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—— Abstract

We introduce the notion of an e-cover for a kernel range space. A kernel range space concerns

a set of points X C R? and the space of all queries by a fixed kernel (e.g., a Gaussian kernel
K(p,-) = exp(—|lp — -||?), where p € R%). For a point set X of size n, a query returns a vector of
values R, € R", where the ith coordinate (Rp); = K(p,z;) for z; € X. An e-cover is a subset of
points Q C R? so for any p € R? that 2 ||R, — Rq|l1 < ¢ for some g € Q. This is a smooth analog of
Haussler’s notion of e-covers for combinatorial range spaces (e.g., defined by subsets of points within
a ball query) where the resulting vectors R, are in {0,1}" instead of [0, 1]". The kernel versions
of these range spaces show up in data analysis tasks where the coordinates may be uncertain or
imprecise, and hence one wishes to add some flexibility in the notion of inside and outside of a query
range.

Our main result is that, unlike combinatorial range spaces, the size of kernel e-covers is indepen-
dent of the input size n and dimension d. We obtain a bound of 26(1/‘52), where O(f(1/¢)) hides
log factors in (1/e) that can depend on the kernel. This implies that by relaxing the notion of
boundaries in range queries, eventually the curse of dimensionality disappears, and may help explain
the success of machine learning in very high-dimensions. We also complement this result with a
lower bound of almost (1/£)®(!/2) showing the exponential dependence on 1/¢ is necessary.
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1 Introduction

Given a data set X a range space (X, R) is the collection of possible ways that set X can be
queried; R is a set of subsets of X, often defined by intersection with a type of geometric
shape. For a data structure, ranges specify the shape of any range query [1]. For machine
learning, ranges categorize the function class of possible classifiers [42]. For spatial scan
statistics, ranges restrict the family of regions which might form an anomalous hotspot [24].

In each of these cases, it is common to allow | X| additive error when considering the
results of these queries. In that context, an e-cover, which is an instance of a cover in a
metric space, and Haussler [17] among others studied it for a particular class of metric spaces,
is an important concept; it is a subset Q of all possible subsets in the collection (X,R) so
that for any range R € (X, R) there exists some set @ € Q so that the symmetric difference
|QAR| < ¢|X]|. In particular, if one allows €|X| error, then one only needs to consider each of
the above listed data analysis challenges with respect to the e-cover Q, not the full collection
of possible subsets.

Haussler introduced and bounded the size of e-covers for range spaces with bounded
VC-dimension [17]. In particular, if the VC-dimension v is bounded, then there exist e-covers
of size O(1/”) and Q(1/¢¥) may be needed. Consider the common range spaces for X C R?
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like half-space, ball, and fixed radius ball range spaces, each has VC-dimension v = d + 1.
However, Haussler’s lower bound does not apply to these geometric range spaces specifically.
Nevertheless, we supply a lower bound of Q((l/a)dlfo(l))

In this paper, we consider how this changes when we consider kernelized versions of

for them in Section 6.

these objects; that is where ranges are defined by kernels, like Gaussian kernels K(z,q) =
exp(—||z — ¢||?). Indeed, kernel SVM is a common way to build non-linear classifiers [38], and
kernelized versions of data structures queries [8, 7, 23] and scan statistics [15, 14, 18] are also
common. Partially motivated by these cases, the complexity of kernel range spaces have also
been studied, and in particular samples for density approximation. These e-KDFE-samples
are subsets S C X so for every query p € R? that

|71| > K(xz,p) - ﬁ > K(s,p)| = |[kpEx (p) — KDEs(p)| < &.
reX seS
While for positive and symmetric kernels, a bound of O(d/e?) for such an e-KDE-sample
can be derived using bounds for ball range spaces [21], more remarkably, for reproducing
kernels, only size O(1/¢?) is needed [27, 25, 5], that is with no dependence on d.

We tackle whether a similar result, with no dependence on n or d is possible for an e-cover
of a kernel range space. In particular, a kernel range space (X, K) is defined by a set of input
points X C R%, and a fixed kernel K, e.g., Gaussians of the form K(p,-) = exp(—|p — -||?).
In this setting, any range in the kernel range space is defined by a point p € R?, and reports
a signature vector Rff = (K(p,x1), K(p,x2),...,K(p,x,)) € R™, which has a scalar value
K (p,z;) for each x; € X; we consider when K (p, z;) € [0,1]. This generalizes the notion of a
set, where these signatures are bit-vectors from {0,1}" instead of [0,1]™. An e-cover of a
kernel range space (X, K) is then a set of kernel ranges K(q, ), defined by a set of points
Q C R?, so for any query point p € R? there exists a ¢ € Q so that

1 1 x X
m;( |K(p7x) - K(va)‘ - WHRP - Rq ”1 <e.

This generalizes the notion of e-cover of Haussler to function values. Notice that if we
instead placed the absolute values outside the sum, this becomes trivial since one can simply
choose 1/e points @ where KDEx(¢;) = (i — 1/2)/e fori=1,...,1/e.

Our results. Our main result is that e-covers for kernel range spaces have size complexity
independent of n and d. Thus for constant error (e.g., ¢ = 0.01 for 1% error), the size of
the e-cover is constant; that is, to evaluate these functions up to a fixed error, one only
needs to pre-compute or consider evaluating a fixed number of kernel range queries. In
particular, we show that the size of e-covers are at most 20(/¢”); where O(f(1/¢)) hides
polylogarithmic factors in 1/e. This bound works for a large class of kernels we call “standard”
and includes Gaussian, Laplace, truncated Gaussian, triangle, Epanechnikov, quartic, and
triweight. Moreover, we show that this (1/¢)P°Y(1/) is necessary. In particular, for Gaussian
kernels we provide a construction that requires an e-cover of size (%)Q(l/ ) for any A € (0,1)
in RY with d’ = Q(1/e).

When viewed in comparison to the e-cover size bound for traditional range spaces, e.g.
for half-spaces or balls, where the size grows exponentially in d (see discussion in Section 6),
we believe this result is quite surprising. Almost all learning or data structure bounds, even
approximate ones, have exponential dependence on d in the number of queries considered.
However, this result shows that if one relaxes the boundary of the query, that is there is not
a hard or combinatorial cut-off separating “in” the query or “not in” the query, then this
exponential dependence and curse of dimensionality (eventually) disappears.
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Overview of techniques. One may think (as we initially hoped) that this e-cover result
is a not-too-hard consequence of the dimension-independent bounds for e-KDE-samples.
However, these results seem to provide the wrong sorts of guarantees; they would work
if the definition of the e-cover had the absolute values outside the sum. Moreover, both
constructions for e-KDE-samples rely on properties of reproducing kernels, namely that
the kernel density estimate KDEx can be viewed as a mean in a reproducing kernel Hilbert
space. This quantity turns out to be easy to approximate with sub-gradient descent [25, 5]
or sampling [27]. However, the e-cover is a richer and more structured summary of a point
set, and does not admit such simple analysis.

Our approach at its core uses the simple idea that for a kernel with a bounded support
(of value above ¢), one can place a grid around each data point with a gap of € between grid
points. The union of all grid points is the e-cover. Naively, this provides a bound of roughly
n(1/e)4 for n = | X| points in R¢. This paper shows how to preserve the correctness of this
construction while reducing both n and d to only depend on €.

Being able to remove the dependence on n is perhaps not that surprising given the
existence of e-KDE-samples and similar data reduction results. However, this required some
new adaptations on existing ideas as the direct invocation of e-KDE-samples does not work.
We connect to e-samples of (traditional) range spaces, which we call semi-linked to kernels,
and their VC-dimension. These semi-linked ranges are defined as the super-level sets of the
difference of two kernel functions. A key insight is that these semi-linked range spaces allow
us to calculate an intermediate object called an e-cover-sample, via a simple random sample,
and this e-cover-sample can be converted into an e-cover. We show for Gaussian, triangle,
Epanechnikov, quartic, and triweight kernels that this VC-dimension bound is O(d?). So
this reduction eliminates the dependence on size n, but adds dependence on dimension d.

More surprising to the authors is that the dependence on the dimension can be elim-
inated. The argument works by showing the existence of an embedding into dimension
m = O((1/&?)logn) where the measurement of all kernels on the input point set X is
preserved up to € error. This embedding is a result of invoking terminal JL [33]. It preserves
the Rff signatures for each point p, and means it is sufficient to create an e-cover in that
m-~dimensional space. However, since the terminal JL. embedding map is not invertible for
points not in X, we require a new combinatorial covering argument to show that an &/8-cover
in R™ is still an e-cover in the original R?. While this process eliminates the dependence on
d, it increases it with respect to the number of points n.

Iterating between these two approaches would reduce both n and d, but would naively
require log*(nd) iterations, potentially inflating the error by that factor, and so not be
independent of one of those two terms. Luckily, however, we can adapt a new inductive
framework [11] for analyzing such iterative reduction processes, and we show a complete
elimination of the dependence on n and d. For positive definite kernels we apply a Rademacher
complexity bound to calculate e-cover-samples independent of d; this does not immediately
remove e-cover dependence on d, but does sidestep some of this iterative analysis.

For the lower bound, in low dimensions, the construction works like one may expect for
fixed-radius balls, which when their radius is sufficiently large, act like half-spaces. The size
is trivially (1/¢) in R!, and as we add each dimension we add a point “orthogonal” to
the existing dimensions. The ranges we must cover is the cross-product of these distance
intervals from points in each dimension, leading to a (1/¢)? lower bound for fixed-radius
balls. However, interestingly, this construction stops working for kernels as we approach
1/e dimensions. This is the result of both the curvature of the level sets and the decaying
contribution with distance: properties implicit in data with full-dimensional noise.

5:3
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Implications. This model and result is relevant in data analysis applications where a
complete trust in data coordinates is rare (e.g., due to sensing noise), and it is common to
have high dimensional data, and this sort of additive e-error is tolerated if not expected.
We hope this sheds a bit of light onto why learning in such high-dimensional spaces is not
as challenging as traditional curse-of-dimensionality bounds may suggest. That is, if one
assumes sensing noise, adding more and more features (dimensions) does not always generate
more implicit query complexity.

