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Abstract—We derive new bounds for function approximation
using reproducing kernel Hilbert spaces by analysing kernels
which are k-times continuously differentiable, instead of kernels
which are norm equivalent to Sobolev spaces. This means our
method allows for a much wider choice of kernels, including the
popular exponential quadratic and polynomial kernels, which
are widely used in practical application of kernel methods. Our
analysis also reveals other possible avenues for new and improved
convergence bounds, depending on how we describe our target
domain X and set of sample points X.

I. INTRODUCTION

Reproducing kernel Hilbert spaces (RKHS) are widely used
for modeling non-linear functions given pointwise evaluations
of the target functions. In function approximation the goal is
to design algorithms to minimise the approximation error with
as few evaluations as possible, while controlling variables such
as how to choose the sample points. This problem arises in
such diverse applications as reinforcement learning [1]], integral
approximation [2|] and Gaussian Process Bandits [3[], and in
all cases RKHS are used to find solutions. We can use RKHS
to solve these problems by defining a loss function and then
choosing a function from the RKHS that minimises this loss
over our target domain. One of the main advantages of RKHS
is that for certain choices of loss function this optimisation
problem has a simple closed form solution, making it extremely
popular for many practical use cases [4]—[|6]. An important
question is then how the choice of evaluation points affect the
quality of this solution. One method for dealing with this is
looking at the theoretical worst case convergence bounds for
these solutions, and analysing how the choice of parameters
effects these bounds. Worst case upper bounds are also of
specific importance in the case of Gaussian Process Bandits
[3] mentioned above, as they are needed to bound the regret
of many UCB based algorithms. We note that a bound in
probability is not needed for this application in Gaussian
Process Bandits, the absolute bound we provide is sufficient.

Much of the existing theoretical work on learning rates in
this area focuses on Sobolev spaces [[7]-[9]], which results in a
limited choice of kernels. This is because the results strictly
require that the RKHS be norm equivalent to a Sobolev space
of the form W&. The specific requirement of a value of 2
in the subscript means that any kernel which satisfies these
conditions can only be finitely continuously differentiable. This
immediately excludes many of the most popular kernels used in
practical uses cases for kernel methods, such as the exponential
quadratic kernel and the polynomial kernel. The kernels covered
by the Sobolev work must also be shift invariant, a condition
that excludes simple linear kernels of any kind. Our work
instead allows any kernel of continuously differentiable degree,
including infinite, and does not require shift invariance, meaning
we cover the practical kernels mentioned above that are not
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covered by the Sobolev work. We note also that there is much
more work on RKHS interpolation than on regression, while
our result generalises both cases. This is significant as many
applications require approximate interpolation instead of exact
[10].

The attention given to Sobolev spaces seems to be related to
their usefulness for solving certain partial differential equation
problems [11], [12], but in machine learning we are most often
dealing with functions arising from natural processes, and
so the space of k times continuously differentiable functions
C*(X) is a more fitting domain. Even though it is possible
to approximate these functions using Sobolev kernels, the
literature misses that this is not what is being done in practice.
Real world applications of these methods use the simpler, more
practical kernels which we have mentioned already, and so our
work gives convergence rate bounds on these methods that the
Sobolev work cannot. Another reason for the focus of previous
work on Sobolev spaces is how the Sobolev norm emerges in
their analysis as a measure of the ’smoothness’ of the target
function. This fixed smoothness measure then requires the
kernel they choose to be norm equivalent to this measure, and
so results in a very limited pool of options. We are able to
extend this analysis to C*(X), and so remove the restrictions
on the kernel choice, by removing the reliance on this Sobolev
norm. We do this by utilising a result from [[13]] which bounds
the derivatives of a function in a RKHS by its kernel norm,
allowing use to use any continuously differentiable kernel to
measure smoothness.

II. RELATED WORK

Our work is most related to the seminal work of [7], but
we build on it to analyse k times continuously differentiable
functions instead of functions belonging to Sobolev spaces.
This allows us to keep explicit the values of constants in our
convergence bounds, as well as extending our results to a
much wider choice of kernel. The work of [9] also builds on
[[7], but still focused on Sobolev spaces, as does [8]], with the
addition of taking account of misspecified smoothness and
likelihood. Some of these previous results are in the Gaussian
process framework, but works such as [14] and [[15] show the
deep connection and equivalence from that setup and kernel
methods.

