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Let B be a Banach space and (M, || - ||») be a dense, imbedded subspace. For a € B,
its distance to the ball of H with radius R (denoted as I(a, R)) tends to zero when R
tends to infinity. We are interested in the rate of this convergence. This approximation
problem arose from the study of learning theory, where B is the Lo space and H is a
reproducing kernel Hilbert space.

The class of elements having I(a, R) = O(R™") with » > 0 is an interpolation
space of the couple (B,H). The rate of convergence can often be realized by linear
operators. In particular, this is the case when H is the range of a compact, symmetric,
and strictly positive definite linear operator on a separable Hilbert space B. For the
kernel approximation studied in learning theory, the rate depends on the regularity of the
kernel function. This yields error estimates for the approximation by reproducing kernel
Hilbert spaces. When the kernel is smooth, the convergence is slow and a logarithmic
convergence rate is presented for analytic kernels in this paper. The purpose of our results
is to provide some theoretical estimates, including the constants, for the approximation
error required for the learning theory.

Keywords: Learning theory; approximation error; reproducing kernel Hilbert space; ker-
nel machine learning; interpolation space; logarithmic rate of convergence.
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1. Introduction

In the recent study of learning theory [3], the following approximation problem
arose:

Let (B,| - |l) be a Banach space and (H,|| - ||») be a dense subspace with
16]l < ||b]|# for b € H. Given a € B, what is the convergence rate of the function

I R)= it {la—b]}, R>0, (1.1)

as R — +o0?
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18 S. Smale & D.-X. Zhou

A typical setting used in learning theory (see Sec. 2 for more details) is the
kernel representation: B is L?(X), the space of square integrable functions over
a bounded domain X, and H is the range of an integral operator L : L*(X) —
L?(X) given by

Licf(x) = /X K ()£ (t)dt

The norm for b € M is [|bllx = || LE'bllz2(x), that is, [|Lx flla = || fllr2(x) for
feL?X).

We illustrate the solution to the approximation problem by the following exam-
ple concerning the Gaussian kernel.

Proposition 1.1. If a € L*([0,1]") is not C*, then for any € > 0,

I(a,R) :=

= inf
HbHLQ([o,l]n)SR

£ O(R™9).

a(z) - / e~ bt ar
[0,1]n

Conversely, if c >0 and a € H°([0,1]"™), then for R > C, there holds

Ha.R) < (“%ﬁ) " o (5) bt (52)

In2
where the constant Cy will be determined explicitly in Example 6.1.

Lz([0,1]™)

The first statement in Proposition 1.1 holds for the kernel approximation with
other C* kernels. Then we see that the decay of I(a, R) can not be polynomially
fast, if a is not C°°. This is the case for most functions studied in learning theory.
For example, for some applications with support vector machines, characteristic
functions are used as models for target functions [5,9,12]. But these are not in
H"™/?%e(2 > 0).

The second statement in Proposition 1.1 tells us that for approximated functions
in Sobolev spaces, the approximation error I(a, R) decays logarithmically. This is
the case for most analytic kernels. Hence the approximation error extensively
studied in [3] often has logarithmic convergence rate for regression functions in
Sobolev spaces. This slow convergence is not misleading for learning theory, because
the sample error with analytic kernels increases more slowly than that with Sobolev
smooth kernels. The numbers of samples we need for the same error and confidence
are close for analytic and Sobolev smooth kernels. The detailed analysis for this
bias-variance problem is given in Sec. 2.

When the approximated functions have some analytic properties, we may have
polynomial decays for the approximation error. The following result deals with
kernel representations. The proof will be given in Sec. 4.
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Theorem 1.1. Let A be a compact, symmetric, and strictly positive definite linear
operator on a separable Hilbert space B. Then for 0 < o < s, there holds

1\77 .
inf —yl< (= A%l . 1.2
\|A—13a\|§RHa b|| < <R> |A=7al| (1.2)

On the other hand, if the kernel function is not smooth, I(a, R) may take poly-
nomial decays for approximated functions in Sobolev spaces. This includes the stan-
dard case of Sobolev interpolation spaces. It turns out that for > 0, the elements
a that satisfy I(a, R) = O(R™") form exactly the interpolation space (B, H) = -
This relation has been studied in the interpolation community, see [2], as pointed
out to us by Ron DeVore. This is a nice connection. However, except for some
well-known function spaces, the K-functional used for defining interpolation spaces
(see Sec. 3) may be as hard to estimate as the approximation error. Our analysis
also provides the constant in the estimate which plays an important role in learning
theory. Let us provide one example to show this situation.

Take X to be an open subset (domain) of R", and B = L?(X). With s € Z,,
take H to be the Sobolev space H*(X) consisting of all functions f in L?(X) with

8(1
£l o) o= Y %it
lal<s

When the boundary of X is minimally smooth (for definition, see Stein [11]), H*(X)
can be continuously extended to H*(R™). Hence, by [2], for 0 < r < s, H"(X) is
imbedded in (L*(X), H*(X));/s,00- Here when 7 is not an integer, say r = m + p
with m € Z, and 0 < u < 1, H"(X) consists of all functions f in L?(X) such that
the H"(X) norm is finite:

1 lrce = 1l + 3 ( / ‘D“f(:wy)
ly|<1 z,x+yeX

la|=m

< 0.

L2(X)

2

1/2
Do) dx|y—2ﬂ-”dy) |

The following convergence rate follows from the characterization given in Theo-
rem 3.1.

Proposition 1.2. Let 0 < r < s and X be an open subset of R™ with minimally
smooth boundary. Then for a € H"(X), we have

1\ s
o (e P ) G I N P
Here Cx is a constant depending only on the domain X, which comes from the
imbedding property: ||a|l;/s,0c < Cx|lall.. When X is the whole space R", Cx can
be taken as 2(s + 1)™.

