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The outline of the appendix is stated as follows. First, some useful results along with some proofs of the
preliminaries and the main results are provided in Section 6. In Section 7 we report the detailed settings
of the experiments in the main paper. In Section 8, we further analyze the properties of our leverage score
approximation, which mirror the behavior of the true statistical leverage scores. To numerically accelerate
the computation in the multivariate case, we simplify the multiple integral for obtaining the leverage score
approximation to a single integral in Section 9. Besides, we show the error caused by density estimation is
negligible compared with the total error in approximating statistical leverage scores in Section 10. Finally, we
provide some technical facts regarding multivariate integration in Section 11.

6 USEFUL FACTS

6.1 Fourier Transform

Use L,(RY) = {f: R* = R, [a |f(x)|p dz < oo} to denote the space of all L, integrable functions over R? for
p > 1. For any function f € L;(R?), we use Z[f] and .Z ~![f] to denote its Fourier transform and its inverse
Fourier transform, which is given by

Zf1(s) = / f@)e V1@ qz forall s e RL,.Z7Vf(x) = [ f(s)e*™V 1) ds,  for all z € RY.
Rd Rd

A useful property of the Fourier transform is the Parseval’s identity.

Theorem 5 (Parseval’s identity). For any f € La(R?), the following identity holds

/RJf @ do= [ |FAE) ds

R4

Besides, Fourier transform is closely related to kernels. For any PSD stationary kernel K : R? x R? — R, by
Brochner’s Theorem, it would be a Fourier transform of a Borel measure. For simplicity we abuse the notation
by using K(x) to mean K(y, y + ), Yy € R%, since K(y, y + x) does not depend on the specific choice of y.
Specifically, the Matérn kernel K, with smoothness parameter v = o« — d/2 > 0 can be equivalently defined
through its Fourier transform (Rasmussen, 2003, p. 84) as

ma(s) i = F[Ko(s) = . Ko(z) e ™V =159) dz = Oy (1 + Dyl|s]|?) ™, Vs € RY,

where C,, and D,, are some constants only dependent on «. (To simplify the statement of the theory, we would
simply take C,, = D, = 1 when later discussing the asymptotic properties.) Throughout this appendix, we focus
on the case in which the Matérn kernel is used, since its theoretical properties have been well studied, and the
proof is easy to be extended to other stationary kernels.
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6.2 RKHS Associated with the Matérn Kernel—Proof of Theorem 1 in the Main Paper

The following theorem characterizes the RKHS H,, associated with the Matérn kernel through its Fourier trans-
form. The main body of the proof comes from the slides of Fukumizu (2008).

Lemma 6 (Fourier representation of RKHS). For any f,g € H,, we have

2 o N -
i, = [ 20O b0 o (5, g, = [ ZLCL T,

N E Ma(s)

Proof. Consider a measure space (R, B, 11), where dp = mq(s)ds, and m (s) is the spectral density of the invariant
Matérn kernel with smoothness parameter v = a— g. By referring to Section 3.1 in our main paper, we can check
the function mq(s) € L™ is differentiable and positive everywhere. Based on the measure yu, we define a function
space G = L2(R%, ) = {F : R = C; [, |F|*dp < oo}, with the inner product (F,G)g := [ FGdu. Here C is
the set of all complex numbers. We can observe the form is quite similar to the frequency domain in Fourier
Transform. To construct the RKHS of interest, we further define a function H(s;x) = exp(—2my/—1 (z, s)) and
amap #(-): L>(R%, i) — T, similar to inverse Fourier Transform, given by

M(F)(x) = /F(s)H(s7 x)dp = /F(s) exp(2mvV/—1 (z,s))dp, Vo eR?

where T is the space of all functions over R? with the pointwise-convergence topology, i.e. f, — f & fn(z) —
f(z),Vx € R

Now we are able to define a new function space H := {f € T; 3F € L*(R%, u), f = .#(F)}, and equip it with
the inner product (f, g)m := (F, G)g, where F,G satisty f = #(F),g = #(G). We first need to show H is an
RKHS. We can check for all f € H,

f() = (F,H(s3))e = (f, A (H(2)))n
Also, the reproducing kernel of H would be:

K(z,y) = (A (H(;x)), #(H(;y))u = (H(;2), H(sy))e
/exp(—ZW\/jl (z,5)) exp(2mV/—1 (y, 5))du
/exp(27r\/jl (y — x, 8))my(s)ds

=Koy — )

where K, is the invariant Matérn kernel with smoothness parameter a. We can confirm H is exactly the RKHS
induced by a Matérn kernel K.

To complete the proof, we still need to find the form of (f, g)m. Note by the facts mq(s) € L™= and F € L?, we
can infer F(s)mq(s) € L? as [(F(s)mqa(s))?ds < |[mal||% [ F?(s)ds. Using the Fourier isometry of L? (Adams
and Fournier, 2003, Theorem 7.61), we obtain F(s)mq(s) = .Z[f](s); i.e., F(s) = Z[f](s)/ma(s). Finally, by
the definition of the inner product, for f = .#(F) and g = .#(G),

Ffl(s) Flg|(s
g = (F.G)e = [ ZLOZ0E , syas
[ ZUF,,
ma(s)
in which the third equality relies on the fact the m,(s) is real, and its conjugate is the same as itself. O

6.3 Embedding Inequalities

Let o be an integer. Following the notation of the book (Adams and Fournier, 2003), for any p > 1 and subset
Q C RY, we use the notation W*P(Q) to denote the Sobolev space as a set of functions u in L,(£2) such that
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u and its weak derivatives up to total order o have a finite L, norm. With this definition, the Sobolev space
admits a norm and a seminorm

folona= (3 |Dku|§,g)” (3 [ Ipsaor dt) , 1)

k<o \k|<a
6o = ( 3 / |D¥ut |”dt) | 2)
[k|=
where k = (ky,--- , kq) is a multi-index, and D¥u = #Mi. To more precisely describe the mixed deriva-

tive, we additionally define some notations here for future use:

e A is a subset of [d], —A := ([d] — A),

u=1Ta € {0,1}%is a vector s.t. u; = 1,¥i € A;u; = 0,Vi € —A,

e avector u = pu(A_1,A, ;) € {—1,0,1}9 satisfies u; = —1,Vi € A_j;u; = 1,Vi € Ay,

xA = (x;)ica, and g(xa;z_a) represents g(u) where ua = xa are the variables and u_a = xz_a are taken
as the parameters fixed in the integration,

o C(y,0) :={(z1,29,...,xq);2; € [y; — 6,y; + 0],Vi € [d]} is a cube centered at y,

CA(y,8) = C(ya,d) is the marginal cube of C(y,§) defined as {za;2; € (i — 6,y; +0),Vi € A}.

We will primarily Work with the case p = 2 and () being a connected domain. For any u € H, by using the fact
that .F[D¥u|(s) = (Hz 1(2my/=1s;)k7) - F[u](s) and the Parseval’s identity in Theorem 5, we obtain

o = [, 3 Ty T Flul(s) s

k|<a i=1

Since there exist constants (C,Cs) such that Cy(1 + ||s]|?)® (Zlea HZ 1S ) < C(1 + ||s]|?)® holds for
all s € R, by Lemma 6 we can further deduce that

Cullullf, < [lulf 2 pe < Callulliy, (3)

holds for any u € H,, the RKHS associated with the Matérn kernel with smoothness index v(= a — d/2).

We first invoke the following special case of interpolation theorem of Sobolev space W*?(2) (Adams and Fournier,
2003, Theorem 5.12).

Theorem 7 (Interpolation inequality). For any integer 0 < k < «, there exist two constants (co, K) only
depending on «, such that for any u € W*2(Q) and any ¢ € (0, cp),

lulez0 < K (27" [ulazg + e "|ullzn),
where for any function g, |gll3.o = [ ¢°(t) dt.

We will also use the following generalization of Gagliardo—Nirenberg interpolation inequalities to bound the
sup-norm, which can be viewed as an extension of the above interpolation inequality to the sup-norm.

Theorem 8 (Sup-norm interpolation inequality). There exist two universal constants (c1, K1), such that for
any u € W*2(Q) and any ¢ € (0,¢1),

Q)-

ulloo,(1—c2y0 1= sup |u(t)] < K, (5_
te(1—e2)Q
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Proof. From the Gagliardo—Nirenberg interpolation inequalities (Brezis and Mironescu, 2018), we have
lglloc. < Clllgllz +9la,2.0). Vg€ W*(Q),

where C is some universal constant. In fact, the last term could be further bounded by Cp|gla 2.0 since W*?2 =
Hy,a> %,g < 2, and the domain €2 is bounded.