For instance, our new definition of kernel e-cover is also the notion required to enumerate
all possible ranges that could lead to a distinct solution in the case of approximate range
searching applications or noise-aware statistical modeling (e.g., for evaluating a kriging
model [34] or Nadaraya-Watson kernel regression [44]) or in enumeration for approximate
spatial scan statistics [29]. Spatial scan statistics search (or “scan”) all combinatorial distinct
ranges (up to e-error) to find one that maximizes some statistic on the data — a candidate for
an anomaly. Recently, Han et.al. [15] defined a kernel spatial scan statistic where the ranges
are replaced with kernel queries, and the goal is still to approximately maximize a function of
data over all such queries; they provide a solution in d = 2. Our results show that eventually,
the size of the space required to search stops growing exponentially with dimension.

Another line of work [3, 6, 13] attempts to bound the number of local maximums of a
Gaussian KDEy for X C R? and |X| = n. A lower bound is (7)) +n = Q(n?) for n,d > 2 [3],
but the upper bound is not known to be finite. If one assumes finiteness, the best bound is
2‘”(3)(5 + 3d)™. If one only counts local maximum p, ¢ that have ﬁHRff — RX[l1 > ¢ (e,

are sufficiently distinct), then our result induces a bound of 0(20(1/52)).
Finally, this result induces the first dimension-independent bounds for e-KDE-samples [36]
for non-reproducing kernels including triangle, Epanechnikov, and truncated Gaussians.

1.1 Connection to uniform Glivenko-Cantelli classes

Starting with Vapnik and Chervonenkis [43], numerous learning theorists, probabilists,
and combinatorists have studied a strong and general notion of convergence of function
approximation under sampling known as the uniform Glivenko-Cantelli class. It concerns a
class of functions F from a set X' to [0, 1]. Then let P be a probability measure over X' so
that any f € F is P-measurable over X. Next we use P(f) = [ (z)dP to denote the

TeX
mean of f(x) for z ~ P. Now for an independent random sample x1,z2,...,Zmym ~ P, let
P(f) = =37, f(z;) be its approximation by the sample of size m.

Dudley et.al. [12] defines that the family F is e-uniform Glivenko-Cantelli class if

lim sup Pr[sup sup |Pr(f) — P(f)| >¢] =0.
M=o P > feF

While bounded VC-dimension [43] implies that F is e-uniform Glivenko-Cantelli, it does not
completely characterize this process.

Alon et.al. [2] showed that a variant of VC-dimension, called V,-dimension, for any v > 0,
did characterize this form of convergence. We say F V. -shatters a set A C X if there exists
a value a € [0,1] such that for each E C A, there is another function fr € F so for all
x € A\ E then fg(x) < a— v and for all z € E then fg(x) > a + . The V,-dimension of
F is the maximum cardinality A C &X' that is V,-shattered by F. They showed that if the
V,-dimension is finite, then F is (by)-uniform Glivenko-Cantelli for some constant b < 48.
Moreover, if the V,-dimension is not finite, then F is not (2y — 7)-uniform Glivenko-Cantelli
for any 7 > 0.
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The Glivenko-Cantelli criteria is intimately tied to Lg e-covers via a result by Dudley
et.al. [12]. An Lg e-cover is a set F C F so for any f' € F it holds that some f € F
satisfies ||f — f[|s < e, where ||f — f'[|s = (f,cx |f(z) — f/(x)[*dP)!/* for 0 < s < oo, and

If = f'lloo = maxzex |f(z) — f/(x)]. Let Ng(e, F, X) be the size of the smallest Ly e-cover
of (X, F). Now let

H,,(e,F) = sup logy(Ns(e, F,X)).
Xcx
| X |=m
They showed that F is Glivenko-Cantelli if and only if lim,, oo Hpm (e, F)/m = 0. Moreover,
if e > 0 and lim,,— 00 Hin (e, F)/m = 0, then F is (8¢)-uniform Glivenko-Cantelli. These
results hold for any s € (0, 00] in the definition of e-cover.

Application to kernel range spaces. This paper studies a restrictive setting within this
framework.

First we consider P as the uniform probability measure on a fixed size-n set X with
X = R4 Our results do allow n to become arbitrarily large, and the sample complexity
results do not depend on n, so it seems these approaches may extend naturally to continuous
distributions P. However, we do not formalize this limiting case. Moreover, we describe our
results algorithmically, where the algorithms take a finite size n, and have run times which
depend on n.

Second, we consider a specific class of functions Fx where each f,(-) = K(p,-) takes
the form of a kernel. That is each f, € Fg is parameterized by a point p € R?. Then
P(f,) = P(K(p,-)) = KDEx (p).

Moreover, one can apply a Chernoff-Hoeffding bound on any one covering element
(parameterized by p) with O((1/£%)log(1/d)) samples to, with probability 1 — d, get € error
for any one evaluation point p. Then one can take a union bound over Ny (g/2, Fi, X ) covering
elements, and using triangle inequality, ensure that with k. = O((1/£2) log( W)
samples S, we have with probability at least 1 —  that

sup |P(fp) = Pm(fp)| = sup [KDEx (p) — KDEg(p)| < &.
fr€FK pERY

Classically, for binary functions families f € F with f(z) € {0,1}, this argument also

works using s = co [43]; and in this binary setting, the Ly and L., distances are equivalent.
However, for real-valued f(z) € [0, 1], the triangle inequality over P(f) requires an L; bound.

Hence for our setting, e-uniform Glivenko-Cantelli convergence implies that a random
sample S C X of some size k. satisfies that sup,cgs [KDEx(p) — KDEg(p)| < €; hence a
random sample S of size k. is an e-KDE coreset. Thus our bound of Ny (e, Fx, X) = 20(1/¢?)
implies that we can bound k. = O(1/e%).

It was already known [27, 37] that k. = O((1/£%)log(1/4)), with no dependence on n or
d when the kernel K is reproducing (e.g., for Gaussian or Laplace kernels). So this reduction
does not imply new e-KDE coreset results for this class of kernels. But our main result
applies to “simply computable” kernels (defined below), includes the Epanechnikov, Triangle,
Quartic, Triweight, and the truncated Gaussian, which are not reproducing.

Moreover, by leveraging an intermediate result on semi-linked range spaces, we can also
obtain bounds of size k. = O(1/°%) (see Appendix A.3).

Next we discuss what the existing results [27, 37] which show k. being independent of n and
d imply about the size of the e-covering No, (e, Fx, X ). Uniform Glivenko-Cantelli ensures
that lim,,— 00 Hyn (e, Fx)/m = 0. This means H,, (¢, Fgx) = supIXICX log, (N (e, Fr, X)) =

X|=m

5:5
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o(m), and so for |X| = m then Ni(e, Fx, X) = 2°0™). Note that this bound can allow
Ni(e, Fi, X) to depend on the dimension d as long as it is fixed. Our result of Ny (e, Fi, X) =
20(1/2*) is much stronger, as it implies no dependence on the m = |X| or the dimension d.

Finally, we back up to the notion of V,-shattering, and consider the implications of setting
~v = €. In our setting, a V.-shattering dimension of D would imply (using the contrapositive
of the above definition) that for each z € X that for any set of D 4+ 1 (or more) points
A C X, then no value « € [0, 1] can have all subsets £ C A e-separated. That is, there must
be some subset F C A so there is not a function fr € Fk so for x € F that fr(z) < a —c¢,
and for x € A\ E then fg(z) > a +¢c. So a V.-shattering of Fg dimension of D = O(1/¢?)
would imply that for D + 1 or more points, that there would always be some subset A that
cannot be e-separated by a kernel K (p,-). This is not what our main technical lemma shows.
Instead, it uses a version of an L, distance, that shows that K(p,-) and K(p',-) differ on
average over x € X by at most ¢ for p in an e-cover, and p’ as any point in R?. Whereas the
Alon et.al. [2] paper uses a less discriminative L, distance that requires K(p,-) and K(p/,-)
to differ on all points z € X by e.

In summary, the famous Glivenko-Cantelli analysis of Alon et.al. [2] provides a complete
analysis of uniform convergence rates, but does not provide a finite sample size bound k.
necessary to achieve an € error. In order to completely characterize this rate bound, they rely
on a stronger L., type of distance between functional ranges; however, to provide a finite
sample bound, we show we only need an L; variant of the distance between these functional
ranges. By restricting ourselves to this L, distance, we are able to show finite sample bounds
for k. that are independent of n and d for a broad class of kernel range spaces defined over n
points in R,

2 Preliminaries: kernels, range Spaces, and covers

There can be many definitions of a kernel, we start by specifying what properties are needed
in this work. A symmetric bi-variate function K : R¢ x R? — R is centrally symmetric if
K(p,z) = g(||z — pl||), where g : RZ% — R2? is a continuous function. We say that K is
L-Lipschitz if g is. Given € > 0, the e-critical radius r = r(¢) of K is the smallest positive
real number such that g(r’) < ¢ for any v > r. The ball B,(z) = {p € R? | |[p—z| < r}
with = r(e) is then called the e-critical ball around z. We call K a (L, r)-standard kernel if
it is a non-negative, L-Lipschitz, centrally symmetric function with critical radius r such that
r(e/2) = O(r(e)) and for € < 1/2, r(g) > C for some absolute constant C' > 0. Standard
kernels are continuous and bounded, which implies without loss of generality, by normalizing,
we may assume that they take a maximum value of 1. The most common standard kernel
is the Gaussian kernel K (z,y) = e_”x_ynz/"z; see others in Table 1, where the parameter
o > 0 is elsewhere assumed o = 1.

