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Towards a Unified Quadrature Framework for
Large-Scale Kernel Machines

Fanghui Liu Member, IEEE, Xiaolin Huang Senior Member, IEEE,
Yudong Chen, Johan A.K. Suykens Fellow, IEEE

Abstract—In this paper, we develop a quadrature framework for large-scale kernel machines via a numerical integration representation.
Considering that the integration domain and measure of typical kernels, e.g., Gaussian kernels, arc-cosine kernels, are fully symmetric,
we leverage a numerical integration technique, deterministic fully symmetric interpolatory rules, to efficiently compute quadrature nodes
and associated weights for kernel approximation. Thanks to the full symmetric property, the applied interpolatory rules are able to reduce
the number of needed nodes while retaining a high approximation accuracy. Further, we randomize the above deterministic rules by the
classical Monte-Carlo sampling and control variates techniques with two merits: 1) The proposed stochastic rules make the dimension of
the feature mapping flexibly varying, such that we can control the discrepancy between the original and approximate kernels by tuning the
dimnension. 2) Our stochastic rules have nice statistical properties of unbiasedness and variance reduction. In addition, we elucidate the
relationship between our deterministic/stochastic interpolatory rules and current typical quadrature based rules for kernel approximation,
thereby unifying these methods under our framework. Experimental results on several benchmark datasets show that our methods
compare favorably with other representative kernel approximation based methods.

Index Terms—random features, quadrature methods, fully symmetric interpolatory rule, kernel approximation

1 INTRODUCTION

ERNEL methods [[1]], [2], [3]] have shown to be powerful
Kin statistical machine learning, but often scale poorly
to large datasets in terms of space and time complexity [4]],
[5]. To make kernel methods scalable, the class of random
Fourier features (RFF) [6] is one of the most effective kernel
approximation techniques. RFF samples random features from a
specific distribution, corresponding to the original kernel function,
transforms input features to a new space via random features, and
then conducts linear learning in this space. It spawns the new
direction on kernel approximation for scaling up traditional kernel
methods [[7], [8], recent neural tangent kernel [9], [[10], [11]], and
attention in Transformers [12], [13]. Partly due to its remarkable
repercussions, Rahimi and Recht [[6] won the test-of-time award
for their seminal work on RFF at NeurIPS 2017.

Formally, given a positive definite kernel k(-,-) : R? x R%
R, we focus on kernel approximation in which the kernel k admits
the following d-dimensional integral representation I

k(z,y):=1q (fmy) :/]Rd fwy(w)ﬂ(dw) :Eo.wu[fa:y(w)] )
(1)

with the integral (probability) measure p being standard multivari-
ate Gaussian, i.e., w = [wy, -+ ,wq]" ~ N (0, I). The integrand
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fay, [ for short, is defined as f(w) := (¢ (w'x), ¢ (w'y)) with
a nonlinear activation function ¢. As demonstrated by [[14], [15]],
various kernels admit this d-dimensional integration representation
by choosing different ¢. For example, the popular Gaussian kernel
corresponds to ¢(x) = [cos(x),sin(x)]"; the zero-order arc-
cosine kernel [16] admits this representation by choosing ¢(z)
as the Heaviside function; and the first-order arc-cosine kernel
[16] corresponds to ¢(x) = max{0, 2}, i.e., the ReLU activation
function commonly-used in deep neural networks.

To approximate the kernel function in Eq. (T}, RF uses
Monte-Carlo sampling to draw random features {w;}Y ; from
N(0, 1) such that k(xz,y) ~ 1/N vazl fay(w;). Apart from
such random sampling based scheme, an alternative way is to use
quadrature rules in a deterministic fashion

N
k(@ y) =) _aifay(1i) = (@(2), ®(y)) 2

where v; € R? is called the quadrature node, a; € R is the
corresponding weight, and ® : R* — RY is the related explicit
feature mapping. The nodes and weights are deterministically given
by various quadrature rules such that there is no approximation
error whenever the integrand f belongs to all polynomials with
a total degree up to 2L — 1, where L is the accuracy level. For
example, in the univariate case (d = 1), Gaussian quadrature (GQ)
uses L nodes to deliver the exact value of polynomials up to (2L —
1)-degree without approximation error for wi'ws? - - -wy’ with
Z?Zl i; < 2L—1.1f the integrand f is general, beyond a (2L —1)-
degree polynomial, Gaussian quadrature still works well. To be

1. In the original paper [6|], RFF builds on Bochner’s theorem [[17]] that
requires the kernel to be shift-invariant, i.e., k(x,y) = k(x — y), which
excludes arc-cosine kernels used in this paper. However, RFF is still able
to provide an unbiased approximation of arc-cosine kernels by Monte-Carlo
sampling according to the integral representation (I).
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Figure 1. Benefits of D-FS against SGQ in time cost (a), and the reduction
on the required nodes in fifth-degree rules (b).

specific, if f has c-order bounded derivatives, the mean squared
error (MSE) of Gaussian quadrature decreases asymptotically as
O(N~¢), which is better than the N ~'/2-consistency of Monte-
Carlo sampling [|18]. Gaussian quadrature in the univariate case can
be easily extended to multidimensional cases (d > 1) by product
rules but suffers from “curse of dimensionality”’: the number of
required nodes is N = L% in an exponential order of d. To
tackle this issue, sparse grid quadrature (SGQ) [19] uses a linear
combination of low-level tensor products of univariate quadrature
rules, and thus the number of nodes N by SGQ can be decreased
in a polynomial order of d.

Recall Eq. (I), where the integral is not generic but has a
nice property: both the integration domain R? and the Gaussian
measure are fully symmetric, with definition deferred to Section[2.2}
Benefiting from this, the nodes and weights can be efficiently
obtained from a generator vector admitting permutations and sign
changes of its coordinates. Such fully symmetric property is helpful
to reduce the number of the required nodes N in quadrature rules.
For example, considering d = 25 with an accuracy level L = 4
for seventh-degree polynomial exactness approximation, Gaussian
quadrature requires 42° nodes; SGQ needs 24,751 nodes; while
the Deterministic Fully Symmetric intepolatory rule (termed as
D-FS) [20] needs 22,151 nodes, which reduces over 10% nodes.
In some cases, the required nodes can be even reduced over 50%
[21].. Figure[I]demonstrates the superiority of D-FS against SGQ
on time cost and the reduction on required node

Based on the above analysis, we propose to use deterministic
fully symmetric interpolatory rules [20], i.e., D-FS, for kernel
approximation. Further, we randomize such deterministic rules
to new stochastic versions, termed as S-FS (here “S” denotes
stochastic), which exhibit nice statistical properties: unbiased
estimation and variance reduction. In addition, we elucidate the
relationship among SGQ [22], stochastic spherical-radial (SSR)
rules [15] and the developed D-FS/S-FS. Thereby, the proposed
framework unifies these methods, as shown in Figure 2] We make
the following contributions:

o By virtue of the fully symmetric property of the integration (T)),
we derive the third/fifth-degree D-FS for kernel approximation.
The obtained feature mapping ®(-) is fixed-size given d, e.g.,
N = 2d + 1 in the third-degree rule and N = 1 + 2d? in
the fifth-degree rule, and thus our method achieves O(d) time
and space complexity, see Section [3]

e We randomize D-FS to a stochastic version, S-FS, by
combining the classical Monte-Carlo sampling and control

2. D-FS requires the same number of nodes N = 2d 4 1 with SGQ in the
third-degree rule but needs smaller N than SGQ in higher-degree rules.
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Figure 2. Relationship between quadrature based methods.

variates techniques. The proposed S-FS has two merits: 1) The
dimension of the obtained feature mapping by S-FS can be
easily tuned to an arbitrary value for practical requirements. 2)
S-FS is theoretically demonstrated to be an unbiased estimator
for kernel approximation and achieves variance reduction, see
in Section ]

e We build a unifying quadrature framework for kernel
approximation as shown in Figure [2] which unifies our D-
FS/S-FS, SGQ and SSR. We show that i) by choosing suitable
nodes and weights in the third-degree SGQ, it is equivalent to
the third-degree D-FS; ii) SSR can be regarded as a doubly
stochastic version of D-FS: one stochasticity comes from
random projection and another source is using a randomized
generator vector; see in Section@

Besides, experimental results on several benchmark datasets
show that the developed deterministic/stochastic fully symmetric
interpolatory rules achieve promising kernel approximation quality
and also performs well on classification tasks.