Now for each fixed point yo € (1 — £2)§2, we can obtain by the preceding display with g(t) = u(yo + £%t) in the
above that

HUHOO-,B(ymEQ) < e ||UH2,B(yo,sz) + Co g2a—d |u|a,2,B(yo,62) < Ce ¢ ||UH2,Q + Co g2 |u|a,2,97

where we have used the fact that B(yo,e?) C Q for any yo € (1 — £2)Q. Finally, the claimed inequality follows
by the above derivation and the fact that

HuHoo,(lfs?)Q = sup HUHOO,B(yofz)
Yyo€(1—e2)Q

%

Theorem 7 and 8 leads to the following lemma that we will repeatedly use in our proof. Here we specifically
consider a fixed point zo such that the density function p(x) is uniformly bounded from below by 3 p(z¢) > 0
for any x satisfying ||z — zo|| < §(zo) and some constant d(xp) > 0 that may depend on zg. Before entering the
theorem, we define an RKHS norm || - || as

1712 = /’ﬁ e+ B2 3

and its localized truncation ||f| 4, x as

17120 = / (@) plz) da + 12| f|13,.
C(z0,0(x0))

Theorem 9 (Local interpolation for RKHS). Suppose d(xzg) > Chlog(1l/h) for some constant C > 0. Let
C(x0,6(x0)) denote a cube centered at xo with edge length 26(xo). If Clog(1/h) > cg ' and \/Clog(1/h) > ¢i*,
where (co,c1) are the constants in Theorems 7 and 8, then there exists a constant K' such that

_ —1/2
| Fliz.cteosteny < K'hFmax {1, (p(0)) ">} I Fllsor

forany f € Hy and k =0,1,...,a. In addition, for each k = 0,1,...«, there exists some constant K" > 0 and
€ < ¢1 such that

ke —1/2
£l ks00,(1—e2)C (a0.6(z0)) < KR 2 max {1, (p(x0)) P lzoons

Finally, for the case |A| =k,|A’'| =K', and A’ C A, there is also a constant K" satisfying:

1
1/2

(J D flani-a) fdoa) < K00 ma 1 (plao)) 2 o
CA(0,6(z0))

which generalizes the first inequality and provides a finer L? norm control.

Proof. When k = «, the first inequality is obvious due to the the equivalence (3) between || - |[qo,2r and || - ||m,,,

and the fact that || f||zo,x > A%||f|lm,. Now let us consider £ < a — 1. Let a = §(xo) and u(t) = f(xo + at) for
t € Q. By applying the change of variable formula for integral and the chain rule for derivatives, we obtain (with
x = at)

§:/jpj )2t = E:ﬁkd/ D f(2)? da

lil=k lil=k Clao,a)
_ 2k—d 2 —
=a |f|k,2,C(zo,a)7 Vk—0713--~7a
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Combining this with Theorem 7 and the definition (1) of Sobolev norm yields

2
‘f|i,2,C(mo,6(aﬁo)) <a” kD) <K€k(€a|u|a,2,n + U||2,Q))

K2 2k< 20| £12 zd)
< 252 (ae) " ( (a)* £ 5. 000001 + /C @) de

(20,6(z0))

< 2K2 (a€)72k ((a€)2o¢f|i72,Rd +L }f((ﬂ)|2d1'>

(z0,6(z0))

Using the condition that p(x) > p(x¢)/2 for each x € C(xg,d(x¢)), and the equivalence (3) between || - ||, 2 ra
and || - ||m, , we further obtain by choosing € = h/8(zg) < (C'log(1/h))~! < ¢p in the above that

_ o -1
1 2oty < 2R (1171, + 2(p) " [
C(20,8(w0))

[£@)[* ple) do)

_ -1
< K”2h~*" max {1, (p(z0)) " }IIfIZ,.x
which yields the first claimed inequality.
To prove the second inequality, we will apply Theorem 8. More specifically, we apply Theorem 8 with u(t) =

Dif(zg +at), |j| = k, a = §(zg), Q@ = C(x0,5(x0)) and set ¢ = y/h/a < ,/m < ¢1 to obtain (with a

change of variable formula for integration)

”Djf”oo,(lfa?)ﬂ = [[ulloo,(1=c2)c(0,1) < K1 (€7d lull2,c(0,1) + 52&72k7d|u|a7k,2,0(o71))
S K1€_da_d/2 ‘flk,?,ﬂ + K182a—2k—daa—k—d/2 ‘f|a,2,ﬂ

— thfd/Q |f|k,2,Q + thoszfd/Q |f

«,2,Q-
Now, we can obtain by combining the above with the first inequality of this theorem,

froos(1—ey0 S R4 2 max {1, (17(5170))71/2

|f

F1F 1,2

To prove the final inequality, we will take f(za;xz_a) as a k-d function. Analogously using the previous result,
we have:

2 ok’ o
/ D' f(aaso_a)[dza < f2pon < K202 (| PP(zase_a)dea + 02 f(zase—a) o0
cA CcA

Then we take D8 f(xa;2_a) as a (d — k)-d function over O~ (g, (1)) (g is any multi-index whose nonzero
elements are in A’), and utilize the intermediate result of the second inequality:

1D f(zas2-a)lloo,—e2yo-a S B2 flig 5 omn 4+ BT EREHOTIED £ ) oo
In that case,
R CONESNLEINS /c e CONE N [ e | [ PSRN N

N ||f||§,ﬂ + h_(d_k)”a\fﬁ,z,ﬂ

< @ max {1, (p(20)) T IF12, 0

CcA

The result for h2®|f(za;z_ A)|i 5 ca could be analogously obtained. Combining the pieces together, we have

/A |D1A/f($A§J3_A)|2d$A < B AR max {1, (p(xo))_l} Hf“ioa’\
c
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6.4 Leverage Score Approximation—Proof of Theorem 3 in the Main Paper

Proof. Let F' denote the limiting cumulative distribution function of F},, and p the density function associated
with F. Recall that the rescaled leverage approximation Ky(z,xo) is the minimizer of the following local
population level functional

() =220 [ Payan - SUFIR, ~ fao),

such that the following identity holds for each function u € H,, which corresponds to setting the Gateaux
derivative DA, of A,, at K, to be the zero operator,

DA, (K (o) / Kmo xz)dx + A <Kz0, wyg, — u(z) =0,
]Rd

1
[p( 0) + R (14 ||s?)

or Ky, (z) = Kx(x, z0) = (x —x0), VoeR

The rescaled leverage function G, is instead the minimizer of the empirical functional A, ;,, and thus the
Gateaux derivative DA, ,, at point G, should be 0 since G, is the optimal function for the functional. Using
that fact,

DAVL71'U (Kro)(a) = {DA"L71'O (Kﬁo) - DAn,Io (G(7 :Eo))}(’lj)
= D2An7f£0 (G(v IO))(K-TO - G(a 1:0)’ ﬁ)
The last equality holds due to the definition of second order functional derivative. Note the key identity that

D?Ay, 2o (G(-; 20)) (@, u) = |||, . By choosing u = u := K, — G(-, 20), we would further have (u, % would be
used interchangeably from now on)

DA (Ra )00 = [l = [ | 7(a) AP (@) + A,

and our task somewhat reduces to bounding the term above DA, ., (u) = K., — G(, 0)[[7 »- To do that, we
can expand the expression DA,, 4, (IN(%)(u)

DAp 2o (Kao)(u) = g Ko (2) dFp(@) + A {Kg, whm, — ulo)

= DA (R ) + [ Res@)u(@)a(Fu(e) = F@) + [ Reofo) (o) (o) i)

and bound the last two terms separately.

Using Lemma 13, as u = u vanishes at infinity, we have

d _
I =(-1)¢ /Rd(Fn(a:) - F(x))m(f(mo(x) u(x))dz

The term |I;| can be correspondingly bounded as

d ~
01 < 70 [ |5 (Raol) i) da

<7(n) Z /Rd |D¥' K, (z) D*2u(x) |da.

kilko=

Using Lemma 10(2) about the exponential decay on K z, and its derivatives and the local embedding inequalities
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in Theorem 9, we obtain

/ ’Dklf(wo (z)D*u(z)|dz < / ‘DkIIN(IO(:E)‘ | D*2u(z)| da
Rd

zg, §(xq)

1
+ |u|lk2|’2’Rd(/c ’DleCEo (:E)Fdx) ’

=0, 6(z0)

—~

0 1/2
< (/ }h7|k1|(hd + hfd) e~ Ce ||wfa:0\|/h|2 d.’E) . |U|\k2\,2,C
R4

x0,8(xq)

D=

ez ([ Bl (g ) O ol P g
lz—z0||>Chlog(1/h)

where step (i) follows by the Cauchy-Schwarz inequality and the assumption that §(xg) > Chlog(1/h). Further
bound is given as

+log T (1/h)hC2C=/2 Ml ] ) o o

z0,8(z0)

[, 1D Ray@) D u(@)de S 1420 g 2.0

(41) B _
She 2l el a1 (p(ag)) T2} ullag + log T (1/B)RC2O=2 A o

where step (ii) uses the first inequality in Theorem 9 with k& = |ka|. The next bound is derived as,
/ |Dk1f($0 (x)Dk"’u(x)‘dx
Rd
_ —1/2 a—1 — —
A2 maxc {1, (p(w0)) ™"} ullzg x +log ™= (1/m)ACC2 0 ) g

_ -1/2 41 —d/2—|ki|-a
<52 max {1, (p(a0) ™ ull oy + log T (1/m)ACC—2 sl

in which the last step utilizes the fact that ||ull12r < |Jullm, <A™ [|u]lgo,x. For C > a/Csy, we can finally obtain

1] < 7(n)h342 max {1, (p(20)) "} [[ulleoa-

Similarly, by using the Lipschitz property of the density function p as |p(z) — p(zo)| < min {QCp, Ly ||z — x0||}
(where C,, = sup, |p(z)| and Ly, is the local Lipschitz constant of p around (), the exponential decay on K,
and the local embedding inequalities in Theorem 9 with k£ = 0, we obtain
BIS [ |Ra@)| ool @) de + uloose [ |Ray(a)]da
Cag, 5(x0) Cio,a(xo)
d —dy —Cs ||lz—zo||/h 2 1/2
S L e [ R
+ ||uHoo,Rd/ |(hd + h_d) e—Cz HI—:vo|‘/h| dr

le—zol|=Chlog(1/h)

— — —1/2
Sh™P ullz.c + O oo e S ™ max {1, (p(20)) T} lullagr + R e -

z,8(xqg)
Putting pieces together, we obtain
~ —1/2 _ _
|DAp g (KoY ()] S hE2C [Jull oo + max {1, (p(0)) ™/} (7(m) h=342 + h=¥/241) JJu, .