In Sec. 3, we characterize elements with polynomially decaying approximation
errors in terms of interpolation spaces. This type of convergence rate for I(a, R)
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can often be realized by elements b depending linearly on a, as shown in Sec. 4.
In particular, this is the case when H is the range of a compact, symmetric, and
strictly positive definite linear operator on a separable Hilbert space B, as shown
in Theorem 1.1. Sections 5 and 6 are devoted to a special setting, kernel approxi-
mation, where H will be the range of a Hilbert—Schmidt operator. It turns out that
the rate of convergence in this case depends on the regularity of the kernel. When
the kernel is analytic (its Fourier transform decays exponentially), we usually have
a logarithmic convergence rate.

2. Analysis for Learning Theory

The objective of learning theory is to find an unknown function f : X — Y from
random samples (z;, y; )™ ;.

Suppose that a probability measure p on Z := X x Y governs the random
sampling. Let X be a compact subset of R” and Y = R. If we define the (least
square) error of f as

E(f) = /X @) -, (2.1)

then the function that minimizes the error is the regression function f,:

folw) = / ydplylr), zeX.

Here p(y|z) is the conditional probability measure on R.

As the probability measure p is unknown, neither f, nor £(f) is computable.
All we have in hand are the samples z := (x;,y;)/;. In learning theory, one ap-
proximates f, by the function minimizing the empirical error &, with respect to
the sample z:

1 m
E(f) = o Z(f(fﬂi) —vi)”. (2.2)
i=1

This minimization is taken over functions from a hypothesis space. In kernel
machine learning, this hypothesis space is often taken to be a ball of a reproducing
kernel Hilbert space.

Let K : X x X — R be continuous, symmetric, and positive definite, i.e., for
any finite set {x1,...,2p} C X, the matrix (K'(z;,2;))]";_; is a positive definite
matrix. We call K a Mercer kernel.

The Reproducing Kernel Hilbert Space Hg associated with the kernel K is
defined (see [1]) to be the closure of the linear span of the set of functions {K, :=
K(z,-): x € X} with the inner product satisfying

(Ko, Y1 = f(2), VreX,feHk. (2.3)

An equivalent definition can be given by means of the square root of a Hilbert—
Schmidt operator associated with the kernel K. Let © be a Borel measure on X.
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Define the integral operator L as
Lrf(z / K(z,t)f(t)du(t), reX, feli(X). (2.4)

Then Lk is a positive, compact operator and its range lies in C(X).
If we denote {); }3)0:1 as the nonincreasing sequence of eigenvalues of Lx and
let {¢,} be the corresponding eigenfunctions, then

t) = Z Ajoj(x)o;(t), (2.5)

where the series converges uniformly and absolutely.

Take Ll/ ? to be the linear operator on L2 > (X) satisfying L
that is, Ll/2 (¢j) = /Aj¢; for each j. Then Hy = 1/2(LZ(X)), and ||f|lx =
(L }(/2) 1fHL,3(X . This space can be imbedded into C'(X), and we denote the in-
clusion as Ik : Hx — C(X).

Let R > 0 and Bp be the ball of Hx with radius R:

Br:={f€Hk: ||fllx <R}.

Then Ik (Bgr) is a subset of C'(X). Denote its closure in C(X) as Ix(Bg). Then it
is a compact subset of C'(X), and we take it as our hypothesis space. For these
facts, see [3].

The procedure of regularized empirical minimization in kernel machine learning

1/2L1/2 ~ Ly,

is as follows.

Given the random samples z := (z;,y;)";, we choose some R > 0 and take the
hypothesis space as Ix(Bg). Then the function f, that minimizes the empirical
error (2.2) is

E CJ .’I,'.’L'j

where for large R the coefficients (¢;)7%; is solved by the linear system:

j=1
m
ZK(ZL‘Z,LL‘J) =i, i=1,....,m.
j=1
Take f, as an approximation of the regression function f,.
The main question for the above learning procedure is:
How many samples do we need to draw to assert, with a confidence greater than
1 — 4, that [(fz — fy)? is not more than 7
To answer the above question, we decompose the error into two parts: the ap-
proximation error and the sample error. Note that [3]

/ (o= 1) = E(f2) — £(f,)-
X

We only need to analyze E(f,) — E(f,).
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Since Ik (Bgr) is compact, by [3] there is a function fg, called the target func-
tion in Ik (Bpg), minimizing the error £(f) over f € Ix(Bgr), i.e., an optimizer of

min — i N2
i [ @ - yPa= g [ (-0t

The approximation error is defined as £(fr) and is equal to

E(fr) = /X (fr— 1) +€(F,).

The approximation error decreases as R becomes larger, and &(f,)
fixed constant.
The sample error of a function f in Ix(Bgr) is defined as

Er(f) = E(f) = E(fr) -

Thus, the error [y (f; — f,)? can be decomposed as

/ (fa— )2 = E(f2) — E(f,) = Enlfa) + / Fr— f)2.
X X

The sample error has been extensively investigated in statistical learning theory
[3,6,9,12]. In our situation, we apply the estimate presented by Cucker and Smale
[3, Theorem C*] and obtain

PI‘Obzezm{gR(fz) < 6} >1-— N (IK(BR) ) e 288012 , Ve > 0, (26)

24M

if |f(z) —y| < M ae. for all f € Ix(Bgr). Here N(Ix(Br), 5577) is the covering
number, i.e., the minimal integer | such that there exist [ disks with radius /(24 M)
covering the compact set Ix (BR).