2 RELATED WORKS AND PRELIMINARIES

In this section, we give an overview of representative random
features based algorithms for kernel approximation, refer to a
recent survey [23]] for details. Then we briefly introduce the related
Sfully symmetric concepts and basic ideas behind deterministic fully
symmetric interpolatory rules in numerical integration.

2.1 Related Works

To approximate the kernel function in Eq. (I), current kernel
approximation methods for finding the weights and nodes
{ai, v}, given by Eq. @), can be divided into Monte Carlo
and quadrature based approaches.

Monte Carlo based methods are often equal-weight rules where
the nodes {~;}X, are obtained by variants of Monte Carlo
sampling, and then provide an unbiased estimator of the original
kernel. For example, to approximate the kernel in Eq. (I, the
standard RFF adopts v; = w; ~ N(0,1I;) by Monte Carlo
sampling and the equal weights a; = --- = ay = 1/N. To
reduce the approximation variance, orthogonal random features
(ORF) [24] incorporates an orthogonality constraint on the
transformation matrix W = [w1,- - ,wp]|, demonstrated by
theoretical guarantees on variance reduction [25]. Sampling
theory [26] suggests that the convergence rate of Monte-Carlo
used in RFF/ORF can be significantly improved by sampling
in a deterministic scheme instead of i.i.d. version. Accordingly,
quasi-Monte Carlo (QMC) sampling [27], as a possible middle-
ground method, utilizes a low-discrepancy sequence for sampling,
and achieves a convergence rate of order O((log N)¢/N) on
discrepancy [28]], where c is a constant independent of /N, but may
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depend on d. The convergence rate can be further improved if the
integrand has higher-order smoothness [29]], [|30]. In fact, a series
of empirical and theoretical results [[14], [31] have demonstrated
that, coupling samples to be orthogonal to one another (i.e.,
uniformly distributed over the space), rather than being i.i.d.,
can significantly improve statistical efficiency. Apart from the
above data-independent sampling schemes used in random features,
another line is to utilize data-dependent sampling strategy for better
approximation quality and generalization properties for random
features. Typical examples include leverage score based sampling
[32], fast leverage score approximation [33]], [34], Christoffel
functions [35]), and Fourier sparse leverage scores [|36].

In quadrature based methods, the nodes are usually given by
deterministic rules (can be extended to stochastic versions) and the
weights are often not equal. Examples include Gaussian quadrature
[37] and SGQ [22] based on the Smolyak formula [[19]]. Instead of
directly approximating the d-dimensional integration, the stochastic
spherical-radial (SSR) rules [38] transform the integration in Eq.
to a double-integral over the unit d-sphere and over the radius,
which are then approximated by stochastic spherical rules and
stochastic radial rules, respectively. The idea of SSR has been
successfully applied to kernel approximation [15] and achieves
promising approximation quality. If the integrand f(-) belongs to a
RKHS, the above polynomial quadrature schemes are transformed
to kernel-based quadrature [39]], [40]. Under this setting, the
studied problem is different from polynomial quadrature in terms
of functional spaces, model formulation, and scope of application.

2.2 Preliminaries: Fully Symmetric Properties and Rules

Here we briefly introduce fully symmetric sets and related symmetry
concepts, which is needed in this paper.

Definition 1. (Fully symmetric set [18], [39)], [41]) Given
an integer-valued vector p = [p1,p2,- - ,Dd4] with p; €
{0,1,...,m}, let 11, be the set of all permutations of p and
Vy be the set of all vectors with the form v = [v1,va, -+ , V4]
with v; = £1. Then, given a vector Ap = [Apys Apss s Apu] '
the point set

{Ap} = U m {(VlAqlvVQ)‘qza-”de)‘q(z)}CRd7

q€llp, vEVy

is the fully symmetric set generated by Ap.

Based on the above definition, the concepts of fully symmetric
domain, function, and measure follow naturally. To be specific,
a point domain A C R? is said to be fully symmetric if A\ € A
implies A’ € A, where X’ is obtained by permutations and sign
changes on the coordinates of A. Naturally, R%isa fully symmetric
domain. A function f : R? — Ris fully symmetric if it is constant
in each fully symmetric set, i.e., f(x) = f(a’) for any x,x’ €
{Ap}. A measure (i is fully symmetric if its density (with respect to
the Lebesgue measure) is a fully symmetric function. The Gaussian
measure used in Eq. (I satisfies this condition. In Deﬁnition Ap
is called a generator vector and its individual elements are called
generators. Further, assuming Ao = 0, the fully symmetric basic
rule f(Ap) is defined by [20]

FOp) =D D Fndg v2rgs - vadg,) -

q€lly, veY,y

For example, when d = 4 and p = (2,0, 0,0), we have
f(AP) = f()‘2707070) =+ f(*)\Q,0,0,0) + f(oa A27070)
+ f(oa _>\27 Oa O) + f(07 Oa )‘Qa O) + f(O, Oa _>\27 0)
+ f(oa 0707 )\2) + f(0707 Oa _AQ) .

Definition 2. (Fully symmetric interpolatory rules [20|]) Define
Pd) a5 a set of all distinct d-partitions of the integers
{0,1,...,m}, ie

POt = p e Nllpy > py > -+ > py > 0, [ply <m}

the fully symmetric interpolatory rule is defined as

QUI(f)y = > af™ (), 3)
pep(m,d)
. (m,d) . .
where the weight ap is given by

a(m,d) — 27K

d
> I +pb(+; ) )

P
lalls <m—lpl i=1 TT;Z0 2, (A2
where w = [uj,ug,- - ,uq| is the set of the integers
{0,1,...,m} and K is the number of nonzero components in p.
(m,d)

If q is one of the permutations of p, then ag =~ = a;,m’d). The

coefficient by = 1 and b; (1 > 1) satisfies

1 Foo g2 —l .
bi:ﬁ[me /QE)(xQ—)\?)dx t>1).

According to Eq. (), Q™% (f) stands for the weighted

sum of evaluations of f at the nodes of the fully symmetric
set on the distinct d-partitions P(™%_ The theory for fully
symmetric interpolatory rules [20] demonstrates that Q(m*d) (f)is
an approximation to I;( f) that is exact for all polynomials with the
total degree 2m + 1 or less. The third/fifth-degree rules Q1@ (f)
and Q> (f) correspond to m = 1 and m = 2, respectively.
Note that, although the mathematical foundations and derivations
of the fully symmetric rule are relatively complex, the obtained
feature mapping for kernel approximation in this paper is quite
simple and easy to be implemented. We will illustrate this in the
next section.
Different from previous works: When compared to the original
work on fully symmetric interpolatory rules [20], the contribution
of this paper lies in developing deterministic rules for kernel
approximation, especially the derivation of the fifth-degree rule,
devising a new stochastic version as an unbiased estimator for
kernel approximation, demonstrating nice statistical properties with
theoretical guarantees, and casting typical quadrature rules in a
unifying framework.

3 DETERMINISTIC RULES FOR KERNEL APPROXI-
MATION

In this section, we present the third-degree and fifth-degree D-FS
for kernel approximation based on the fully symmetric interpolatory
rules [20]]. We do not employ higher-degree rules in this paper due
to sufficient approximation and efficient computation, refer to [42]
with detailed discussion.

According to Eq. (8), QU™ (f) is a weighted sum of fully
symmetric basic rules f(Ap). Therefore, the kernel k, a.k.a. the
d-dimensional integration (IJ), can be approximated by a weighted
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sum of evaluations of f at the nodes of the fully symmetric set on
the distinct d-partitions P ("4

Kazy) ~ Q)= Y ag™ (). ©

pe'p(m,d,)

where the weights a(m Y and the generator vector Ap play

significant roles in quadrature rules. Different generation schemes
for Ap, lead to various quadrature based approaches. For example,
SGQ [22] uses deterministic values to generate Ap; while A, in
SSR [[15] is sampled from a probability distribution. The developed
D-FS in this section follows [20] that selects A, in a deterministic
scheme. In the next we present this generation procedure equipped
with the third/fifth-degree rules for kernel approximation.