Now we return back to the right hand side of the identity DA, ,, ([N(xo)(u) = ||a]l?, 5. Since F), is nondecreasing,
we have the following bound,

-/Rd w2 (z) dF, (z) > / u?(z) dF, ()

C(Z075(Z0))

- / 2 (x) dF (z) + / @ (z) d(Fn(x) — F()).
C(z0,5(z0))

C(Ig,ﬁ(mg))
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Therefore, by the definition of the localized norm || - ||4,.x, we have

{1 A= [ +/ () d(Fo(x) — F(x)) .-
C(I(},(S(I(]))

=:13

By applying the Lemma 13 again (note u and %2 are infinitely differentiable), the second term I3 can be bounded
as (some terms are hidden)

Is] < || (z) (Fu(z) — F(z))Hoo,C

zg,0(xg)
o4 9
+ || F, - F —_—(u .
H n(.’l?) (x)Hoo’Cwoyé(wo) /Cwo,s(wo) ‘8:1:18552 - O0zy (u (.T))l dz

Now by applying the first and the second inequality in Theorem 9, and the Cauchy-Schwarz inequality, the sum
of the two terms above can be bounded up to a constant by

max {1, (p(zo)) "} () k=% a2, .
Putting all the pieces together, we can reach
(1 = er(n) max {1, (p(x0)) "'} h~7) [,
< ¢ WO ] + ¢ max {1, (p(x0)) "2} (7(n)h 32 £ B2 |[i| 4 .

It is easy to verify directly that we always have the crude bound ||]|e < 7, so by choosing constant C' sufficiently
large h“2%n is decreasing, we can obtain from the above that

_ —1/2 _ -
18] 20,2 S max {1, (p(mo)) / } (t(n)h 3d/2 4 p d/2+1).
In addition, an application of the second inequality in Theorem 9 implies

sup |u(z)| < max {1, (p(xo))fl/Q} (r(n) h=2 + p=d+1),

€05, (1-h)5(=0)

Finally, by taking 2 = y = x in the integral form of K,, in equation (4), we have the lower bound K, (zo) >

ch™ (p(xo))_1+1/(2a) for some constant ¢ > 0 that only depends on «. Therefore, we have the relative error
bound

|I~Q(I07$0) - G(9307Io)|

< max {1, (p(z0)) >} /p(wo) (r(n) k= + h),
’G(a)‘(), .T0)|

for any xg such that the density function satisfies p(z) > p(zo)/2 for all 2 in an hlog(1/h) neighborhood of x.
In particular, for any a > 1, the relative error of estimating the leverage score remains bounded even if the local
density p(xo) tends to zero. O

7 MORE ON SIMULATIONS

In this section, we mainly provide the complete experiment settings and one additional figure to help illustrate
our method. We first describe all the competing methods: original kernel ridge regression; Nystrém methods
with uniform sampling (hereinafter referred to as ”vanilla”); Nystrom with Recursive-RLS (RC) (Musco and
Musco, 2017); Nystrom with BLESS (Rudi et al., 2018); and Nystrom with spectral analysis (SA, our proposed
method).
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7.1 Experiment Settings in Figure 1 in the Main Paper

In this experiment, we compare the runtime and runtime versus error trade-off among Vanilla, RC, BLESS,
and our method SA in Figure 1, under the 3-d bimodal setting (y = 0.4) using the Matérn kernel (v = 1.5).
Specifically, the bimodal distribution has two components: with probability ;-5 generating a Unif|0, 1]%; and

n?Y
n+n"y

with probability generating a random variable with pdf H?ZI(S — 2x;) for x; € [2,2.5], where n is the

sample size.

The sample size n ranges from 2,000 to 500,000. In particular, the target function is set as f*(z) = g(||z||2/d)
with g(z) = 1.6|(z — 0.4)(z — 0.6)| — z(z — 1)(x — 2) — 0.5, and i.i.d. noises follow N(0,0.25); regularization
parameter \ is set as 0.075 - n=2/3, and the bandwidth for Gaussian kernel density estimator is 0.15n~'/7. The
KDE estimator allows a 0.15 relative error. The projection dimension for all the methods is set as 5 -n'/3, while
the sub-sampling size s for all the iteration-based Nystrom methods listed is chosen as 1-n'/3 due to high time
complexity. All the results reported in Figure 1 are averaged over 30 replicates.

7.2 Experiment Settings in Table 1 in the Main Paper

Each method above is run on the RadiusQueriesCount (Savva et al., 2018; Anagnostopoulos et al., 2018)(denoted
by RQP), HTRU2 (Lyon et al., 2016), and CCPP (Tiifekci, 2014; Kaya and Tiifekci, 2012) datasets downloaded
from the UCI ML Repository (Dua and Graff, 2017). Those datasets contain 10000, 17898, and 9568 data
points, with 3, 8, and 5 features respectively. The smoothness parameter of Matérn kernel is set as v = 0.5, and
o= 1/+% = g+0.5. The regularization parameter \ is set as 0.15- n~ 7%, To attain the optimal error rate, the

projection dimension of all methods |2 - nza¥a |; while the sub-sample size for estimating the statistical leverage

scores in RC and BLESS is set as |1 - n%idj. We still use kernel density estimator to gain density estimation,
and the detailed setting of this estimator is almost the same as the last experiment, using Gaussian kernel and
1

the bandwidth 0.5 - n~3. All the results reported in Table 1 are averaged over 10 replicates.

7.3 Experiment Settings in Figure 2 in the Main Paper

We ran the experiments on the one-dimensional (for the ease of visualization) Unif]0, 1], Beta(15,2), and a
bimodal distribution, as before, with two components: with probability .-~ generating a Unif|0, 0.5]; and with
probability nZ:ﬂ generating a random variable with pdf (3 — 2z) for « € [1,1.5], where n is the sample size and
v = 0.6. In addition, the Matérn kernel with smoothness parameter v = 1.5 is used, and density estimation is
performed by a tree-based kernel density estimator. The number of observations varies from n = 200 to 10, 000.

The regularization parameter of the KRR is set as A = 0.45 - n =98,

A Gaussian kernel is used for density estimation, and the bandwidth is set to 1 -n=%2 for Uniform|0, 1] and
0.3-n~1/3 for the rest two distributions. Also, we allow a 0.05 relative error tolerance for density estimation since
highly accurate density estimation is not required for Nystrom methods (cf. Section 10). While implementing
our algorithm, we also apply an ad-hoc modification to avoid the potential instability with a small density value
p(x;), as mentioned in Section 3.1 in the main paper. Particularly, in the case of Beta distribution, if the density

—08 0.5h+p(xi)
1.5

of point z; is smaller than a threshold h = 0.3 - n would be used for the

subsequent leverage score approximation.

, a weighted average

In Figure 2, we show our method provides reasonably good approximations to the rescaled leverage scores
across all settings. In particular, Unif[0, 1] is the easiest case (red curves) due to its flat density, which meets
Assumption 1 and 2 for almost all design points; while for points with low density, such as those in the smaller
cluster of the bimodal distribution and close to the boundary of Beta(15,2), the absolute error tends to be large
due to the leading constant Cy, in the error bound in Theorem 3. Moreover, the relative approximation error
has a clear tendency of decreasing as the sample size increases, which is also consistent with our theory.

7.4 The Additional Experiment for Gaussian Kernels

To show that our proposed method can also be extended to more kernels other than Matérn kernels, in this

subsection we compare the in-sample prediction error among the methods above in Figure 3, under a dimension-
1

increasing setting (d = 3,10, 30 respectively) using a Gaussian kernel with bandwidth o = 1.5n™ 223, We still
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use a bimodal distribution similar to the above one: (y = 0.4) with probability # generating a Unif[0, 1]¢;

and with probability ni% generating a random variable with pdf H;{:1(7 —2x;) for x; € [3,3.5], where n is the
sample size.

The sample size n ranges from 1000 to 100, 000. In particular, the target function is set as f*(z) = g(||z||2/d) +
g(x1) (z1 is the first element of z) with g(z) = 1.6](x —0.4)(x —0.6)| —z(x —1)(x —2) — 0.5, and i.i.d. noises follow
N(0,0.25), which is the same as before; regularization parameter \ is set as 0.075 - n7%7 and the bandwidth
for the used Gaussian kernel density estimator is tuned for different dimension since when d is large, the density
estimation will greatly fluctuate with the size of bandwidth. The projection dimension for all the methods is
set as b - nT%M, while the sub-sampling size s for all the iteration-based Nystrom methods listed is chosen as
1-n7#s due to high time complexity. All the results reported in Figure 1 are averaged over 20 replicates. From

(a)d=3 (b) d=10 (c) d=30

— SA

,_.
2

4x107t
=== Vanilla

3x107!