A kernel K is called k-simply computable, for some constant positive integer k, if for
any p,q¢,r € R? and 7 € R, the inequality |K(p,z) — K(q,x)| > 7 can be verified in
O(dk’_l) steps using the “simple” arithmetic operations +, —, x, and /, jumps conditioned on
>, >, <, <,=, and # comparisons, and O(1) evaluations of the exponential function z — e*
on reals. K is called simply computable if it is k-simply computable for a constant k. We
will mostly work with simply computable kernels. It is easy to see Gaussian, Epanechnikov,
quartic and triweight kernels are 2-simply computable; Theorem 32 in Appendix A.6 shows
triangle kernels are also 2-simply computable. It is not clear if Laplace kernels are simply
computable, but they are positive definite, which we handle separately in Theorems 13 and
19.
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Kernel Rule: K(z,y) L r k e-cover sizes Theorem
Gaussian e~ lle—vll*/o* \/z? o\/m 2 (%)O(s%log(%)) 17, 19
Laplace e~ llz=vll/o 1/o oln(l/e) 3 (1)OFlLE) g
Epanechnikov ~ max{0,1 — “1;73“2} 2/ oV1l—e¢ 2 (%)O(ﬁ log(2)) 17
Triangle max{0,1 — @} 1/o o(1—¢) 9 (é)o(s% log(1)) 17
Quartic max{0,1 — “1;73“2}2 3\%0 o/1—e 2 (%)0(52 log(2)) 17
Triweight max{0,(1 - lz=glfysy 9 o T 2 (L)@@ gy
Trun-Gaussian ﬁ(eﬁlz*ynw‘r2 -7) \/i% o ln(ﬁ) (%)O(ﬁ log?(2)) 17

Table 1 Examples of standard kernels with L, r, k values and their d, n-free e-cover sizes.

2.1 Generalized range spaces and =-covers

Recall that the symmetric difference of two sets A and Bis AA B =(AUB)\ (AN B). Let
(X, A) be a range space, where X C R? is a finite set, and let ¢ > 0. A range space (X,Ax)
is called an e-covering of (X, A) if An C A, and for any A € A there is an A’ € Ax such
that [(X NA) A (X N A")| <e|X] [28]; that is the difference in elements that A and A’ cover
is < el X|.

Consider the n-dimensional hypercube

W* =10,1]" ={w=(w1,...,w,) ER":0<w; <1 (1<i<n)},
equipped with the normalized L-distance

da(w,w') = Lllw—w'|ly = 5 30, [wi — wil,
where w = (w1, ..., wy),w = (wi,...,w)) € W™
Generalized s-covers. For a point set X = {z1,...,7,} C R? and a kernel K : R? x R% —
[0,1], a query point p € R? defines a signature vector

RyH = (K(p,a1),..., K(p,x,)) € W™
The generalized symmetric difference distance (with respect to K and X) on R? is defined by

Since the kernel K will be fixed, for simplicity, we remove it from the superscripts of Rz)f K
and di’K(p, q). We may also remove the superscript X if there is no ambiguity. For S C X
if we set w; = 1 when x; € S and 0 otherwise (i.e., w is a corner of W"), and similarly for
S" C X, then da (w,w') =S A S'|/n.

For a kernel range space (X, K), an e-cover is a set QQ C R? such that for every p € R?
there exists a ¢ € Q such that dX (p,q) <e. If K is (L, r)-standard, then

n

1 L &
dX(p.q) = =D [K(p.xi) = K(g.2:)] < = llp—all = Llip - qlf;

i=1 i=1

hence a sufficient condition for e-cover @ is for all p € R? to have some ¢ € Q so ||[p—q|| < /L.
Next we can restrict this condition further to just query points p in the critical ball
defined by K around each z; € X, i.e., p € B =J_, B.(x;), where r is the e-critical radius

CGT
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of K. Otherwise, i.e. if p,q ¢ B, both K(p,z;) and K (g, ;) are less than € and so the
inequality dX (p, q) < € holds trivially. In fact, one point g ¢ B can cover all points in R? \ B
as an e-cover. We denote this point by ¢~,. That is, if we get a 7-cover for X in the sense of
metric spaces (7 depends on € and K), then we have an e-cover for (X, K).

» Theorem 1. Consider a point set X of size n in R% and a (L, r)-standard kernel K (z,v).
3Lr

One can construct an e-cover of size n( ) for the kernel range space (X, K).

€

Proof. A metric space F-cover of B = U, B,(z;) will provide an e-cover of (X, K). The

covering number, N(V,¢), of V C R? is bounded by xzi%; (2)%, where B shows the unit ball

4 where T is the Gamma function.
3Lr

in R?. The volume of a ball of radius r in R? is %2/11)

So each ball of radius r can be covered by (E?;TL) points. Therefore, n( ) points are
sufficient for an e-cover of (X, K). <

» Corollary 2. For point set X C R® of size n, applying Theorem 1 and Table 1, these
kernels admit e-covers for (X, K):

Gaussian  size: n(3/e)In%?(1/e) Laplace size: n(3/e)*In?(1/¢)
Triangle  size: n(3/e)? Epanechnikov  size: n(3/e)?
Quartic size: n(3/e)? Triweight size: n(3/e)?

3 c-cover-samples and reducing the number of points

We next build to the new definition of an e-cover-sample. This is a subset of points that

preserves the above gridding-based construction for an e-cover. We start with the more well-

known definition of an e-sample, and its existing generalization to kernels. We observe this

does not quite capture the right definition of a subset, so we evolve it to the e-cover-sample.
An e-sample [16] for a range space (X,.A) is a set S C X such that

\XOA||Sﬁm

ma.
RY

AE.A

If K <1isakernel defined on X, then, following [21], an e-KDE-sample (also called e-sample
for (X,K))isaset S C X so

1
] 2 Ko |S\Z“’

zeX seS

max
g€eR4

A kernel is said to be linked [21] to a range space (X,.A) if for any possible input point
g € R? and any value v € R the super-level set of K(-,q) defined by v is equal to some
He A ie {zeR?: K(z,q) >v}=H. If S is an e-sample for (X, .A), where A is linked
to K, then S is also an e-KDE-sample [21, Theorem 5.1].

An e-cover-sample for X is a set S C X such that for any p, ¢ € R,

|dX (p, q) — d% (p,q)| < e.

Appendix A.2 shows that an e-cover-sample is an e-KDE-sample, so an e-cover-sample is a
generalization of an e-KDE-sample. However, we can only show an e-KDE-sample implies
the following (note the absolute values outside the sum):

1
5 2 [ 0) - K9] | <2

ses

[K(pv ’JS) - K(Qa :ZZ)] -

i

Moreover, the example below shows that an e-cover-sample may not be an e-cover.
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» Example 3. Fix z € R and let X = {z1,...,2,} C R, where 1 = --- =z, = z (or small
perturbations of z), and consider the Gaussian kernel K(z,y) = e~le=vl’ Then § = {z}
will be an e-cover-sample for any € > 0 since K(p,z;) = K(p, z) for all i and all p € R. So,
for any p,q € R,

1 (p. ) — 42 (p. g \'Z (pr02) — K (q,20)| — | K (p, 2) — K(q,2)]| = 0 < e.
=1

Now let p € R be arbitrary. If S is an e-cover for (X, K), then we should have dX (p, z) < €
(remember that S is a singleton and the only choice from S is z) and so considering the fact

that R, = (1,...,1) (since 1 = --- = x, = z), we will need to have
1 n
|K(p,2) — 1] = Z\Kp,gcZ —1|=EZ\K(p,wi)—K(z,a:i)|<5.
i=1

However, this is impossible for an arbitrary p € R; and any e-cover ) needs at least one
point in each annulus S; = {p: (i — 1)e < K(p,2) <ie} for 1 <i < 1/e.

3.1 Semi-linked range spaces

The semi-super-level set of a kernel K with respect to the points p,¢ € R* and 7 € Rt is
Rpqr={z €R": |K(p,2) - K(g.2)| > 7}.

Moreover, K is said to be semi-linked to a range space (R¢, A) if R, , , € A for any possible
p,q € R4 7 € RY. We also say A is semi-linked to K. This is extending the idea of
super-level sets and linking kernels to range spaces from [21]. There are also e-KDE-samples
of size O(1/g?) for characteristic kernels, either using a uniform random sample [27] or
via an iterative greedy algorithm [5, 25]; see discussion in [36]. The size can be improved
to O(1/e) when d is constant [40] for Gaussian kernels or for a bounded domain [22], or
O(Vd/e - \/log(1/e)) for positive definite kernels [36].

In the following theorem we extend the linking-based result to e-cover-samples that are
now semi-linked to an appropriate range space. The proof mostly follows the strategy of
Joshi et al. [21], and is deferred to Appendix A.4. The main idea is for any query based
on values p,q € R%, all points in X can be sorted in descending order by their value in
|K (p,x) — K(g,x)|. For each subset in this order, it is guaranteed to have the appropriate
error levels by the associated semi-linked range space. Through some case analysis, as in
[21], one can show that the error cannot accumulate too much across different levels.

» Theorem 4. Let S be an e-sample for (X, A), where A is semi-linked to a kernel K, where
K < 1. Then S is an e-cover-sample for X.

Consider a range space (X,.A), and a kernel K such that its critical radius is finite for
any € and A is semi-linked to K. Then A is linked to K, so this is a generalization of the
linked range space result.

» Theorem 5. Consider a (L,r)-standard kernel K in R?. One can construct an e-cover

with 5(%)01 points for the kernel range space (X, K), where s is the size of an €/2-sample
for (X, A), where A is semi-linked to K.

Proof. Let S be an ¢/2-sample of size s for (X, .A4), where A is semi-linked to K. Then

Vp.q € RY, |dX (p,q) — d3 (p.q)| < /2. (1)
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Applying Theorem 1 for S we can get an e/2-cover @ for (S, K) of size S(GL’“)d. Let p € R?

S

be arbitrary. Choose ¢ € @ such that d2 (p,q) < €/2. Then utilizing (1) we get

dx(p.q) < |dX(p.q) — dA(p,q)| + dX(p.q) <e. <

3.2 Bounding the VC-dimension of semi-linked range spaces

Given a range space (X,.A), a subset Y C X is said to be shattered by A if all subsets Z C Y
can be realized as Z = Y N R for some R € A. Then the VC-dimension of a range space
(X, A) is the cardinality of the largest subset Y C X that can be shattered by A.