There is some work analysing the problem with a general
RKHS instead of a Sobolev space, but it is mostly in the domain
of statistical learning theory [[16] which assumes the location
evaluation points are sampled from some unknown probability
distribution [[17]-[19]. This statistical assumption makes it
distinct from our framework, the bounds are determined in
term of the choice of points. This also means that it does not
allow for much of the practical work mentioned below, and its



analysis differs in form from ours, and the analysis mentioned
above in [7]-[9].

There is much literature on the practical applications of
kernel method, looking at their general use in machine learning
[20], their applications in computational biology [21]], analysing
their use in global optimization [22]], and applying them to
reinforcement learning [1]], [23[], [24]. Significantly, many of
these works utilise setups and kernels that are covered by our
analysis but not by contemporary theoretical work such as
[8], due to their focus on Sobolev spaces, or by [17], as the
evaluation points need to be carefully chosen.

III. OUTLINE OF RESULT

As mentioned above the purpose of this work, and our
main result, is a bound on the approximation error of RKHS
interpolation or regression for continuously differentiable
kernels. This result is stated in Theorem [3] in Section 8, and
we will give a brief outline of its most basic version here, to
make clear the goal of the intervening analysis.

We have a target function g € C¥(X), the set of k-times
continuously differentiable functions over our target domain X.
We have a kernel K such that g € H, its reproducing kernel
Hilbert space, from which we get the kernel approximation gy
to be defined in the next section, where A > 0 is a smoothing
parameter. We have a a target domain X we are trying to
approximate over and a set X of N sample points that we
choose the location of. The fill distance of a set of points
X ={x1,...,xny} C X for a bounded domain X is define to
be

hx x :=sup min ||z — ;|2
zex 1SJSN

We show that if the fill distance hx x of our sample points
X is less than some constant () depending on the smoothness
k of our target function and the shape of our target domain
X C R", then we can bound the error of our approximation
by;

lg = 3llzecy < © (Wi allglliee + VAllgllree )

where C' is a constant that depends on the smoothness &, the
shape and dimension of X, and the kernel IC. We can see that
by careful choice of A the convergence will go as O(h’;(, ¥)s

and so we have that the error goes to zero as O(N~*/™). This
gives us a general worst case bound for function approximation
using continuously differentiable kernels, that scales well with
smoothness k. This gives a bound that did not exist before in
this form for practical kernels such as exponential quadratic
and polynomial, and so allows for new methods of parameter

design, such as choosing lambda, in their practical application.

Proving this bound motivates the work in this paper.

IV. REPRODUCING KERNEL HILBERT SPACES

We have an unknown function g € Hx we are trying to
approximate over X C R", where H is a reproducing kernel
space with kernel I € C%(X x X), k > 0. We note that
K € C?*(X x X) means that Hx C C*(X). We choose a set
of points X = {x1,...,xx} C X to evaluate our function on,
which we call our centers. The interpolation problem is then
defined as

§ e in ||h]|2 h that h(z;) = g(x;) Vo; € X
g arghrg;{n}cll |13, such that h(z;) = g(z;) Vx

and the regression problem is defined as

N
i i h(z:) — g(z))? + AN|RhlZ,., A
gxearghrg;&;( (z:) = 9(2:))” + Al|[l5,e, A>0

where A is a regularisation parameter.
Both of these optimisation problems have the closed form
solution [15]] below

N
@) =Y wa(z,z)g(x:), A>0 (1)

i=1

with (wx(x, 1), ..., wxn(z,2n5))T = Kex(Kxx + My) ™!
where K, x := (K(z,21),...,K(z,2x)) and Kxx € RV*N
is the matrix whose (7, j)'th element is K(z;, z;).

The interpolation solution is given by g, and so to guarantee
a solution in this case we must have that K x x is invertible.

We define fy(z) := g(x) — gx(z) and so we have that
fr € Hx. We now want to bound fy|X, the function f)
restricted just to the points X. In the interpolation setting we
have by definition that go(z;) = g(z;) Va; € X, and so
[ fol X]|oc = 0.

For the regression setting we do not have the same condition,
but we note that if we take the solution to the interpolation
problem for the same target function and set X, and substitute
it into the regression objective function we get

N

> (o) = g(@i)® + Aldollze = Aol 3.

i=1
Since g, is the unique minimizer of this objective function we
immediately have

N
D (@) = g(@i)® + Maallze < AlldollF,
i=1

N

e 3 w0 o)) < Ml

= (ga(®) — 9(2:))® < Mlgol[3,. Voi € X
= |ga(25) — g(zi)| < VM|dollre Vo € X

and so in the regression setting we have that || f|X||co <
V|Gol| 3, If we note from above that || fo| X ||oo = 0, we
have that || fz|X|[co < V/Al|go[4, for all A > 0.