-
5}
1

— RC

Error ||F=*|In

2x107!

— BLESS 1073

10° 10* 10° 10° 10* 10° 10° 10* 10°
Sample Size Sample Size Sample Size

Figure 3: In-sample prediction error for Gaussian kernels with increasing dimension.

Figure 3, we observe when d increases, all the leverage-based methods will be no longer significantly better than
vanilla uniform sampling, and the in-sample prediction error becomes orders of magnitude larger. We remark
here that an increasing d indeed theoretically violates the assumption of kernel methods on the dimension. For
the bad performance of KRR, we conjecture that is because in a high dimensional space the input samples get
sparser (regarding the Euclidean distance), and thus roughly speaking for a certain sample with high density it
is also hard to find some points around the sample, which is similar to the case for samples with low density.

8 APPROXIMATION PROPERTIES

In this section, we prove some useful properties of our equivalent kernel approximation introduced by Matérn
kernels. Some parts of the proof rely on the isotropy of the stationary kernels. Since the isotropy is a property
shared by most common stationary kernels, the proof is expected to be applied to other stationary kernels as
well. For the reader’s convenience, we also prove the corresponding lemmas for Gaussian kernels in Appendix 8.2.
The proof strategy across the section is as follows, we first focus on one-dimensional cases and utilize the results
to prove the conclusion for general multivariate approximation.

8.1 Matérn Kernel

For simplicity, we ignore some constants (such as p(zo) that does not change the local shape and scale of
K, (+, x0)) and instead consider the rescaled leverage approximation specified by

~ ~ 2V~ 1{s,2—y) cos(2m (s, x — y)
Ky(z,y) =Kx(z—y) = ds = : ds, 4
A y) = K@ =) /R ESYTEN R /R T+ AL+ s ™ @
where A = h%%. By the inverse Fourier transform, we have
1 ~
a(s) Ky (u) e 2mV=1sw gy, (5)

TR A [sP) T e
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Lemma 10. When 2a=2v +d > d+ 1 is an integer, we have:
1Kl S h7%
2. There exists some constants Cy > 0 such that

|DIRA (2, y)| < (A7) e=Calle=ull/n 5 = 0,1, d.

Proof. We start with the proof for the univariate case. From equation (4), we have

~ o0 1 o0 1
Kylloo < - is< = ds < \VYQ@a) _p1
N A viEa Ll B e vt O

which is the first claimed property.

To prove the second property, we will apply the residue theorem to the following function

e27n/j|u\z
z) = z € C,
93 = T (1 2)e
which is holomorphic on C\ {z1, ..., 224}, where z1,..., za, are the 2« roots to the equation

1+ h% (14 2%)* =0.
Therefore, zop_1 and 29, for kK =1,..., a, are the two roots of the equation

_ —52k—1
B2 2V

)

and zop_1 = —z9;. Without loss of generality, we assume Im(zox_1) > 0. Direct calculations show that
| Tm(z9r_1)| = At and |29,_1]| S h™! for each k = 1,..., . Now we apply the residue theorem to the following

contour integral
J 6277\/jl|u\z J
/Cg(z) o /C L+ h2a (14 22)a

where the contour C' goes along the real line from —R to R and then counter-clockwise along a semicircle
centering at 0 from R to —R, for some sufficiently large constant R > 0. The residue theorem implies

27"\/7|U‘Z2k 1
dz =2V —
/C () dz = 2m Z 2ch?e(1 + z

where we have used the fact that {z95_1}7_, are the singularity points inside the contour C. Since 1 + h2 (1 +
23, _1)® = 0, the above can be further simplified into

)% Yz’

« e2ﬂ\/71\u|22k,1(1+zgk_1)

azZof—1

Due to the aforementioned properties that |Im(za;_1)| = h~! and |z2x_1] < h™!, we have

o

Finally, we can split the contour C into a straight part (real line) and a curved arc, so that

[ ate)a= - /(R’R)g<z>dz+ | s,

< (h+ h~1)e=Clul/h,
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where the arc part satisfies

6277\/?”“‘2
1+ h2a(1 4 22)e

TR
(RZ — 1) —1"

arc

‘/ dz’ < 7R -sup

By taking R — oo (note that o > 1/2) and putting all pieces together, we finally reach

277\/715(1’ y)
=1/ i

K _
[ TH AL+ s2)™

< (h+ h71)67C|x7y\/h’

which is part of the second desired property.

To complete the proof of the second property, we still need to bound the derivative of the equivalent kernel.
Recall the differentiation property of Fourier transform, and %] /\] could be written as:

2w/ —1s

TS = 157 (14 s2)a

Following a similar way, we can accordingly reset function g as:

2w¢j1|u|z2 1
e =1z
g9(z) = , z€C,
1+ h2e (1 + 22)e
and by the same procedure obtain the following equality
@ 2V =Tlulz2k-1 (] 4 52 on 2
c k=1 2k—1 k=1

As for the integral over the arc part, its value is still negligible due to a finer control. Note over the arc,
z = Rcos(0) + v—1Rsin(#), 6 € [0, 7], and

e

—Rsin(6) + vV—1Rcos(6))do

ﬂ\/jlu Rcos(0)
‘271.\/7/ 727r\u|Rsm(9) lul ®) 2(9)(
T+ 120 (14 22(0)°

2m2R? 2 ;
< .9 727r|u\Rsm(0)d9’
= h2a(R2 1) — 1 /0 c

To bound the rest integral, we utilize the fact that sin(6)/6 is decreasing in (0, 7/2], and sin(6) > 26,V6 € (0, 7/2].

Therefore,
2 p2 z 2
’/ g(z ‘_ 2n i ~2/ e—ilulrogg < © R .
arc h2a( - 1)04 -1 0 |U| h2a( R? — 1)a -1

By taking R — oo (note that 2« > d = 1 here), the magnitude of the integral over the arc would vanish.

Putting all pieces together, we finally reach

ZW\/Ts(m y) (271'\/78)
Rie-nl=| [ ©

d ’< 1 h72 7C|a:7y|/h’
1+ A (14 s2)e s|SA+A e

which complete the proof of the second property for univariate cases.

The proof for the multivariate claim will utilize the univariate conclusion before. By using the polar coordinate
transform in Appendix 9, we can reduce the original multivariate integral to a univariate one (cf. equation (7)).
The rescaled leverage K (0) would be proportional to:

) -1
[
o 14+ A1+r2)e
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which is of the scale k=% by using the same technique as before. Therefore the first claim in this lemma has been
proved.

For the second claim, we would heavily utilize the isotropy trick to simplify the proof. By the isotropy of Matérn
kernels and our K (u), we only need to consider a special input u = (||ul[,0,...,0). That is motivated by the
observation that we can always do the coordinate transformation s = T - ¢, where T' is an orthogonal matrix and
its first row 7. = u/||ul|. In that case, the original mixed derivative DI K (u) could be expressed as

2V —T(u,s) d . o2/ |ulty d )
2mv/—1s;Yids — 2mv/—1 (T}, t))¥idt
. T o L= as = || o LLen/=1010)

which is of the same scale as maxj |—; |D3' K, (@)]. Under the settings above, the target considered would be
reduced to

|

271'\/—71Hu|\sl _] q ‘ ’/ H / 271'\/?1H1LHS18j1
ids| = Si)
Rd1+h2a(1+z 52 4 s2)e L+ h2 (14 [[s—1 |2 + s7)~

<[, H|s,

2#F\|1L|\315J1
oo L+ B2 (14 ||s—1]? + s7)°

The next important step is to take the expression 1+ ||s_1]|? as a constant, and again apply the residue theorem

to bound the internal integral as

d81d871

dsl‘ds_l.