The approximation error can be derived from our analysis for the ker-
nel approximation. Recall that

JUn— gt = e M=t e

1/2f“L2

Then the approximation error can be analyzed from kernel approximation by the
following general result with o =1/2,s = 1.

Theorem 2.1. Let A be a compact, symmetric, and strictly positive definite linear
operator on a separable Hilbert space B. Let 0 < 0 < s and 0 # a € B. Then for
all R > 0, there holds

la —0b| < inf la—c|l . (2.7)

14~ “””<R lA=sc||<2~ % ||a|| "7 R5
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Proof. Let {v;}32; be the non-increasing sequence of eigenvalues of A correspond-
ing to orthonormal eigenvectors {u;}. Then {u;}32; forms an orthonormal basis of

B, and each a € B can be represented as a = E;’;l a;u; with |ja|| = E‘;’;l la;|?.

For s > 0,

1/2
o0 oo
A al = > av; ;|| = | v e,
j=1 j=1

For R > 0, we choose n € N such that
V> > > v > (V2]all/R)YT > v > v >

(choose n = 1 if (v2|lal|/R)/7 > vy).
For ¢ =377 cju; € B with |[A™%¢|| < 275/(29)||g||(°=5)/7 R%/7 e set

n—1 oo
b= E a;u; + E CjUsj -
Jj=1 Jj=n

Then

o0 o0
la=bl = > aju; = cjuy|| < [la—c]
j=n j=n

and

n—1
JA-b| < ((ﬂa/mﬂ/ﬂmﬂ 3 o
j=1

o 1/2
(VBB 3 ) <R.

Jj=n
Therefore, by taking the infimum over ¢, we have

inf  Jla—0b| < inf lla—c] .
|A-ob|<R | A=sc||<2—5/(20) |q||(c—=)/o Re/7

This proves (2.7) and Theorem 2.1.

a

Now we can explain the bias-variance problem for choosing the parameter R.
Here we assume that X = [0, 1] and the marginal probability measure px of p on

X is the Lebesgue measure.

Suppose f, € H?(X) for some ¢ > 0. To find an optimal value for the parameter

R, we require that

/X Un—f)2<e/2  and  Enlfs) <e/2.
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When we use the Gaussian kernel with k(z) = el=l*/ 2 the above first requirement
is satisfied for sufficiently small € if we choose

/2 n
R =2l oxp 5 ( 2Ll (f;w) rorvi (2)

This follows from Proposition 1.1 and Theorem 2.1 with a = f,, A = Lg.
With this choice, we can apply (2.6) to find m. To this end, we need the estimate
for the covering number from [14, Proposition 1]:

4/c

n+1
InN(Ix(Bgr),n) < 4™(6n + 2) (ln Z) .

This, in connection with (2.6), tells us that Er(f,) < /2 holds with a confidence

at least
48M R\ e
1—exp {4”(6n—|—2) <ln 86 R) }6_576N12 .

Therefore, to assert, with a confidence greater than 1 — 4, that [, (fz — fo)? <e,
we only need m samples with

> 5766M2{4"(6n+2)< (ffpngg{(\lf;\m) +64\/ﬁ<§>n}>4/ag%

n+1
+ln(1/a)+ln<48M 2||fp||2>) —ln6}.

Thus, when we use the Gaussian kernel, the number of samples we need to draw is

2n+2 +1

o((2) " Tenft}).

Now if we use a Mercer kernel K (v,t) = k(z — t) with k € C"~" and
k() = Colgl + )"

where Cj is a constant and h > max{n, 20}, then Theorem 2.1 in connection with
our analysis for kernel approximation tells us that

_2(n—h)o
f < Uz o) .
nf [, = fll2 < CuFt
Here C}, is a constant independent of R, and
n/2—o, if o>n/2
0, if o<n/2.

Therefore, in order that [, (fr — f,)* < e/2, it is sufficient to choose

0,6 =

)

h(h+6n,0)

R _ ﬁ 4(h7n)’a .
9
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The covering number for this kernel can be bounded as

R 2n/(h—n)
W N (Tx (Br)om) < C, (;)

for a constants Cj, > 0 independent of R, n. Then by (2.6), Er(f,) < /2 holds with
a confidence at least

2n/(h—n)
1-— exp {0;1 (48{;4]%) }e_ 571;1612 .

Then in the same way, to assert, with a confidence greater than 1 -4, that [ (fz —
f»)? < e, we only need m samples with

h(h+6n o) n(h(h46n, o)+4(h—n)o)

M2 Thonie \ 20/ (h—n) %o
m> 5765 {0;1(48M<2C§> ) <1/a> o —lné}-

Thus, the number m of samples we need to draw is

n(h(h+0n,5)+4(h—n)o)+h2 (h+6n,0)

O((l) 2(h—n)Zo +1> .
g

We have seen that the numbers of samples we need to draw would be close
when we use Gaussian or other Sobolev smooth kernels, though the intermediate
parameter R used has totally different orders.

3. Approximation Error and Interpolation Spaces

The elements with polynomially decaying approximation errors can be character-
ized by interpolation spaces. This was verified in the interpolation community [2].
For completeness, we state this result (Theorem 3.1) and give a detailed proof here.
More general structures were considered in [8] where two or more error criteria were
controlled simultaneously; and properties of optimal elements were discussed.

