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ABSTRACT

The randomized singular value decomposition (SVD) is a popular and effective
algorithm for computing a near-best rank %k approximation of a matrix A using
matrix-vector products with standard Gaussian vectors. Here, we generalize the
randomized SVD to multivariate Gaussian vectors, allowing one to incorporate
prior knowledge of A into the algorithm. This enables us to explore the contin-
uous analogue of the randomized SVD for Hilbert—Schmidt (HS) operators using
operator-function products with functions drawn from a Gaussian process (GP).
We then construct a new covariance kernel for GPs, based on weighted Jacobi
polynomials, which allows us to rapidly sample the GP and control the smooth-
ness of the randomly generated functions. Numerical examples on matrices and
HS operators demonstrate the applicability of the algorithm.

1 INTRODUCTION

Computing the singular value decomposition (SVD) is a fundamental linear algebra task in machine
learning (Paterek, [2007)), statistics (Wold et al.,|1987)), and signal processing (Alter et al., 2000; | Van
Der Veen et al., [1993). The SVD of an m X n real matrix A with m > n is a factorization of
the form A = UXV*, where U is an m X m orthogonal matrix of left singular vectors, X is an
m x n diagonal matrix with entries o1(A) > --- > ¢,(A) > 0, and V is an n X n orthogonal
matrix of right singular vectors (Golub & Van Loan, 2013). The SVD plays a central role because
truncating it after k& terms provides a best rank £ approximation to A in the spectral and Frobenius
norm (Eckart & Young| 1936} Mirsky, |1960). Since computing the SVD of a large matrix can be
computationally infeasible, there are various alternative algorithms that compute near-best rank &
matrix approximations from matrix-vector products (Halko et al.,[2011; Martinsson & Tropp, 2020;
Nakatsukasal, 2020; Nystrom, {1930; [Williams & Seeger, 2001). The randomized SVD uses matrix-
vector products with standard Gaussian random vectors and is one of the most popular algorithms
for constructing a low-rank approximation to A (Halko et al., 2011} Martinsson & Tropp, [2020).

Currently, the randomized SVD is used and theoretically justified when it uses matrix-vector prod-
ucts with standard Gaussian random vectors. In this paper, we consider the following generaliza-
tions.

Generalization 1. We generalize the randomized SVD when the matrix-vector products are with
multivariate Gaussian random vectors. Our theory allows for multivariate Gaussian random input
vectors that have a general symmetric positive semi-definite covariance matrix. A key novelty of
our work is that prior knowledge of A can be exploited to design covariance matrices that achieve
lower approximation errors than the randomized SVD with standard Gaussian vectors.
Generalization 2. We generalize the randomized SVD to Hilbert—Schmidt (HS) operators (Hsing
& Eubank, 2015). We design a practical algorithm for learning HS operators using random input
functions, sampled from a Gaussian process (GP). Examples of applications include learning inte-
gral kernels such as Green’s functions associated with linear partial differential equations (Boullé &
Townsend, [2022; [Boullé et al., [2021}).

The choice of the covariance kernel in the GP is crucial and impacts both the theoretical bounds
and numerical results of the randomized SVD. This leads us to introduce a new covariance kernel
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based on weighted Jacobi polynomials for learning HS operators. One of the main advantages of
this kernel is that it is directly expressed as a Karhunen—Logve expansion (Karhunen, [1946; Loeve),
1946) so that it is faster to sample functions from the associated GP than using a standard squared-
exponential kernel. In addition, we show that the smoothness of the functions sampled from a GP
with the Jacobi kernel can be controlled as it is related to the decay rate of the kernel’s eigenvalues.

Contributions. We summarize our novel contributions as follows:

1. We provide new theoretical bounds for the randomized SVD for matrices or HS operators
when using random input vectors generated from any multivariate Gaussian distribution.
This shows when it is beneficial to use nonstandard Gaussian random vectors in the ran-
domized SVD for constructing low-rank approximations.

2. We generalize the randomized SVD to HS operators and provide numerical examples to
learn integral kernels.

3. We propose a covariance kernel based on weighted Jacobi polynomials and show that one
can select the smoothness of the sampled random functions by choosing the decay rate of
the kernel eigenvalues.

2 BACKGROUND: THE RANDOMIZED SVD FOR MATRICES

The randomized SVD computes a near-best rank &k approximation to a matrix A. First, one performs
the matrix-vector products y; = Ax1,...,Yktp = AZp4p, Where 21, ..., Tp, are standard Gaus-
sian random vectors with identically and independently distributed entries and p > 1 is an oversam-
pling parameter. Then, one computes the economized QR factorization [y1 -  yr+p] = QR,
before forming the rank < k£ + p approximant QQ*A. Note that if A is symmetric, one can form
QQ*A by computing Q(AQ)* via matrix-vector products involving A. The quality of the rank
< k + p approximant QQ* A is characterized by the following theorem.

Theorem 1 (Halko et al.| (2011)) Let A be an m X n matrix, k > 1 an integer, and choose an
oversampling parameter p > 4. If Q@ € R"*+0) is q standard Gaussian random matrix and
QR = AQ is the economized QR decomposition of A, then for all u,t > 1,

3k
A -QQ*A|r < <1+t p) or+1(A), )]

with failure probability at most 2t + e

The squared tail of the singular values of A, i.e., /> " il ajz(A), gives the best rank k approxi-

mation error to A in the Frobenius norm. This restilt shows that the randomized SVD can compute
a near-best low-rank approximation to A with high probability.