(226—1)

)

7T\/—1 - 27/ —1 : s - 2k—1 .
‘ Ze T — \|u|\22k71<1+z§k 1)(22k_1)J1—1| — ’72627”/—71”““221@—1]1—26\/?1 T ji1—1
a N o

k=1 Pt
where zo;_1 := ay ++v/—1 - by, and if we denote 0, := %7@
@B = 25| = (™ sin?(6h) + (W2 cos(0h) — [lsi]]? — 1),
20, = (ai +b3) — (ai — b7)
= (h™"sin® (k) + (A~ cos(Br) — [|s—1]* = 1)2)> = (A% cos(B) — [|s 1> — 1)
h~%sin?(6y,)
(h=4sin?(0) + (h=2 cos(Bi) — |[s—1]|2 — 1)2)% + (h—2cos(6)) — ||s_1]|2 — 1)

Note this time the magnitude of ||s_1 || matters a lot, and we need to divide the outside integral into two domains,
Dy :={|h 2 cos(0k) — |ls—1]> = 1| < 3h=2| cos(6x)|} and Dy := {|h=2 cos(6y) — ||s_1]|* — 1] > 3h~2| cos(k)]|}

Over domain Dl, we can imply |s_1]|*> < 4h™2, and similar to the univariate case we can have by > h~! and

|zok—1] = \/ak + b2 = ©(h™1). The corresponding integral would be bounded by a constant multiple of
/ H (s h=2e=Cllullbn (o =15 | < / sy 313 p=2e=Cllullh ™ =i =D g,
Dy ;25 [[s—1]|2<4h=2

2n~1
e—cnuuh*h—olﬂ)/ plil=iid=2, < (=Cllullh" j=lil—d
0

For domain D, we could notice by would be much bigger than in D; as now ||s_1|| tends to dominate h=1L.
Specifically, 262 > 1+ |[s_1||*+h~2(1 —cos(fy)) and thus by > C(||s_1||+h~'). Considering |zor—1| = O(||s_1]|),
we have

[ fi

D2 =3

i =2 Cllulibe () )17 tds_y < B2 Cllulihs 1/ (|53t e=Cllulllls—all)| s _ i —1ds_,
l[s—1l12>c2h2

oo
_ _ -1 : _ el _ _ =1 3 _ —1 _ —1_ s
<p2e=Clulln / phlFd=3,=Cllullr gy < =20 =Cllulh™ =il =d+3,—~C'llulln ™" < (=Cllullh™" p~ljl—d+1
h—1

<o~ Cllullh=" p,~ll—d
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Combining the two pieces, we finally have

|DIK (u)] < e~ Clulln™ p=lil—d

8.2 Gaussian Kernel

Similarly, we specify the equivalent kernel as

~ 2my/=1(s,2—y) 9 _
Ra(z, ) :/ e,\72ds :/ cos( W}(\S,f 2@) ds, (6)
re 14+ 25 ellosll R 1+ 2% ellosll

where the bandwidth o is introduced due to its importance to exponential kernels. The scale of the bandwidth is
1 . . . , .. .
set as O(Aza ), where « is the corresponding parameter of the most suitable Matérn kernel attaining the optimal

error rate in kernel ridge regression problems. We also define an auxiliary parameter h as h™2 = In ”Td for
simplicity of notation. In practice, ¢ would be specified in a way similar to Matérn case; a parameter « > d/2

would be first chosen, and then let o = O(A2«) — 0, which implies  here has the magnitude O(log_% (n)). In
the following lemma, we will again start from a univariate case.

Lemma 11. Given the equivalent kernel introduced above, we have (O(-) means O(-) modulo poly-log terms):

1. | Kxlloe S o700 = O(c—%);

2. There exists some constant Cs > 0 such that for |j| <d,

1

(DR (, y)| < (oh) W= e=Calevlo™h — §(glil=de=Caleylo iy

Proof. Again we begin with univariate cases. From equation (6), we have

—1; -1
_ o) 1 o h 1 00 1

Kylloo < . <2[ —— - }
Bl s [ a2l et [ v ®

The integral is divided into two parts in which 1 and % e(9” dominate respectively. What’s more, applying the

_ 22
e T

property of error function that [ ° e dt = O ) (it holds when z is large enough), we can further obtain

- 1 _
|Ralloe S 2[07 h7" + She™ ] <o lp!

~

which is the first claimed property.

To prove the second one, we still apply the residue theorem to the following function (|x — y| is denoted as |u|
for simplicity),

627r\/71|u\z

Tl Al 2e G,

9(2)

which is holomorphic on the complex plane except the roots z;,i € Z to the following equation:

A
14+ 2el* =0
o

Therefore, zor_1 and zyp, for k € Z, are the two roots of the equation:

0?2 = (W% + V—-1(2k — 1))
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and zop—1 = —2z9;. Without loss of generality, we assume Im(zo—1) > 0. Direct calculations roughly show that
| Tm(z9,_1)| = 01 and |29,_1] < 07! for each k € Z. Further analysis would be provided later.

Note we could only focus on the case |u| > oh™!, since otherwise
|Kx(u)] < C(oh)™! < C e (oh)_le_c3|““’71h

and the claimed property would be proved automatically. Now we apply the residue theorem to the following

contour integral
eQﬂ\/jllu‘Z
dz= | ———d
/Cg(z) z /Cl_,'_ie(azp 2,

where the contour C' goes along the real line from —R to R and then counter-clockwise along a semicircle
centering at 0 from R to —R, for some sufficiently large constant R > 0. Denote the index set Ag as the set of
all the indices k that the roots {zax_1 }r are inside the contour C. The residue theorem implies

627T\/jl|u\z2k—1
/Cg(z) dz =2mv/—1 Z S VR ey

k€EAR

Since 1+ £ A o(02)” = = 0, the above expression can be further simplified into

277\/7|'“"Z2k 1
[y =T 30 S

0' z
k€eAr 2k—1

Note the set Ap is symmetric about 0 and goes to Z as R — oco. We can first pair the opposite & and denote
Zop—1 = a + b/ —1, 212 = —ap + bp/—1 for convenience. In this case,

e27r\/jl\u|22k_1 e27r\/jl\u|zl_2k 6727r|u|b;C
+ = 2v/—=1(by, cos(2 — ay sin(2
022951 0221 ok _02(ai+bi) (br; cos(27|ulay) — ay sin(27|ulay))

2\/Tle—2ﬂ|u\bk

=—————— cos(2r|u|ay + arctan(ay /by))
—02y\/ai + b}

And hence the sequence of the integral over the semicircle C' with radius R would converge to

_2 727T|u\bk ) > —27|u|bg
: cos(2m|u|ay, + arctan(ay /b)) < il c

To further analyze the scale of the infinite series, we need to uncover the form of the coeflicient ag, by. Recall
23,1 = 2x(In§ + (2k — 1)7), and the corresponding derivation is,

a2 4+ b2 = o %(In? % +((2k — D7)?)?
207 = (aj, +b}) — (af — b}

)=
_ ~2((2 1>7r>2
(Ing (- Do

2[? S + (k= Dm)E - 3)]

+(Ing)

Denote H = (g + 1)/2. The curve of a, b could be roughly divided into two stages, k < |H| and k > [H].
In the first stage, aj + b2 > 0_2111% = (oh)™% and 202 > 0_2% = O'_QM; in the second stage,

a2 +b2 > /2r072(2k—1) and 2b2 > 0*2% = 0*2@. The infinite series could be therefore bounded
as

[ H LH | "
< o lh e—C3 ulo™

z:l Vi +0; /;

L N P VR

02 M \/ak+b2 P o WE

—27r|u|b;c
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The two series above will converge rapidly when n is large enough. The scale of the two series above will
therefore depend on their own first terms. The first series would be bounded as a constant multiple of ¢~ 'h -
h=2e=Cslule™ h1 (ah)_le_c3‘“|"71h; due to the decreasing sequence, the last series could be bounded in the
following way (note |u| > oh™1),

- i e—Calulo ™" Vk <U_1{e—c3|ual./[m . 00 o=Calulo™ vz
Pl vk N V[ H] [H) Ve

<ol {hefcm\(oh)—l i CQT |6*03|U\(0h)_1} < o e Cslulom) ™!
3|U

da|

And hence the whole series would be bounded by (Uh)_16_03|u‘071h.

Then, we split the contour C' into a straight part (real line) and a curved arc, so that

| ate)a - /<_R,R>g(z)d” | s,

where the arc part satisfies z = ReV~19.0 € [0, 7] and hence,

27r\/7\u|Re
‘/ ) dz| 7‘/ e Qﬁ“/ TRev~1dp
0

—27r\ \Rsn\GR

where the module of the integrand could be bounded by T By taking R — oo and requiring

m'
|u| > 0, we could observe that when sin € is bounded away from 0 the integrand is exponentially decaying; when
sin@ is nearly zero cos20 = 1 — 2sin?6 > 0 and the integrand would also go to 0. That’s to say, the whole
integral [ z)dz — 0. Putting all pieces together, we finally reach

arc

~ oo 2my/—1s(z—y) B o
| K\ (x —y)] :/ ﬁdssg—lhefcﬂula 1h+071h716—cg|u\g Ip 17
— 00 ;6

which is part of the second desired property and similar to the conclusion in (10).