The interpolation spaces are defined by means of the K-functional. The K-
functional of the couple (B, H) is defined by Peetre [10] for a € B as

K(a,t):= inf {|la — b +¢llblls}, ¢>0. (3.1)

It can be easily seen that for the fixed a € B, the function K(a,t) is continuous,
non-decreasing, bounded by ||a||, and tends to zero as ¢ — 0. The interpolation
spaces are defined according to the convergence rate of this function. For 0 < 6 < 1
and 1 < p < oo, the interpolation space (B, H )y, consists of all the elements a € B
such that the norm

sup;so{K(a, t)/t%%, if p=oo
1/p

lallo.p := {/OOO (K(a’t)/ﬁ)pdt/t} , if1<p<oo

is finite. As the norm |lallg, is equivalent to the l,-norm of the sequence
{K(a,27)/29%} jez, we know that (B, H)s,, is imbedded in (B, H)s,co-
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With the concept of interpolation spaces, the statement about the polynomial
decay of the approximation error (see [2]) can be stated as follows.

Theorem 3.1. Let (B, || -||) be a Banach space and (H, || -||x) be a dense subspace
with ||b]| < ||blls for b€ H. Let 0 < 0 < 1. If a € (B, H)p,00, then

6 1
1 1-6 1-60
= 1 — < — . .
St fla=oiy < () (o) 52

Conversely, if I(a, R) < C(1/R)?/(1=9 for all R > 0, then a € (B,H)p.co and

I(a,R)

lallp oo < 2077

Proof. Consider the function f(t) := K(a,t)/t. It is continuous on (0,+00).
As K(a,t) < |la]| (by taking b = 0), infi~o{f(t)} = 0.
Fix R > 0. Let us first prove (3.2) under the assumption that

iglg{f(t)} > R.

In this case, for any 0 < € < 1 there exists some tr . € (0,400) such that

K(CL, tR,a)
tR,s

f(tre) = =(1-¢)R.

By the definition of the K-functional, we can find b. € H such that

la — bell + trellbelln < K(a,tre)/(1—¢).
It follows that
K(ath.E)
b <~ =R
e
and
K(a,t
Ja .| < Klo:tRe)
Observe that
K(a,t
(ae, Re) < Jlallo.co-
t
R,e
Then
K(a,tre) 177 [ K(a,tre) ] ™7 1\ =
la—be|l < { (@, R’E)] { (@ R;f)] < Rl"e< ) (a e,oo> .
(I —e)tpe (1 —e)th . 1—¢



Estimating the Approxzimation Error in Learning Theory 27

Thus,

(2]
1 1-6
< i - <=
I(a,R) < inf {[la ball}<R) (a

=
0,00) )
i.e., (3.2) holds under the assumption (3.3).
Turn to the case when (3.3) is not true. Then for any 0 < ¢ < 1 —
sup,so{f(u)}/R and any ¢ > 0, there exists some b; . € H such that

la = beell + bl < K(a,t)/(1—¢).

This implies that

K(a,t)
b < < S R
[bt,elln < A—of =1 _Ezlilg{f(u)} <
and
K(a,t
o bl < 52
Hence

I(a, R) < inf {lla — byel|} < inf (K (a,)}/(1 =€) = 0.

This proves (3.2) when (3.3) does not hold. Therefore, (3.2) is always valid.
Conversely, suppose that I(a, R) < C(1/R)%/(0=9 for R > 0. Let t > 0.
Choose R; = (C/t)'=%. Then for any € > 0 we can find b; . € H such that

beellze < Ry and  [la = bl < C(1/R) U= (1 +¢).
It follows that
K(a,t) < [la—bpell +t|beclln < CQA/R)Y (1 + ) +tR, < 2(1+)C 0%
Since € can be arbitrarily small, we have
K(a,t) < 201797

Thus,

l|all6.00 = sup{K (a,t)/t} <20 < 0.
>0
The proof of Theorem 3.1 is complete. O

Remark 3.1. The above proof shows that if a € H, then I(a, R) = 0 for R > ||a||#.
Also, I(a, R) = O((1/R)?/ =) if and only if a € (B, H)p.co-
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4. Linear Realization

The approximation error (3.2) can often be realized by linear operators in many

circumstances. To see this, let us first give the proof of Theorem 1.1.

Proof of Theorem 1.1 Let {v;},{u;} be as in the proof of Theorem 2.1. Set H =

A®B and ||A%al|x = ||al|, i-e., ||bl|x = ||A°b|| for b € H.

We define a sequence of linear operators as the orthogonal projections { P, }:

o0 n
Pn< E ajuj> = E AUy .
Jj=1 Jj=1

Let R > 0 and 0 # a € B such that ||[A™%a|| < co. Then there exists some n € N

such that

v A~7all < R < w53 Aall.

n

(Set n =0 and Pya := 0 when R < vy *||A™%a]|.)
By the properties of the orthogonal projections, we see that

o0

D v eyl <vp Al
j=n+1

and

n
S v < v Al

j=1

Therefore, |A™*P,al| = ||Prallx < R, and

ol

A %)\,  _. 1\ Y
o= Pl < (B2) Tiarea = (3)

This proves that (1.2) holds when we choose b to be P, a.

-
s—o

O

From the above proof, we can see that the approximation error stated in
Theorem 1.1 is realized by the linear operators: orthogonal projections. To establish
this for more general linear operators, we need Jackson and Bernstein inequalities.

Let {Ly, }nen be a sequence of linear operators on B (into H), and {A, }nen be a
non-increasing sequence of positive numbers tending to zero. With a fixed constant

C > 0, the Jackson inequality takes the form
1L =0l < Chpga[bll, VD EH.

The Bernstein inequality we need is

CX\,tal|, ifae B
Ln < n ’ ] 9
ILnall < {C’am ifaeH.

(4.1)

(4.2)
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When the Jackson and Bernstein inequalities hold, the approximation error (3.2)
can be realized by the linear operators { L, } (up to a constant). The following result
is derived from techniques in approximation theory, e.g., [4].

