25

m %/ m %
- (z i +z2|2”) (z X, —zzﬁq)
=1 =1

ﬁ m
<2 sup (Z| (X,,2) 21’) (Zuxl,z1 — 2|
=1

z€D; N =1

%
2'1) , (B.1)

where we use Holder’s inequality in the fourth line with some p,g > 1 such that 1/p 4+ 1/g = 1. Note

that for any z € D y and X, we have

[(Xe2)| < 11X lollzlly < V.

Therefore,

z€Dg N z€Ds N

=1

Introduce the seminorm || - ||y g On CcN

1

m 29
lzlly, = (Z| (X,.2) ) :
=1

R:= sup (Z|<Xg,z>|2) =( > XX} )
=1

and let

. " 5
sup Z|XK’ )P <52P sup Z'XE’ )
=1
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26 Z. CHEN AND H. SCHAEFFER
p=1
we have d(z),2,) < 2Rs ¥ |lz; — 25y, forall z;,z, € D, . The quantity A(D; y) is bounded by
p=t p=l 1
A(Dg ) = sup d(z,0) <2Rs » sup ||z||Xq <2Rs ¥ m2./s.
’ ZEDS,N ZEDS,N ’

Apply Lemma A.8 we have

A(DsN)/2
E<4v2 / \/log(ZN (D, y»d, u)du
0

p—1

< 8\/§Rs7/ \/log(2/\/'(DS,N, I Nl g D). (B.2)
0

Now we estimate the covering number N'(D, v, || - |y o+ 1)- We first consider small z. For any z,,z, €
D, 21 — 2, 1s at most 2s-sparse, therefore,

1(Xp,2y — 2o)| < V252 — 251,

1
This shows that || - ||X’q < m2+/2s| - ||,. Proposition C.3 from [14] then gives

NOgy I lxg < D NGBl -l ———)
SC[N],card(S)=s m2a~/2s
1 2s 1 2s
N 3m2 N\° 3m
5() 1+ mtﬁ s(e—) 1+ mtﬁ , (B.3)
N S

where Bﬁ‘llz is the unit ¢2-ball in C*. Thus,

m 2: Vs (B.4)

eN 3
log QN (D s |l - llx 4 1)) < 25 | log (T) +log [ 1+

For large ¢, if we define the norm | - |; on CN as
N
l2l; = D IRe(z)] + [Im(z))].
j=1
Then it follows from Holder’s inequality that

D,y CV2sBY ={zeCV: [z <V2s}
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We then use Maurey’s empirical method to estimate A (va| (% @ 1). Note that the set BN is the
convex hull of {*e;, :I:ie : j € [N]}. If we enumerate these vectors as {v; }]e [4N]> then for any z e B| e

there are n(?n-negative. {kj}je[4N] with Z];=1 S . §uch that z = ijl Avj. For this z, we define a
random variable Y which takes value v d with probability A ; andletY,...,Y,, beii.d. copies, where M
is a positive integer to be determined. Since EY = z, if we let

1 M
= >y (B.5)
k=1

by symmetrization we have

M M
2
Ely —2lx, = B | > ¥ —EYp| < —E|> €Y,
k=1 X,q k=1 X.q
Here we use the fact that the seminorm || - || X.q is convex. By the definition of || - || X,q» We have
1
m | M 29\ 24
Y =Euy|2 Z (X, Y
X,q =1 lk=
1
2q
<Ey ZJE Zekm, Yk)
(=1

1
m 2q
L 1 2
<2%e 7 \/2qBy (Z 10X, Y,J)Qiluzq)
=1
1
S ClmTq\/aV M’

where we use Fubini’s theorem and Jensen’s inequality in the second line, Khintchine’s inequality
(Corollary 8.7 in [14]) in the third line and the fact that [(X,,Y;)| < [IX,llo, < 1 in the fourth line.
The constant C; is universal. We now have the bound

C L
Ely —zllx, = —=m?/q,
X.q m \/_

for some universal constant C,. Therefore, for this z € Bml, we can find a y of the form (B.5) such that