Third-degree rule: the kernel & in Eq. is approximated by the

third-degree rule Q¥ (f) such that k(z, y) ~ QL4 (f)
(A\ie;) + f(=Aiei)],

o1 Z
(N

where e; is a unit vector With the ¢-th element being 1. The weights
are given by a(()l’ ) = —d/\? and a(1 D = 1/(2)?) according
to Eq. (@). Finally, the thlrd degree rule outputs {a;, vy, }7¢, with
~i =04x1; a; =1—d/\3;i=0
~vi=Ae; a; =1/2)3; 1<i<d 8)
Yi = —\i€;; a; = 1/2)\1, d+1<i<2d,

QUD(f) = al f(0)

which results in the number of nodes N = 2d + 1. The generator
vector A = [Ag, A1]" with A\g = 0 usually selects \; by successive
extensions of the one-dimensional 3-point Gauss—Hermite rule so
that certain sets of weights vanish, i.e., \; = \/§

Feature mapping: According to the third-degree rule Q(l*d) (),
we finally obtain the explicit feature mapping ® for kernel
approximation

(@) = [vagd (7 @), Varp(vi @), -, azad(v3a2)]", (©)

such that k(x,y) ~ QWO (f) = (®(x),®(y)). Here the
weight ag = 1 — d/\? might be negative, and we consider the
complex number /ag, and thus the approximated kernel is still
real-valued. It can be observed that, generating {a;,~;}2%, is
data-independent and deterministic. The transformation matrix

W = [v0,71," - »72a] € R¥*(4HD can be obtained by Eq.
as the following
0 -\ Ay 0 0O --- 0 0
0 0 0 =X\ XA --- 0 0
W = . ) . (10)

- M
For better illustration of our method, here we take the Gaussian

kernel k(x,y) = exp (—||x — y||3/(20?)) as an example and
discuss the difference with RFF. According to Eq. (I)), the Gaussian

0 O 0 0 0

kernel can be approximated by k(z,y) ~ 3 ;_; a; cos[w] (z —
y)] with the transformation matrix W = [wy, -+ ,wy] € RN

with N features as follows.

In RFF, a; = 1/N and W;; ~ N(0,1/0%) by Monte Carlo
sampling. The number of random features N can be manually
specified to an arbitrary value; while in D- FS the transformation
matrix W € R?X(24+1) and the weights {a; }?
Given d, the number of needed nodes is N = 2d + 1 and cannot
be easily tuned. Nevertheless, one oblivious advantage of D-FS

0 are deterministic.

N(0,1/02)

[ U}dXN with le ~
a;=1/N

D-FS: sparse: W = [707 Y1, 7'72d] in Eq @
" | the weight a; is given in Eq. (8)

REF: {dense W =

is that, W is extremely sparse with only 2d non-zero elements
+A1. Accordingly, generating W needs O(d) space and time
complexity, which is better than RFF with O(Nd) complexity.
More importantly, when d is given, the nodes, the weights, and
the transformation matrix in our deterministic rules can be directly
determined, see Egs. (§) and (I0). That means, our deterministic
rules can be much more efficient for kernel approximation by a
look-up table.

Fifth-degree rule: When choosing m = 2 in Eq. (6)), we obtain
a fifth-degree rule Q(>%) with ||p||; < 2 to further improve the
approximation quality. To derive the fifth-degree D-FS, we cast it
to three cases, i.e.,
that, the derivation of the fifth-degree rule is relatively technical
and lengthy, so we put it in Appendix [A] In fifth-degree rules, the
number of required nodes in D-FS is N = 1 4 2d2, which is
smaller than SGQ with 1 + 2d? + 2d. Further, the feature mapping
in our fifth-degree rule can be obtained in a similar way with that
of the third-degree rule, and thus we omit it here.

4 STOCHASTIC RULES AND ITS PROPERTIES

The above D-FS rules are determinstic: given d, the number of
required nodes NN is fixed, e.g., N = 2d+1 in the third-degree rule
and N = 1 + 2d2 in the fifth-degree rule. Unlike RFF, we cannot
flexibly tune NN to control the discrepancy between the original and
approximate kernels. This is a common issue in deterministic rules,
e.g., SGQ [22]. To tackle this issue for kernel approximation, we
randomize the above deterministic rules by combining the classical
Monte-Carlo sampling and control variates techniques [43] for the
design of stochastic rules S-FS. By doing so, we can flexibly tune
the dimension of the obtained feature mapping with nice statistical
properties.

4.1

To design the third-degree stochastic rule, we introduce a “semi-
stochastic” version according to Eq. (I0): we randomize the weights
in Eq. (8) but keep the (deterministic) nodes unchanged to maintain
the sparse transformation matrix. Observing that ]E[Zf wil=d
with w = [wy, -+ ,wa]" ~ N(0, 1), we define the welghts in
our third-degree S-FS as functions of w

Formulation of Stochastic Rules

d(()lad)( ) = ~(1 d) _ ZWQ/)\Q
J an
&9‘” (w) = &gl’d) = Zw?/(?d)\%) .
i=1

th)

Accordingly, by randomizing the weights, the “semi-stochastic
version of the third-degree D-FS Q14 ( f) in Eq. (7) is given by

~(1 d)z [ )\16

MOD(f,w)=a" £(0) + f(=Aied)]

(12)
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Note that the third-degree stochastic rule can be extended to general

degrees
>

peP(m,d)

MOmD(f,w) = a™ (@) fAp),

where the nodes )\ are the same as that of deterministic rules in
Eq. (6), while the randomized weights a(m’ )(w) are defined as
L; if [[p[ly = 0 and [ju[[; =0
d Hu i+pi—1 (wg _ )\2)
i J
d ; u; +pi 2 2\’
lulli <m—|lpllx =1 Hj:0,7ﬁpi (Api )‘j>

where K is the number of nonzero components in p. The
formulation of a(m d)( ) is based on Eq. @) to ensure the
summation to 1. Besides, the continued product in Eq. @) is
substituted by the summation to prov1de a tighter estimate, as
E[(XF, w?)?] = d? + 2d < E([]%, w?) = 3% Since typical
quadrature based methods for kernel approximation, e.g., SGQ [22]
and SSR [15]], adopt the third-degree rule instead of higher-degree
rules, in the next we focus on the third-degree stochastic rule.
The feature mapping associated with M (1) (f) is given by

do((.d)(ﬁ(’)’—lril}), T de(w)(Zs('ygdw)]T ,» (13)

where {v}24, are given by Eq. (§), the randomized weights
{a;}?4, refer to Eq. (1), and w ~ N(0,1I,). Therefore,
MO (f w) is a randomized rule such that M9 (f,w) ~
(®(x), ®(y)). Unfortunately, unlike that RFF is an unbiased esti-
mator of the original kernel, the obtained estimator M (1,d) (f,w)
is biased, i.e., B, [MLD (f,w)] = QD (f) # I;(f). Besides,
albeit stochastic, the designed M 1@ (£, w) still outputs the fixed
dimension of the feature mapping, i.e., N = 2d + 1. In this case,
we cannot flexibly tune it for practical requirements.

To tackle the above two issues, by virtue of Monte-Carlo
sampling and control variates techniques [43]], the designed S-FS
is to pursue an unbiased estimator based on the formulation of
M(Ld) (f,w). Besides, the dimension of the feature mapping by
S-FS can be flexibly tuned. According to Eq. (I), we have the
following equality

k(z,y) = Eo[MYD(f,w)] + Ey[f (w) — MPD(f,w)]
= QU (f) + Eu[f(w) — MY (f,w)].