Theorem 4.1. Let C' > 0 and {\,}nen be a non-increasing sequence of positive
numbers tending to zero. Suppose that a sequence of linear operators {L,} on B
satisfies (4.1) and (4.2), and ||L,|| < C. Let 0 < 0 < 1 and a € (B, H)p,00. Then
for R > CA7Y|al|g.00, there exists some n € N such that

HLna”H < R
and

ILna —al| < (C +1)C? 0= (1/R)?/A=0)]|q /17

Proof. Let a € (B, H)p.0 and b € H. By the Jackson inequality (4.1), for n € N,
[Lna — al| < [|Ln(a = b)[| 4 [[Lnb — bl + [[a — [ < (C' + 1){[la — bl| + Any1 [l -
Taking the infimum over b € H, we obtain

ILna — all < (C + 1)K (@, Ans1) < (C+ 1A la

6,00 -
In the same way, by the Bernstein inequality,
[ Lnalln < [ Lnla = 0)ll3 + [ Labllze < CAZH{lla — bl + Xal[bl|7¢} -
Taking the infimum again, we have
| Lnalln < O K (a, An) < OXHlallg,o0 -

Now let R > CA\7Yja

0,00, then there exists some n € N such that

N Hlallo,co < R < ON T lla

6,00 -

For this n, there holds

ILnalls < CALla

6,00 < R.
=g
Moreover, A\,11 < (%) . Hence
_ _ 1/(1—0
1Zna = all < (C + DAy lalloee < (C+1)CYO=0(1/R) =D a5
Thus, Theorem 4.1 is true. O

Notice that the orthogonal projections {P,} in the proof of Theorem 1.1 satisfy
the Jackson and Bernstein inequalities with \,, = v and C' = 1. Hence Theorem 4.1
would yield the desired rate of convergence in Theorem 1.1. But to see our exact
estimate with the constant 1, we need more refined analysis as given before.
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5. Kernel Approximation

Good algorithms generated by kernels play an important role in the learning theory
[3,5,9,12]. Let us investigate kernel approximation in what follows.

Let X be a complete metric space and p be a Borel measure on X. Denote Li(X)
as the Hilbert space of (real) square integrable functions with the inner product

(f.9) = /X F@)g(@)du(z).

Suppose that K : X x X — R is symmetric and positive definite, i.e.,
m
<K(xi,$j)> is a positive definite matrix for any finite set {z1,...,z,} C X.
j=1

ie, [y [x |K(z,t)*du(x)du(t) < oo. Then the Hilbert—

Assume that K € Lixw
Schmidt linear operator Ly : L2(X) — L2(X) defined by

Licf(z) = /X K ()£ (t) du(t)

is symmetric, compact, and positive definite.

As we saw in Sec. 2, learning theory raises the problem of estimating I(a, R),
where B = L3(X),H = Li(L3(X)) and |Lxflo = |f] = ILi'Lxcf)]. In
particular, we want to know whether I(a, R) = O((1/R)?/(=9) for some § > 0
when a is the characteristic function of a regular domain. For this purpose, we
need to understand the interpolation space (B, H)g,0, and see whether it contains
characteristic functions.

It turns out that the problem is deeply involved with the regularity of the
kernel K. To see this, let us compare the interpolation spaces with some well—-
known function spaces (Besov, Sobolev spaces).

Theorem 5.1. Let (W, ||-||lw) be a Banach space of functions over X. Suppose that

1/2
T { / ||K<-,t>%vdu<t>} < oo.
X
Then for f € L2(X),

ILx fllw < BNl L= I lwscll L £l -
Hence H is imbedded in W, and for 0 < 6 <1, (B, H)g,00 C (B, W)p,co-

Proof. By the property of a norm, we have

ILifllw < /X PO C 1) lwdnt).

Then the desired inequality follows from the Schwartz inequality:

Lk fllw < \//X f(t)IQdu(t)\//X K¢ Oy du) = 1K wxull £l

Since H = L (L7,(X)) and || Lk f|l# = || ||, the imbedding property follows. O
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As a corollary, we choose p to be the Lebesgue measure over a domain X C R™,
and let W be the Sobolev space H*(X ). Combining Theorem 5.1 with Theorem 3.1,
we obtain.

Corollary 5.1. Let s > 0, K : X x X — R be symmetric and positive definite
such that

1/2
W(mmw={A mﬁW%mW} < oo.
If0< 0 <1, and a € L*(X) satisfies

o= i o= Eesloon =0((5) ) ()

= i
HfHL2(X)§R
then a € (L*(X), H*(X))g,00-

When X has a minimally smooth boundary, (L?(X), H*(X))g,co C H*7"(X)
for any n > 0.

Let’s turn to the examples studied in [3] for the learning theory. Consider only
X =[0,1]".

Assume that k : [-1,1]™ — R is C*° and symmetric about the origin. Set

K(z,t) = k(z —t), x,t €[0,1]".

z|2
Special examples of this kind include the Gaussian k(z) = e 2 , and k(z) =

(c? + |z|*)~® with ¢ > 0, > 0.
Choose s to be a positive integer. Then

1/2
K || = (j0,1)7) x L2 = {/ " |1K(- —t)?fs([o,l]n>dt} < &l a2 ((-1,1m) < 00.

It follows from Corollary 5.1 that I(a, R) = O(R™") implies a € (L2,HS)H_LT,OO
which is imbedded in H 1%+ ~"([0,1]") for any 5 > 0. Thus, if a € L?([0,1]") is not
C®°, then for any €, > 0, we can choose some s € N such that a ¢ Hl%fn([o, 1™,
hence I(a,R) # O(R™¢). As a corollary, we have proved the first statement of
Proposition 1.1.