1
lz—=ylx, < Cym* ﬂ/\/ﬁ Thus for any ¢ > 0, if

1
Cymig

M > )
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for some universal C, then ||z —Ylxy =t Let

1
Cymiq

M = o ,

then the set

M

1

Y= {y: MZYk D = {:i:el,...,:I:eN,:tiel,...,:i:ieN}]
k=1

has cardinality at most (M+i/]lv_l) < (e(1 + 4N/M)M and is a t-covering for Bml. Note that t <

1
Supzep,  Izllx g < m2 /s, we have

og@N Dy . || - llx g 1) < 1og RN (V2sBY| . [ - llx 42 D)
1
C,ma N
< 8 og (3 + —) : (B.6)
! q

for some universal constant C,. With the estimate (B.4) and (B.6) and let o > 0, the integral in (B.2) can
be bounded by
m
J

1
@ N 3m
5/ 2s log(e—)+log 1+ /s dt
0 N

t

| N\ [
+./Cymislog (3 + —) / —dt
q/ Ja !

1
N 3em2

<av2s log (e_) + |log|e+ M
s a

-

Ve
10BN Dy - 1y g el

N‘,_
B

1 N
+ \/C4mqqs log (3 + —) log s
q o

1
Choose @« = m2 we have

mi\/? 1 N
[ Jlos@N @)t = Con® fastog? 5 1og (3 " ;),
0
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for some universal constant Cs. Thus,

1
—1 mZ\/E
E < 8\/§RS1’T/ \/log(zN(Ds’N, Il - ”X’q,t))dt
0

1
bl 1 ) N »
< Cgs ¥ m? _|gslog=(s)log | 3+ —
q

where Cg4 is some universal constant. This concludes the proof. (]

m

2 XX

=1

C. Proof of Theorem 4

Proof of Theorem 4. Parts of the proof follow from the general idea of the proof of Theorem 12.32 in
[14]; however, many key steps differ since random feature matrices do not form orthogonal systems and
since the elements of a random feature matrix are not independent.

m
Denote the £-th column of A* by X, = [¢p (x5 @), .. .,¢(xl;wN)]T € CVN.ThenA*A = 3 X, X}
=1

and the s-th RIP constant § (\/L%A) is bounded by

() -

1 m
L xax-1,
=1

1 m
< — * *
< LIS g - E e ‘
=1
1 m
| DB X XD — B o X XD || 4 LI
=1

where L € CN*N is a matrix with L;; = 0 and L;; = (2y*0* + 1)=% for j,k € [N],j # k.
Foranyz € D, y

Sy

d
1 . 1 2 2
[(Lz,z)| = Z (m) iz = (m) llzIl7

J,k€supp(z)
J#k
d
1 2
<gs _— y
- (2)/202 + 1)

and using the complexity assumption yields

_d
LI < sy?0? + 1)72

IA

n-
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Note that by the definition of |||-|||, Bl < ||B||, for any self-adjoint matrix B. From the proof of
Theorem 1, we have |||Ex(X X7 — E, & ZX?)||| < n, with probability at least 1 — 6 with respect to
the draw of {@,},c () if the complexity assumption holds.

For the remaining arguments, we will use that |||E, (X, X}) — E, ,(X,X})||| < n, conditioned on
the given draw of {wk}ke[N]' Note that |||-]|| is a convex function (since it is a seminorm) and thus
symmetrization yields

m
Z(X(X’g —E,(X,X}))
=1

<2E,.

m
ZGZXEX?
=1

where we introduce the Rademacher random variables €, for £ € [m] which are independent of data and
weights. Applying Fubini’s theorem and Lemma A.1, we obtain

1 m
E:=—FE Z(XZX’Z - Ex(Xng"))m
=1
m
= ZEEXZXZ
=1
l
Cs o \/qs log?(s) log(3 + N/q)
= 1 Xl
m'~%

1

Cs % \/qs log (s)log(3+N/gq) ( x*
14

)