As a result, the Monte-Carlo sampling for f(w) in Eq. (I is
transformed to estimate the difference f(w) — M4 (f,w). If
MDD (f w) is close to f(w) in the sense that the difference has
smaller variance than f(w), variance reduction can be achievedﬂ
Formally, by defining

& D(w) =

-K
P 2

O(x,w) =

Ri(f,w) = QUMY (f) + flw) - MUV (fw), (4
then our third-degree S-FS is defined as R (f,w) such that
k(z,y) ~ Ri(f,w ZR1 fw), 19

with {w; }2; ~ N(0, I;). Then by defining
p(x) =1/VDlp(wim), -, dp(wpa)]’
3.1t is possible to design other estimators close to f(w) for variance

reduction. Roughly speaking, if the estimator is closer to f(w), then more
variance reduction can be achieved.

e R?,

the final feature mapping associated with Ry (f,w) is given by

'
~ i D T .
o) =| s (5 X bl oo | emoes,

(16)
where the symbol i is the imaginary unit, {w; }/2; ~N(0, I ),
and the mappings ®(x) and ®(x,w;) are given by Egs. (9)
and_ (13, Arespectively. As a consequence, we have k(x,y) =
E(®(x), B(y)).

Remark: We make the following remarks.

1) The kernels used in this paper are real-valued. To approximate
them, we have to introduce the imaginary unit in the feature
mapping (I6) due to the difference operation, ie., a — b =
((/a,iV/b), (v/a,iv/b)) for any a,b > 0, but the approximated
kernels still remain real-valued.

2) The discrepancy between the original and approximated
kernels can be controlled by varying D in the feature mapping
®(x) € RPT44+2 Noe that, the feature mappings ®(a, w; ) and
®(x) in Eq. (I6) have only 2d non-zero elements. The nodes
are independent of the sampling process and can be pre-given by
Eq. (). In this case, S-FS still achieves the same space and time
complexity O(Dd) with RFF.

3) Sampling {w; }2; ~ N(0, I;) is not limited to the standard
Monte Carlo sampling. It can be extended to other advanced
approaches, e.g., QMC, SSR, as alternative ways, for pursuing
further variance reduction. Our experimental results also verify this,
see Section [6.3] for details.

4.2 Statistical Properties

This subsection elucidates that i) our third-degree S-FS is unbiased,
see Theorem ii) exhibits a variance reduction property in
Theorem 2]

Theorem 1. (Unbiased estimation) Our stochastic rule Ry (f) in
Egq. is an unbiased third-degree rule for I;(f) in Eq. (1).

Proof. Refer to Appendix [B.T] O

Remark: We have QU9 (f) = Ey,, [M 9 (f, w)], and thus
MOD(f, w) is an asymptotically unbiased estimator of I4(f).
Based on the above unbiased estimation, in the next,
we derive the variance of our third-degree S-FS for
Gaussian kernel approximation. Before proceeding, we
introduce some notations and definitions. For the Gaussian
kernel k(z,y) = exp(—|lz —yl3/(20%)), we use the
convenient shorthands z := (x — y)/o and z 1z |2
For an algorithm A sampling {w;}2, ~ p, we define its

expectation E[A] := Eq,,~, {1 /D2 cos(w—i'—z)} and variance
V4] := Vi, mp [1/D 2121 cos(w?z)}.

Theorem 2. (Lower variance) For the Gaussian kernel k(x,y) =
exp (—|lz — y||3/(20?)), denoting = := ||z||2 with z := (x —
y) /o, Q := QWA (f) for notational simplicity, then the variance
of our third-degree S-FS (19) is

5 ([ﬂ Q)lzzezriz%;ﬁ)’

Lhsrs(z)

V[Ri(f,w)] -

V[RFF]=

a7
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Figure 3. Comparison of h(z) versus the distance z := ||z||2 across ORF,
SSR (a) and S-FS (b). Since hs.rs(2z) is no loner a radial function of z
due to @ depending on z, we just present the univariate case of hg.gs(z)
for intuitive display.

2
where V[RFF] = (1 - 6_22) /(2D) is given by [24)]. In
particular, the variance reduction can be achieved by

V[R(f,w)]—V[RFF] <0 when 1 —Q < z%e -5, (8
Proof. Refer to Appendix [B.2] O

22

Remark: The condition 1 — Q < z%e~ 7 in Eq. (T8) holds
for most cases with detailed discussion in Section[4.3] Even if this
condition does not hold in some rare cases, there is an alternative
way to make it attainable: normalizing z := ||z — yl|2/0 to
2 := ||& — y||2/V/do? by a scaling factor v/d. This normalization
strategy implies that the used Gaussian kernel admits k(x,y) =
exp(— ||z — y||3/(do?)), which is quite common in practice and
theory. For example, in SSR [[15]], the authors directly employ the
formulation k(x,y) = exp(—||z — y||3/d) in their algorithm
implementation. In theory, this setting is well studied in random
matrix theory and high-dimensional statistics, see [44], [45], [46],
and accordingly the used normalization strategy depending d is
common and fair.

Here we compare the obtained theoretical results with other
representative methods on the estimated variance reduction.
Variance of ORF [24] is bounded by

1 (g(z) (d— 1)6_222’4
_ < _
V[ORF] — V[RFF] < — < - 2 ,
Lhorr (2)

where the function g is g(z) = e* (28 + 625 + 721 + 22) /4
+e 24 (2% + 22%) /(2d), at an exponential growth of z.
Variance of SSR [15] is bounded by

_ —22\2
V[SSR] —V[RFF]<1 <8d+12 _ =) ) . (19

d—2 2

Lhssr(2)>0

with the positive hgssg (z) satisfying lim,_, o hssr(z) = 8.

For better illustration, we plot the function h(z) including hogg,
hssr, hs-rs versus the distance z := ||z||2 in Figure for intuitive
explanation. In our simulation, we set d = 10 as an example.
It can be found that, 1) hogr is positive and thus the variance
reduction cannot be demonstrated in theory. More specifically,
horr almost increases at an exponential order of z, which leads to
a quite loose bound for variance estimation. 2) SSR cannot strictly
guarantee V[SSR] < V[RFF| due to hgsr(z) > 0 in Eq. (19).
Instead, our theoretical result in Theorem [2|admits V[R; (f, w)] <

Table 1
The maximum radius of the hyper-ball S?(r) under various d.

d Tmax d Tmax
10 (magic04) 1.208 50 1.1837
16 (letter) 1.1964 54 (covtype)  1.1831
20 1.1896 100 1.18
22 (ijennl) 1.1909 200 1.1787
5 210" | 6 x10° —
97.06% [Jcount of z [Jcount of z
4 ——empirical distribution || ——empirical distribution
—r ax=1'208 92.50% — ax=1'1964
g3 £
3 3 iy
| M,
0 T 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
z=lll, z:=|jz|l,
(a) magic04 (b) letter
5 x10* . 5 x10* N
96.72% [ Jcount of z 96.55% [ Jcountof z
4 ——empirical distribution ——empirical distribution
— e =1.1909 — ax:1'1831
- =3
E® g
3, 3,
1 1
0 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2
2=kl z=|l2ll,
(c) ijennl (d) covtype

Figure 4. Empirical distribution of z in four datasets used in this paper.

V[RFF] under the condition in Eq. (T8) for variance reduction, as
demonstrated by Figure in the univariate case. Even if this
condition does not hold, we still have V[R;(f,w)] — V[RFF] <
2/(Dd) at a certain O (1/(Dd)) rate as hs ps(2) is bounded. This
is faster than SSR converging at a certain O(1/D) rate.

4.3 Discussion on the Condition (T8) in Theorem 2|

Here we verify that the condition (I8)) for V[ R; (f, w)]—V[RFF] <
0 in Theorem [2] holds for most cases. The description of the
used four datasets (magic04, letter, ijcnnl, covtype) for numerical
validation is deferred to our experiments in Section [6]

Under the Gaussian kernel setting, recall our third-degree D-FS
, the condition (18)) is equivalent to
d d
3~ Z cos( \[e z) — ||z||2exp(—|2]3/2) < 0. (20)

w\H

For notational simplicity, we denote the left-hand side of the
above inequality as J(z). In the next, we first study the existence
of solutions to Eq. (20) and then numerically validate that the
condition under these solutions holds for most cases.