Let Ag = {Rpqr : p,q € R4 7 > 0}, where K is a standard kernel and R, , . is its
semi-super-level set. Now consider the class of functions H = {h, : R? — {0,1}|a € RV},
where h,(z) = h(a,z) and h : RV x R? — {0, 1} is a function. This each h,(-) defines a
subset of R? — the points z which evaluate to 1. Suppose h is “simply computable”, that
is, computing h(a,z) for any a € RY and x € R? requires no more than ¢ of the arithmetic
operations, jumps conditions (described in Preliminaries) and comparisons, and requires u
times evaluation of the exponential function z — e*. Then Theorem 8.14 of [4] implies

dimyc((RY H)) < d?(u+ 1) 4+ 11d(u + 1)(t + log(9d(u + 1))).

In the appendix we have shown that dimyc((R%,A;)) = 4, dimyc((R9, A2)) > 6 and
dimyc((R?, Ag)) > d + 1, where K is any of the kernels listed in Table 1. In order to get an
upper bound on the VC-dimension of .4, we employ the above simple operations theorem.

» Theorem 6. Let Ay = {R, - : p,q € RY, 7 > 0}, where K is a k-simply computable
standard kernel and Ry, 4 = {z € R? : |K(p,x) — K(q,7)| > 7}. Then dimyc(Ag) = O(d¥).

Proof. For p,q € R%, 7 € RY let x;q,T and X, ., - be the characteristic functions of the sets

RS, ,={reR': K(p,x)-K(q,z) >7} and R,, ={zeR’:K(p,x)-K(qx)< -},
respectively. Then hy,,, = X;q,r + Xpq,- 18 the characteristic function of Ry 4, ie.

hp.qr(x) =1if x € R, 4 and 0 otherwise. Therefore, we have the class of functions
H={hy,r R*—={0,1}|p,q €RY 7 € RT},

(we set N = 2d + 1 here, for the coordinates to describe p, ¢, 7).

Because determining |K (p,z) — K(q,z)| > 7 needs O(d*~1) simple operations, one can
easily observe that h, ,,(z) can be computed by t = O(d*~1) steps using above-mentioned
simple operations and u = O(1) evaluations of the exponential function. Therefore, by [4,
Theorem 8.14], the VC-dimension of H is upper bounded by dimyc(H) = O(d*). Hence,
dimyc(Ag) = O(dk). |

For a range space (X,.A) with VC-dimension v, a random sample from X of size
O((1/€?)(v +log1/§)) is an e-sample with probability at least 1 — & [41, 26]. Using this fact
and applying Theorem 5 we obtain the following corollaries.

» Corollary 7. Let K be a k-simply computable standard kernel on R. A random sample
from X of size O((1/€%)(d* +1log1/6)) is an e-cover-sample for X with probability > 1 — 6.

Now applying Theorem 5 gives the following result.

» Corollary 8. Let K be a k-simply computable (L, r)-standard kernel on R%. Then O((d* +
log(1/8))(6Lr)*/e%2) points suffice to construct an e-cover for (X, K) with probability
>1-04.
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4 An upper bound on c-cover size for high dimensions

This section builds a dimension-free size upper bound for a kernel e-cover. We use the
following theorem, termed e-terminal dimensionality reduction or e-terminal JL, from [33]
(see [10] for an algorithmic version of terminal JL. Appendix B also gives the algorithm for
computing terminal JL):

» Theorem 9. (33, Theorem 1.2]) Lete € (0,1) and X = {x1,...,2,} C R be arbitrary
with n > 1. Then there exists a function f : R? — R™ with m = O(log(n)/e?) such that for
all z; € X and allp €R?, ||lp — x| < [|f(p) — f(@)]| < (L +)lp — .

» Lemma 10. Let ¢ > 0, K be a (L,r")-standard kernel, r = 1'(¢/2), and S C R? be a
finite subset of R%. Let also f : R? — R™ be the ¢/(2Lr)-terminal dimensionality reduction
transform for S, where m = O(L?r?1og(|S|)/e?). Then for any p € R? the following holds:

>_IK(f(p). () = K(p,9)] < SIS

ses

Proof. Since K is L-Lipschitz, using terminal dimensionality reduction property, for any
p € RY and s € S, we infer that

[K(f(p), f(s)) = K(p,s)| < Llf(p) = f()l| = llp = sl < 2%”17* |- (2)

Therefore, applying (2), for any p,q € R? and s € S (note |f(S)| = |S| as f is invertible on
S), we get

DK (f(0).f(5) = K(p,s)|

sesS
= > IEK(f(p), f(s) = K@s)l+ > |[K(f(p) f(s)) = K(p,s)|
[lp—s|[>r lp—s||<r
< Y S+ Y Sle-sl=X S =38l
lp—s|l>r lp—s||<r seS

<

» Lemma 11. Let € > 0, K be a (L,7’)-standard kernel, r = 1'(¢/2), and S C R? be a
finite subset of RY. Let also f : R — R™ be the ¢/(2Lr)-terminal dimensionality reduction
transform for S, where m = O(L?r?log(|S|)/€2). Then for any p,q € R? the following holds:

3D (f(p), f(a) — dX (p.q)] < .

Proof. Applying Lemma 10, for any p,q € R? and any s € S (note |f(S)| = |S| as f is
invertible on X), we get

AW 10) = 15 LK 00S6) = K0S )
< ﬁ ; (IK(f(p), f(s)) — K(p,s)| + |K(p,s) — K(q,s)| + |[K(f(q), f(s)) — K(g,5)])
|5|{ ‘S|+Z|K ps) = K(g,5) + SISI] = di(p.0) +e.
Similarly, we can show d3.(p,q) < &5 (f(0), f(a)) + . .

5:11

CGT



5:12

Dimension-Independent Kernel s-Covers

The following corollary will help us in proving our main result (Theorem 17), where
we need to construct an e-cover for a set S from an e-cover of its image under terminal
dimensionality reduction transform.

» Corollary 12. Lete > 0, K be a (L,r')-standard kernel, r = 1'(¢/16), X = {x1,...,2,} C

4 and S be an §-cover-sample for X. Let also f : R — R™ be the ¢/(16Lr)-terminal
dimensionality reduction transform on S, where m = O(L*r?log(|S|)/e?). If Q is an §-cover
for (f(S), K), then we can compute an e-cover for (X, K) of size at most |Q)|.

Proof. Compute a naive g-cover Qs = {p1,...,pn} for S of size M = |S|(247L’"/)d by
Theorem 1. We say a point p; is covered by a point ¢ € Q if f(p;) € Be/s(q), the ¢/8-radius
ball in the metric space (W'f(sﬂ,dg(s)). Process points p; € Qg one-by-one, putting some in
a new set '. To process a p;, put it in @', find a point ¢ € @) that covers p;, and remove ¢
from Q. Remove all p; € Qg from Qg that are also covered by ¢. The process concludes
when the whole Qg is processed. We claim that Q' is an e-cover for (X, K); it is of size at
most |Q].

Let p € R%. Since Q is an g-cover for (f(S), K), thereis ¢ € @ such that dg(s)(f(p), q) < §-
Let p; € Qg be such that di(pmi) < g- If p; € Q', we are done. Otherwise, there must
be a p; € Qg with j < i such that f(p;), f(p;) € Bs(¢') for some ¢’ € Q, and p; is
included in @’ by the construction of @Q’. Thus de(S)(f(pi), f(pj)) < . The proof will be
complete if we show dX (p,p;) < e. Employing Lemma 11 with £/(16Lr) and S we obtain

X (), F(p)) — dS.(p,ps)| < &, and so &\ (f(p), f(pi)) < §. Therefore,

A\ (@), F@) < DG @) @)+ dND (F@0), F) < /2.

Applying Lemma, 11 in a similar fashion we get \de(S) (f(p), f(p;))—d2 (p,p;)| < &. Combining
last two inequalities we conclude that di (p,p;) < %. On the other hand, because S is an
%—cover—sample for X, we have |dX (p,p;) — d3 (p,p;)| < §, which means that dX (p,p;) <
= <e. <
3

4.1 Input-size and dimension-free bound for s-cover size

The bound we proved in Corollary 8 on e-cover size is input size (n = | X|)-free but depends
on the dimension d. In Theorem 13 we give an input-size- and dimension-free upper bound
on the size of e-cover-sample for positive definite kernels using Rademacher complexity. Then
in Theorem 15 we obtain a similar bound for k-simply computable standard kernels. These
two theorems will result in input-size- and dimension-free upper bound for e-cover size.

» Theorem 13. Let X = {x1,...,2,} CR?, K be a positive definite bounded kemel on RY,
and let 6 € (0,1) be the probability of failure. Then a random sample of size m > 4952 log( )
is an e-cover-sample for X with probability > 1 — 4.

Proof. For any p,q € R, clearly Euoox[fp.q(X)] = %Z?:l |K (p,z;) — K(q,;)|, where E
denotes the expectation. Consider an i.i.d random sample S = {s1,..., 8} of X of size m.
Define the family of functions

G={fpq: X —[0,1]| p,g €R% f,4(z) =|K(p,x) — K(q,2)| for z € X}.

Applying the two-sided Rademacher complexity bound theorem (see Theorem 3.3 of [31] for
a one-sided bound) on X, S and G with probability of at least 1 — § we get

1 n 1 m .
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where i)A%S(G) denotes the empirical Rademacher complexity of G with respect to the sample
S. On the other hand, by Theorem 33 we know that Rg(BH(0)) < ﬁ, where B}(0)
denotes the unit ball around the origin in RKHS. Notice K (p,-) belongs to B}*(0) for any p
in R%. Now, by inspection of the definition of the Rademacher complexity one can see that
the Rademacher complexity of B}*(0) — B}*(0) will be at most \/% Employing Talagrand’s
contraction principle (see Lemma 5 in [30]) for B}*(0) — B}*(0) and absolute value function
(which is 1-Lipschitz), we observe that the Rademacher complexity of G is at most %

Therefore, applying our notation in the paper, by (3) we obtain
X (p,q) — A2 (p, )| < 4/v/m + 3\/log(4/0)/(2m) < 71/log(1/5)/m.

Setting 7+/log(1/8)/m < e gives m > 445 log(3). <

The similar bound for e-cover-sample size of k-simply computable standard kernels relies
on the following observation, which is an easy application of triangle inequality.

» Lemma 14. Let S be an €/2-cover-sample of X and S’ an €/2-cover-sample of S. Then
S’ is an e-cover-sample of X .