Consider the characteristic function of a proper rectangular subset II7_; le5,d;].
Its Fourier transform is II7_, {[e™'% — e~"%]/(ig;)}. Hence it lies in H7(R™)
and then in H?([0,1]") with 0 < o < 1/2, but not in H'/2(]0, 1]"). Therefore, for
any r > 0, I(a, R) # O(R™"). This is a negative result. In Sec. 6, positive results
providing estimates for the decay of I(a, R) will be presented.

Thus we see that the kernel approximation is slow when the kernel function is
smooth. Things are different when the kernel function is not smooth.

Example 5.1. Let k be the characteristic function of the cube [—1/2,1/2]™. Then
for £ € L2([0,1]"),

LKf(x)z/ X[_%é]n(x—t)f(t)dt:/ / Fltr, .o ty)dty - dty,
[0,1) L) i)
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where z = (z1,...,2,) € [0,1]", and for z; € [0, 1],

1 . 1
|:O, $j+§:| , if T; € |:O,§:| R

I(z;) =
(z5) 1 . 1
Z'J — 5, 1 s if Z'J S 5, 1.
It follows that Hax M (Lx f)llL2 (o, 1]n = || fllz2(jo,17), and for each j =1,...,n,
there holds Ham (LKf)HLz (j0,1]) HfHLQ([O,l ]m)- Thus, ||gHH1([071 17 < (n +

Dlglin for any g € H = LK(L2([0 ")), and |[|gll» < |[lgllzn(o,1n) for any
g € H"([0,1]"). Tt tells that for 0 < # < 1, I(a,R) = O(R~%/1=9) implies
a € (L*([0,1)™), H'([0,1]™))p.00; while a € (L?([0,1]™), H™([0,1]"))p.0c implies
I(a,R) = O(R~9/(1=0)),

In particular, in the univariate case, I(a, R) = O(R™(1=9) if and only
if a € (L2([0,1]), H'([0,1]))g.00- Also, if a is the characteristic function of a
proper rectangular subset II7_,[c;,d;], then I(a,R) = O(R~"/("=Y) for any
0 < r < 1. By taking higher order splines or compactly supported positive def-
inite radial basis functions with high regularity, we can get examples for which
I(a, R) = O(R~%01=9) when a € (L2([0,1]™), H*([0,1]™))s.00

6. Logarithmic Rate for Kernel Approximation

In the last section, it is shown that the convergence of kernel approximation is slow
when the kernel is smooth. In this section, we give a method for estimating the
convergence rate for this case. By our approach, a typical convergence rate will be
logarithmic. This is the case for most analytic kernels.

The Sobolev space H?(R™) has an equivalent norm (fractional Sobolev
space norm):

R 1/2
1oz = (e [ (€8 +10717(@RaE) <o

The corresponding seminorm is

R 1 20| f 2 1z
oz = (g [ lEPVi@Pa)

Let X = [0,1]™. Given a kernel k € L?(R™), we consider the linear operator L:
L?(X) — L?(X) defined by

L f(x) =kxf(x /kx—t t, reX, fel*}X). (6.1)

Assume that k is a symmetric function and k(¢) > 0 on R”. Then L is sym-
metric, compact, and positive definite. We are interested in the convergence rate of
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the function

I(a,R) := inf a—b = inf a— Lgb , (6.2
(a, R) HL,}leLz(X)SR{” L2} Hbl\Lz(x)SR{H Kbl2x)},  (6:2)

where R > 0 and a € L?(X).
To state our main result here, we need the following function (with a parameter
o > 0) measuring the decay of k:

Malr) = { inf (6P + 17k} oo, (63)

We also need the following quantity involving the regularity of the kernel k:

ex(N) :=supgcx {inf {k(O) -2 Z wik(z —j/N)

je{1,..,N—1}n

CS (e esl).

Jle{l,...N=1}"

(6.4)

This quantity was employed in the study of radial basis functions and variational
principle in multivariate approximation theory [7, 13]. By approximating k with its
Taylor polynomials, we can see that e, (N) = O(N~™), if k € C™(X). When k is
analytic, €, (N) usually decays exponentially.

As an example, if k is the Gaussian kernel: k(z) = e*|$|2/2, then for sufficiently
large r and N, A\, (r) = (V2m)"(r? + 1)=7¢”"/2; and e4(N) < const e 9V with
some fixed constant & > 0.

Similar to A+, Ag,» denotes the following increasing function (hence its inverse
function AE,}; is well defined over (0, 400)):

-1 r 1/2

Ap.o(r) = {|é|n<f k(ﬁ)} </ (p* + 1)_"np"_1dp> , r>0. (6.5)
<r 0

Using these functions measuring the regularity of the kernel function, our esti-

mate is given as follows. Denote [z] as the integer part of z > 0.

Theorem 6.1. Let 0 > 0,a € H°(R"™) and Lk be given as above. Then for R >
8" ||alls,2A%,o (v/1), there holds

[(a,R) < |allos inf {(%)U+2"(ek(NR))\k7a(R’))l/2}, (6.6)

0<R'<nNg

1 R
& [ﬁw o\ 8 all,2

Proof. Define a band-limited function f as

0, otherwise,,

where



34 S. Smale & D.-X. Zhou

where the band width R’ > 0 will be determined later. Then

la = fllzzx) < lla = fll2@ny

o wora] o) o

We shall use the samples (f(j/N)) of the function f with a suitable integer
N € N to define the function b realizing the error estimate in (6.6). Here N satisfies
N7 > R’ and will be determined later.

To define b, we need a function ¢(x) := II}_;po(z;) on R", where

3 1
L—ZJt|+=[t?, if |t <1,

0, otherwise.