4.3.1 Existence

We consider a simple case: finding a d-dimensional Euclidean
ball S4(r) = {z € R? : ||z]|]2 < r} as the feasible region,
such that all points in S%(r) admit J(z) < 0. As a result, our
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target is transformed to maximize r by solving a one-dimensional

optimization problem

1 1 V3r r? r? <0
———-cos|—= | ——exp|—— .
3 3 Vd a P 2

After numerical calculation, the maximum radius 7r,,x under
different d is reported in Table |1} That means, given d, there
exists a hyper-ball S% (7, ) such that any vector z € R? with
z = ||z||2 < Tmax admits the condition (T8). We remark that, the

above inequality is not equivalent to Eq. (20) but a special case for
existence.

max r , s.t.

4.3.2 Numerical validation

Here we numerically validate that the obtained 7,5 in Table
holds for most cases in four datasets used in this paper.

In our numerical simulation, on each dataset, we randomly
select 1,000 data points {z; } 125" to compute the distance z;; =
|lx; — ;|2 with 1 < ¢, < 1000, and then construct a histogram
with 30 bins for counting z; JE]Flgure I shows the histogram for
counting z;; and the fitted empirical distribution of z on these
four datasets. Observe that all the datasets admit z;; < 2, which
shows the consistency with [24]] (see Figure 2(c) in their paper).
Further, we also plot 7% in Table on each dataset (see the black
line) in Figure (4] and find that, over 90% of {z;; 11(;0 1 satisfy
z := ||z]|]2 < Tmax. That means, our condition holds for most
cases and thus is fair and attainable.

5 UNIFYING FRAMEWORK FOR QUADRATURE
METHODS

In this section, we investigate the relations among third-degree rules,
including SGQ [22], SSR [[15]], and our deterministic/stochastic
rules, i.e., D-FS/S-FS. Subsequently, we cast them in our unifying
framework for kernel approximation.

5.1 Relations to SGQ

The sparse grids used in [22]] are based on the Smolyak rule [[19]
which can be approximated by a sequence of nested univariate
quadrature rules in a tensor product fashion

iz(ﬁz ®

q=0iecd

Ia(f)=AaL(f)=

®Ai,)(f), @D

iq). The set CJ =

{z e N . Z; 14 =d+ q} determines the possible accuracy
level i; for each univariate quadrature and the nonnegative g
prescribes the range of the accuracy level i; in each dimension.
Vi, is the univariate quadrature rule with the accuracy level
ij € 1, which generates the difference A;(f) = V;(f) — Vi1 (f),
V4 € N. This rule is a weighted sum of product rules with different
combinations of accuracy levels .

To study the relationship between SGQ and D-FS, we construct
the third-degree SGQ in Eq. using the symmetric univariate
quadrature point set {—p1, 0,1} and the weights (ag, dg, a1),
then the integration I;(f) can be approximated by SGQ

+CL1Z

4. The diagonal elements z;; = O are not counted and non-diagonal elements
are counted only once.

with the index vector & = [i1,ia, -,

La(f)~(1—d+dao) f (prej)+f (—prej)] -

Table 2
Relationship between typical kernel approximation methods.

Methods Parameters in Eq.
SSR B:=d
M@D(f) in Eq. (D) p:=XadQ:=1
ORF B:=dand p ~ x(d)
QT (f) in Eq. {7 p=X,Q:=IandB:=d
SGQ p::)\%,Q::I,ﬁ::d

{éo,po,a1} < A1

If the nodes and their associated weights are chosen by the
following scheme

1 1
=A
)\Qa 1 CL1 2)\%7

then the third-degree SGQ is equivalent to D-FS in Eq. (@), as
shown in Figure

do =1-

5.2 Relations to SSR

The key step in SSR [38] is a change of variable from w € R% to a
radius r and direction vector @ € R?. Let w = ra witha'a = 1
and r € [0, 00), we have

/U/ r|4=te= f(ra)dr(a)dr

%f(o)(k/?) N Z f(=pQe;) + [ (pQe;) 7

4
2

Li(f)

22

where @ is a random orthogonal matrix, 7(-) is the spherical
surface measure or the area element on Uy, and p ~ x(d + 2).
SSR includes the following two stochastic integration rules: one is
stochastlc radial rule for approximating the infinite range integral

[ZoeT |7’|d L£(r)dr; the other is stochastic spherical rule for
a surface integral over Uy

_ |Ud| Z

where |Uy| = 2v/74/T(d/2) is the surface area of the unit sphere
with the Gamma function I'.

Here we present the following theorem that states the
relationship between the third-degree stochastic spherical rule and
the third-degree D-FS.

f(=Qej)l, (22

IQ7U(1

Theorem 3. The third-degree stochastic spherical integration
rule can be obtained by the random orthogonal projection of
D-FS in Eq. (1)

Proof. Refer to Appendix [C] O

Accordingly, SSR can be obtained by D-FS in Eq. (7) with the
following two randomized steps. 1) random projection: according
to Theorem 3| by projecting D-FS to the spherical surface of Uy
with a uniform random orthogonal matrix @, we can obtain the
third-degree stochastic spherical rule. 2) random generator: the
deterministic generator A1 in Eq. by Gaussian quadrature is
substituted by a random variable p with p ~ x(d + 2). By doing
so, we can transform D-FS to SSR, as shown in Figure
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Table 3
Dataset statistics and the number of nodes in fifth-degree rules.

datasets d #training #test ‘ #nodes N
‘ SGQ  Ours
magic04 10 9,510 9,510 221 201
letter 16 12,000 6,000 545 513
ijcnnl 22 49,990 91,701 1013 969
covtype 54 290,506 290,506 | 5941 5833

5.3 Unifying Framework

Apart from the relations between our deterministic rule and SSR,
here we also study the relationship between S-FS and SSR. On
the one hand, in Eq. (T4), if we only consider R; (f,w) := f(w),
S-FS degenerates to RFF with the standard Monte-Carlo sampling
scheme. On the other hand, RFF (also ORF) can be regarded
as spacial cases of SSR as demonstrated by [[15]. Furthermore,
if we only consider R;(f,w) := MM (f w) in Eq. (T3,
after the above two stochastic operations (random projection and
random generator), it is a triple-stochastic rule with the following
formulation

)

d _0e. ..
fd<f)~f<o>(1_ﬁ) +§;f< pQe;) +f (vQe;)

p? 2p

(23)
with § ~ x(d) and p ~ x(d + 2). Clearly, this rule is
also an unbiased estimator of I4(f). Finally, we summarize the
relations between D-FS/S-FS, SGQ, SSR, ORF under the unifying
framework in Table 2]

6 EMPIRICAL RESULTS

In this section, we empirically compare our deterministic/stochastic
rules, D-FS and S-FS, with several representative approaches for
kernel approximation, and then incorporate them into the kernel
ridge regression (KRR) for classification on several benchmark
datasets. Given nodes and weights in Eq. (8), our algorithm is
straightforward to be implemented for the feature mapping in
Eq. (O) by our deterministic rule and Eq. by our stochastic
rule. We implement them in MATLAB and carry out on a PC with
Intel® i7-8700K CPU (3.70 GHz) and 64 GB RAM. The source
code of our implementation can be found in http://www.lfthsgre.org.

6.1

Kernel: According to the integral representation (I)), we choose
the popular Gaussian kernel and the first-order arc-cosine kernel
for experimental validation. Here we use the following formulation
of the Gaussian kernel

2
1) = o (111,

2do?

where the feature dimension d is introduced into the kernel width
for scaling as suggested by the remark in Theorem 2] The parameter
o? is tuned via 5-fold inner cross validation over a grid of
{0.1,0.5,1,5,10}. The first-order arc-cosine kernel [16] used

in this paper is given by

Experimental Settings

(24)

1 .
k(@,y) = _llzl2llyl2 (sind + (r — ) cosb) ,

.
with 0 = cos™! (%)
lzll2]lyll=

Datasets: We consider four typical classification datasets including
magic04, letter, ijcnnl, and covtype; see Table [3|for an overview.
These datasets can be downloaded from https://www.csie.ntu.
edu.tw/~cjlin/libsvmtools/datasets/ or the UCI Machine Learning
Repositoryﬂ The ijcnnl dataset by the provider has been already
scaled to [0, 1]¢ by the winner’s transformation [47]. The remaining
three datasets rescale each attribute/feature to [0, 1] by the min-max
normalization. Regarding to the training/test partition, it has been
pre-given on the letter and ijcnnl datasets. For the remaining two
datasets, we randomly pick half of the data for training and the rest
for test.