The intuition behind the proof of the following theorem is recursively applying Lemma
14, by creating e-cover-samples of e-cover-samples, each of smaller size. At the start of each
step ¢ we have a size n; and dimension d;. We can apply terminal JL to reduce the dimension
to d; = O((1/e%)logn;), and then Corollary 7 to create an e-cover-sample of size (roughly)
niy1 = O((d,/€)?) = O((1/¢)%log® n;). Combining these steps does not immediately remove
the dependence on n (or the initial d), but it does push the dependence on n into the log
term. Applying this recursively the dependence on n can eventually be eliminated, but at
the cost of a log™(n) error factor (since we accumulate e-error at each recursive step), which
ultimately needs to be folded back into the size bound, adjusting &’ = ¢/log”™(n). Instead
we apply an inductive argument (inspired by the proof of Theorem 12.3 of [32]), so we only
need to argue about one step. We show that applying the reductions with sufficiently small

error parameter ¢ it can be independent of n and d. It again uses Lemma 14 but only once.

However, this argument is complicated by the two-stage approach because the dependence on
n and d are linked, and reducing one relies on the other. Like the recursive method sketched
above, by combining them we can reduce the dependence on both terms.

» Theorem 15. Let £, € (0,1), consider a finite point set X C R? and let K be a k-simply
computable (L,r)-standard kernel. Then with probability at least 1 — 0, a random sample of
size O(EQi% L2ky2k logk(%)) from X is an e-cover-sample for X.

Proof. Let T'(g,d, X) denote the least positive integer such that a uniform sample of X
of size T'(e,d, X) is an e-cover-sample of X with probability at least 1 — §. We prove the
theorem by induction on e. If n < ﬁ, then T'(g,6,X) <n < ﬁ, and so X would be an
e-cover-sample of X satisfying the claim of the theorem. Thus assume that n > ﬁ Let S
be an e/2-cover-sample of X with probability at least 1 — §/2. Then employing Lemma 14,
any ¢/2-cover-sample S’ of S, with probability at least 1 — §/2, would be an e-cover-sample
of X with probability > 1 — §. This means that for any /2-cover-sample S’ of S we have

T(e,6,X) < T(/2.6/2,9) < |5']. (4)

Let f : RY — R™ be the ¢’-terminal dimensionality reduction transform for the set S
and ¢/ = ¢/(6Lr(g/6)), where m = O(L?r?log(|S|)/e?). Now consider the range space

5:13

CGT



5:14

Dimension-Independent Kernel s-Covers

(f(S),Ay). By Theorem 6, dimyc(A,,) = O(m*). Hence, a random sample S” of size

"= (C1/e%)(mF +log1/d) from f(S) is an £/6-sample for f(S) with probability at least
1—48/2 [41, 26], where C is a sufficiently large constant. Now Theorem 4 shows that S” is
an /6-cover-sample for f(.5) with probability at least 1 — §/2. However, since f is invertible
on S, we have S” = f(5’), where 8" = {s' € S: f(s') = " for some s” € S”}. Let us show
that S’ is an e/2-cover-sample for S. Let p,q € R? be arbitrary. Then with probability
>1-4/2,

1d3(p, q) — dS (0, @)| < |d2 (p,q) — AL (F (), F(a))]
Hal S (£ (), £(@) — d5 (0, )| + AT (£ (), £(@) — a5 (f(0), ()]
<e/b+e/6+¢e/6=c¢c/2,

where we applied Lemma 11 two times and utilized the fact that f(S’) = S” is an £/6-cover-
sample for f(S). Obviously, |S’| = |S”| = n”. By plugging in m = CyL?*r?log(|S])/e? for
some constant Cs > 0, we obtain

Gi e b e L] < CUCE+ D) Kl
1= [ (Grrn) v ] = DU g (3

Since the above inequality holds for any e/2-cover-sample S of X, we can infer that

Ci(C5+1 €/2,6/2, X
|S/| < (2i2k )LQk 2k1 ( ( / 5/ ))

Therefore, applying inductive hypothesis and the fact that k is constant and for any constant
a>1and z > a'/(@1), logk(am) < aF logk(x), which can be easily observed, we get

2+2 r r
ook (G Lr(e/2) og () - (20 Lir(e/2) log(HEHE) 2ok
o8 =08 €o
Irl 4Lr(e/2)
< (2_’_2k)kcécck/(2+2k)l og ( r Og(r )

C3Lr \*
) + loglog ( 2(5 ))

< (24 2k)kCh C(log(L(S
< 2+ 20" CHVT (1410 g(C?’?r))

L
< 1452 + 2k)FC2*\/Clog" (?§)7

and thus

1.4 (2 + 2k)%C1 (CF + 1)O§k\/>L2k % Jog

i
5 < & (1),

where C3 is a constant making sure that 4r(e/2) < Csr(e); recall that here r = r(e) is the
e-critical radius. Hence, if we put C such that v/C > 1.4%(2 4 2k)*C1(C} + 1)C2*, then by
(4) we conclude T'(g,8, X) < 5%z L*r?* log" (LT) <

With the same proof technique as in Theorem 15 one can prove the following corollary,
which gives an input-size- and dimension-free upper bound on the e-KDE- samples For
characteristic kernels it is known that smaller such upper bounds of size O(Z log 3) exist
[27, 35, 9, 5, 25]. Our bound, however, applies for non-characteristic kernels as well. The only
modification we need is applying super-level sets rather than semi-super-level sets. Notice,
in this setting, more kernels can be considered as k-simply computable such as Laplacian
kernel, where one can argue that it is 3-simply computable.



Jeff M. Phillips and Hasan Pourmahmood-Aghababa

» Corollary 16. Let ¢,6 € (0,1), consider a finite point set X C R? and let K be a k-simply
computable (L,r)-standard kernel in the sense of super-level sets. Then with probability
>1-—190, a random sample of size O(Egiz,c L2ky2k logk(%)) from X is an e-KDE-sample for
X.

Finally, we reach our goal for this section which was providing an input-size- and dimension-
free upper bound on e-cover size. Recall that for most kernels the Lipschitz factor L is a
constant, and the critical radius r is a constant or polylog(1/e).

» Theorem 17. Let ¢ > 0 and X = {x1,...,2,} C R?, and K be a k-simply computable
(L, r)-standard kernel. Then, with constant probability, we can compute an e-cover for (X, K)

of size (%)O(L:{2 log(L))

Proof. Let S be an &/4-cover-sample of X of size |S| = Otz L2* 72 logk(%)); which is
guaranteed to exist by Theorem 15, and fix the probability of failure § = 0.1, or any constant
in (0,1). Let f: RY — R™ be the ¢’-terminal dimensionality reduction transform for the set
S and ¢’ = ¢/(4Lr), where m = O(L?r?log(|S|)/e%) = O(L?r?log(Lr/c)/e?).

Then by Corollary 12, an e/8-cover @ of (f(S),K) will provide us with an e-cover
of (X, K) of size at most |@Q|. Finally, by Theorem 1, f(S) admits an ¢/8-cover of size
O((2?4)m+2+2kLm+2krm+2k 1ogk(%)) _ (%)O(Lzﬁ log(£)/€%) for (X, K). <

By the discussion in Section 1.1 we conclude the following corollary, which interestingly
is a k-free improvement upon Corollary 16.

» Corollary 18. Let £,6 € (0,1), consider a finite point set X C R% and let K be a k-simply
computable (L,r)-standard kernel in the sense of super-level sets. Then with probability
>1—46, a random sample of size O(E%) from X is an e-KDE-sample for X.

We include a similar upper bound for positive definite kernels too.

» Theorem 19. Let ¢ > 0 and X = {x1,...,2,} C R?, and K be a positive definite L-
Lipschitz kernel with critical mdz’ug’ r. Then,2 with constant probability, we can compute an
e-cover for (X, K) of size (%)O(L rlog(2)/e)

Proof. Let S be an e/4-cover-sample of X of size |S| = O(Z%); which is guaranteed to
exist by Theorem 13 assuming constant probability of failure . Let f : R — R™ be
the ¢’-terminal dimensionality reduction transform for the set S and ¢’ = ¢/(4Lr), where
m = O(L*r?log(|S])/e?) = O(L*r?log(1/€)/e%). Then by Corollary 12, an /8-cover Q of
(f(9), K) will provide us with an e-cover of (X, K) of size at most |Q|. Finally, by Theorem 1,
f(S) admits an e/8-cover of size O((Z)™+T2Lmrm) = (L?"/E)O(Lz”2 log(2)/<%) for (X,K). «

Considering the fact that the Gaussian kernel is (1,+/In(1/¢))-standard and positive

definite, triangle kernel is (1, 1)-standard, Epanechnikov, triangle, quartic and triweight
kernels are (2, 1)-standard, and the Laplace kernel is 1-Lipschitz and positive definite with
critical radius In(1/¢), the following corollary is an immediate consequence of Theorems 17
and 19. Notice we assumed o = 1.
» Corollary 20. Let e > 0 and X C R? be of size n. There exist a set of size (%)O(ﬁlog%%))
for Gaussian/truncated Gaussian kernel, a set of size (%)O(f2 log?(2)) for Laplace kernel, and
a set of size (é)o(e% log(2)) for Epanechnikov, triangular, quartic and triweight kernels that
are e-covers of (X, K).
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Algorithm and run time. The result in Theorem 17 is constructive with a runtime described
in the next theorem. Recall, despite the involved analysis, the algorithm to find the e-cover
Q' of X is quite simple: (1) create a random sample S ~ X; (2) create a terminal JL map
f:RE— R™ for S; (3) map S’ <+ f(S); (4) apply Theorem 1 on S’ in R™ to get Q C R™.
(5) find Q' C R? from Q. Analyzing the runtime of most steps is straightforward. The most
intricate part is step (5) since f is only invertible on S. This is handled via the procedure
described in the proof of Corollary 12, whereby we create a naive e-cover Qg C R? (via
Theorem 1), and make sure to only place one point p; from Qg into the final e-cover Q' C R¢
for each ¢ € Q C R™.