We now investigate bounding || fx|X ||, f over our whole
target domain A’

V. BOUNDS ON CONVERGENCE RATE

Our main result in this section will be to bound our error
function fy in terms of it value at the points in X. We will
drop the A for this section as it does not effect any of the
results, and we note that from its definition we have that its
is continuously differentiable up to degree k. This bound will
give us the learning rate, that is the convergence rate of our
error function to zero. This result will require two intermediate
steps. First we will bound the difference between f and its
Taylor polynomial using a standard Taylor’s theorem argument,
and then we will derive conditions on the points X such that
we can bound the Taylor polynomial in terms its value on X.



The result of this section will be a bound that depends on
the diameter of the set it is defined over, so we must be able
to control said diameter to get a useful bound. Therefore our
analysis in this section will focus on a subset 2 C X, and
then after we will show that we can cover X by many such
subsets. We also define X = X NQ.

To bound the difference between our function f and its
Taylor Polynomial, and also the derivatives of this difference,
we must first determine type of space this is defined for.

Definition 1. A set A C R" is said to be star shaped with
respect to a point a € A if Vax € A the line segment from a
to x is entirely contained in A.

A set Q) being star shaped with respect to some point a
guarantees we can bound f over all of 2 relative to its Taylor
polynomial at a. With this definition in hand we can now prove
Theorem [I] below.

Theorem 1. Let open bounded ) C R™ be star shaped with
respect to some point a € Q. Let R = max, yeq || — yl|oo- If
f € CF(Q), with k > 1 and k > || for a a multi-index then
we have that

ID*f — D*TE= £l (@) < Chon,jo BE12 max IID? .. 2)

nk—lal

for Cinjal = GTamr- Trk=1f(x) here is the k — 1-th order
Taylor polynomial of f at a € R™.
Proof. From Taylors theorem [26] we have;

[f(@) = Ti (@) < Y (z—a)®

lw|=k

D7 f(y)]

1
— max max
w! [B]=k yeQ

Now we have that for z,a € )

(z

Wn

—a)¥ = (x1 —a1) (z2—a2)*? ... (zp — an)
< R“'R**...R*» = Rl = R*

_ 1
= IIf = T o) < B max 1D fllo@) Y o
B lwl=k

The value of the remaining sum can be found by starting from
the sum of multinomial coefficients
> i

L e wit...twn=k 1

wit...twn=k
Since by definition |w| = w; + ...+ w, and W! = wq!.. 1w,
we immediately get

POIE DS

|w|=F wit...twn=k

w1! e
Therefore we have

k
_ n
Nf=TE " fllo) < ng max || D° £ o)

|Bl=k
Using the identity D*T*=1 f = Tk=lel=1De f we have

IDf — DT fll1 ) = [|D*f = T* 1171 Df|| (@)
nk—\a|

< 0 pk-la
= (k—lal)!

max ||DP D%
max (10Dl e

AN

And since max‘m:k,w ||DﬂDaf| |Lm(Q)
max|g|—, || D’ f|| ... (o) we have the desired result:

ID* f=DTE " |1 (9 < Chonjo R max ID? f]l1..c)

kel

(h—TaD)! H

where Cy ;|| =

With this in hand we now turn to the second intermediate
step, bounding the Taylor Polynomial 7 f and its derivatives,
in terms of its value on our set of centers Xq. Since TF f
is by definition a polynomial of degree at most k, we need
to determine conditions on X so that the value of any such
possible polynomial at any point = € € can be expressed in
terms of its value on Xq. We do this by deriving conditions on
X such that Va € € there exists a bounded and well defined
mapping from any polynomial up to degree k’s value on Xq
to its value on x. We introduce the notion of norming sets to
establish sufficient conditions for our sets {2 and X, using
the definition from [25]].

Definition 2. Let V' be a finite dimensional linear space with

norm || - ||y and dual V*. Given two subspaces W C V and
Z C V*, the set Z is called a norming set of W under the
norm || - ||y if there exists some ¢ > 0 such that

sup |z(w)| > c|jw|ly YweW

z€Z, ||z|lv=1
The values c is the norming constant for Z on W.

We can see the utility of norming sets in Lemma [I] below
from [7]].