3 GENERALIZED RANDOMIZED SVD FOR MATRICES AND OPERATORS

The theory behind the randomized SVD has been recently extended to nonstandard covariance ma-
trices and HS operators (Boullé & Townsend, |2022). However, the probability bounds, generalizing
Theorem |1} are not sharp enough to emphasize the improved performance of covariance matrices
with prior information over the standard randomized SVD. We provide new bounds for GPs with
nonstandard covariance matrices in Theorem[2] An upper bound on the expectation is also available
in the Appendix (see Lemma [7). While Theorem [2] is formulated with matrices, the same result
holds for HS operators in infinite dimensions.

For a fixed target rank 1 < k < n, we define V; € R™*k and V4 € R"*(n=Fk) (o be the matrices
containing the first £ and last n — k right singular vectors of A, respectively, and denote by 35 €
R("=F)*(n=k) the diagonal matrix with entries oj41(A),...,0,(A). We consider a symmetric
positive semi-definite covariance matrix K € R"*", with kth largest eigenvalue A, > 0.

Theorem 2 Let A be an m X n matrix, k > 1 an integer, and choose an oversampling parameter
p > 4. If Q € R5+P) js g Gaussian random matrix, where each column is sampled from a
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multivariate Gaussian distribution with covariance matrix K € R™ ™, and QR = A€ is the
economized QR decomposition of ASY, then for all u,t > 1,

> %A, )

j=k+1

* 3k B
IA - QQ Al < <1+ut (k +p)p+1%>

with failure probability at most t° + [ue="~V/2)*P_ Here, v, = k/(M\ Tr((VIKV1)™))
denotes the covariance quality factor, and B, = Tr(E£3V3KVa)/(\1]|Z2||3), where \; is the
largest eigenvalue of K.

The factors 7, and S, measuring the quality of the covariance matrix to learn A in Theorem
can be respectively bounded (Boullé & Townsend 2022} Lem. 3.4; Lemma[J) using the eigenvalues
Ay > --- > A, of the covariance matrix K and the singular values of A as:

< z”: Br < sz /

j= k+1

W \

j=k+1

This shows that the performance of the generalized randomized SVD depends on the decay rate
of the sequence {\;}. The quantities oy, and S; depend on how much prior information of the
k+1,...,nright singular vectors of A is encoded in K. In the ideal situation where these singular
vectors are known, then one can define K such that 5 = 0 for A1 = --- = A\, = 0. In particular,
this highlights that a suitably chosen covariance matrix can outperform the randomized SVD with
standard Gaussian vectors (see Section [5.1]for a numerical example).

3.1 RANDOMIZED SVD FOR HILBERT-SCHMIDT OPERATORS

We now describe the randomized SVD for learning HS operators (see Algorithm[I). The algorithm
is implemented in the Chebfun software system (Driscoll et al., 2014)), which is a MATLAB package
for computing with functions. The Chebfun implementation of the randomized SVD for HS oper-
ators uses Chebfun’s capabilities, which offer continuous analogues of several matrix operations
like the QR decomposition and numerical integration. Indeed, the continuous analogue of a matrix-
vector multiplication A2 for an HS integral operator .% (seeHsing & Eubank} 2015 for definitions
and properties of HS operators), with kernel G : D x D — R, is

/ny y)dy, ze€D, feL*D),

where D C R? with d > 1, and L?(D) is the space of square-integrable functions on D.

Algorithm 1 Randomized SVD for HS operators

Input: HS integral operator .% with kernel G(z, y), number of samples k& > 0
Output: Approxnnatlon Gy of G

1: Define a GP covariance kernel K

2: Sample the GP k times to generate a quasimatrix of random functions = [f; ... fx]
3: Evaluate the integral operator at Q, Y = [Z (f1) ... .Z (f)]

4: Orthonormalize the columns of Y, @ = orth(Y') = [¢1 . .. qx]

5: Compute an approximation to G by evaluating the adjoint of .%

6: Initialize Gy (z,y) to 0

7: fori=1:kdo

8: Gk(x y)<_Gk<xy +Ql fD Zy% )d

9: end for

The algorithm takes as input an integral operator that we aim to approximate. Note that we focus
here on learning an integral operator, but other HS operators would work similarly. The first step of
the randomized SVD for HS operators consists of generating an co x k quasimatrix {2 by sampling
a GP k times, where k is the target rank (see Section ). An oo x k quasimatrix is an ordered
set of k functions (Townsend & Trefethen, [2015), and generalizes the notion of matrix to infinite
dimensions. Therefore, each column of €2 is an object, consisting of a polynomial approximation of
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a smooth random function sampled from the GP in the Chebyshev basis. After evaluating the HS
operator at {2 to obtain a quasimatrix Y, we use the QR algorithm (Townsend & Trefethen) [2015))
to obtain an orthonormal basis @) for the range of the columns of Y. Then, the randomized SVD
for HS operators requires the left-evaluation of the operator .% or, equivalently, the evaluation of its
adjoint .%, satisfying:

(Fef)(x /Gy7 y)dy, z€D.

We evaluate the adjoint of .% at each column vector of () to construct an approximation Gy, of G.
Finally, the approximation error between the operator kernel GG and the learned kernel Gy, can be
computed in the L2-norm, corresponding to the HS norm of the integral operator.