Then ¢ is symmetric, supported on [—1,1]", and positive definite on R"™:
n 93 2sin&;  2(1 — cosé;
90(5) H] 1 2{1_ ‘j+ ( 3 J)}>O'
¢ & &

A simple computation shows that ¢(§) > 47" for € [—m, 71]™.
The function b realizing the error for a is given by

b(t) = > djp(Nt—j). (6.8)

jeJ

Here J is the index set J := {1,2,..., N — 1}", and {d; }jes is a set of coefficients
depending on f. With this form, b is supported on X. This implies that

Lib(x) = [ k(x—1t))_ djp(Nt—j)dt = Zd@( )

R jedJ jedJ

Here
() = krp(N-)(x) = / Kz — t)p(Nt)dt
is symmetric, positive definite, and

(&) = N"k(&)@(E/N) > 0

Since @ is positive definite, the matrix

j l
RR)
N N j.leJ

is positive definite. The coefficient vector d := (d;);cs is uniquely determined by
the linear system:

And = (f(G/N))jer - (6.9)
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That is,

J l e .
Z@(N— N)dl_f<N>, jed.
leJ

Thus, b has been defined, by means of N and (f(j/N)). To find the norm ||b]|2,
we notice that ¢ is supported on [—1,1]" and 0 < ¢(¢) < 1. Then, by the definition
(6.8), for t € I/N +y/N with [ € {0,...,N — 1}",y € [0,1)",

2

<2" > ;.

jeJn(+{0,1}n)

b(t)]* = > diel+y—3)

jeJn(+{0,1}n)

b(t)|?dt < 2"{ |d-|2}N".
/z/N+[o,1)n/N Z ) !

jeIn(+{0,1}"

Hence

It follows that
Il = > / bt < 4PN |dy 2
1€0,...,N—1}n» Y UN+O,1)"/N e
Thus,
||b||L2(X) < 2nN_n/2H{dj}j€J||l2 .

To bound the discrete norm ||d||;2, we take inner products of d with both sides
of (6.9) and obtain

T _ J—1 _ [ J
g.led jeJ
On the left side, we use the inverse Fourier transform,

S djerst

JjeJ

2
d¢ > 4"{ inf }nl%(@}dnfz :

E€[-Nm,N=w

d¥ Ayd = (2m)™" / ) d(¢)

On the right side, by the Schwartz inequality,
Z%f(%) < N2 flle
jedJ
Combining the above two estimates, we have
-1
dlp < 4™ inf  k N™2|| f]loo -
i <a{ k@) A

It follows that

—1
||b||Lz<X><8”{ in /fc(s)} 1o

¢€[—Nm,Nx|»
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The support of f tells us that

—o 1/2
1o < ||a||o,2{(27f)_” /m/ <£|2 N 1) d§}

R’ 1/2
< ||a||072</ (r2 + 1)”n7"”1dr>
0

Therefore, with the definition (6.5), if R’ < N, the norm [|b]|2 can be bounded as

) . / 1/2
bl z20x) < {infssﬁm k(f)} 8"lla "’2(f0R (rf+ 1>Umm1dr) (6.10)

< 8"||alls2M k.0 (v/RNT).

We turn to the estimate of the error ||a— Lib|| < |la— f||+||f— Lkb||- Note that
the matrix Ay is symmetric, so is its inverse AJ_\,1 = (AJ_Vl)j,leL]. Define a set of nodal
functions {u;(x)},cs by

_ l .
uj(x) = Z(ANl)jJ(I)(Z‘ — N), RS J.
leJ
This, in connection with the construction of Lgb, implies

Lib(x) =) { > (AN1> | f(l/N)}(I)(x - %)

jed “led il
_ ;fa/m{ 3 <AN1)M<I><$ -4)}- S H/N o)

By the inverse Fourier transform,

)~ Lxbla) = 2" [ e St < ac.

n

Since f is band-limited, we have

o [ OP
0) = b < {2m) [ B8]

As ® is symmetric,

piré Z ul(x)eiﬁg

leJ

— ®(0) - QZul(x)(I)<x _ %) + Y ) (% - %) w(z) .

leJ

ery [ 8
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Let z € X be fixed. The quadratic function
l j l
Q((wj)jer) == ®(0) — 2;101‘1’ (:c - N) +jlz€:ij<I> <N - N) w

over R’ takes the minimum at (u;(z));je;. For any (w;) € R, we have

Q((u;(2))) < Q(wy)) = (2m)™" / b€ — N el 2d§
leJ
< N*”(%)’"/n k()€ — ;wzei%f 2d£
= N”{k(o) —2> wik (x - %) + > wik (% - %) wl}.

leJ Jle

Taking the infimum over (w;) € R7, we know from the definition (6.4) that for any
e X,

Q(uj(2))) < N™"ex(N).
It follows that

. —1/2
If = Lrcbllz2(x) < {N—nek(N)}l/Qnang,g{ ot (€ + 1)"<I>(§)} :

Therefore, concerning the error, as R’ < N, we obtain the following estimate:

1/2
15 = Loy < 2l (VA (R)) (6.11)

We are in a position to prove our conclusion, using the estimate (6.10), for ||b]|,
the error estimate (6.11) and |la — f||. Let R > 8"||a||5,2A%,0(v/n). Since Ay, o is
increasing, there exists a positive integer N such that

8"|all¢.2Ak,o (vVRNT) < R,
that is,
N<—tar(f )
vor P\ 87 |al|e,2
But lim, o Ap»(r) = 400. The largest integer satisfying this condition is Ng.
Then choose N = Ng. By (6.10),

[blL2x)y < R.
The conclusion (6.6) follows from the error bounds (6.7) and (6.11) by taking the
infimum over 0 < R’ < wNg. The proof of Theorem 6.1 is complete. O

The proof of Theorem 6.1 also provides a way to find the element b for achieving
the approximation error.
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To see how to handle the functions measuring the regularity of the kernel, and
then to estimate the approximation error, we turn to the example of Gaussian
kernels stated in the introduction. Denote p,, := max{1/(4/n),27"}, and for o > 0,

20/(20 —n), ifo>n/2,
Com =4 1+n, ifo=n/2,
n/(n—20), f0<o<n/2.