» Theorem 21. For a size n point set X C R% and k-simply computable, (L,r)-standard
kernel K we can compute an e-cover for (X, K) of size N = (Lr /e)O L r*108(L/)/€*) in time

1o Lr ,
(Lr/e)* Oz 108 ) where we assume k is a constant.

Proof. Assuming we can draw a random sample in O(1) time, step (1) takes O(|S]) =
O(d* /e?) time. Creating a terminal JL map f : R? — R™ for S in steps (2) and (3) needs
O(d|S|log(|S])/e?) time (see Appendix B). In step (4) applying Theorem 1 on f(S) requires
O(|S|(Lr/e)™) time, where m = O(log(|S])/e?). Similarly, in step (5) creating an e-cover
Qs C R? for S (in the proof of Corollary 12) requires O(|S|(3Lr/e)?) time. Then we need to
calculate f(p;) for p; € Qs in Corollary 12, which needs O(|Qs|Vd(|S|> + d*)log(1/¢)) time
(see Appendix B). In addition, computing each distance ||f(p;) — ¢|| for any p; € Qs and
q € @ needs O(m) time. Thus, noting that the process stops when ) is empty, these distance
calculations need O(m|Q||Qs|) time. Therefore, putting all together, the run time of obtaining
an e-cover of size N needs O(d|S|log(|S|)/e? + |Qs|Vd(|S|? +d*)log(1/¢) + |S|? +m|Q||Qs])
time. Substituting [S| = O (s L*r?* logk(%)) (by Theorem 15 assuming a constant
probability), |Q| = |S|(3Lr/e)™ = |S|(Lr/e)™, |Qs| = |S|(3Lr/e)? and by simplifying we
(LT/S)d+O(log(Lr/e)/€2)

end up with time. |

We leave as an open question if we can remove the 1/¢%, so the runtime is (2)PoV(2).
This would seem to require a way to invert terminal JL for any point in R™.

5 A lower bound on c-cover size for Gaussian and Laplace kernel

We now provide a lower bound, nearly matching the upper bound on e-cover size shown in
Corollary 20 for the Gaussian kernel; it also applies to the Laplace kernel. First we define
criteria on a set of d spheres in R? that can generate exactly two points in their intersections.
Then we use this to design a point set that provides the desired lower bound.

The following lemma, as we will see in Lemma 23, will help us to make sure that every
d-sphere in a collection of 1/¢ same-centered spheres will intersect 1/e?~! spheres from
another collection of spheres, each in 2 points. This will inductively provide us with 2/e?
grid-like cells, where each cell is obtained by intersecting d annuluses formed by pairs of
same-centered but different radius spheres with other annuluses. For instance, in R? each
grid-like cell is created as an intersection of 2 strips formed by pairs of same-centered circles.
This is illustrated in Figure 1. So, the lemma makes it easy to count the number of grids
generated in this way as we need to consider them for the lower bound on e-cover. The proof
is deferred to the appendix (see Lemma 31).

» Lemma 22. Let Sy, ..., S, be d-spheres in R?, where Sy is centered at e with radius
Ry > 1 (e is the standard k-th basis vector in Rd). Assume that there are R > 1 and
§ € (0,1/d) such that |R2 — R?| < § for k=1,...,d. Then |i_, Sk| = 2.
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Figure 1 Illustration of intersection of annuluses around two blue points. The two green annuluses
intersect forming 2 grid-like cells in red.

Crucially, the restriction that § < 1/d in Lemma 22 will lead the next lemma to only
obtain a (1/¢)*(1=N9) size bound when d = O(1/¢*) for any A € (0, 1).

» Lemma 23. Let e € (0,1/3) and d < 5% — L for some A € (0,1). Then there are

Q(1/e?) d-way intersections among d- spheres Sy in Rd, where Sy, is centered at ey, with radius
Ri =In() for some k =1,....d and any integer i in [m L. Hence, there are at
least (= )(1 N grid-like cells obtained through the intersection of annuluses obtained by these

spheres. Moreover, if d is constant, then the lower bound can be improved to be Q(1/e?).

Proof. We will show that d-spheres in this setting satisfy the assumptions of Lemma 22. For
any integer ¢ € [m, é}, using R? = ln(%) and R = 1, we can infer

1 1 1
32—322‘1—1 7‘<‘1_1 f‘<f,
| (3 | n ,L‘s — n (6 + d) d
where the last step follows by = < e”. Therefore, by Lemma 22, each sphere with radii R;
centered at e will intersect any sphere with radii R; centered at e;, where ¢, j are integers

[m E} and k 7é {. Note

1 I 1 - el=rer (e)l—/\
ee  (e+3)e  eled+1)e e \e '

It means that there would be at least (£ — 1)(1_)‘” d-way intersections. Consequently, there
would be at least (£ —2)(1=V4 > (2)(1=Nd grid-like cells obtained through intersection of
annuluses formed by consecutive spheres on each axis with annuluses centered on other axes,
as illustrated in Figure 1.

If d is fixed, then the length of the interval [—5+— © + o -] would be a constant fraction of

1/e, leading to the lower bound of Q(1/e9). <
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We remark that in the proof of Lemma 23 if we use R; = In(:1), the lemma holds true.

The following theorem gives a lower bound on the kernel e-cover size.

» Theorem 24. Lete € (0,1/3) and d < 5% — L for some constant X € (0,1) and let
X ={eq,...,eqt C R? be the vertices of the standard (d-1)-simplex (i.e. ey, is the k-th basis
vector). Let also K(z,y) = e~ 1==9I" (or K(x,y) = e~Il==¥l). Then the size of any e-cover
for (X, K) is at least (1/6)9(1/5X). If d is a constant, then the size of any e-cover for (X, K)
is at least Q(1/e%).

Proof. We need to start by constructing objects on the grid-like structure we call super-cells.
Let the d-way intersections of the spheres be the nodes in a graph. Two nodes are connected
by an edge if they share d — 1 spheres and for the last dimension of the nodes, the associated
spheres are consecutive in the radius ordering. Then given a node p (which corresponds with
a point in R?), we can define an L;-distance to other nodes in the graph as the minimum
number of edges one needs to traverse to get from p to another node g. A super-cell S,
contains all nodes within an L;-distance of ed. However, the super cell S, contains not just
nodes, but also the part of R? that one can reach from any node in a super-cell without
crossing a sphere boundary. So one can think of a super-cell as a collection of cells from the
grid-like structure that are reachable by moving into one of the 2¢ cells incident to p, and
then including face-incident cells to those within ed additional steps.

Next we want to argue that if there are no points ¢ in a set ) that intersect a super-cell
Sp, then for all ¢ € Q that dX (p,q) > . Thus, if Q is an e-cover it must hit (there must
exist some ¢ € Q) so g € Sy,) the super-cell S,. To see this, consider any point ¢ € S,. One
can reach ¢ in a sequence of moves from p = py to p; and recursively from p; to p;41. The
first j. steps for j,. < ed moves must be along the edges of the grid-graph. These steps have
the property that for some dimension k we change |K(ex,p;) — K(ex,pj+1)| = €, and for
every other dimension k&’ we have |K (ex/,pj) — K (exr,pj+1)| = 0. The last step from p;, to g
must have |K (ex, pj.) — K (ex, q)| < € for all dimensions k. Now dX (p,q) = | R — R|1 is
L times the sum of all changes in |(RX)r — (R )| = | K (ex, p) — K(ex, q)|. The first j, <ed
steps of the path captures any one-dimensional change in increments of &, and the last step
all residual changes in any coordinate less than e. If the sum of these changes is less than ed,
then it must be captured by some path. Therefore, a point ¢ belongs to .S, if and only if it
can be captured by some path starting at p with the sum of above-mentioned changes less
than ed. The latter is equivalent to dX (p,q) < e.

Now we need to provide an upper-bound of the size of a super-cell in terms of cells in the
grid-like structure. Then we can lower bound the size of the e-cover by the number of cells
of the grid-like structure divided by the size of a super-cell. To do so, we divide a super-cell
into 2¢ orthants from p, so each path in some orthant only allows each dimension & to either
increment or decrement. In addition, for each of the 2¢ orthant choices, this determines
which cell ¢ moves into in the last step where it deviates from the grid-graph: it moves into
the same-oriented incident orthant from p;,. By vector addition commutativity, we can take
this step first to move from p to one of the incident 2¢ cells, and then the remaining steps
move to face-incident cells in the grid-like structure. The number of steps j. can be between
0 and ed. Each step has d choices. So after fixing one of the 2¢ orthants, the total number of
distinct paths is Zjio d? < d#¥*! for d > 1. Note this is an overcount since two paths may
end up in the same location by changing the order of steps. Regardless, we will use 2¢ - ¢4+1
as an upper bound on the size of a super-cell.

Finally, by a volume argument we can lower bound the size of an e-cover as the number
of cells in a grid-like structure, which is at least (2/)(!~¢ by Lemma 23, divided by the
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number of cells in a super-cell which is at most 2¢ - ¢!, Further, by Lemma 23 we can use
dimension as large as d = 63%8% — é — 1. We have

(2/g)— M4 (2/e) IV (F= 1/ -1

d d+1 1 X_1_ T 1
2d . ded+ o x1/er =2 1~(631,A1/5>‘—%—1)€(e3ﬂ1/6 1 _1)41

1

(2/6)(17/\)(63_>\ 1/6*7%71)
21/e> . (1/6)\)s(l/s>‘)+1

B G S S VLN WATCE NS S VE S SR

_ 25**((17,\)&*371)7(14)§7(17A) . (1/5)57)‘((17>\)e>"3)7>\517>‘+2>\7(17)\)éfl
= (1/e)70/D.
The bound for constant d can be obtained similarly. |

Finally, notice that assuming a constant dimension d, the upper bound of O(log®?(1/¢) /&%)
in Theorem 1 is up to logarithmic factors tight with respect to the lower bound of Q(1/¢9).

6 A lower bound on the =-cover for combinatorial range spaces

The lower bound given by Haussler for e-cover size is (m)d, which is designed for a
special range space (X, R) with VC-dimension d, where n = sd for some integer s and
1 < k < n, where ¢ = k/n. But it does not apply specifically to any common geometric range
spaces like those defined for points in R? and by half-spaces, balls, or fixed-radius balls.