Lemma 1. Suppose W C V a finite dimensional linear space
and Z = {z1,...,zpm} is a norming set for W under the L
norm with norming constant c. For every ¢ € W*, the dual of
W, there exists a vector u € RM depending only on @, such
that for every w € W

M
plw) =) ujzi(w)
j=1

and

M

1
> | < ~ llellza v
=1

Proof. See Theorem 3.4 in [7] ]

This result shows us that given a finite norming set Z for
a finite dimensional linear space W, any function from the
dual space W* can be expressed as a linear combination of
functionals in Z, with bounded coefficient vectors ;.

We can apply this to our problem by letting W = 71 (R™)|€2,
the space of n-variate polynomials up to degree k restricted to
the set 2. Our objective is to be able to express the value of any
p € W atany x € ( in terms its values at our centers X¢. For
any function f its value at a point 2 can be obtained by applying
the point evaluation function J, to f, where 0, (f) = f(z) by
definition. Since clearly §, € W* for every = € €2, our goal
now becomes showing that Vx € €2, §, can be expressed as
a linear combination of the functions d,,,z; € Xq. Lemma
tells us that if the functions ¢,, form a norming set for W,
such a mapping exists and its coefficient vectors are bounded.



We now prove conditions on X to guarantee that X forms
a norming set for 7 (R™)|Q.

Lemma 2. Let p € 7 (R™) the space of n-variate polynomials
of absolute degree at most k and let Q0 C R™ be bounded. Let
the set Xq = {x1,...,xn} C Q satisfy:
e Vo € Qdx; € Xq such that there exists a line segment of
length £ passing through x and x; and entirely contained
in Q, with £ > Ak?||z; — z||2 for some constant A > 2
then the set Z = {0y, ,...,0zy } is a norming set for m,(R™)|2
under the Lo, norm with norming constant (1 — %).

Proof. Let p € m(R™) and let L = ||p||r_(x). Since € is
bounded 3z € Q such that p(z) = L. Since X, satisfies our
condition above we have that Ja,b > 0, a + b = £ such that
the whole line segment

Tj— T

x + t € [—a,b

AT
[lzj = =[]
lies in . From this line segment we define

B(t) = pla +

tel—

From [27, p. 91] we have Markov’s inequality for a polynomial
q € m(RY) is

4 (O] < Klallz -1, € [-1,1]

We can easily rescale this to get that Va,b > 0, a+b = ¢ and
Vq € 7 (Rl)

2
lq'(t)] < ZkQHqHLOO([—a,b])u t € [~a,b]

Combining this with p(t) we have

[=)

2 5 [lz—zj||2
< Rpllenay [ e
0
2 2
< ZRpl el = 2
2 ¢
< Zp2 —
<3 ||p|\Lm(X)Ck2
< 21ipl
=c Pl Lo ()

Now combining this result with |p(z)| = ||p[|._ (x) we can
use the reverse triangle inequality to get

p(x) = p(a;)| = | [p(e)] = Ip(;)] |

2
= 5Hp||LOO(X) > P2 Lo 2y — |P(25)]
2
= |p(z;)| > |1 - c 1Pl 2 (2)

Recall that d,,(p) = p(x;) by definition, giving us

2
50,0 = (1= 2 ) ol

We note that C > 2 and so (1—2) > 0, and that
Vz ||0z||L., =1 by definition. Therefore we have that

sup

2
0, = (1= 2 ) ol o€ mi®
80, €2,]100, || Loo =1

and so the set Z is a norming set for 7 (R™)|Q2 under the L
norm, with norming constant (1 — 2) O

Combining Lemmas [T] and 2] we immediately get conditions
on  and Xq such that any polynomial p € 7 (R™)|€Q2 can be
expressed in terms of its value on X, with bounded coefficient
vectors. However, since we also want to do the same for the
derivatives of any polynomial, we will additionally require that
our set X satisfies an interior cone condition, the definition of
which below is taken from [7].

Definition 3. A set 2 C R"™ is said to satisfy an interior cone
condition if there exists an angle § € (0, ) and radius r > 0
such that for every « € Q a unit vector £(x) exists such that
the cone

C(zt(z),0,r) :={z+ X y:y € R, ||yll2 = 1,y &(x) > cosh, X € [0,7]}
2

is contained in 2.

We can see that any convex set will automatically satisfy
an interior cone condition, as will many non-convex sets. The
intuition behind a set satisfying some interior cone condition
is that for any point in the set there must be some non-zero
length vector emanating from the point contained entirely in
the intersection of the point and the interior of the set.