Example 6.1. Let ¢ > 0 and

If « € H°(R™) and

c2n7r2

_3 <2 8n2y
R > max{ (8"||a||g72 Con max{c snemax{G.8n°} —npn/do g )

4 (6.12)
enﬂ2c2(80n1n2/02+3)2 20\/E7TC
) _lnpn )
then
—2Inp, —o/2
I(a,R) = inf a— Lgb < lallo
(@ R) \|anz<m,1]n>SR{H &bz o} < lal 2{< 03\/%)

+ 2" (32n\/é + %)pnl(cﬁ)”} (ﬁ)m .

Proof. It is well known that

c21g|2
4

k(e) = (ev/mye —EE
Hence I%(f) > 0 for any £ € R™. Then

62 ’!‘2

Mo (T) < (ey/m) e

By a simple computation,

r Ca,na if0>n/2,
/ (P> +1)"np" tdp < { Con(1+1n7), ifo=n/2,r>1,
0 Ca,nrn720’, if0<a<n/2,r21.

Then for r > 1,
1/2 2

1 2,2
( / <p2+1>—“np"—1dﬂ) (evm) e T < Apolr) < (eV/m) "y /Cor™/2e
0

It follows that for » > max{4n/c, 1},

n/4
4 2,2 2,2
Apo(r) < (eyVm) "/ Con (—) ez < c_%"\/C’a,ne 2

c2
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3 2 2
-2 <8
Hence for » > ¢ 2n1/007nemax{ 78}

2 3 1
A;’}T(r) > %\/Inr—l— §nlnc— 511100_,”.
Let

AZnr

_s3 o2 gn2y 2
R > 8"||al|s,27/Cs,n max {c 21 gmax{ G ,8n },c np/ e } .

Under this restriction, (6.6) holds, and Ng > [Nf] > 1, where

V2
- /nmc

To get the desired constant, we cite the estimate for ex(N) from [14, Example 4]:

3 1
Np: InR+ §nlnc —In(8"|als,2) — 3 InCsp.

+2.

=272y 807 In 2
6k-(N) S 2\/5(16—71) + m27n(N72), when N 2 722n

Then restrict R further such that Nj, > 89222 4 3 We have

4n+1 1 1 Ngr 47l+1 1 N
Npr) < 2 — - — < 2 “ont .
e G e Py I v o

Now under the restriction

R > max { (8””(1,”02 /Cg,nc_%")Q 7en7\-2c2(80nln2/c2—}-3)2} 7

we know that (6.6) holds and

R > 80n1n2

nme c?

/4
, [—2Inp, '

= | .
R B nR >0

It can be easily checked that R' < vIn R/(y/nmc) < wNg.
We can see that all the above restrictions on R hold when (6.12) is valid. There-
fore, with (6.12), (6.6) tells us that

—2Inp, —o/2
e~
gn+1 Vin g \ 1/2
+ 2"((32n\/5—|— —)pgl(cﬁ)_"pﬁﬁ”> } .
/T

4
The choice R > (M) implies that

—Inp,

Np >

+3.

Finally, we choose

I{a, R) < |la

vIn R
pa” < (InR)™/%.
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Hence

—21npn _0/2 n 4n+1 —1 —n 1 _%
I(a,R) < ||a]|¢.2 & Jr +2"( 32nye+ o p,, (/) nR .
This yields the desired approximation error for the Gaussian kernels. O

By taking ¢ = v/2, the second statement of Proposition 1.1 follows from the
estimates in Example 6.1.
The next example deals with multiquadric kernels which are C'°° kernels.

Example 6.2. Let ¢ > 0, « > n, and
E(z) = (¢ + |z>) /2, zeR".
If o >0 and a € H°(R"), then
1

HoR)= ), <ntlle ™ betlezqoan} =0 ( <ﬁ> > '
Proof. For any € > 0, there are positive constants C7, Cs such that
Cre~(CHolEl < f(€) < el Ve e R™.
Then

1
)\’“U(r) < ae(cha)r

and for r > 1,

CG‘ niecr < Ak a(r) < VvV Oo- n,,,n/?ie(c-&-s)r < C’{e(c"'%)r.
Oy ’ ’ Ch
Hence for sufficiently large R,
(MR+InCy —nCyp/2)/c < Ay (R) < (InR—InCY)/(c+2e).

It follows that for sufficiently large R,

1 1
Ng > |———{InR—In(8"||a||,2C])} InR.

>_ -

Vnm(c+ 2¢) ~ 2y/nr(c+ 2e)

The estimate in [7] provides a bound for e;: with some fixed constants § > 0
and Cj > 0,

ex(N) < Che™ ™M VYN eN.

Combining the above estimates, we know from Theorem 6.1, that

1\° s 1 ( | 1/2
< i = n( v, —6Nr L (c+e)R' '
I(a,R) < |lalls2 O<R1/r%fﬂNR { <R’> +2 <C’26 c e ) }

Choosing R’ = dIn R for sufficiently small d yields

e . 1\
< o 9n 22 {(cte)d—5/(2v/nm(c+2¢))} InR | _ )
I(a,R) < ag,g{(dlnR) +2 C,16 0 R

This is the expected estimate for the approximation error. O
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