To complete the proof of the second property, we still need to bound the derivative of the equivalent kernel.
Recall the differentiation property of Fourier transform, and .#[K}] could be written as:

2w/ —1s

PR = X o

With the expression above we can bound the sup norm of the derivative,

0o o~ th! o0
~ S S S
Ko < 4 —— 5 ds <4 [ P X (082
|| AH = 7T/O 1 + % 6(0_8)2 dS S anm A 1 + O ds + \/‘771}7’71 % 6(0_8)2 dS

The integral is divided into two parts in which 1 and % e(3)* dominate respectively. We can further obtain

1 _
2+7€—h 2:| 5 (O'h)_2

e e T
1B lloe S [(0h) 2+ 3=

To exactly analyze behavior of the derivative of equivalent kernels, we can accordingly reset function g as:

eV =1Ilulzor, /7,

and by the same procedure obtain the following inequality:
27r ulz 2 >
/ g(2)dz = 2n%/—1 Z M 2% (GQW\/Tll'u\(ak-%bk\/?l) +62ﬂ¢?1\u|(—ak+bk¢?1))
C g

k€EARr k=1
S

—27|u|by 477T2 —27|u|by
e (cos(2mlular)) < —5 > e .
k=1 g k=1

472 &
o2
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We would only focus on the case |u| > (o/h)~!, since otherwise |I~(f\(u)| < C(oh)™2, which is bounded by

< Ce%s ((fiz)’z(a’c3‘"|"_lh7 and the claimed property would be proved automatically. Due to the aforementioned
division of the series, we have (note |u| > (o/h)~1),

A2 LH] 00
dz < —— —27|u|by —27|u|by
JLoterte < TG g 3 i
k=1 k=[H]

2 oo

54%|:h—2e—03|u|071h+e—03\u|071h71+/ E_CSIU‘Uil\/Edk}
o k=[H]

1 -1 20 —1p-1 o —1,-1
< |:efC3|u\a' h_|_ (h72€7C3|u\a’ h + 6703\u|cr h ):|
~ (oh)? Cslul Cslul
< 1 e—Cg|u\<771h.
< ohp

As for the integral over the arc part, its value is still negligible as

Rdf

™ 27r\/7|u\Re‘/792ﬂ.\/7R6\/79
JREL SV

6”2 R2e2vV—16

—27|u|Rsin 927TR2

where the module of the integrand could be bounded by £ = The bound goes to 0 when R — oo

A o2 R? cob(29)‘
and |u| > 0 are assumed as before, and the integral over the arc is again negligible. Putting all pieces together,
we finally reach

ds 5 (Uh)_2 e—Cg\u|071h’

Qﬂﬁé(L y)(2ﬂ'\/78)
Ryw-nl=| [

>‘ 6(05)2

which completes the proof of the second property in univariate cases.

For multivariate cases, again by applying polar coordinate transformation, the original integral could be bounded

as
0 d—1 o 'Rt d—1 00 d—1
~ r T r
Kylle < ——dr < d S oz @
” /\H N/O 1+ ﬁe(ar)z r _/O 110 ’I“+/o_71h71 ﬁe(ar)Z r

1 [ 1 [
< (oh)™ %+ X /}rl ri=le="dr < (oh)=4 — X/h ri=2de="".

—1

After repeatedly using integration by parts, the last term could be further bounded by (ch)~% + o~ dp—(d=2)
which validates the first claim in this lemma.

For the second claim, we would still use the same strategy, utilizing the isotropy and some other tricks, as in the
proof for Matérn kernels. Specifically, we would focus on the special case

277\/7Hu”sl
‘/d T3 % e ol HSJd5| </ H

and define h=2 := ln(";)7 tei=|h"2 = ?||s_1||%|, A L 0 < h~?. Again we divide the integral into two different
domains, D; := {0?||s_1||*> < h™2} and D5 := {0?||s_1]|> > h=2}. Moreover, we apply residue theorem to the
internal integral and similarly have

|/ 2wfnuus1|51|n

ds ds_
o2 (51|12 +s3 fds—1,

oo 2/~ Tul|s1 i1 O p2nV=1lullz2k— — i1
| / ¢ P sy = o T Y Do (2my = L)

d
2 2 2
oo 14 2y e (lsmalP+sD) —20%2951

e’}
—2 E 2/ —1||u||z2k - ji—1
o e [l z2k 1(22k—1)']1 ,

k=1
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where zor_1 = ar + v —1bg, and
ai +b: =0 2(t*+ ((2k — )7
20}, = (aj, +b%) — (af — Ui
“2((2k — 1)7)?
(2 + ((2k — )m)2)% + ¢,

We begin with the first domain Dy, in which ||s_1||* < (ch)™2. We need to set a threshold H = (% + 1)/2 for
the index k. When k& < | H |, we have

2k — 1)272 _
o 3t)7T 071\/5 1k

o %, < aﬁ + bﬁ <V2 %, = |zok—1] = @(0*1\/5);

207, >

when k > [H], we have

2k —1)%x

2H2 > o > -1

bz o 3(21%1) > b 2o VE
0722k — V)w < a? + b2 < V20 2(2k — 1)1 = |z06_1| = O(c " WVk);

and the series would be bounded by

LH) LH] o
o2 § :G_Qﬂlu‘bk|2’2k71|‘h_l 5 0_—2(0_—1\/5)‘]1—1 2 :6—03|u|0' Vis
k=1 k=1

< oG+ It = Calulo ™ VET!
00
. 1
o2 Z 6727r|u\bk|22k_1|‘]1 o2 Z 6703|u|o’ ( 71\[).]1 1
k=[H] k=[H]

< o)) (o= Calulo VAT /TP 1 /°° e~ Calule ™ Va 231 gy

< oGt (= Cslule ™ VT TET ™ 41 /(Cylulo)eCslule VT /THT)
< g—l+D) \/ﬁll ! o—Calulo ™ \/THT

We drop one term in the last line as o/[H| < oh™! < 1, and note the first series would only appear when
ts >, and [H| = ©(max(ts/7, 1)).

For the integral over the domain Dl, it would be bounded as

e2mV— 1||ul|s1 d ; oo 271-\/—1Hu|\81‘81|.]1
< i
/ 1 + 6‘72(“9 112+s3) H|5Z| ds / 1 H |Sl| / 1 + etﬂ“s l?e o2s 2d81d8 1
ls—1lI< 55

SoR =2

SU—(jl'H)/ [s_q|[H1=3 . (VT e Calule T VETY [Hfl_le—cs\ula”\/(H1)d571
lls—1ll<

& o .
Som@n( / R N B / i ST et VT gy ),
0 0

sin(0)
5 sts =h™

To bound the first integral term, we should utilize a transformation r = L cos(#), and have

1
oh L. _ j1—1 _ -1 -1
/ Plil-di+d-2 el —Calulo T g
0

/2
:(Uh)f(\jlfj1+d—2)hf(jrl)/ Sin(9)|j\fj1+d72 cos(&)h 1 —03\u|g—1h/cos(9)dsm(0)
0 Uh

)

/2
S(oh)—uﬂ—md—l)h—(jl—n/ ¢~ Calulo™ h g < (il —i+d=1) = (li+d-2) ~Calula 1
0
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the second integral term could be addressed by utilizing the fact [H] > 1

L .
/”h plil=iit+d—2 [Hflfle—cg\ula’lx/fm)dr

0

1 1

o G o 1 N s_1 1

g/ ka2 Calulo dH/ Pil=dia-2 il ~Calulot g,
o~ (h=2-m)2 0

w/2
<S(oh)~WImiitd=Dp=(i=1) = Calulo™ / sin(f) =1 +472 cos(9)i1 4o

0
g(ah)—(\jl—j1+d—1)h_(jl_l)e_cﬂu‘gﬂh

)

which could infer the total integral over domain D; should be O(¢~(il+d) p=(lil+d=2)g=Calulo™ h),

Over the second domain Dy, we can similarly divide the series into two parts by the threshold H. We notice v/,
and vk would respectively dominate the scale of by, or |z2k—1| in the two parts, as

207 > o 2((2k — )7 + t4)
ai +b; = 0(c 2((2k — )7 + t,)).

Using a similar derivation as above, the two parts would be correspondingly bounded by

L1 ‘

0723 eI gy [ < ) EI T o Calulo TV
k=1

2 N —27|ulb j1—1 —Gi+1) ST~ Calulo ™ /THT

o Z e Flagpo Pt S g [H] e—Cs .
k=[H

Since [H|] 2 ts and [H] > 1, the overall series could be bounded by a constant multiple of

ot fH}jIHe_c‘“"““’fl VIH]  Therefore, by polar coordinate transformation, the integral over Dy would
be reduced to the following one,

0o . 2 )
/ pll=ji+d=2 (H.|J1+16_03‘u|071v [HW)dr :/Uh pll=j1+d=2 /I‘H‘|J1+1e—c3|u\071\/ [H] Ydr

1

ah ah

+/’OO pll=iit+d-2 /(Hfl—i_lefcz\ub_l\/ ”ﬂ)dr’
2

oh

where we further divide the integral based on whether t; > h~=2. For the first stage, utilizing [H] > 1, we can
bound it as

2 2
oh . . j _ oh . . _
/ Plil=ir+d=2 /P ~Calulo 1\/(H1)drs/ il—ibd—2)— (140 g~ Calulo™ g,
1 1
oh oh

< (gh)—(\jl—j1+d—1)h—(j1+1)e—03\u|a*1h.

b

for the second stage, we could apply [H] = O(0?r?), and have

00 . 00
/ pll=iit+d=2 /|’H‘|‘]1+1e—03\u|071\/ Uﬂ)dr < / Tm—.i1+d—2(Ur)j1+1e—03|u\7"d7a
2

2
oh oh

< 031+1(Uh)—(|j\+d—1)e—ca|u\a*1h*1

)

which implies the scale of the integral over Dy is O((ah)_(|j‘+d)e_c3‘“|”71h). The second claim can thus be
proved by simply combining the current results for D, and Ds.

¢
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9 NUMERICAL INTEGRATION

To make the algorithm end in (5(71) time, we need to efficiently compute all the leverage approximation (6) in
the main paper. We first state an observation that the original multiple integral over R? could be simplified
to a normal integral with only one variable. Then we propose a fast method to give the approximation of the
integral, which only requires O(n) time to compute all the integrals.