We can then use Lemma [3| below from [7] to bound the
norm of the derivative of our polynomial by its norm

Lemma 3. Suppose that Q0 C R" is bounded and satisfies
an interior cone condition with radius r > 0 and angle 6. If
p € 1 (R™) and « a multi-index for which || < k then

[
||Dap|Lm<ms( ) Pl

Proof. See Proposition 11.6 in [[7] O

We can immediately combine this with Lemmas [T] and [2] to
get the following result.

2

rsin 6

Theorem 2. Let p € 7, (R™) the space of n-variate polyno-
mials of absolute degree at most k, with k > |a| for a a
multi-index and let 2 C R"™ be bounded. Let the sets ) and
Xa ={z1,...,xn} C Q satisfy:
1) Vx € Q 3x; € Xq such that there exists a line segment of
length { passing through x and x; and entirely contained
in Q, with £ > Ak?||x; — z||2 for some constant A > 2
2) if |a| > 0 then Q) satisfies an interior cone condition for
some > 0,0 € (0, %)
then there exists real numbers af (z) such that

N
Dpla) = 3 a5 (@)pl;)
and N o
N A 2k% \ '
Z ‘aj (@)l < A—2 (rsin@)



Proof. This proof is a combination of what we sketched out
after Lemma [1] and the result of Lemma 8l We have that
and X satisfy the conditions of Lemma [2] and so the set
Z ={buy,---,0zy} is a norming set for 7, (R™)|2 under the
Lo, norm with norming constant (1—2). We note that || < k
means that D®p € 7, (R™)|Q2. Then applying Lemma [I] to this
we immediately have that Vo € (m(R™)|X)* there exists a
vector a € RN such that

Zaa

Since Vo € X 6§, € (m(R™)|2)* we have that Yz € Q3a; €
RY such that

D%p), Vp e m(R™)|Q

Vp € m(R™)|Q

N
=Y a;Dp(a;),
j=1

and so we have that there exists real numbers a;(x) such that

N
j=1

if a = 0 then the bound follows immediately from ||d,|| 1.
and Lemma [I]
N

Slas@)] < (1-2)

j=1

Vp € . (R™)|Q2

and we are done. If || > O then

N
= Z a;‘p(zj),
j=1

with af(x) = a;(z)D*p(z;)/p(x;). The bound then follows
same as above but with the addition of assuming (2 satisfies
some interior cone condition with radius 7 and angle 6 and
applying Lemma [3]

N
a$(x)
|5
=1

and we’re done.

Vp € me (R™)|Q2

a A 2k2 Jex|
Z la;(z)]) |7HL o < —= ( - )
‘ p o A—2 \rsinf

O

We can now combine this result with Theorem [I] to get the
main result of this section and our most general result, which
bounds f on € in terms of the diameter R of the set.

Theorem 3. Let f € C*(Q) for open bounded Q2 C R"

which is star shaped, with k > 1 and k > |a| for o a multi-

index. Let R = maxg yeq || — y||oo. Let the sets Q) and
Xo =A{z1,...,en} C Q satisfy:

1) Vx € Q 3z; € Xq such that there exists a line segment of

length { passing through x and x; and entirely contained

in Q, with £ > Ak2||x] - ng for some constant A > 2

2) g

some > 0,0 € (0, %)
Then we have that:

1D fllLoo () <

Crmtat,ro (B max 11Dl oy + R 1171 Xall )

where f|Xq represents the function f restricted to the set Xq
and

nk—lol

Ckonlal R = maX{{(kWJr

A (2(k_1)23>‘a' (ﬁ) A (2(k-1)23>‘a'
A—2 rsin 0 Kl ) A-2 rsin 0
Proof. Recall that by definition of star shaped, € is star shaped

with respect to some point a € ). Then from the triangle
inequality we have that

ID*fllro () S 1D = DTE fllp. ) + IDTE fllrc ) (3)
Applying Lemma [I] to this we immediately get

D%l Loo () 4
< T peetol pay DRy DT £
= (k—|a])! it Leo () @ Loo“”(s)

We can bound the second term in (3) using Theorems [T] and [2]
together

|DTY f(x)|< Z|a ) - 1T8 £ (=)
Jj=1
<i( = )la‘ max | f(x;) — f(x;) +Tq f(x;)|
~— A—2\rsinf 1<j<N J J “ J
A (22 N\ .
—ﬂ(rsine) (||f*Taf|\Loo(Q)+Hf|XQHoo)