Compared methods: We compare the developed D-FS/S-FS with
the following algorithms:

e RFF/MC [6]: The transformation matrix Wy is constructed
by the standard Monte Carlo sampling scheme with W;; ~
N(0,1/(do?)) in Eq. (Z4) for Gaussian kernel approximation
and W;; ~ N(0,1) for the first-order arc-cosine kernel
approximation.

ORF [24]: The transformation matrix Wogr is constructed
by a random orthogonal matrix with W = AQ, where A is
a diagonal matrix with A;; ~ x(d) and @ is obtained from
the QR decomposition of Wxgr. Note that, this approach
can be applied to the arc-cosine kernel in practice but lacks
theoretical guarantees.

ROM [25]]: The transformation matrix Wxou is constructed by
a series of structural random orthogonal matrices with W =
c H§:1 HA,;, where H is a normalized Hadamard matrix and
A,; is the Rademacher matrix with P(A;; = +1) = 1/2. Here
¢ is chosen as /2/0? for Gaussian kernel approximation and
\/d for arc-cosine kernel approximation.

o QMC [27]: The transformation matrix Wayc is constructed
by a deterministic low-discrepancy Halton sequence.
GQ/SGQ [22]: These two algorithms are deterministic
quadrature methods. GQ generates nodes and weights along
each dimension and thus the dimension of the obtained feature
mapping can be manually adjusted. However, the feature
dimension generated by SGQ is directly fixed if d is given.
Accordingly, we compare SGQ with D-FS in Section [6.2] and
compare GQ with S-FS in Section [6.3] For fair comparison,
we set the generator vector A = [0,1/3]" in GQ, SGQ and
D-FS/S-FS to be the same.

SSR [[15]: The feature mapping is constructed by the third-
degree stochastic spherical-radial rule with random orthogonal
matrices obtained by butterfly matrices [48]].

Evaluation metrics: We evaluate the performance of all the
compared algorithms in terms of approximation error, time cost,
and test accuracy. The used kernel approximation measure here
is the relative error in Frobenius form ||K — K||g/||K||¢ on
a randomly selected subset with 1,000 samples. We record the
time cost of each algorithm on generating feature mappings. For
prediction (binary classification), we directly use the closed-form
formula of KRR [2]] and the sign function to output a binary label.
The regularization parameter in KRR is tuned via 5-fold inner cross
validation over a grid of {0.0001, 0.001,0.01,0.1,0.5,1, 10}. All
experiments are repeated 10 trials.

6.2 Evaluation for Deterministic Rules

Our deterministic rules D-FS generate the fixed-size feature
mapping ®(z) € RY when d is given, e.g., N = 2d + 1 in

5. https://archive.ics.uci.edu/ml/datasets.html.


http://www.lfhsgre.org
https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/
https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/
https://archive.ics.uci.edu/ml/datasets.html.
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our third-degree rule (m = 1) and N = 1 + 2d? in our fifth-
degree rule (m = 2). In this case, we consider a deterministic
setting, in which RFF, ORF, ROM, QMC and SSR are conducted
under the same feature dimension /N with our third/fifth-degree
rules for fair comparison. Note that SGQ generates the same feature
dimension N = 2d + 1 with D-FS in the third-degree rules but
outputs the larger one N = 1 4 2d? + 2d in the fifth rule, see in
Table 3

Results on Gaussian kernel: Figure 5] shows approximation error,
time cost, and test accuracy (mean=tstd.) of all the compared
algorithms across the Gaussian kernel in terms of the third-degree
rules (see the blue bar) and the fifth-degree rules (see the yellow
bar), respectively. We find that, our third-degree D-FS decreases
the approximation error of RFF and QMC, achieves a comparable
performance with ORF and ROM, but is slightly inferior to SSR.
Besides, the third-degree SGQ performs the same with D-FS in
terms of the approximation error as the generated nodes in these
two algorithms are almost the same due to the same generator used.
Nevertheless, our fifth-degree D-FS not only requires smaller N
than SGQ, but also achieves the best approximation quality (with
noticeable reduction) of all the compared algorithms.

In terms of time cost on generating the feature mapping, there

is no distinct difference between our third/fifth-degree D-FS and
RFF. Interestingly, our fifth-degree D-FS is more efficient than
quadrature methods SSR and SGQ. For prediction, most algorithms
achieve the similar test accuracy on these datasets. Good kernel
approximation quality cannot guarantee the final good prediction,
which still remains an open question in theory. The reason may
be that the approximated kernel is not necessarily optimal for
prediction, as discussed by [23]], [32]], [49]. Nevertheless, for the
design of kernel approximation, it is reasonable to pursue small
approximation errors.
Results on arc-cosine kernel: Figure [ shows the related
results across the first-order arc-cosine kernel. The trends of the
compared algorithms are analogous to those across the Gaussian
kernel in Figure 5} Generally, the approximation error of each
algorithm on the arc-cosine kernel is larger than that of Gaussian
kernel. The reason may be that the integrand f for the Gaussian
kernel corresponds to trigonometric functions that are infinitely
differentiable; while f for the first-order arc-cosine kernel is
actually a ReLU function that is non-differentiable. In fact, as
we discussed in the introduction, the differentiable property on the
integrand significantly affects the approximation performance in
Monte Carlo sampling, QMC, and quadrature methods.

Based on the above results, we conclude that our deterministic
third/fifth-degree rules are quite efficient to achieve promising
performance on the approximation quality, and comparable results
on classification accuracy.

6.3 Evaluation for Stochastic Rules

Here we evaluate the proposed third-degree S-FS under a dimension
adjustment setting, in which the feature dimension in Eq. (I6) is
manually fixed with D = {2d, 4d,8d,16d, 32d}. In this case,
S-FS generates the feature mapping ®(-) € RP+44+2 byt still
achieves the same time/space complexity O(Dd) with RFF. We
begin with an intuitive comparison of S-FS in Eq. (I6) against RFF
and then conduct a comprehensive experimental evaluation of all
the randomized algorithms.

First, to validate the effectiveness of S-FS on variance reduction,
Figure [/| shows the approximation error and the time cost across

0.03 10°
-1-RFF —}-S-FS+RFF

-1-RFF —}-S-FS+RFF

0.02

0.01

approximation error
/
time cost (sec.)

o g
2d 4d 8d 16d 32d 2d 4d 8d 16d 32d
#random features #random features

(a) approximation error (b) time cost

Figure 7. Benefits of our S-FS rule in Eq. (I6) against RFF across the
Gaussian kernel on the magic04 data set.

the Gaussian kernel on the magicO4 data set between S-FS and
RFF. Both of them draw {w;}2, ~ N(0, I,;) by Monte-Carlo
sampling, so S-FS under this setting is termed as “S-FS+RFF”. It
can be noticed that, admittedly, “S-FS+RFF” takes a little more time
than RFF on generating the feature mapping. However, it achieves
significant improvement on RFF in terms of the approximation
quality, which demonstrates the effectiveness of the used control
variates technique in Eq. @ Besides, we observe that, the
variance reduction effect weakens or even disappears when D
is large. One reason might be that, the variance of S-FS converges
to that of RFF at a fast O(1/(Dd)) rate, as demonstrated by
Theorem 2

In the next, we present a comprehensive evaluation of the
proposed S-FS rule with other representative approaches. To purse
a better approximation performance, apart from the original Monte-
Carlo sampling in S-FS, we also incorporate various sampling
strategies into S-FS: {w;}2 | in Eq. (T6) are obtained by QMC
and SSR, termed as “S-FS+QMC” and “S-FS+SSR” respectively.
Results on Gaussian kernel: Figure [§] shows the approximation
error, time cost, and test accuracy (mean=std.) of all the compared
algorithms across the Gaussian kernel under different feature
dimensionality with D = {2d,4d, 8d, 16d,32d}. We find that,
when compared to the original RFF, QMC, SSR, our stochastic
rules including “S-FS+RFF”, “S-FS+QMC”, “S-FS+SSR” manifest
significant reduction on the approximation error, respectively.
In terms of time complexity, due to the used control variates
technique, our stochastic rules take more time than the original
RFF/ORF/QMC/ROM/GQ. Among these three sampling strategies,
“S-FS+RFF” and “S-FS+QMC” take the similar time cost on
generating the feature mapping, achieving the same time complexity
O(Dd) with RFF. However, “S-FS+SSR” is relatively time-
consuming on the ijcnnl and covtype datasets as SSR itself requires
more time to obtain random orthogonal matrices in large scale
situations.