9.1 Simplify the Integration by Polar Coordinate Transformation

An important feature of a Matérn kernel is the isotropy that the value of the kernel function K, (x) only depends
on the module ||z||2 (for simplicity || - || would be denoted as || - || from then on in this section). The property
is shared by the corresponding spectral density mq(s), and thus the Fourier transform of our rescaled leverage
score approximation K A(+,t) also inherits the isotropy. In particular, given the center point ¢ and a point z of
interest, by Fourier transform formula,

)ds. (7)

Raant) = [ ZIRACO)s) exp(amy/=Ta s = [ exp(2ry/~T(w ~ 1)7's

p(t) + A/ma(s)

Considering the specific case x =t in computing leverage score approximation, the value of the integrand would
be the same for any s with the same module ||s||. By polar coordinate transformation, we obtain

- oo 1
Rt 1) = /0 T S

where Sy_1(r) is the surface area of a (d)-dim ball with radius 7.

It is worth mentioning for the general case x # t, the isotropy could also be utilized to accelerate the computation.
In some geostatistics literature, for example, Hankel transform (Kleiber and Nychka, 2015) is applied to simplify
the integration into a univariate integral for two-dimensional processes with Matérn kernels. We extend this idea
to kernels with dimension more than two and represent the rescaled leverage score approximation Kj(x,t) as
a double integral. We notice the value of the integrand in equation (7) would be the same for any s with the
same module ||s|| and the same inner product (z —¢)7's. Since the spectral density m,(s) only depends on ||s]|,
we slightly abuse the notation, instead representing it as mq(||s||) to emphasize the isotropy. Moreover, by a

(z—t)" s
xz—tl|||s]]’
t||r cos()), and observe that the integrand would reI”naiIllu‘lchanged with the input points from the intersection
between the (d — 1)-sphere {s € R? : ||s|| = r} and the cone {s € R? : (x — t)Ts = ||z — t||||s]| cos(#)} (the
intersection is indeed a (d — 2)-sphere with radius rsin(d)). With those notations, the original d-dim integral
would thereby be calculated as

exp( 27rFHa: — t]|r cos(0)) )
Ky (z,t) / / T A () - Saq—o(rsin(0))rdodr

certain coordinate transformation r = |sl|, cos(0) = we rewrite the integrand above as exp(2mv/—1||x —

where Sy_2(rsin(f)) is the surface area of a (d — 1)-dim ball with radius rsin(6). The same trick applies to all
the other stationary kernels with isotropic spectral density function, including Gaussian kernels.

9.2 Approximation of the Integrals

Directly, the integrals above can be computed by a reliable package QUADPACK with the specific integrator
QAWF (Piessens et al., 2012), which is targeted at Fourier cosine transform. However, the computation is
time-consuming, as QAWF implements an adaptive method so that when A — 0 it will require more function
evaluations. To overcome the potential drawback, we propose a fast method to approximate the integration with
o(1) relative error in near-constant time.

For Matérn kernels, we would focus on the following integral of a simplified form,

o] xd*l
/ S A,
o P+ /\(1 +(E2)a
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Inspired by the derivation of the scale of the integral O()\_%), we rewrite the integral as

oS} d—1 o0 d—1
/ T x : dz = \"%= / xl—dx,
o p+ (A + (Azz)?)e o p+ (A +a2)e

and intuitively want to replace (A% + x2) with z2

small relative error of order O(A=) = o(1) as required.

. We would show the approximation would only result in a

The difference between the two integrands is

.’L‘d_l .’L’d_l

P pi (A +a?)

(Aé—+_x2)a — 2o

A% ( i .
(p+22)(p+ (A= +22)")

) = )\_il‘d_l
o

When 22 < )\é, the numerator above would be bounded by (2% — 1)\, and further we have

(Aé—+_m2)a _ 2o

(r+22)(p+ (% +27)°)

(2% — 1) _ s

< 1 ~ °
T pr e+ (OF +at)e) T por e

When 22 > )\%, we can control the numerator by the first order Taylor approximation,

Q=

(Aé—+_x2)a _ 2o

(b 22) (b + (V5 +22)1)

(1.2)04—1 - )\é

(0 + ) (p+ (Ve +a%)7) ~ P et

<

where the last relation holds as (22)*~1 < p+ (A% + 22)°.

Then the total difference between two integrals would be bounded by a constant multiple of

1
_d & )\El‘d_l
2c 72dx’
o p+axe

which is O(A~2% A%). Considering the magnitude of the original integral is ©(A~2«), our claim regarding the
relative error is validated.

We utilize the formula [~ liz - = Sig{f C;a to give the final approximation:
d—1 -2 d
/OO ! ——dx %p%_l)\ - 7ﬂ/% .
o pHAL+a?)> d Sinﬂ'/%

As the sampling probability is computed as the normalized leverage, we can even directly use pﬁq as the
rescaled leverage and ignore the rest factor.

For Gaussian kernels, the formula would be even easier, since there is a closed form expression for the target
integral,

2)d/2

9 /oo pd—1 4 _Lid/g(—p(%i )
'(d/2) Jo p2mo2)d/2 4 \et® p(2mo?)d/2

where o is the bandwidth of the Gaussian kernel used, and Lig/o(-) is the polylogarithm function with order
g. The fast computation of the polylogarithm function has already been thoroughly studied by some previous
works (Crandall, 2006; Vepstas, 2008; Johansson, 2015), and they proposed various methods to compute Lig/s(c)

with ©(loglogn) bits of precision (@(logl,'n) relative error) and a polynomial of loglogn time. The total time to

compute the leverage would thus still be O(n).

10 DENSITY ESTIMATION

As we described in the main paper, by utilizing the distributional information, leverage scores in a KRR problem
could be efficiently approximated by our analytical method. In the case we do not have prior knowledge of
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the distribution, we propose to estimate densities of data points via kernel density estimation, which have been
discussed in the main paper that by using some recent KDE methods with a sub-optimal error rate, we can
perform the density estimation within O(n) time. To further justify the usage of kernel density estimation, we
imply by the following lemma that given an o(1) error in KDE, the particular error in approximating statistical
leverage scores due to the density estimation is asymptotically negligible.

Lemma 12. Under the same assumptions before, Yax € spt(p) (the support of p), given a fized point t, the
supremum of the error caused by the density estimate p(t) on point t, is bounded by a constant multiple of

h=4p(t) — p(t)].

Proof. For simplicity, we first denote the leverage score approximation with estimated density as K Az, ).
Inserting the density estimation p into the formula of rescaled leverage scores (equation 7 in the main paper),

. iy —27y/=1(x;,s
we obtain Z[K (-, z;)](s) = m

By triangle inequality, the supremum of the total error |I~{ Az, z;)—G(z, x;)| could be divided into two sources, one

due to density estimation | Ky (z, ;) — K (z, ;)| and the other due to approximation error |Ky (z, z;) — G (x, 2;)|,
which has been thoroughly discussed in the appendix. Here we focus on the first term.

sup [ x(z, 1) — Ra(w,2:)| = sup | F 1 [F KA 2)]) (1) — F ) [y[fq(.,xi)]](x)‘

reR4 seRd
= su -1 |ﬁ(xz) —p(l‘i)|e_2ﬂ'\/?1<3fms) i
- ﬁ]é)d T [(ﬁ(xi) + A+ (ma(s)~ Y (p(zi) + A (ma(s))fl)]( )‘

|p(x;) — p(x;)| could be extracted as a factor, and we solely need to deal with the rest term

e 2mV=1(zi,s)

0 | e T a0 E T e @)
- e—QW\/jl<$i—$7<9> J
~ ere / @) T2 @) D0E) 3 ) ) d

Relaxing the exponential term as 1 and using Cauchy-Schwarz inequality, we obtain
‘ / [ 6727r\/jl<a:i7a:7s> ]
re - (D(i) + A (ma(s)) 7)) (p(zi) + A (mal(s))~1)
1

< / @)+ 2 @) D) £ ().
1 1

ds‘

ds‘

SHﬁ(scl) + X (ma(s))t HQ ' Hp(a?l) + A (mal(s))—t HQ

gh—d/Qh—d/Q _ h—d

The last inequality can be verified by Lemma 10. O

We finally remark that given the o(1) factor |p(a;) —p(;)|, the error |K x(x, 2;) — Kx(z, x;)| caused by the density
estimation would therefore be o(h~%), and thus is enough to make the relative error of leverage approximation
vanish.

10.1 Missing assumptions for modified HBE

We list some advanced KDE methods in the main paper to show theoretically we can estimate the density with
time complexity at most polynomial in the dimension d. Among them, modified Hashing-Based Estimators
(HBE) (Backurs et al., 2019) is the most recent one. Taking this method as a representative, we copy the
assumption in modified HBE here for the sake of completeness.

Assumption 3 ((4,M)-LSHable). Let K.(z,y) be the kernel function used for KDE, for which there exists a
distribution H of hash functions and M > 1 such that for every x,y € R?,

M7 Ke(z,y)? < Phrog {h(z) = h(y)} < M - Ke(z,y)?.
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To attain the fast rate claimed by modified HBE, the core assumption above that the kernel used for KDE is
(3, M)-LSHable for some constant M is necessary. The authors have proved that some common kernels, such as
Laplacian and exponential kernels, are (3, O(1))-LSHable; and thus a density estimator based on those kernels
can be efficiently approximated by modified HBE.