C‘s%’l qs 1og2(s) log(3+ N/q)
m

m
> (X Bt Xp)| 1+ 2m,

SIH

where we use the fact that 1/p 4+ 1/¢ = 1 in the fifth line and Jensen’s inequality together with the
estimate

EXXD| < B X X7) — Ey o X XD + [[|Ey o X X7 — Iy[l| + [[[Zy ]l
= [[|Ee (X X7) — By X XD + LI+ [[[2y]]
<2n +1,
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—1 1
in the last inequality. Choosing p = 1 4 1/log(s),q = 1 + log(s), we have SPTP < 52log® < 2, and the

above inequality becomes
log> (5) log(N
E < ¢ ogWosW) pmmm
m

3
If we set D = Cy/ w and assume n; < 1/2, then rearranging the terms yields

D? D4
E§7+,/T+2D2§D2+\/§D.

Next we use Bernstein’s inequality for suprema of an empirical process (Lemma A.3) to show that
m || 20, (X XF — E.(X,X}))||| is small with high probability. By the definition of the seminorm [|-||,
we have

m m
DX X -E X XD = sup | D (XX} — B (X, X}))z.2)
=1 €D [ =)
m
= sup D (XX} - E (X, X}))z.2)],
ZED;N =1

where Dj  is a countable dense subset of D; y, which exists since D; y is the finite union of separable
sets (unit balls in C* as a subspace of CV with its norm).

Forz € D;"N, define the random variable £, (X,) = (X, X; —E,(X,X}))z,z). Note that E £, (X,) = 0.
To apply Lemma A.3, we must first show that f, (X,) is bounded and compute its variance. The random
variables f,(X,) for £ € [m] are uniformly bounded by 2s since

5

10D

Jj.keS

2
: Y
exp(i(x,, wy — ®;)) — exp (—jllwk - w,-ll%)

<2|zllf < 25,
where § = supp(z). The variance of f,(X,) for £ € [m] is bounded by

E LX) = B (XX} — E (X, X)))z.2) |
< B (X X7 s — B (X XD)zll3
= E,[2°X, o X7 6X; sX} 2] — 2B (X XPDE, (X, X7)z
<s(E, (X, X})z,z)
< s||E X XD < 25,
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using the fact that || X, ¢[|3 = s and the estimate |||E, (X, X})|| < 1 425, < 2.If we set

3
D=cC /Mf”z’ .

> (X, X; - E.(X,X}))
=1

for some 1, € (0,1/2), then

]px(

> m(n% + \/5172) + mnl)

m m
sﬂ%( S — B X)) = || SO 00X; ~ B4 X)) +'"”‘)
=1 =1
m m
<P.| sup Zfz(Xg) > E, sup Zfz(Xe) +mn,;
Z€D}y | y—1 2€D0y (4=

—mn%/Z
< exp 5 , (C2)
25 + 4s(n3 + ~/2n,) + 25n/3

where in the last inequality we use Lemma A.3 with K = 25, D)%, aez <2ms,E (Z) < m(ﬂ% + \/5772)
and t = mn,. Thus,

1
P"E

if the following conditions hold (assuming n% + \/5172 <landn; <1/2):

> (X, X; - E (X,X}))
=1

Sn§+~/§n2+nl)>l—8,

m > Clnfzs log((S_l)

m > Czngzs log3 (s) log(N).

m
D (B (X X)) — Ey (X, X))
(=1

The constants C; and C, are universal.
Altogether, with probability at least 1 — 24,

()=

1
+ —
m

m
D XX} —EXX))
=1

+ LI

<3+ 21, + 31,

if the conditions in the theorem are satisfied, which completes the proof. d
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D. Proofs of Generalization Theorems from Section 4

The proofs of Theorem 2, Theorem 3 and Theorem 5 follow a similar structure in which we show that each
trained vector ¢ is close to the best ¢ approximation ¢* from [34,35]. To relate the coefficient vectors
to the risk, we utilize the conditioning result, Theorem 1, over a finite set of samples to approximate
the risk by a new discrete system, as done in Theorem 1 from [17]. Since the proofs of Theorem 2 and
Theorem 3 are similar, we present them together.