4 COVARIANCE KERNELS

To generate the random input functions fi, ..., fx for the randomized SVD for HS operators, we
draw them from a GP, denoted by GP (0, K), for a certain covariance kernel K. A widely employed
covariance kernel is the squared-exponential function Ksg (Rasmussen & Williams| |[2006) given by

KSE(x?y) = exp (_|'r - y|2/(2€2)) y T,y € D7 (3)

where ¢ > 0 is a parameter controlling the length-scale of the GP. This kernel is isotropic as it only
depends on |z — y|, is infinitely differentiable, and its eigenvalues decay supergeometrically to 0.
Since the bound in Theoremdegrades as the ratio \; /\; increases for j > k + 1, the randomized
SVD for learning HS operators prefers covariance kernels with slowly decaying eigenvalues. Our
randomized SVD cannot hope to learn HS operators where the range of the operator has a rank
greater than k, where k is such that the kth eigenvalue of Kgg reaches machine precision.

Other popular kernels for GPs include the Matérn kernel (Rasmussen & Williams|, 2006, Chapt. 4)
and Brownian bridge (Nelsen & Stuart, 2021)). Prior information on the HS operator can also be
enforced through the choice of the covariance kernel. For instance, one can impose the periodicity
of the samples by using the following squared-exponential periodic kernel:

Kper(x,y) = exp (—2 sin (|x 5 |) /€2> , x,y €D,

where ¢ > 0 is the length-scale parameter.

4.1 SAMPLE RANDOM FUNCTIONS FROM A GAUSSIAN PROCESS

In finite dimensions, a random vector u ~ N (0, K), where K € R™*" is a covariance matrix with
Cholesky factorization K = LL*, can be generated from the matrix-vector product v = Lc. Here,
c € R™ is a vector whose entries follow the standard Gaussian distribution. We now detail how this
process extends to infinite dimensions with a continuous covariance kernel. Let K be a continuous
symmetric positive-definite covariance function defined on the domain [a,b] x [a,b] C R? with
—00 < a < b < oo. We consider the continuous analogue of the Cholesky factorization to write K
as (Townsend & Trefethen, [2015))

y) = er(x)rj(y) = Lc(z)L:(y)a T,y € [a7b]a

j=1

where 7; is the jth row of L., which —in Chebfun’s terminology— is a lower-triangular quasi-
matrix. In practice, we truncate the series after n terms, either arbitrarily or when the nth largest
kernel eigenvalue, \,,, falls below machine precision. Then, if ¢ € R follows the standard Gaussian
distribution, a function u can be sampled from GP (0, K) as u = L.c. That is,

x) = chrj(a:), x € [a,b].

The continuous Cholesky factorization is implemented in Chebfun2 (Townsend & Trefethen, |2013),
which is the extension of Chebfun for computing with two-dimensional functions. As an example,
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the polynomial approximation, which is accurate up to essentially machine precision, of the squared-
exponential covariance kernel Ksg with parameter £ = 0.01 on [—1, 1]? yields a numerical rank of
n = 503. The functions sampled from GP (0, Ksg) become more oscillatory as the length-scale
parameter ¢ decreases and hence the numerical rank of the kernel increases or, equivalently, the
associated eigenvalues sequence {)\;} decays slower to zero.

4.2 INFLUENCE OF THE KERNEL’S EIGENVALUES AND MERCER’S REPRESENTATION

The covariance kernel can also be defined from its Mercer’s representation as
z,y) = N (@)e;(y), z,y€ D, @

where {t;} is an orthonormal basis of L*(D) and A\; > Ao > --- > 0 (Hsing & Eubank, 2015|
Thm. 4.6.5). We prefer to construct K directly from Mercer’s representations for several reasons:
1. One can impose prior knowledge of the kernel of the HS operator on the eigenfunctions of K
(such as periodicity or smoothness), 2. One can often generate samples from GP(0, K) efficiently
using Equation (@), and 3. One can control the decay rate of the eigenvalues of K,

Hence, the quantity -, in the probability bound of Theorem 2] measures the quality of the covariance
kernel K in GP(0, K) to generate random functions that can learn the HS operator F. To minimize
1/~4x we would like to select the eigenvalues A\; > Ay > -+ > 0 of K so that they have the slow-
est possible decay rate while maintaining >~ ; A; < c0. One needs {\;} € ¢! to guarantee that
w ~ GP(0, K) has finite expected squared L norm, iee. IE[||W||L2 (p)) = > i1 Aj < 0o. The best
sequence of elgenvalues we know that satisfies this property is called the Rlssanen sequence (Rissa-
nen} [1983) and is given by \; = R; := 27L0) where

L(j) = logy(co) + log5(j), logs(j Zmax logl” (4),0), co =Y 27 (D),
1=2

and logg)( j) = logyo--- ology(7) is the composition of logQ( ) @ times. Other options for the

choice of eigenvalues mclude any sequence of the form \; = 57" forv > 1.

4.3  JACOBI COVARIANCE KERNEL

If D = [~1,1], then a natural choice of orthonormal basis of L?(D) to define the Mercer’s repre-
sentation of the kernel are weighted Jacobi polynomials (Deheuvels & Martynov, 2008; Olver et al.}
2010). That is, for a weight function w, g(z) = (1 —2)*(1+2)” with o, 8 > —1, and any positive
eigenvalue sequence {\;}, we consider the Jacobi kernel

(e 2 5(a,

K Zmlwa s@P P @ fPPw), ey el-L1, )
where P{“?) is the scaled Jacobi polynomial of degree j. The polynomials are normalized such
that Hw1/2P( o:F) ||L2([,1’1]) = 1and Kj(fé A e L?([—1,1]?). In this case, a random function can be
sampled as

Z\/ el 3P (@), x e [-1,1]

where ¢; ~ N(0,1) for 0 < j § 0.