A (22 0\
< — RF DF X
<5 (25) 7 (B8 max 10l + 171 ¥all

A /2k2RN
— 2 \rsiné

HDakaHLOO(Q)S

(R s 109 + Rl )

Combining the above with @) we then have

D% fll Lo ()
pk=lel
_ B8
< 7(k el lel ‘Iﬁn‘a:xk D" fIlL oo (02)

+

A [2k2R\ ol ok
2 RF-lel pax ||1DP + Rl p1x
A—2(rsin9> o IBlzkH L oo (92) 1f1Xalleo

k=lal A (22R\ I [ nk
n n k—|a| B
= + — R max ||D
((k—m)! A—2 <rsin9> <k'> \B\:k” Lo ()

A 2k?r\ 1
—_— R™I® X
+—— (mw) 11£1Xalloo
k— _
< Cumatira (R o [1D° 1l o) + R/ 1 X
where
. nk—lel LA (2R b /b A (2R
- = m JE— s
konslal,R,ro ax (k — |e|)! A—2 \rsiné k! A—2 \rsiné

O

We can see that this result shows that the convergence has
two terms that go as O(RF~1l) and O(R~%l) respectively.
Assuming small R, convergence will increase with smoothness
k and for |o| = 0 i.e. just bounding f itself, we can see the
convergence rate goes just as O(RF). However, for increasing
values of || the O(R~1°l) term will be growing larger, and
so we must be more careful to keep ||f|Xq||o small to get
good convergence.

3]



VI. BOUNDS IN TERMS OF FILL DISTANCE

We can now see that if we can show that X' can be covered
by subsets € satisfying the above conditions then we can bound
f on X. How we define these subsets depends on how we want
to define our set of centers X. One commonly used metric for
describing how a set of centers X covers a set X’ is the fill
distance, who’s definition we take from [7]]

Definition 4. The fill distance of a set of points X =
{z1,...,2y} C X for a bounded domain X is define to
be

h = i —x;
xx = sup min flz =]l

One way to interpret this fill distance is as the radius of
the largest ball which is contained in X and does not contain
a center x;. This means that any ball contained in X' with
radius larger than hx x is guaranteed to contain a center x;.
We note that for any subset 2 of X, any ball contained in 2
with radius larger than hx x is also guaranteed to contain a
center x;. This property can be used to define subsets that
satisfy our conditions by noting one simple property of cones,
that we outline below.

Lemma 4. Suppose that K(x,&,0,r) is a cone defined as in
(@2). Then for every h < r/(1+sin0) the closed ball By, sin¢(y)
with center y = x + he and radius hsin is contained in
K(z,£,0,r). In particular if z is a point from this ball then
the whole line segment x + t(z — x)/||z — z||2, t € [0,7] is
contained in the cone.

Proof. See Lemma 3.7 in [7]] O

We can now prove conditions on a subset {2 of X, for X
with a fill distance hx x.

Lemma 5. Let f € C*(X) for bounded X C R™ with k > ||
for o a multi-index, and let X have fill distance hx x over X.
Let Q0 C X be open, star shaped with respect to some point
a, and satisfy a cone condition with radius r > 0 and angle
0 € (0,7/2). If the fill distance satisfies
L < rsin 6
0% = Ak2(1 + sin 6)

for constant A > 2, then §) satisfies the conditions of Theorem

kil

Proof. Since () satisfies an interior cone condition we have
that for any z € Q and any h < r/(1 + sin#) there is a line
segment from x to any point in some ball of radius £ sin 6.
We have

rsin 6

h <
X = 4k2(1 + sin 0)

hx x

sin 0
and so for any point x € €2 there is a line segment of length r
from x passing through any point in the closed ball By, , (z+
hx x). By definition any closed ball of radius hx x contains
a center, and so there exists a line segment of length r from
any point x passing through some center z;. We also have

<7r/(1+sinf)

|z —z;|| <|lz — (z+hx.2)|l + [l + hx,x — 24|
1+sinf
sin @

h
<hxx+—% —hxy
sin 6

Combining these we have that for any z € 2 there exists a

line segment of length r contained in €2, passing through x

and some center z; and

14 siné
sin 0

and so clearly all conditions of Theorem [3] are satisfied. [

r > 4k?hx x > 4k ||z — z|2

Finally we see that to bound f on X in terms of the fill
distance hx x of X, we simply need to show that every x € X
belongs to some subset €) satisfying the above conditions. We
can do so by covering X’ by specifically constructed subsets
Q;, which has been done already in [[7], and so we use that
construction here.