Proof of Theorem 2 and Theorem 3. We will work directly with the L? norm, which can be decomposed
into two parts:

I = Fllzn < 1F =@ + 17 =l

by triangle inequality. The approximation f* is defined in (4.2) and the best ¢-based approximation f* is
defined by

S 1 al@p) D1
GEDWALLENEEDD ¢ (x, @), (D.1)

k=1 P CY

withcy =N -1 zgzg forall k € [N]. If the condition on N in Lemma A.7 is satisfied, then with probability

atleast 1 — §

I = £ 2 < €IS,

To bound || f* — f*|| [2(dp)» We use McDiarmid’s inequality and argue similarly as in Lemma 2 from
[17]. Let {z/} iem] be i.i.d. random variables sampled from the distribution x and independent from the

{x J-} ictm and {@; };cy- Thus {zj} ictm] is also independent of ¢ and ¢*. We define the random variable
1 m
V@) = = Pl — — 21 @) — )P
j=1

Note that for any j € [m],

,,,,,

thus IE,[v] = 0. Perturbing the k-th component of v yields

|V(Z1,--~,Zk,-~-,zm) —V(zl,---,ik,.--,zm)l

1
< —|I/"@ — eIl = 1 @) — @)1
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By Cauchy-Schwarz inequality, for any z we have

2

2
< Nlic* — ¢*|13,

N
>k — o)

k=1

If*@ —fFR))* =

which holds since |¢ (z, w)| = 1. Thus the difference is bounded by
~ 2N * f2
V@ s s B e s Zyy) = V(@ s o Z) | < ?Ilc —c*|5 = A. (D.2)
Next, we apply McDiarmid’s inequality P, (v — E,[v] > #) < exp(—%jz), by setting

A 0g (!
= A [|—I10g | —
2 8\5)

which implies that

1 < 2 1
* o2 - st 2 “ - * 2
I f||L2(dmsmj§_1 |f*@) = fF@)l* + N mlog(5)|lc c*lI3

1 -~ 2 1
— A" — ¢35+ N, | = log (—) lle* — €13,
m m )

and A € C™V is the random feature

with probability at least 1 — § with respect to draw of {z;
matrix with le’k = exp(i(zj, ®)).

Vietmy

In the underparameterized regime where m > N, we apply Part (a) of Theorem 1 to A and we obtain

IA

1 -~ 2 1
* 2 * 2 * 2
1 =17 —JA@”" = )3+ N, |~ log (g)nc — |3

2
2 1
+N [Zlog | = )lc* = I3
) mog(g)llc cllz

1 -~
. * 8
HﬂA(C <)

2 1
< 3m et = v Zog (5 ) - 3

2 1 * f2
<{14+3n+N|—1log|- lc* —c*ll3,
m 8
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CONDITIONING OF RANDOM FOURIER FEATURE MATRICES 35

with probability at least 1 — 38. To estimate |c* — ¢* ll,, we utilize the the pseudo-inverse A" and define
the residual h = Ac* — y, so that

le? —¢*ll, = I1ATy —¢*ll, = IAT(Ac* —h) — ¢*|,
< IATA — De*[l, + I1ATIl, |17,

Using Holder’s inequality and Assumption 2 on ||e]|,, the residual is bounded by

kil =

> (rrep —rep o) < > (7)) + lel

1 j=1

<Jm sup |f*x)—fx)|+ mE

IXll2<R

< Vm(ellfll, + E). D3)

J

with probability 1 — 24 if conditions in Lemma A.5 and Lemma A.6 are satisfied. Therefore, the bound
becomes

Ief — 'l < IATA — Detlly + Vi IATl, (elfl, +E)

Note that when m > N, the first term [|[(ATA — D¢*||l, = 0, since ATA = (A*A)~'A*A = I. Using
Theorem 1, the operator norm of the pseudo-inverse is bounded by

1 1 1 1
1AT], = ——— =

I
S @A) A e A~ T3

with probability at least 1 — 26 and thus

||f_fﬁ||L2(dﬂ) <If _f*”LZ(dm + I f~ _fj”LZ(dﬂ)

<elfll, + 1 =z

2 1
=elfll, +(1 +3n+N Zbg (E)) lle* — ¢l

< 2K (1 +N2m 4 log# (1)) €lfll, + E).