We address this for large d case for half-spaces by providing a new e-cover size lower
bound that is roughly 1/¢%, and thus cannot be similar to what we obtained for kernel range
spaces. We then, via a discussion in Appendix A.1, argue this lower bound also holds for
ball and fixed-radius ball range spaces.

» Theorem 25. Let e € (0,0.3), n=d and X = {eq,...,eq} be the vertices of the standard
(d — 1)-simplex in RY. Then one needs at least M points as an e-cover for (X, H), where H
denotes the half-space ranges and
(i) M =2%ifd<1/e,
(ii) M =20—elogx(e/e)d if 4 > 1/e. Notice, in this case, 1 — clogy(e/e) — 1 and so M — 27
as € — 0.

Proof. (i) If d < 1/, in order to get an e-cover, one needs to consider all 2¢ subsets of X,
since any two half-spaces h and h’ which contain a different subset of points, say A and B,
have dX (h,h') = 1|A A B| > e. Therefore, in this case there is only one e-cover Q = 2.

(#i) Consider a half-space h and a length d binary vector a = (a1, ..., aq) associated to h
by means of a; = 1 if z; € h and a; = 0 if z; ¢ h. We need to count the number of ranges
that differ in at least ed + 1 points. It means that we are allowed to flip a;’s up to ed times
and this flipping does not affect our counting process. Thus there are at most

)+ ()

other ranges within an en = ed distance of h. By a counting argument, any e-cover )
will need at least 2¢/N elements. We can upper bound N by the well-known inequality
N < (g)ad = (E)Ed. Hence,
d d
0] > 2> 2 gl-clons(e/end <
- N

= (efe)
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» Corollary 26. When n=d and d > 1/e, and € € (0,c) for some constant ¢ that goes to 0
(as n and d grow accordingly), then the size of any e-cover needs to be at least Q((l/a)dlfo(l))
where the o(1) shrinks as d grows for log, ;.(d) > 1.

That is if n = d and both d and 1/e grow, then an e-cover requires nearly 1/¢¢ ranges,
and how close it is to this bound depends on how much faster d grows than log,(1/e).

Proof. Let A € (0,1/2), n € (0.9,1) and let ¢ = 1/a such that 1 — elog,(e/e) > n and a is
chosen such that for any > a the inequality log, < na* holds. Let also X = {ey,...,eq}
be the vertices of the (d — 1)-simplex in R%, where n = d = 1/¢* so k = log,.(d). By
changing the base 2 in case (ii) of Theorem 25 to 1/e we obtain

1\ d(1—¢logy(e/e)) logy . (2) 1y 74/ logs(1/€) 1\
) O I O R

Q| > 2d(1—cloga(e/2)) — (,

3 3 3

Now, if A\/k = o(1) hence A\ = o(k) and thus (%)A — (%)o(k) or equivalently * > d—°().
Therefore, by (5), |Q| > (%)Exd > (é)dl—o(l). )
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A Appendix

A.1 Equivalence between half-spaces, fixed-radius-balls, and
any-radius-balls

Recall that (X, H), (X,B) and (X, B,) denote the half-space, ball and fixed-radius-r-ball
range spaces respectively, where X C R? is finite. To be precise, (X, B) shows all possible
ranges defined by all possible balls with any radii, while (X, B,.) shows all possible ranges
defined by all possible balls with radius 7. Our goal here is to show that these range spaces
are roughly equivalent when considering large d.

Consider a range space (X, #). Then for any range R = X Nh defined by a half-space h, we
can choose a large enough radius rr and identify a radius-rg ball B, so B,,NX = R = XnNh.
Indeed, for a sufficiently large radius r for each R € (X,H), there exists a ball B, which
corresponds to that range. Therefore, if we choose r = maxgrc(x ) rr Wwith appropriate
centers for each ball, then (X, H) C (X, B,). Thus any lower bound for (X, ) also applies
to (X, B,).

The inclusion (X, B,.) C (X, B) is trivial as B, C B.

Now let R € (X, B). Then there is a ball Bs(p) such that R = Bs(p) N X. We consider
the Veronese map ¥ : RY — R by x + (z,||z||?). We show that the ¥U(R) can be
obtained via the intersection of a half-space h in R¥*!. Let x = (x1,...,74) € R. Then
lz — p||* < s?. Rewriting this we get ((—2p1,...,—2pa, 1), (z1,...,zq4, ||Z]?)) < s* — |p||?,
where p = (p1,...,pq). This means that ¥(R) = ¥(X) N h, 5, where hy, 5 is a half-space in
R defined by Ap,s(y) = (=21, -, —2pa, 1), (01, Y yar1)) + ||pll? — 5% Therefore,
(X, B) can have its corresponding in (¥(X), H) where the Veronese map ¥ lifts the dimension
d to d 4 1. Hence any lower bound for (X, B) in R? also applies to (X, #) in R4+,
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A.2 Relation between c-KDE-samples and c-cover-samples
The following lemma shows that an e-cover-sample is a (1 + ¢)e-KDE-sample for any ¢ > 0.

» Lemma 27. Let S C X be such that for any p,q € R?, |dX (p,q) — dX (p, q)| <e. Then S
is a (1 + ¢)e-KDE-sample for any ¢ > 0 if the critical radius of K is finite for any e > 0.

Proof. Let ¢ € R?. Take a point p € R? at infinity (i.e. is very far from all data points).
More precisely, take p € R? in such a way that K (p,z) < min{ce/2, K(q,z)} for all x € X.
Then |K(¢,2) — K(p,)| = K(a,) — K(p,) and by setting Kx(y) = b Xy K(y,) we
have

|Kx(q) — Ks(q)] < |Kx(q) — Kx(p) + Ks(p) — Ks(q)| + |[Kx(p) — Ks(p)|
< |Kx(q) — Kx(p) + Ks(p) — Ks(q)| + Kx(p) + Ks(p)

L 1
veX ses

=[dX(p.q) — dA(p. q)| + c=
< (1+c)e. <
Employing Lemma 27 along with Theorem 4 we obtain the following corollary.

» Corollary 28. Let S be an e-sample for (X, A), where A is semi-linked to a kernel K,
where the critical radius of K is finite for any € > 0. Then S is a (1 + ¢)e-KDE-sample for
any c > 0.

A.3 More on c-KDE-samples

Corollary 16 gives an input-size- and dimension-free upper bound on the e-KDE-samples. We
remark that if K7, Ky satisfy the conditions of Corollary 16, K7 + ¢K5 and K7 K5 also meet
the conditions too, for any constant ¢ > 0. So, a wide variety of kernels work for Corollary
16. We introduce some non-characteristic kernels that do the job.

Consider the truncated Gaussian kernel. That is, let K (z,p) = e~lle=PlI*/o” for z in the
super-level set R, ; = {z: e~ llz=pll*/o® > 7} for some 7 € (0,1), and 0 elsewhere. Then the
modified truncated Gaussian is (e_”“”_p”Q/‘f2 —7)/(1—7) for x € R, ; and 0 elsewhere. Note,
the modified truncated Gaussian kernel is (1, y/In(1/¢))-standard 2-simply computable like
the Gaussian kernel.

» Corollary 29. With probability > 1 — 6, a random sample from X is an e-KDE-sample
when K is an Epanechnikov, quartic, triweight, triangle or modified truncated Gaussian
kernel and the sample size is O(Zs log? L.

A.4 Constructing c-cover-samples from c-samples

In the following theorem we restate and prove Theorem 4. As we mentioned before Theorem
4, the proof technique mostly is borrowed from Joshi et al. [21].

» Theorem 30 (Restatement of Theorem 4). Let S be an e-sample for (X, A), where A is
semi-linked to a kernel K, where K < 1. Then S is an e-cover-sample for X.

Proof. We need to show that for any p,q € R?, ‘dﬁ (p,q) — d3 (p, q)’ <e.
Suppose X = {z1,...,2,}, S = {s1,...,8m} and k = n/m, where without loss of
generality we can assume that k is an integer (otherwise we can work with fractional
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assignments). Moreover, for the sake of convenience let E = dX (p,q) — d2 (p,q). In order
to get the desired inequality, we design two different partitions for X and show that F < ¢
and E > —e. Given p and ¢, again for simplicity let f(xz) = |K(p,z) — K(q,2)| (note that
f@) < 1).

Undercounts. For the first partition we sort X and S in decreasing way by their f
value, i.e.

f(@1) = fxa) 2 - = flan) and f(s1) = f(s2) = -+ = f(sm).

Without loss of generality one may assume that f(s1) > f(s2) > -+ > f(sm) by a tiny
perturbation of S. Then any semi-super-level set containing x; (s; respectively) will also
contain all x; (s; respectively) for j < i. Then we consider 2m (possibly empty) sets
{P1,..., P} U{Q1,...,Qm} using the sorted order by f. Starting with z; (the point with
highest f value) we place points in P; or @), following their sorted order. Startingati=j =1,
we place z; in Q; as long as f(z;) > f(s;) (this can be empty). Then we place the next k
points into P;. After these k points we start by ;11 and place points in @);41 as long as
f(zi) > f(sj41). Then we put the next k points of X into P, ;. We continue this process
until all of X has been placed in some set. Let ¢t < m be the index of last set P; such that
|P;| = k. Then |P,11| < k and P; = Q; = 0 for all j > ¢t + 1. We also observe that for all
x; € P; (for j < t) we have f(s;) > f(z;) and so kf(s;) > Zﬂ%EPj f(z;) or equivalently,

Lf(s;) > %ZzieP_j f(x;). We can now bound the undercounts as

i=1 j=1 j=1 z;EP; T €EQ; j=1
AT - re)+ X (2 Y ) sf(l > )
j=1 " x,€P; j=1 " T, €Q; j=1 n 2, €Q); (6)

<0
t+1 t+1

1 1
<= lQil=-> 1R N Al
j=1 j=1

where A is the semi-super-level set A = {x € R?: f(z) > 7} € A with 7 = f(x;), where [ is
the largest index such that f(z;) > f(st4+1). Then A contains s; but not s;1. Therefore,
sj € Afor j <tands; ¢ Afor j>t+1,andso |P;NA|=kforj<tand|P;NAl =0 for
j>t+1. Since S is an e-sample for (X, .4), then

t+1 t+1 t
dIQinAl= (ZQJ-QA+ZP]-0A> —kSNA=|XNA —kSNA| <ne. (7)
j=1

=1 =1

Therefore, using (6) and (7) we can write E < ¢.
Overcounts. For the second partition we do overcounts analysis similar to undercounts.
In this partitioning we sort X and .S in increasing way by their f value, i.e.

flxr) < flag) <--- < flan) and f(s1) < f(s2) <--- < flsm).