A desirable property of a covariance kernel is to be unbiased towards one spatial direction, i.e.,
K(z,y) = K(—y,—z) for z,y € [—1, 1], which motivates us to always select & = 5. Moreover, it
is desirable to have the eigenfunctions of K Jaac’ﬁ to be polynomial so that one can generate samples
from GP(0, K) efficiently. This leads us to choose o and (3 to be even integers. The choice of
a = B = 0 gives the Legendre kernel (Foster et al., [2020; [Habermann, 2021). In Section E} we
use Equation (5) with & = 3 = 2 (see Figure|l)) to ensure that functions sampled from the associated
GP satisfy homogeneous Dirichlet boundary conditions. In this case, one must have >~ j=1 JA; < 00

so that the series of functions in Equation (5)) converges uniformly and K J(dc’ ) is a continuous kernel
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(see Appendix [B). Under this additional constraint, the best choice of eigenvalues is given by a
scaled Rissanen sequence: A\; = R,;/j, for j > 1 (cf. Section . Covariance kernels on higher
dimensional domains of the form D = [—1, l]d, for d > 2, can be defined using tensor products of
weighted Jacobi polynomials.

4.4 SMOOTHNESS OF FUNCTIONS SAMPLED FROM A GP WITH JACOBI KERNEL

We now connect the decay rate of the eigenvalues of the Jacobi covariance kernel K J(fc’z) to the

smoothness of the samples from GP (0, K J(fc2)) Hence, the Jacobi covariance function allows the
control of the decay rate of the eigenvalues {A; } as well as the smoothness of the resulting randomly
generated functions. First, Lemma [3| asserts that if the coefficients of an infinite polynomial series
have sufficient decay, then the resulting series is smooth with regularity depending on the decay rate.

This result can be seen as a reciprocal to Thm. 7.1).

Lemma 3 Let {p;} be a family of polynomials such that deg(p;) < j and max,c|_1 1) |pj(v)| = 1.
If fo(z) = Z?:o a;p;(x) with |a;| < j~¥ for v > 1, then f, converges uniformly to f(z) =
Z;io a;p;(x) and f is p times continuously differentiable for any integer v such that p < (v—1)/2.

Note that the main application of this lemma occurs when deg(p;) = j for all j > 0. The proof
of Lemma [3]is deferred to the supplementary material We now state the following theorem about
the regularity of functions sampled from GP(0, Jac Wthh guarantees that if the eigenvalues
are chosen such that \; = O(1/5") with v > 3, then K. )) is almost surely continu-
ous. Moreover, a faster decay of the eigenvalues of K 1mp11es higher regularity of the sampled
functions, in an almost sure sense.

Theorem 4 Ler {\; } e €1 (R™) be a positive sequence such that \; = O(j~") forv > 3. If f is
sampled from GP (0, Jac )) then f € C*([—1, 1)) almost surely for any integer y < (v — 3)/2.

J ac

This theorem can be seen as a particular case of Driscoll’s zero-one law (Driscoll, [1973), which
characterizes the regularity of functions samples from GPs (see also [Kanagawa et al.| 2018)).

Aj=1/5* Ay =1/5° Aj=R;/j

Figure 1: Covariance kernel K J(azc’2) constructed using Jacobi polynomials of type (2,2) with

= 1/4%, 1/43, and R;/j, where R& is the Rissanen sequence (top). The bottom panels illus-
trate functrons sampled from GP(0, K;,.”) with the different eigenvalue sequences. The series for
generating the random functions are truncated to n = 500.

In Flgurel we display the Jacobi kernel of type (2, 2) with functions sampled from the correspond-
ing GP. We selected eigenvalue seq uences of different decay rates: from the faster 1/ to the slower
Rissanen sequence R, /j (Sectlon .For \; = 1/j% and \; = R;/j, we observe a large variation



Published as a conference paper at ICLR 2022

of the randomly generated functions near x = =41, indicating a potential discontinuity of the sam-
ples at these two points as n — co. This is in agreement with Theorem ] which only guarantees
continuity (with probability one) of the randomly generated functions if \; ~ 1/5" with v > 3.

5 NUMERICAL EXPERIMENTS

5.1 APPROXIMATION OF MATRICES USING NON-STANDARD COVARIANCE FUNCTIONS

The approximation error bound in Theorem [2]depends on the eigenvalues of the covariance matrix,
which dictates the distribution of the column vectors of the input matrix £2. Roughly speaking, the
more prior knowledge of the matrix A that can be incorporated into the covariance matrix, the better.
In this numerical example, we investigate whether the standard randomized SVD, which uses the
identity as its covariance matrix, can be improved by using a different covariance matrix. We then
attempt to learn the discretized 2000 x 2000 matrix, i.e., the discrete Green’s function, of the inverse
of the following differential operator:

Lu = d*u/dz* — 100sin(5rz)u, € [0,1].
We vary the number of columns (i.e. samples from the GP) in the input matrix €2 from 1 to 2000.

3 T 0.5 T T
5 Standard covariance Standard covariance
E —— Prior covariance Prior covariance
o - Best approximation - 04
3 2.5 b ~
= Q
2 El
& =
Z = 0.3
= 2 7 g
2 g
a 2 02
£ E
5] =¥
M 151 ] g
~ i}
= O 01
=}
=]
=
=

Il Il Il Il Il
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000

Number of samples Number of samples

Figure 2: Left: Ratio between the average randomized SVD approximation error (over 10 runs) of
the 2000 x 2000 matrix of the inverse of the differential operator Lu = d?u/dz? — 100 sin(5mx)u
on [0, 1], and the best approximation error. The error bars in light colour (blue and red) illustrate
one standard deviation. Right: Average computational time of the algorithm (over 10 runs). The
eigenvalue decomposition of the covariance matrix has been precomputed before.