Let X be bounded and satisfy an interior cone condition
with radius Ry and angle ¢, and let A > 2 some constant. We
introduce the following quantities. Let

6 := 2sin~" (sin @ /4(1 4 sin p))

sin @ sin 6
k,p A) = :
Q( , P, ) 2Ak2(1+51n4p)(1+81110) ( )
_ hxx
Q(k, )
S
"= R2(1 + sinp)

From these we then define the sets T} := {t € —\Q}Z” :B.(t) €
n
X'} and

Q:={reX:co{z}UB,(t)) CXNBg()}, teT,

where co(D) denotes the closed convex hull of the set D. With
these quantities defined we have the following lemma from
(7]].

Lemma 6. With the quantities just introduced, assume hx x <
Q(k,p)Ro. Then the following hold:

1) Each Q is star shaped with respect to the point t.

2) Each Q) satisfies an interior cone condition with radius
r and angle 0.

3) X = Uer, and 2r < max, yeq, ||z — y|| < 2R =

2hx x
Q(k,p,A)

With this is hand we can prove our bound in terms of the
fill distance hx x.

Theorem 4. Let f € C*(X) for bounded X C R" satisfying
an interior cone condition with radius Ry and angle @, with
k > |a| for a a multi-index. If the fill distance hx x of X over
X satisfies hx x < Q(k,, A)Ry for some constant A > 2
we have that

1D fllLoc ) <
k—|a —|a
Crontoe (W5 s 107 .oy + 331X

where
nk7|a|

nk
Ck,n,\ocLLp = max {(k._W + Bk,|a‘,g& (k,]) 7Bka“|7‘ﬂ}
and

B A 4(k — 1)2(1 + sin ) o
Rilale = 4 sin g sin (2sin~! (sin p/4(1 + sin ¢)))




Proof. We use the quantities introduced in the paragraph before
Lemma 6| Since we have that hx x < Q(k, p) Ry we can apply
Lemma [6l We also note that

_ rsin 6
 4k2(1 4 sin6)

by construction. Combining these two facts we see that each
set ; satisfies the conditions for Lemma [5] and every z € X
belongs to some ;. Therefore

DY fllL oo (x) £

k—
Cl;,n,\ahR,r,G ((QR) lo

hx x

18

where
C'knlal, R0
k—|al 2(9 lel 7k 2k2(2 o]
= ma"{(:— a2 (krs(inj?) (F) 2 ( fsi(n}:)) }
Substituting in values for R, r, and 6 and rearranging gives us

1D fllL () <

k—|a —le
Chnlolr (hX,L | mmax |07 £l ) + hx',X|f|X||oo)

|B|=Fk
where
nk_la‘

’I’Lk
Ch,nJale = max {(k—lal)' + By Jal,¢ (k') ka,al,w}

and

B A 4k2(1 + sin p)
Rlele = 49 sin ¢ sin (2 sin™! (sin ¢/4(1 + sin ©)))

and so we have the desired result.

We can see this bound has the same properties as that in
Theorem but now goes as fill distance h x x instead of R, and
covers the whole set X'. This means that for bounding f (Ja| =
0) our bound will improve as we decrease the fill distance, but
for || > 0 we must decrease ||f|X||s in conjunction with
the fill distance.

VII. MAIN RESULT

We can now return to our RKHS setup and, reintroducing the
lambda, recall that fy = g — g, with g our target function and

g our approximation both in Hyc, for kernel K € C?F(X x X).
We note also that we showed that || f|X||oe < VA|[Gol|7

Substituting these into our bound in Theorem 4] gives us
1D*(9 = o) L) <
(W51 s 1D%(0 = 60ty + VAl
where C' is the constant defined there.
To get our final result we want the right hand side to depend

on the smoothness of the target function g, and so we note
an important result from Theorem 1 in [[13|] which bounds the

derivatives of a function in a kernel space by its kernel norm:

nk > IDEK L )1 fllae, Y € Hic
|B|<2k

Z IDP flILo (x) <

|BI<k

s D%l )+ () 171X 1 )

which applied in our case immediately gives us

IEE)EHD[;(Q_.@A)HLOO(X)S nk > IDPK| L ) llg — dallaee
I51= [Bl<2k

We see also that because g, is the minimiser to the inter-
polation/regression problem, we have that || ||2 < ||g]7x
and so combining these we finally have

« ~ k—|o — |
1D (9=l 1) < © (B2 Mgl + VARK ' gl )

where

C’'=2 |n* > |IDPK|[p (x)-C
|BI<k

is a constant. It is this final step that allows us to avoid the
requirements of a specific smoothness measure and work with
any continuously differentiable kernel. We state this result
finally as the below theorem, which we outlined above in
Section 4.