1)

=

with probability at least 1 — 84.
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In the overparameterized regime where m < N, we apply Part (b) of Theorem 1 to A and the error
of | f — fﬁlle(d , is bounded by

1 -~ 2 1
—JA(e* — D5+ N, | = log (—) le* — €13
m m )

2+N 2 1og ( 2 le* — €113
— 10 — cC —¢C

N 1 * 2 2 1 * 2
< Z’\max (NAA*) le* —c*15 + N /n—110g (g)uc — |3
N 2 1
< (— (1+3n) +N | =log (—)) lle* — €3,
m m )

with probability at least 1 — 38. For |l¢* — cf l,, we have

IA

”f* f ”Lz(d,u)

H—A(c —c

le* — ¢¥ll, < 1ATA = De*lly + AT 1Rl

Note that when m < N, I — A'A is the projection onto the null space of A and thus its operator norm is
bounded by 1 and

1 1
lle* —e*lly < lle*ll, + 1ATI, IRl < lle*ll, + —= ————— |Ih|
2 2 2 17l 2 JN o (N TAA®) 2
/1, f (6||f|| +E),

«/_ «/_v

1 |a(wr)

with probability at least 1 — 4§, noting that |cZ| =N 1760

< Nt /1, In this regime, the 12

generalization error is bounded by
Lf =2

<N =Nz + 1 =l
<ellfll, + 15 =l 2

N 2 N\ .
=e€lfl, + n—1(1+3n)+N ZIOg 3 le™ —cl,

<ellfl,

1 1 1 i 1 1
+ (m_Z\/ 1+ 377 +m 4 (2 log (3)) ) (”f”p + mfﬁ(eﬂfﬂp + E))
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_1. 1 (1 1 1 (1
< €|l fll, + 2m™ ¥ log? (5) I£1, +2m* VK@) log? (5) (ensi, +E)
1 (1 1
< €llfll, +2log (3) (m% + VEGm* €) 11, +2m% VK log (—)

with probability at least 1 — 83. O

Proof of Theorem 5. Following the proof of Theorem 2 and Theorem 3, we have the analogous estimate

| — 2 1
" =17 g < ZZ f*(z,>—fﬁ(zj)|2+(N Elog(g))llC*—cﬁlguII%,

with probability at least 1 — §. We apply Theorem 4 with s replaced by 2s and if the conditions of
Theorem 4 are satisfied (for example, by setting the parameters to n; = 0.1 and n, = 0.2), then

1 4 1 ~ 4
Hhl——=4A)<— and 6| —=4) = —,
2s ( m ) /—41 2s ( m ) = /—41

with probability at least 1 — 2§. Following the proof of Lemma 2 in [17], the first term is bounded by

m
1
m | D) — f@)? < 20et — cFlsslly + 20,5(e") + By, ().
j=1

Then by the robust and stable recovery results, Lemma A.4, we have

* 19 (C*) *
le* = ¢*lg:ll, < cﬁ + CE + 49, ,(c").

Combining these two results and Lemma A.7 yields (after possibly multiple redefinitions of the
constants)

ILf = £ 12

1 1 1 (1
<elfl, +2 (1 + NEmH logh (5)) le* = ¢l lly + 20, 5(e) + B, 1 (c*)

1
<elfll,+C (1 + NIm~is72 logh (g)) 9,1(c%
N 1o, 11
U2+ C |\ 1 +N2m™ 4 log4 3 &

1
<C (1 + Nim™3 logh (3)) (el fll, + E)

1
+C (1 +N%m_%s_% log% (5)) B 1(c"),

which concludes the proof. O

TR

+C (1 + Nim~ 1 logt (
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