In Figure 2left), we compare the ratios between the relative error in the Frobenius norm given by
the randomized SVD and the best approximation error, obtained by truncating the SVD of A. The
prior covariance matrix K consists of the discretized 2000 x 2000 matrix of the Green’s function of
the negative Laplace operator Lu = —d?u/dx? on [0, 1] to incorporate knowledge of the diffusion
term in the matrix A. We see that a nonstandard covariance matrix leads to a higher approximation
accuracy, with a reduction of the error by a factor of 1.3-1.6 compared to the standard randomized
SVD. At the same time, the procedure is only 20% slowelﬂ on average (Figure [2| (right)) as one
can precompute the eigenvalue decomposition of the covariance matrix (see Appendix [C). It is of
interest to maximize the accuracy of the approximation matrix from a limited number of samples in
applications where the sampling time is much higher than the numerical linear algebra costs.

5.2 APPLICATIONS OF THE RANDOMIZED SVD FOR HILBERT-SCHMIDT OPERATORS

We now apply the randomized SVD for HS operators to learn kernels of integral operators. In this
first example, the kernel is defined as (Townsend, 2013)
G(z,y) = cos(10(z* + y)) sin(10(z + %)), @,y € [-1,1],

!'Timings were performed on an Intel Xeon CPU E5-2667 v2 @ 3.30GHz using MATLAB R2020b without
explicit parallelization.
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and is displayed in Figure 3{a). We employ the squared-exponential covariance kernel Kgg with
parameter £ = 0.01 and & = 100 samples (see Equation (3)) to sample random functions from the
associated GP. The learned kernel G, is represented on the bottom panel of Figure 3(a) and has an
approximation error around machine precision.

(@) 1 050 (¢) 1 1.0

0.25 \>\ 0.5
)

g Y oo 000 Y oA 0.0
N

~0.25 —0.5

~1 ~0.50 -1 . ~1.0

-1 0 1 -1 0 1
x xr

_ 1 0.50 1 1.0
e

5 0.25 0.5
N

1 1

= Y o0 000 Y oA 0.0
g

= ~0.25 —0.5
Q

~ ~1 ~0.50 ~1 : ~1.0

-1 0 1 ~1 0 1
xT xr x

Figure 3: Kernels of three HS operators (top) together with the kernels learned by the randomized
SVD for HS operators (bottom), using the squared-exponential covariance kernel Ksg with param-
eter £ = 0.01 and one hundred functions sampled from GP(0, Ksg).

As a second application of the randomized SVD for HS operators, we learn the kernel G(z,y) =
Ai(—13(z%y + y?)) for 2,y € [—1, 1], where Al is the Airy function (NIS} Chapt. 9) defined by

[ t3
Ai(z) = —/ cos (3 + xt) dt, zeR
™ Jo

We plot the kernel and its low-rank approximant given by the randomized SVD for HS operators in
Figure b) and obtain an approximation error (measured in the L?-norm) of 5.04 x 10~14. The two
kernels have a numerical rank equal to 42.

The last example consists of learning the HS operator associated with the kernel G(z,y) =
Jo(100(zy+y?)) for z,y € [—1, 1], where Jj is the Bessel function of the first kind (NIS, Chapt. 10)

defined as

1 ™

Jo(z) = f/ cos(xsint)dt, z€R,

m™Jo
and plotted in Figure [3(c). The rank of this kernel is equal to 91 while its approximation is of rank
89 and the approximation error is equal to 4.88 x 10~'3. We observe that in the three numerical
examples displayed in Figure[3] the difference between the learned and the original kernel is visually
not perceptible.

Finally, we evaluate the influence of the choice of covariance kernel and number of samples in
Figure [d Here, we vary the number of samples from & = 1 to & = 100 and use the randomized
SVD for HS operators with four different covariance kernels: the squared-exponential Kgg with
parameters ¢ = 0.01,0.1, 1, and the Jacobi kernel KJaQC’2 with eigenvalues \; = 1/j3, forj > 1.1In
the left panel of Figure 4] we represent the eigenvalue ratio \;/A; of the four kernels and observe
that this quantity falls below machine precision for the squared-exponential kernel with £ = 1 and
¢ =0latj = 13 and j = 59, respectively. In Figure [ (right), we observe that these two
kernels fail to approximate kernels of high numerical rank. The other two kernels have a much
slower decay of eigenvalues and can capture (or learn) more complicated kernels, We then see in
the right panel of Figure[d] that the relative approximation errors obtained using K. J(fc’Q) and Kg are
close to the best approximation error given by the squared tail of the singular values of the integral
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Figure 4: Left: Scaled eigenvalues of the Jacobi covariance kernel K J(i’z) with sequence \; = 1/
and squared-exponential kernels Ksg with parameters £ = 0.01, 0.1, 1, respectively. Right: Average
(over 10 runs) relative approximation error in the L?-norm between the Bessel kernel G(z,y) =
Jo(100(zy + y?)) and its low-rank approximation Gy,(z,y), obtained from the randomized SVD
by sampling the GPs k times. The error bars in light colour (blue and red) illustrate one standard
deviation and the black line indicates the best approximation error given by the tail of the singular

values of G.

kernel G(z,y), ie, (X 551 sz)l/z. The overshoot in the error at k& = 100 compared to the
machine precision is due to the decay of the eigenvalues of the covariance kernels. Hence, spatial
directions associated with small eigenvalues are harder to learn accurately. This issue does not arise
in finite dimensions with the standard randomized SVD because the covariance kernel used there
is isotropic, i.e., all its eigenvalues are equal to one. However, this choice is no longer possible for
learning HS integral operators as the covariance kernel K must be sqélared-integrable. The relative
approximation errors at k& = 100 (averaged over 10 runs) using K J(zi: ) and Ksg with £ = 0.01 are