Theorem 5. Let g € Hy, be our target function with K €
C?*(X x X), and gy, defined as in with X > 0 our smoothing

parameter. We have k > |o| for o a multi-index. Let X C R"

e bounded and satisfying an interior cone condition with
radius Ry and angle .

If the fill distance hx x of X over X satisfies hx x <
Q(k,p, A)Ry for Q(k,, A) a constant determined by the

target degree of smoothness k, and the interior cone condition

parameters © and A, and defined as in (6), then

al

~ k— —
@119 = 3| w2y < Cimfad o (A K Nl + VAR Y lgllner )

where we have the three constants Cy p |a|,0. k> Bk,|al,o and

Dy, n.xc defined by

Chonlalek =

nk—\(x| nk
s (e (=g B () ) o

5 A A(k — 1)%(1 + sin o) .
mlabe = A9 sin gsin (2sin~! (sin/4(1 + sinp)))

Dini =2 [0k > [IDOK[Lo )
|BI<k

VIII. DISCUSSION

Our bound allows us to immediately extend existing results
limited to Sobolev-equivalent kernels, to any continuously
differentiable kernel. We will look at two important examples
below.

A. Smoothing Parameter Selection

One example is the optimal choice of smoothing parameter
A, in cases where we need it to be greater than zero. This is
extremely important in cases where there may be perturbations
in the data, and so the interpolation problem could give
undesirable solutions. Such a result for Sobolev spaces is
typified by Proposition 3.6 from [10]], which gives an error
bound equal to the interpolation bound, by correct choice
of A > 0. We can immediately extend this result to any
continuously differentiable kernel.



From Theorem E] we have that, under the given conditions,
if we choose A < hg(k v then

e ~ k—|al

ID*(9 = 93| Lo ) < Chix 3" (19l |2k

with C' the constant defined in Theorem[5] and so we guarantee

the convergence scales as it does in the interpolation case,

going as O(NUel=k)/") "N the number of sample points, n

the dimension. This gives us new convergence guarantees for

kernels used in many practical applications, that were not
covered by the Sobolev work.

B. Kernel-based Quadrature

Another important application of RKHS for which we
can extend results is the area of kernel-based quadrature,
or Bayesian quadrature as it also known. This is a method
of numerical integration that assumes the integrand belongs
to some RKHS, and constructs weighted function evaluation
points to keep the worst case error small.

Simply stated, given some known probability distribution P
on X and g our integrand, the goal is to choose {(w;,z;)}Y
so that the approximation

[ st@)ap@) ~ 3 wigla)

has small worst case error. Choosing the weights w; amounts
to solving the RKHS interpolation problem defined above, and
so this is equivalent to minimising the worst case error for

[s@1aP@) ~ [ golx)ap(a)

A standard result in this field is Theorem 9 from [§]], which
leaving aside their addition of misspecified smoothness, gives
a bound under the assumption that g belongs to some Sobolev
space W¥. We can again immediately extend this result to
general continuously differentiable kernels. From Theorem [3]
with its given assumptions, applied as in [§], we have that

] [s@are) - [wire)

where C' is the constant in Theorem [8l This is a worst
case bound for kernel-quadrature with general continuously
differentiable kernels, giving us new approximation guarantees
for a wide range of popular kernel choices.

< C||P||L2(X)h§(,x|\9||7-t;<

IX. CONCLUSIONS AND FURTHER WORK

Our work extends previous results to more useful kernel
choices. This gives us new and improved bounds in areas
such as parameter selection and numerical integration, with
bounds for any choice of continuously differentiable kernel. Our
analysis covers popular choices of kernel such as polynomial
or exponential quadratic kernels, that are missed my previous
function approximation work. We have also given explicit
values for the constants appear throughout our proofs, unlike
both [7] and [8], making clear the dependencies on the
variables.

There is more work that can be done in seeing if our most
general result, Theorem E], can be used to define different
bounds depending on how we describe the set of centers X.
Our main result follows from using the fill distance and interior
cone condition, but the generality of Theorem [3] allows for
other approaches.
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