As mentioned before, the compared algorithms achieve the
similar test accuracy in the deterministic setting. There is almost
no distinct difference between these approaches on the final
classification accuracy under varying feature dimensionlity.
Results on arc-cosine kernel: Figure [9] shows the approximation
error and test accuracy of all the compared algorithms across the
first-order arc-cosine kernel on these four datasets. It can be found
that, the compared algorithms across the arc-cosine kernel are
generally inferior to them across the Gaussian kernel in terms of
the approximation quality and generalization performance.

In sum, we experimentally validate that our stochastic rules
are unbiased and achieve variance reduction in terms of the
approximation error. Since “S-FS+QMC” is more efficient than
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Figure 9. Kernel approximation error (top) and test accuracy (bottom) across the first-order arc-cosine kernel.

SSR on these datasets, and thus is demonstrated to achieve a good
trade-off between the approximation quality and time cost.

7 CONCLUSION

We present deterministic/stochastic quadrature methods D-FS/S-FS
based on the fully symmetric interpolatory rule to approximate
the Gaussian kernel and the first-order arc-cosine kernel via the
integration representation (). Our third/fifth-degree deterministic
rules achieve promising approximation quality while retaining

the same time cost with RFF. Our S-FS rules exhibit variance
reduction on the approximation error due to the used control
variates technique, and performs well on real datasets. By studying
the relations among the third-degree quadrature based methods,
our unified framework mainly demonstrates that, 1) D-FS recovers
SGQ by choosing suitable parameters; 2) SSR can be regarded as a
doubly stochastic version of D-FS via a random projection scheme
and a randomized generator.
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APPENDIX A
FIFTH-DEGREE RULE
When choosing m = 2 in Eq. (f), we obtain a fifth-degree rule

Q@Y with ||p||; < 2 to further improve the approximation
accuracy. To derive the fifth-degree rule, we cast it in three cases,

If Hp!h =0, we have p; = 0, A = 0, and K = 0. Then the
weight a02’d is

2D ) H bu,
lef1<2i=1 HJ =0,#0 (/\(2) - Af) (25)
_1_£+d(d—1) d(3—\23)
A2 % A2A3

where by = 3 — A\? is obtained by Eq. (). In our derivation,
[lu|li < 2 is cast into three cases: w = 0, |lull; = 1, and
lu|l1 = 2 for calculation.

If ||p||1 = 1, only one element of p is 1 and the remaining are
zero. We thereby have K = 1 and A = A\je; withi =1,2,...,d,
where e; is a unit vector with the ¢-th element being 1. Without

loss of generality, assuming p = [1,0, - - - , 0], the weight a§2 )
is computed as

a?’d) = Z H — UHrPi ;
HuH1<1z 1 H]" o ;ép ()\ i —AZ ) (26)
1 32 d—1
= — 4+ —
2 T oag aa

where ||u||; < 1 is cast into two cases: u = 0 and ||ul||; = 1 for
derivation.

If ||p||1 = 2, the derivation is a little complex and we cast it
into two cases. One is that there are two elements in p being 1,
i.e., p; = p; = 1 with ¢ # j. The other is only one element of p
being 2, i.e., p; = 2. For the p; = p; = 1 case, we have K = 2

and A = Als;r or A = A1, , where the point sets of sf and s,
are given by

{s +}l (d=1)/2 ={ei+ej:i<y, 1,j=1,2---,d}

{s, }d(d1 ={ei—ej:i<y, i,j=1,2,---,d}
Without loss of generality, assuming p = [1,1,0,---,0], the
weight aéQ’d) is

d
@a _ 1 bps
@2 o Z H Pi ()\2 _ )\2)
i=111j=0,%#p; \"'ps J 27)
1 [ by r 1
4=

For the p; = 2 case, we have K = 1 and A = \ye;. Without

loss of generality, assuming p = [2,0, - - - , 0], the weight agz’d)
is computed as

d

by,
il;[l H?izo,;ém ()‘Z%i - /\3)

Accordingly, combining the derived weights in Eqs. 23), 26), 27),
and (28), the fifth-degree full symmetric interpolatory rule is
QuI(f)=a

2 ,d) Z
d(d—1)/2

+a? N [F (ash)+f (s +f (as))+f (“his;)]

i=1
(2d)z

(2, d
Qg

3 A2

a2 _ _
203(N\; —

3

(28)

M| —

A

() Fve) + f(~Aie)]

(A2€;) + f(—Az2e5)]

Zdi (V£ (Pia) + oV F(Pys) )

2d(d—1)

+a? N f(P2)
j=1

where

Mew ai =~ 1<i<d

13j,1: 1€4, g 2d7 >~ 0>

—Aei_g; d+1<i<2d

BTN D neia;dr1<i<ad
M(e;+e) it=1,...,dji<t
P (ez—et) Lt=1,...,d;i <t
P27 A(—ei+e) dit=1,...,d;i <t
)\1( e —e) i,t=1,....d;i<t

Similar to the third-degree rule, we also choose A; by successive
extensions of the one-dimensional 3-point Gauss—Hermite rule.

APPENDIX B

STATISTICAL GUARANTEES OF STOCHASTIC INTER-
POLATORY RULES

This section includes three parts:

o in Section [B.1} we prove Theorem T} that is, our third-degree
S-FS R (f) is an unbiased third degree rule for I(f).
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o in Section [B:2] we prove Theorem [2] that gives the vari-
ance of our third-degree stochastic interpolatory rule, i.e.,

V[R.(f, w)].

B.1
Proof. We compute 14(ap (. )( )) as follows. For a,

d 2
~ 1= Wi s
Id(agl’d)) = /]Rd (1 — 72 A% > ,LL(dW) = aél d).

(1,d)
o . (35 o

For a;

1
So we have ag’d) = I[ ( )], and thus QL4 (f) =
LMD (f, w)]. Due to I(f) = Euulf(w)], we have
QWD (f) = By [MED(f,w)]. Based on this, the expectation
of Ry (f,w) is

Proof of Theorem[i]
(1,d)

, we have

Ly(ay™") = = aj"?.

Eoo Ry (f, w)] =E[f ()] —E[M "D (£, w)]+E{La[M D (f)]}
= Llf(@)] = QU (f) + QU (f)
=Ia(f).
Accordingly, due to {w; }2 | ~ p, the average R; (f) is unbiased
for I;(f).

Besides, if we choose f(w) = w?* with ||ul|; < 1, then we
have R;(f,w) = QA (f) = LMD (f, w)]. If we choose
f(w) = w™ in which at least one element of u is odd, we have
R1(f,w) = 0. So it means that Ry (f,w) is a third-degree rule
for I4(f). Hence, R1(f,w) is an unbiased third-degree stochastic
rule for I4(f), which concludes the proof. O

B.2 Proof of Theorem

This section aims to prove Theorem |Z| including two parts. In
Section[B-2.1] we present LemmalT|that is used to prove Theorem 2}
The proof of Theorem 2] can be found in Section

B.2.1 Proof of Lemmalil

To aid the proof of Theorem 2] we need the following lemma.