Error(K\>?) ~ 2.6 x 1011, and Error(Ksg) ~ 5.7 x 10~13, which gives a ratio of

Jac

Error(K(2’2))/Error(KSE) ~ 45.6. (6)

Jac

However, the square-root of the ratio of the quality of the two kernels for £ = 91 is equal to

\/’791(KSE)/’Y91(KJ(5C’2)) ~ 117.8, (7)

which is of the same order of magnitude of Equation (6) as predicted by Theorem 2] In Equation (7)),
vo1 (Ksg) = 5.88 x 10~2 and 71 (K >?) & 4.24 x 10~ are both computed using Chebfun.

Jac

In conclusion, this section provides numerical insights to motivate the choice of the covariance
kernel to learn HS operators. Following Figure |4} a kernel with slowly decaying eigenvalues is
preferable and yields better approximation errors or higher learning rate with respect to the number
of samples, especially when learning a kernel with a large numerical rank. The optimal choice from
a theoretical viewpoint is to select a covariance kernel whose eigenvalues have a decay rate similar
to the Rissanen sequence (Rissanen, |1983), but other choices may be preferable in practice to ensure
smoothness of the sample functions (cf. Section [4.4).

6 CONCLUSIONS

We have explored practical extensions of the randomized SVD to nonstandard covariance matri-
ces and Hilbert—Schmidt operators. This paper motivates new computational and algorithmic ap-
proaches for preconditioning the covariance kernel based on prior information to compute a low-
rank approximation of matrices and impose properties on the learned matrix and random functions
from the GP. Numerical experiments demonstrate that covariance matrices with prior knowledge
outperform the standard identity matrix used in the literature and lead to near-optimal approxima-
tion errors. In addition, we proposed a covariance kernel based on weighted Jacobi polynomials,
which allows the control of the smoothness of the random functions generated and may find prac-
tical applications in PDE learning (Boullé et al., 2020; 2021) as it imposes prior knowledge of
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Dirichlet boundary conditions. The algorithm presented in this paper is limited to matrices and HS
operators and does not extend to unbounded operators such as differential operators. Additionally,
the theoretical bounds only offer probabilistic guarantees for Gaussian inputs, while sub-Gaussian
distributions (Kahane} [1960) of the inputs would be closer to realistic application settings.
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A  RANDOMIZED SVD WITH MULTIVARIATE GAUSSIAN INPUTS

Letm > n > 1 and A be an m X n real matrix with singular value decomposition A = UXV*,
where U and V are orthonormal matrices, and X be an m x n diagonal matrix with entries o1 (A) >

- > o,(A) > 0. For a fixed target rank k > 1, we define 3 and X to be the diagonal
matrices, which respectively contain the first k& singular values of A: o1(A) > --- > ox(A),
and the remaining singular values. Let V5 be the n x k matrix obtained by truncating V; after k
columns and V, the remainder. In this section, K denotes a symmetric positive semi-definite n x n
matrix and € R™** a Gaussian random matrix with ¢ > k independent columns sampled from
a multivariate normal distribution with covariance matrix K. Finally, we define £2; = V7Q and
Qg = V3. We first refine (Boullé & Townsend, 2022| Lem. 3.7).

Lemma 5 Let { > 1, Q € R™* be a Gaussian random matrix, where each column is sampled from
a multivariate Gaussian distribution with covariance matrix K, and T be an { x k matrix. Then,

E[| 22 V;QT[[] = Tr(Z3V3K V)| T;. (®)

Proof. Let K = Qi AQj; be the eigenvalue decomposition of K, where Qx is orthonormal and
A is a diagonal matrix containing the eigenvalues of K in decreasing order: Ay > --- > A\, > 0.
We note that €2 can be expressed as 2 = QKAI/ 2@, where G is a standard Gaussian matrix.
Let S = X, V5QkA'/2, the proof follows from (Halko et al., 2011, Prop. A.1), which shows that
E[[SGT| = [|S[IZ|T|?. =

Note that one can bound the term Tr(23V;KV3) by A1 || 2|2, where )1 is the largest eigenvalue of
K (Boullé¢ & Townsend, 2022). While this provides a simple upper bound, it does not demonstrate
that the use of a covariance matrix containing prior information on the singular vectors of A can
outperform the randomized SVD with standard Gaussian inputs. Then, combining the proof of
(Boullé¢ & Townsend, 2022, Thm. 1.1) and Lemma |5} we prove the following proposition, which
bounds the expected approximation error of the randomized SVD with multivariate Gaussian inputs.

Proposition 6 Ler A be an m x n matrix, k > 1 an integer, and choose an oversampling parameter
p > 2. If Q € R™¥4P) s g Gaussian random matrix, where each column is sampled from a
multivariate Gaussian distribution with covariance matrix K € R™" ™, and QR = AQ is the
economized QR decomposition of ASQ, then,

E[JA - QQAllf] < ( B (’”p))
v p—1

j=k+1

where vy, = k/(A Tr((VIKV1)™Y)) and B, = Tr(E3ViKVa) /(A1) X2][3).

We remark that for standard Gaussian inputs, we have v, = 8 = 1in Proposition@], and we recover
the average Frobenius error of the randomized SVD (Halko et al.l 2011, Thm. 10.5) up to a factor
of (k + p) due to the non-independence of £2; and Q5 in general.