11 TECHNICAL RESULTS

Some tricks in multivariate integrals are heavily utilized in this work, and here we present a lemma to address
the technical details about it. We first would like to mention the notation [y, f(z)dF,(x) in our paper is not
strict in general, as the multivariate version Riemann—Stieltjes integral is not well defined. In this appendix we
just abuse the integral [, f(2)dF,(z) to represent the summation £ 77" | f(z;), and the integral [;, f(z)dF(x)
to represent the expectation [p, f(z)p(x)dzx.

The lemma is presented as follows. (cf. Section 6.3 for the notations in the lemma.)

Lemma 13 (Multivariate integration by parts). Given the absolute continuous approzimation F with the compact
support Q and Lo, density p, the empirical distribution F,,, and an integrand g(-) € W2 independent of F,,, the
certain integral of interest fC’(y 5) g(x)d(F,, — F)(x) is almost surely (considering the samples in F,, are drawn

from F) equal to

3 O Planilos o)

AUBUC=][d]

(Fn — F) (xA; (y +4-(—Ip+ Ic))BuC)dacA7

where U is the notation for disjoint union. The sets B and C indeed indicate the certain dimensions to which
lower and upper limits are assigned sepamtely Specifically, if C(xg,8) = R4(6 = o0) and g(x) vanishes at infinity,

Jga 9(x)d(F, — F)(x) D foa(Fy — x)aml%xqi%dx if g(x) and its mized derivative (up to order a)
vanish at infinity and are L szschztz the cl(um would hold without the assumption on the independence between

g and F,.

Proof. Without loss of generality, we would illustrate our claim by a special 2-d case to avoid the tedious
calculation. We would first prove the conclusion for an indefinitely differentiable density pp (z) = £ 3" | ne(z—
x;), where the heat kernel 7(x) := \/ﬁ exp(— <w 93)

means the i-th element of the vector z.) As a Sketch of the proof, we would first show the lemma holds for the
integral fc(y,a) 9() (pn,e(x) — p(x))dz, and finally prove as € — 0, the integral would converge to the claimed

expression in this lemma.

) of the Dirac delta function. (From then on in this proof, z;

For simplicity, we denote ¢(x) = pp.(x) — p(x) and Q(z) is the corresponding distribution function. We further
denote Q1 (z1;z2) := fil)o q(t,x9)dt as a 1-d distribution function with a parameter x5, so that Riemann—Stieltjes

integral is applicable to @Q1(x1;x2). By definition ff; Q1 (z1;t)dt = Q(x1,x2), and with that we have

y2+d  py1+90
/ dx—/ / g(x1,x2)q(1, x2)dr1d2s
C(y,é) Y2 Y1

yz+5 Z/1+5
=/ / g(z1,22)dQ1 (x1; x2)dws
y y

2—0 1—0

We can safely apply integration by parts to the inside integral and obtain:

y2+90 1+ y1+68 a
/ g(z)q(r)dx :/ (9($1,$2)Q1($1;$2) _s */ Qlidxl)dm2 (8)
C(y,9) y2—4 vt y1—6
:/ 9(y1 + 0,22)Q1(y1 + 0,72) — g(y1 — 6, 22)Q1(y1 — 6, w2)dx2 — / Q18 dx. (9)
y2—0 C(y,0) T1
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Now we expand the original integral into three terms. By repeatedly applying integration by parts to the first
two terms, we have:

y2+0
/ 9(y1 +6,22)Q1(y1 + 6, 2z2)dx2 = g(y1 + 6,92 +6)Q(y1 + 6, y2 + 0)
y2—0

y2+6 ) + 4,
— 91+ 06,y2 = 0)Q(y1 + 9,2 — 9) — / Qu(yr +9, xQ)MiTm

y2—4

diEQ

y2+0
/ —9(y1 — 0,22)Q1(y1 — 0, x2)dw2 = —g(y1 — ,y2 + 6)Q(y1 — 6, y2 + I)
y2—0

y2+4

0 -4,
ol =0 - 0QUn 0 =)+ [ Qul+ 00 DT g,
Ya2—

For the last term, we need to change the order of integration and have,

- Q15 —dz
/c<y 5 On

y1+d  py2+6 Y1+
/ / 39 th)d@(xhﬂﬁz)dxl = —/ Q(xla Y2 + 6)789(:61@2 * 5) dxy
Y1 Y2 Yy

y1—9 Oy

y1+5 9 _ 2
9(x1,y2 — 0) / d%g

+ Yo — 0) Ly + d
/y15 Qerv2 =) Oxy o Cly,s Q3$15w2 v

Summing up all the nine terms above, we would exactly obtain the claimed equation in the lemma. In particular,
if O(y,0) = R%(§ = oo) and g(x) vanishes at infinity, the first two terms in equation (9) would be dropped, and

finally the only term left is f]Rd g(2z)g(x)dz, which is equal to ( fRd #dx as claimed.

Oxg

To complete the proof, we still need to show the convergence. We would begin with the assumption g(-)
belongs to a dense subset 2 C W2, where 2 is the space of test functions. Here we simply borrow some
definitions and notations from the book (Debnath et al., 2005, Chapter 6), with respect to test functions and
weak distributional convergence. A test function is defined as an infinitely differentiable function on R¢ vanishing
outside of some bounded set. We denote weak distributional convergence for a sequence of distributions (P,,)
to P as P,, = P if (Py,,9) = (P,g),Yg € 2. We can see our choice P, . — Fj, in the weak distributional
sense by setting P, = P, 1/m, and thus for the left hand side of our claim, fc(yﬁ) g(x)d(Py1/m — F)(x) —

fC(y 5) g(x)d(F,, — F)(z) by some standard techniques; For the terms in the right hand side, we would illustrate

by taking fc(y 5) Dl g(z) (P, — P)(x)dz as an example. We note DA g is still a test function, and P, . converges
to F,, in Lo, so that by Cauchy-Shwartz inequality we could obtain,

\/ D'g(z) (P, — F,)(z)dz| < (/ | DY g(z)|?da / |(Prc — Fn)(x)\de)% -0,
C(y,0) C(y,9) C(y,0)

which implies our desired convergence.

The next step is to extend test functions to functions in W*2. An important fact is that 2 is a dense subspace
of W2, and we can find a sequence of test functions converging to g in W®? and further a subsequence
(gm) converging to g both in W2 and almost everywhere, since convergence in W2 implies convergence in
Ls. The Cauchy-Shwartz inequality trick for the right hand side would still work as this time the L, norm
of D4 (g(x) — gm(z)) goes to zero. For the left-hand side, as we assume the n samples are drawn from the
absolutely continuous distribution F', for the certain sequence above we can show

[ (0@ = gm@)AF @) < [ lgla) - gu(@)lp(a)ds
C(y,9) C(y,9)
< lg(a) = gm (@)l 7l
< 190 Ipllscllg(@) = gm @)1z = 0,

and with probability one, over the n sample points g,, would pointwisely go to g. We can thus conclude our
claim would hold for functions in W*?2 almost surely.
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Finally, for the special case in which g(z) and its mixed derivative (up to order «) are L—Lipschitz, we are able
to construct a convergent test function sequence g,, which would pointwisely converge to g over the compact
support €2 containing all the samples in F;,. We first introduce a sequence of test functions

d+1

d(d+1) +
> 2_1)-1 . _d+1
b= eI AT <
0, otherwise,

where ¢ = [ ¢1(z)dz is the normalization factor. The sequence {g,,} is constructed as {¢,, * (g - 1ma)}, the
convolution of the test function ¢,, and the truncation g - 1,,q, which is still a sequence of test functions. It can
be shown the sequence g, would go to g in W2, To validate it, we need to observe the fact that for 2 € mgQ,

0u@) = @)| =1 [ oo =0 —g@Natl < [, ou(blote 1) - o)
<Lt [ L et =,

where the second inequality holds because of the Lipschitz continuity. Therefore,

[ lon@) =gt@)de = [ g —g@Pdat [ lan@) ~ gl

Rd—mQ
L?
< L o+ 2/ P(z)da + 2/ o2 (2)dz.
d+1 Rd—mQ Rd—mQ

Note the first term is proportional to 1/m, and g(x) vanishes at infinity. The first two terms would both go
to zero as m — oo. For the last term, we could utilize Jensen’s inequality and have g2 (z) < [ ¢m(t)g*(x —
)lma(z — t)dt < [ ¢ (t)g*(z — t)dt. Then,

/Rd_mQ g (x)da < /}Rd_mQ Pm(t)g” (z — t)dtda —/ Ot / . Pz — t)dadt

/ Om(t) / w9 2(x )dmdt:/ i1 g*(z)dz — 0
R4 (RE—mQ)+B(m™ "2 ) (RE—mQ)+B(m™ 2 )

where B(m -5 ) is a ball with radius m™ “* | and the last convergence holds again since g(x) vanishes at infinity.
Combining the pieces above, we can see g, — ¢ in Lo and the similar conclusion holds for all its mixed derivatives
up to order «, which means g,, — ¢ in W®?2. In that case, the convergence for the right-hand side of our claim
would still hold as in the paragraph above. For the left hand side, this time g, would uniformly converge to
g over ), and we can show the integral fC(y,a) gm(2)d(F,, — F)(x) would converge to fC(y,S) g(x)d(F,, — F)(x),
even if g depends on the empirical distribution F,.

¢
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