,wd]—r ~ N(O,Id), z =
and f(w) = cos(w' z), we have

Lemma 1. Denote w = [wy,ws, "
ﬂjfy/O' = [ZlaZQa"' ;Zd]T;

Proof. We expand E,, ( f(w) Z?:l wf) as

d
(@)Y ow?

cos(w' z) can be reformulated as

= iEw {wf cos(w—rz)} .

j=1

The j-th term wjz

d

2 T _ 2 s
wj cos(w' z) = wj cos | wjz; + g Wiz
t=14j
d
2 .
=wj cos(w]zj)cos( E MZ; sin(w;z; sm( g wtzt> .

t=1,#j t=1,#j

(29)

Now we compute E,,, [w? cos(w;z;)] as follows.
1 0 wlw

w? cos(w;z;)e” :
/7271_ o J )

de
o9} 1 22 (wi—iz;)
2 J J
= Re (/ —wfe 2 e 2
2

2
dw j)
.2

7.1
=e 2 E,

E[w? cos(wjz;)] =

, (W3) with w; ~ N(iz;,1)

n
m‘\, v

e F L+ (i) = e

(1 — zj2)
(30)

where i denotes the imaginary unit. Similarly, IE[oﬂ sin(w;z;)] can
be computed as

22
Bl sin(ey )] =t | [ e F e | <0
w?sin(w;z;)]=Im e w; | =0.
J =5 - o j
(31)
Besides, by virtue of the above derivation, or directly using Bochner
theorem [17] for the Gaussian kernel [, [cos(w' 2)] = e~ 117 I3/2,
we have
d =132
Efun o ey 008 | D wiz || =€ 2 (32)

1=1,#]

Combine the above equations in Egs. 29), (30), (1)), and (32),
we have

E. {wjz-cos(sz)} = By, [w} cos(w;z;)]
d
X Eryy, e wad\w; |€COS Z W2t
t=1,#j
=3 9 I=13—=2
=e 2 (1—zj)e 2
9 =113
=(1—zj)e 2
(33)
Accordingly, we can conclude
d
w)wa Z]E [ - cos(w z)}
j=1
L 3 &
DY
=1
which yields the final result. O

B.2.2 Proof of Theorem[2
In the next, we are ready to prove Theorem [2]

Proof. For ease of description, we use some short notations
including Z;izl[f] = Zle [f(Ares) + f(—=\e)], Q =
QU (f), and 2 == |z])>.

Recall RFF, its kernel approximation form is obtained via the
Monte Carlo sampling

D
1
) Zcos(wjz), w; ~N(0,1,).
i=1
By virtue of Elcos(w' 2)] = e*/2 and Vicos(w'z)] =
(1—e~ 2 )2/2 [24], we have
2
1—e 2 2
ERFF] — e~=*/2 viRFF) = L=¢ )"

2D
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Due to V[Ri(f,w)] = 1/D(V[Ri(f,w)]) with w ~
N(0,1,), in the next we focus on V[R;(f)]. The variance of
R1(f) can be formulated as

VIRA(f)] = E [f(w) ~ MOD () + ()]
— {E [f(@) - MO () + QD]
=B [f(w) - MO(5) + QU ()]~ {Blf(@)]})

2

—E [f(w) - MO () + QU] e,
where the used Gaussian kernel admits f(w) = cos(w' 2).
Further, the above equation can be rewritten as

V[R1(f)] = E[f*(w)] + E[(M©D(£))%] + Q™M (f))?
+2E[f (@)Q ()] — 2E[f (w) M D (f)]
—2B[MOD (U ()] - e
DV[RFF|—[QU4 (f)]2+2¢=/2Q 0 (f)
+E(MED(£))?) = 2E[f(w)M D (f)].
(34)
Hence, we need to bound E[(MM¥(f))?] and
E[f(w)M D (f)] in Eq. (33). First, byy expanding [M (14 ( £)]2

in Eq. (12)), we have

1 i=1
Zg—lwz‘z Zg—l%z d
2
2 w? (D w?)? (D, wd)? [
R L B VR NP C¥E ;[f]

where we use f(0) = 1 for the Gaussian kernel. Accordingly, we

have

2

20 d>+2d d+2 [<
(1,d) 2_1_ 22 c e
d—|—2
+ 3 3- S S
1 i=1

(35)

where Z;i 1w ~ x(d), E(Zfl 1w12) =d, V(Zf L W; 2) =2d

and E([Y%4, w?]?) = d? + 2d.
Second, we estimate E[f(w)M "D (f)] in Eq. (34). The
notation f(w)M 14 (f) is formulated as

d 2 d w2 d
Ziny el wi)f(w)JrZ“ L F@ 1.

f(w)M“’d)(f)=(1— v

Accordingly, we have

B[ ()M () ez2/2+<27=1[f] 1>E

d 2
+Ai% (—1+ ZJf]) e~ 7 (d—

2
— e 7 /2

(36)

where we use f(0) = 1 and E[f(w)] = e=*/2 and Lemma
In our third-degree rule with m = 1, Eq. (7) implies Z?Zl [f] =
207Q — 2)? + 2d, and thus we have
d+2

1+ 5% -

EM D) =1+

1?4+2(Q-1),

and
—2E[f (w) MO ()] = ACoD % (a2,

Hence, combining the above equations into Eq. (34), we have
22
7 >

(37

_9e /2 _

VIR (7)] - VIRFF = o (1= @ (1 - Q)%
= Dld <|:(1Q)32262:|iz4ez2> .

Since @ is the approximation of I4(f) = k(x,vy) € [0, 1] for the
Gaussian kernel, we can also consider Q19 (f) € [0, 1]. Note
that, even if the estimation Q1% (f) is out of [0, 1], we can still
set it to [0, 1] by a threshold operator and thus 1 — @ > 0. Finally,
Eq. (37) can be formulated as

VIR (f)]

which concludes the proof.

2

— V[RFF] < 0 when 1—Q < 2%~ 7,

APPENDIX C
PROOF OF THEOREM 3]

To prove Theorem 3] we need the following lemma.

Lemma 2. (Theorem 4.1 in [50]) Denote ™ and s™M as
polynomials with total degree M, then the following integral

satisfies
I’(wd>—/ wwd? - witex ( " )d
= 1 W da &Xp|\~w w)dr
sMdr(s),

r2) dr
Uq

can be exactly calculated by the quadrature rules I'(w) =
Z;»V:gl a;f(y) with f'(w) = w™. Then the spherical integral
with the

nodes 8; = Hgﬁ and and the weights a ; of the spherical rule
J
are

can be expressed as fUd sMdr(s) = Z;V:pl s, j (Sj)M

a; (s;)"
T(d/2 + M)2))2

where Ny, is the number of projected quadrature non-zero nodes.
Note that N, < Ny

_ M
0 = a; (s;) _
5 fooo rd=14+M exp (—r2) dr

Formally, we are ready to prove Theorem El

Proof. The integral in Eq. () can be reformulated as

4 (fay) / fa (@

/Rd s

N(w; 0, I;)dw
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Hence, the integral I'(w) = [p. f(w)exp(—w' w)dw can be
approximated by our thlrd degree D- FS in Eq. (@), that is

2d+1

N (w; 0, In)dw =~ Y @ f (%)

i=1

i)+ f(=

I'(w) = f( 7

d g A1
Z(l—p)ﬁ2 2)\22( NG i)>7

1
with
d
¥ =0; a; = (1 —Q)W%,z:O
AL
A 7%
Vi = —=€4; G; = ;1<i<d
V2 2A2
5 Mo U d+1<i<2d.
i = T =€i—d; Gj = ; {
V2 AQ

By projecting “; on the surface of the unit U, sphere with an
uniform random orthogonal matrix @, we have

Q7 _
QI3

with ||@%:ll2 = ||7:]l2. Note that the point at the origin has been
omitted. By Lemma 2] for the third-degree, the polynomial degree
M is set to 2. Accordingly, the weight a, ; of the spherical rule
can be obtained by

38
—Qe;_g;d+1<1<2d, (38)

S; =

P A ar(9) _ U4
T 2M? 2 2 2d
(39)

a; (s;)"
I'(d/2+ M/2)/2

asyj =
Hence, using Eq. (38) and Eq. (39) yields the spherical rule

Lo, (s —'Ud'z 5(Qey) +5(—Qey)] .

which is identical to the third-degree stochastic spherical integration
rule in Eq. 22). O
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