Lemma 7 With the notations introduced at the beginning of the section, for all s > 0, we have
P {[|Z2001f > (1 + 5) Tr(B3V3;KVa) } < (1+ 5)72e752,

Proof. Let w; be the jth column of © for 1 < j < £ and vy,...,v, be the n columns of the
orthonormal matrix V. We first remark that
YA —
1R0F =7 Zj= 0%pn, (A) (Wfn,w5)% ©)
1 ’I’L1:1

where the Z; are i.i.d because w; ~ N(0,K) are i.i.d. Let A\; > --- > )\, > 0 be the eigenvalues
of K with eigenvectors 1, ...,1, € R" For1 < j </, we have,

wj = > (@) A,
i=1
where cgj) ~N(0,1)areiidfor1 <i<mand1l < j </ Then,

n

n—k
=D (N Y 0, (A) (W ) = Y X

i=1 ni=1 i=1

12
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where the X; are independent. Let v; = A; Sn ¥ 02, (A)(vf,,, ¥)?, then X; ~ ~;x? for
1< <n.

Let0 <6 <1/(2>°" ;7). we can bound the moment generating function of ;" | X as

. " n —1/2
E {eezglxi] =[[E ] =] —20m)""2 < <1 - 292%)
=1 i=1

i=1

because the X /~; are independent and follow a chi-squared distribution. The right inequality is
obtained by showing by recurrence that, if a, ..., a, > Oaresuchthat > . a; <1, then ][} ,(1—
a;)>1-— Z?:l a;. For convenience, we define C' = Z?:l Yn, We have shown that

E [e/%7] < (1—20Cy)~/2.
Moreover, we find that

n—k n n—k
— 2 * * _ 2 *
C1 = E Tlotny Vktny E Ui Nii | Vkgn, = E T, (AU KU,
1

n1:1 1= n1:1

= Tr(Z2V3KVy).
Lets > 0and 0 < 6 < 1/(2C1), by Chernoff bound (Chernoff, (1952, Thm. 1), we obtain
P{[[ S22 > 61+ 5)Cy } < e HIAE [07]"
— (U0 _ogc )2,
We minimize the bound over 0 < 6 < 1/(2Tr(K)) by choosing 8 = s/(2(1 + s)C}), which gives
P{[Zo€0|f > (1 +5)C1} < (1+5)72e7/2.
[

2, which we achieve using the following

The proof of Theoremwill require to bound the term || QI
result (Boullé & Townsend, [2022|, Lem. 3.5).

Lemma 8 (Boullé & Townsend|2022) Ler k,{ > 1 such that { — k > 4, with the notations intro-
duced at the beginning of the section, for all t > 1, we have

* —1

We now prove Theorem [2| which provides a refined probability bound for the performance of the
generalized randomized SVD on matrices.

Proof of Theorem Using (Boullé¢ & Townsend, 2022, Thm. 3.2) and the submultiplicativity of
the Frobenius norm, we have

1A — QQ A[f < |2 + [1Z2922 7|21 13- (10)

Let ¢{ = k 4 p with p > 4, combining Lemmas andto bound the terms || 222, ||2 and ||QJ{ |2 in
Equation (T0) yields the following probability estimate:

* k +p * — *
|~ QQUAJF < [Balf + 3¢ (1 + 8) =7 Tr(VIKVY) ™) Tr(S3V3KV?)

< (1+3t2(1+s)mp)kﬁ’“) zn: o3 (A),

p+1 v Parwt

with failure probability at most t—7 + (1 + s)(++P)/2¢=s(+r)/2 Note that we introduced 7;, =
k/(A Tr((ViIKV1)™1)) and By = Tr(E3ViKVa)/(A1||Z2]|2). We conclude the proof by
definingu =+v14+s>1. m

The following Lemma provides an estimate of the quantity S, introduced in the statement of Theo-
rem[2

13
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Lemma9 Let B, = Tr(Z3ViKVs)/(A1||X2]|2), then the following inequality holds

s Y Nt/ Y da)

j=k+1 Jj=k+1

Proof. Let y1; > --- > pu,_j be the eigenvalues of the matrix V3 KV,. Using Von Neumann’s
trace inequality (Mirsky, 1975 |Von Neumann, [1937), we have

Tr(Z3V3KVa) < Y g rof(A).
j=k+1
Then, the matrix V5KV, is a principal submatrix of V*KV, which has the same eigenvalues of

K. Therefore, by (Kato, 2013, Thm. 6.46), the eigenvalues of V5KV are individually bounded by
the eigenvalues of K, i.e., u; < A; for 1 < j < n — k, which concludes the proof. m

Finally, we highlight that the statement of Theorem 2] can be simplified by choosing p = 5, t = 4,
and u = 3.

Corollary 1 (Generalized randomized SVD) Ler A be an n X n matrix and k > 1 an integer. If
Q € R™**+5) is q Gaussian random matrix, where each column is sampled from a multivariate
Gaussian distribution with symmetric positive semi-definite covariance matrix K € R"*", and
QR = AQ is the economized QR decomposition of ASQ, then

P |||A - QQ*A|r < <1+9W>

In contrast, a simplification of Theorem [I]|by choosing ¢ = 6 and u = 4 gives the following result.