Again without loss of generality we assume that f(s1) < f(s2) < -+ < f($m). Then we
consider 2m (possibly empty) sets {Pi,..., Pn} U{@1,...,Qn} using the sorted order by
f. Starting with z; (the point with lowest f value) we place points in P; or Q; following
their sorted order. Starting at i = j = 1, we place x; in Q; as long as f(x;) < f(s;) (this
may be empty). Then we place the next k points z; into P;. After k points are placed in Pj,
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we begin with ();41 until all of X has been placed in some set. Let ¢ < m be the index of
last set P; such that |P;| = k. Then |Piy1| < k and P; = Q; =0 for all j >t + 1. We also
observe that for all z; € P; (for j <t), f(s;) < f(z;), and thus L f(s;) < %Zzier f(z).
We can now bound the overcounts as

MRS SCHED DI CI DIFTCIR I SIFICH) B SF e

i=1 j=1 J=1 zEP; z,€Q; j=1

t m m
=S (G X - re)+ Y (50X fe) - )+ (X fwn)

j=1 r€P; j=t+1 2. €P; j=1 T:€Q;

>0 >0

S DN C DIICAEEVIth) I R SRNTEN ST I St

Jj=t+1 z; EP; z;EPr41 j=t+2
>0 3 )= o) =

(%)

Now let A € A be a semi-super-level set containing no point from UM, Q. For instance,
A can be R, ; (s,), where u is the largest index such that Q, # 0 (note v <t + 1). Then
XNA=P,U---UP1and SNA={sy,...,8m},and so [ X NA| = (t+1—u)k+ |Py1]
and |S N A| =m — u+ 1. Hence, because S is an e-sample for (X,.A), we have

1 1 —u+1 (t+1—wk+|P
e>Lisna—Lixna e moutl (rl-wk Pl
m n m n
_m-—u+l (t+1-u) |[Pp| m—t [P
B m m n - m n

which impliesm —t—1<me+ 2 \Pt+1| — 1. Let f attain its minimum on P41 at x; € Py,
so f(x;) > f(s¢1). Then by applylng (8) we can infer

(me + [ Prya| — 1)

% > fla) - —fse41) =

2:€P 11 i
=—c+ (#) 1( Z f(zi) —kf 8t+1))
2 EPs1
ey T,

A.5 Missing proof elements for lower bound

» Lemma 31 (Restatement of Lemma 22). Let Si,...,S; be d-spheres in R?, where Sy is
centered at ey, with radius r, > 1 (ey, is the standard k-th basis vector in R?). Assume that
there are v > 1 and 6 € (0,1/d) such that |r2 —r?| <6 fork=1,...,d. Then |ﬂZ:1 Sk| = 2.

Proof. We are looking for two points like x = (z1,...,74) € R? such that ||z — ex|> = r2
for k =1,...,d. Writing each equation and gathering similar terms yields
=31+ |z|>—r}), k=1,...,d (9)

CGT
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If the system of equations (9) has a solution, then y = ||z||> would be one of the solutions to
the quadratic equation

d

d d
1 d 1 1

9242( +y—r}) —11/2‘*‘52 1 -1} y""iz 1—-13)?, (10)

k=1 k=1 k=1

or equivalently,
1 d

2\2 _

p(y) = *y +(§Z 1—77) —1)9‘*‘4;(1—%) =0. (11)

Now we consider the discriminant to obtain the criteria to guarantee existence of 2 distinct
solutions to the quadratic equation (11):
1 ) 2 g d d , o d d
k=1 k=1 k:l k=1 k:l

By setting B = (b1, ...,bq), where b; = r? — 1 and b = r? — 1, and using |by — b| < § we get

4A = ||B||? + 4+ 4||B|1 — d||B||3 = d*(b—6)* — d*(b+ 6)* +4d(b—6) + 4 12)
12
= —4d?6b + 4db — 4d5 + 4 = 4(db + 1)(1 — dJ).

The condition § < 1/d implies A > 0, which shows that the quadratic equation (11) has two
roots, say y1,y2. Moreover, these two roots are positive. (Notice the roots of the quadratic
equation y? — by + ¢ = 0 are real and positive if and only if b > 0 and b*> > 4c > 0.)
Substituting y1,y2 in (9) we obtain two points in the intersection of spheres S, ..., Sy as

xk:%(lerl—r,%), k=1,...,d, and xk:%(lerg—r,%), k=1,...,d.
Therefore, | mZ=1 Sk = 2. <

A.6 Simple computability of triangle kernel

The following theorem shows that, like the Gaussian and Epanechnikov kernels, triangular
kernels are 2-simply computable.

» Theorem 32. The triangular kernel K(x,y) = max(0,1 — ||z —yl|) is 2-simply computable.

Proof. Let p,q,v € RY, 7 € RT and consider the inequality |K (p,z) — K(q, )| > 7. There

are three cases:

1. [[p—z| < 1and ||¢g— | > 1. Then verifying |K(p,z) — K(g,x)| > 7 is equivalent to
verifying ||z —p[| <1 —7.

2. [[p—z|| > 1 and |l¢ — z|| < 1. Then verifying |K(p,z) — K(g,x)| > 7 is equivalent to
verifying ||z —p[| > 1 —7.

3. |[p—z| <1and ||¢g—z| <1. Then writing down the inequality |K(p,z) — K(¢,z)| > T,
we get

\ Z?:l(xi —pi)? > T+m or 4/ Z?;l(ﬂfi — )% > T4/ Z;j:l(l’z‘ —pi)?.

Consider the left hand side inequality (the other comes by symmetry). Squaring both
sides and simplifying the equation we obtain the following equation:

[ +2Z it - )] >4722 ) (13)

where z = ('le"'axd)a p= (pla"'apd) and q= (qla"'qu)'
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The cases 1 and 2 can be computed with O(d) arithmetic operations or jumps conditions.
The equation (13) shows that Case 3 can also be computed in O(d) time applying the same
operations. Therefore, K is 2-simply computable. |

B| Terminal JL

The algorithm to compute terminal JL, taken almost verbatim from [19], is as follows:
Listing 1 Terminal JL.
Input: €€ (0,1), X CR?, |X|=n, QCRY\ X and |Q|=k.
For any z € X set f(z)= (IIz,0), where II is a JL map (explained below).
For g€ Q:
(1) Compute zyy =argmin,.y ||z —q|,
(2) Solve the following constrained optimization problem:

Minimize heeny(2) = ||z||2 + 2(Il(qg — znnN), 2)

Subject to 212 < llg — x|
|(z,I(z — znn)) — (g — 2N, ¢ —2NN)| < ellg —zanlllz — o]l
(Vz e X),

(3) Let ¢’ be the solution to the minimization problem in (2). Set

fla) = Mann +d'\/lla —ann | = d']?)-
Return f.

Run time analysis. First we need to construct a JL map, i.e. a random matrix ® € R™*¢
with entries from normal distribution N(0,1) normalized by 1/+/m, say II = 1/{/m®, where
m = O(log(n)/e?). So, we can consider O(dm) as its run time. Calculating Iz for any
2 € X needs O(md) times and so for the whole X we need O(nmd) time. Therefore, the run
time for embedding X, i.e. computing I1X, is O(dm + nmd) = O(dnlog(n)/e?)).

Now we need to compute the run time for embedding a single ¢ € R% \ X in Terminal JL
algorithm. Step 1 for finding the nearest neighbor xyx of ¢ needs at most O(nd) time.

The optimization problem for finding f(g) is a semidefinite programming since we can
rewrite it as

Minimize
Subject to

N

(x —znn)) <ellg—znyn|llz —znN| + (¢ — 2NN, 2 —2NN) V2 EX

3

t

(
(2,2
(2,11

(z,M(zyn — ) < —ellg —annlllle —2yn| = (¢ —2yn, 2 —2NN) Vo e X
So, we have 2n + 2 constraints on z € R? Therefore, according to the literature, the
running time for computing f(u), given zyy, is O(v/d(n® + d*)log(1/¢)), see [20]. Therefore,

O(dnlog(n)/e? +Vd(n® + d)log(1/¢)) can be a (non-optimal) upper bound on the running
time of embedding X U {¢} via terminal JL.

C Rademacher complexity of unit ball in RKHS
The following theorem is well known but we could not find it in the literature to cite. So, we

present the theorem here and include the proof from [39] for completeness. According to
Definition 3.1 of [31] The empirical Rademacher complexity of a function class F (functions
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mapping X to [a,b]) with respect to the sample S = {s1,..., 8, } from X is defined as

Re(F) = {bupzal ]

ferm

where 0 = (01, ...,0,) and 0;’s are independent uniform random variables from {—1,1}.

» Theorem 33. Let K be a positive definite bounded kernel with sup, /K (x,x) = B and
let H be its RKHS. Then for any sample S = {s1,...,5m}, Rs(BF(0)) < where

BRO)={f et |flln <1}
Proof. Fix S = {s1,...,8n}. Then

m)

Re(BI(0) = [ up me ] [ sup f:axf,K(-,sm]

feBH(0 feBH(0) ;=1

ELE_ wp (13 euktn)]

L feBI(0) i=1

—

[/ S o
= E (5 fai sanZ“ Z>]

i=1

1 room
= mE _H;‘”K“Si) H} =

1 m
< — ZK y 91 -
-m IE: ;0 ( s)
1 | & 1 B
= — ZK(S“SZ) < —vmB?=—.
m\| m vm

We used Jensen’s inequality, reproducing property, E,[0;0,] = 0 for ¢ # j, and the fact that
a bounded linear functional obtains its norm in its normalized representer according to the
Riesz representation theorem. <
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