Corollary 2 (Randomized SVD) Let A be an n x n matrix and k > 1 an integer. If Q € R™*(k+5)
is a standard Gaussian random matrix and QR = ASQ is the economized QR decomposition of A},
then

n
> o(A) | >0.999.
J=k+1

> o2(A) | >0.99.
j=k+1

P||A - QQ*Alr < (1 +16vE + 5)

B CONTINUITY OF THE JACOBI KERNEL

Here, we show that if the kernel’s eigenvalue sequence, {)\j}, is such that Z;’il JjA; < oo, then

the Jacobi kernel K'>?) defined by Equation is continuous. First, note that 13]-(2’2) is a scaled

Jac
ultraspherical polynomial C ;5/ 2)

following proposition.

with parameter 5/2 and degree j > 0 so it can be bounded by the

Proposition 10 Ler C‘](f:)/ %) be the ultraspherical polynomial of degree j with parameter 5/2, nor-
malized such that f_ll(l — xQ)Qé’](-S/Q)(x)Q dz = 1. Then,

max_|(1—2?)C\"?(2)] <2¢/j+5/12, j>0. 11

xe[—1,1]

Proof. Let j > 0 and = € [—1, 1], according to (NIS| Table 18.3.1),

A(5/2) () — Jj+5/2 (5/2)
G )‘3\/(j+1><j+2><j+3><j+4>cj o 12

where 0;5/2) (x) is the standard ultraspherical polynomial. Using (NIS| (18.9.8)), we have

(G +3) +0)C¥ (@) - (G + DG +2) 8 (@)

(1 =)0 @) = 6(j + 5/2)

14
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By using (NIS| (18.9.7)), we have (C;i/f) (x) — CJ(-S/Q)(SU))/Q =(j+ 5/2)C;i/22) (x) and hence,

2 +1)(j+2
(1= a0 @) = S0P @) - CEUTE 2 o)

We bound the two terms with (NIS| (18.14.4)) to obtain the following inequalities:

G+ +2

Hence, |(1 — x2)0§5/2)(m‘)| < 2(5 4+ 1)(j + 2)/3 and following Equation we obtain

_ B2, G+ +2)+5/2) :
(1 —a*)C7 )|§2\/ EEEY <2v/j+5/12,

which concludes the proof. m

The bound given in Proposition [10|differs by a factor of 4/3 from the numerically observed upper
bound (1.5+/j + 5/12). This result shows that if 3>7°, jA; < oo, then the series of functions in

Equation H converges uniformly and K J(fc’z) is continuous.

Proof of Lemma@ By Markov brothers’ inequality (Markov, |1889), forall j > 0and 0 < u < 7,
we have max,e_1 1 |p§-“) (z)| < j**. Therefore, |f7(L”) (=) < X0 |aj|||p§.“)||oo ) D

so | £ (x)] < ooif i < (v — 1)/2. The result follows from (Rudin, 1976, Thm. 7.17). =
Proof of Theorem@ Since f ~ QP(O,K(Z’Q)), f~ 20 eiv/Am(l - x2)]5J(2’2)(3;), where

Jac

c; ~N(0,1) for j > 0. Let f,, denote the truncation of f after n terms. By letting M > 0 be the
constant such that A\; 1 < M(j + 1), we find that

If = fulloo < Snr Su=2VM D |e;]j070/2,
Jj=n-+2

where we used max,e[—1,17 (1 — x2)15j(2’2)(35)| < 2+/j + 1 (cf. Proposition . Thus, we have
]P’(lim ||fffn||00:0) Z]P’(lim Sn:O).
n—oo n—oo

Here, S, ~ X,, = Z;’;n 2 Y5 (1=¥)/2_where Y; follows a half-normal distribution (Leone et al.,
1961) with parameter ¢ = 1 and the (Y}); are independent. We want to show that X, 225 0. For

€ > 0, using Chebyshev’s inequality, we have:

- 1 & 2\ &1 1 2 1 X 1
ZP“X"'ZE)SGQZON) 2 jy_1§62<177)V—227LV_2’

n=0 n=0 j=n+2 n=1

which is finite if ¥ > 3. Therefore, using Borel-Cantelli Lemma (Durrett, 2019, Chapt. 2.3), X,
converges to 0 almost surely and P(lim,,—, o, X,, = 0) = 1. Finally,

P (11~ e =0) 27 (1 %0 =0) =1

which proves that { f,,} converges uniformly and hence f is continuous with probability one. The
statement for higher order derivatives follows the proof of Lemma[3| m

15
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C EXPERIMENTS WITH NON-STANDARD COVARIANCE MATRICES

In this section, we provide more detailed explanations regarding the numerical experiments con-
ducted in Section[5.11

Sampling a random vector from a multivariate normal distribution with an arbitrary covariance ma-
trix K can be computationally expensive when the dimension, n, of the matrix is large as it requires
the computation of a Cholesky factorization, which can be done in O(n?®) operations. We high-
light that this step can be precomputed once, such that the overhead of the generalized SVD can be
essentially expressed as the cost of an extra matrix-vector multiplication. Then, the difference in
timings between standard and prior covariance matrices is marginal as shown by the right panel of
Figure 2] Additionally, we would like to highlight that prior covariance matrices can be designed
and derived using physical knowledge of the problem, such as a diffusion behaviour of the sys-
tem, which can also significantly decrease the precomputation cost. As an example, in Section[5.1}
we employ the discretized Green’s function of the negative Laplacian operator with homogeneous
Dirichlet boundary conditions, given by Lu = —d?u/dz? on [0, 1], for which we know the eigen-
value decomposition. Hence, the eigenvalues and normalized eigenfunctions are respectively given
by
1

=
Therefore, one can employ Mercer’s representation (see Equation (@) to sample the random vectors
and precompute the covariance matrix in O(n?) operations. For a problem of size n = 2000, it
takes 0.16s to precompute the matrix.

An V() = V2sin(nmz), x €[0,1], n > 1.
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