ON THE OPTIMAL CONVERGENCE RATE OF
UNIVERSAL AND NON-UNIVERSAL ALGORITHMS
FOR MULTIVARIATE INTEGRATION AND APPROXIMATION
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Abstract. We study the optimal rate of convergence of algorithms for integrating and approximating d-variate functions.
We consider functions that belong to reproducing kernel Hilbert spaces H(Ky). Here K is an arbitrary kernel all of whose
partial derivatives up to order r satisfy a Holder-type condition with exponent 23. We discuss algorithms using n function
values and analyze their rate of convergence as n tends to infinity. Without loss of generality it is enough to consider linear
algorithms. We focus on wuniversal algorithms, whose weights and sample points depend only on d, » and 8 but not on the
specific kernel K4, and non-universal algorithms whose weights and sample points may depend additionally on the specific
kernel K .

We prove that the optimal (largest possible) rate of convergence of universal algorithms is (r + 3)/d. This holds for both
multivariate integration and approximation. Furthermore, we prove that the optimal rate of convergence of non-universal
algorithms is 1/2 + (r 4+ 3)/d for multivariate integration and a + (r + 3)/d with a € [1/(4 + 4(r 4+ 3)/d), 1/2] for multivariate
approximation. Hence, universal algorithms suffer from the curse of dimensionality if d is large relative to r 4+ 8. Indeed, the
computation of an e-approximation requires then of order e~%/("+8) function values which is exponential in d. On the other
hand, non-universal algorithms require of order e~ P function values with p < 2 for multivariate integration and p < 4 for
multivariate approximation. Hence, the curse of dimensionality is not present for non-universal algorithms in the exponent
of e~1. Thus, the curse of dimension is the price we have to pay for using universal algorithms. On the other hand, if » + 3 is
large relative to d then the optimal rates of convergence for universal and non-universal algorithms are approximately the same.

We also consider the case when we have additional knowledge that the kernel K; has product structure, Kg,3 =
®?:1K,nj”5j. Here K’V‘j,ﬁj are arbitrary univariate kernels that are r; times continuously differentiable and whose deriva-
tives up to order r; satisfy a Holder-type condition with exponent 23;. In this case, the optimal order of convergence of
universal algorithms is ¢ := minj—; 2 .. 4(r; + B;) for both multivariate integration and approximation. For non-universal
algorithms the optimal rate of convergence is 1/2 + ¢ for multivariate integration and a + ¢ with a € [1/(4 + 4q),1/2] for
multivariate approximation. The optimal rate of convergence of universal algorithms for product kernels depends on d only
through the minimum of the local regularities r; + 8;. For example, if we assume that r; > 1 or 8; > 3 > 0 for all j, then the
optimal rate is at least min{1, 3}. Hence, the computation of an e-approximation requires of order €~ min{1,6} function values,
and the curse of dimensionality is not present in the exponent of e 1. This shows the power of the product form of reproducing
kernels in breaking the curse of dimensionality, even for universal algorithms.

1. Introduction. High dimensional integration and approximation are important in many practical ap-
plications ranging from statistical mechanics to financial engineering. Depending on the particular problem,
functions belong to a specific function class that captures their a priori known properties. Then the question
arises: which algorithm is optimal? We can often construct optimal algorithms for a known function class.
But a slight change of the underlying class usually results in a different optimal algorithm. Furthermore,
the class of functions from which a specific given function stems is usually not known and thus it is not
clear which optimal algorithm should be used. Therefore, from a practical point of view, algorithms that
are optimal for only one class of functions are of limited interest. Instead one is interested in a universal
algorithm, which works well or (better yet) is almost optimal for a wide range of function classes.

The problem of universality for integration has been studied for many years. The earliest papers we could
find where universality for integration is considered are [3, 9]. In the univariate case, this problem was also
addressed in [5, 14]. In the multivariate case, the periodic setting was studied in [20, 21]. The non-periodic
case was considered in [11, 12]. Here, universality of quadrature was (up to logarithmic terms) achieved for
the classes C7; and F}, i.e., for Holder spaces and spaces of functions with bounded mized derivatives. In
more general cases, however, no results on the convergence rate of universal quadratures are known. The
reader may also consult [2] where the problem of universality is discussed from a more general point of view.

In this article we study the optimal rate of convergence of universal and non-universal algorithms for
multivariate integration and approximation for d-variate functions from Hilbert spaces. Since we consider
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algorithms that use finitely many function values, we assume that the computation of a function value is a
continuous linear functional. This is equivalent to the assumption that the Hilbert spaces have reproducing
kernels. The theory of reproducing kernel Hilbert spaces [1] allows us to describe function spaces in a concise
and elegant way by means of a kernel function. In this article, we consider universal algorithms that work
for all reproducing kernel Hilbert spaces H (K ;) whose kernels K4 have all partial derivatives up to order r
satisfying a Holder-type condition with exponent 2. Here, r is a non-negative integer and § € [0,1]. We
denote the class of such kernels by g, g. This type of smoothness for reproducing kernels has been studied
in many papers. An extensive list of references up to the year 2000 can be found in [15]. We stress that
universal algorithms depend only on the smoothness properties of the kernels, i.e., they depend only on the
smoothness parameters r and § and are independent of the specific form of the kernel, whereas non-universal
algorithms may additionally depend on the form of the kernel.

We show that without loss of generality we may use nested linear algorithms, i.e., linear algorithms that
reuse the previously computed function values. To be precise, the (n+ 1)st step of such an algorithm uses n
function values computed in previous steps and at most one new function value that needs to be computed
at this step. We present a nested linear algorithm that is universal, since its weights and sample points are
dependent only on d, » and 8 but not on the specific kernel. We show that the error of this algorithm is of
the order O(n=("+A)/?) for all spaces H(K,) with K, from the class Kg.,. 5. Hence, its rate of convergence
is (r 4 B)/d. We prove that the rate of convergence (r + 3)/d is optimal, i.e., there is no universal algorithm
with a better rate of convergence. This holds for both multivariate integration and approximation. Lower
bounds on the optimal order follow from known results, mostly from [10, 17]. Upper bounds are proved here
by constructing a kernel (or equivalently, a Hilbert space) that is difficult for a given universal algorithm.

We also study the optimal rate of convergence for non-universal algorithms. That is, we want to find
the largest possible p such that for every Ky from the class g4, g, there exists an algorithm depending
on K4 whose error is of the order O(n~?) for all functions from H(Ky). It turns out that for multivariate
integration, the optimal rate of convergence for non-universal algorithms is 1/2+ (r 4 3)/d. For multivariate
approximation, we are able to present a bound a + (r + 3)/d, with a € [1/(4 + 4(r + 3)/d),1/2], on the
optimal rate of convergence.

Let us now compare the optimal rates of convergence of universal and non-universal algorithms. We
start with multivariate integration. Observe that for d large relative to r+ (3, the optimal rate of convergence
of universal algorithms is small and goes linearly to zero with d~!'. This bad property can be seen more
clearly if we want to guarantee that the error achieved by an algorithm is at most €. Then we need to
perform n = @(s’d/ (TJFﬁ)) steps of the corresponding universal algorithm, and we encounter the curse of
dimensionality since n depends exponentially on the number d of variables. For non-universal algorithms,
however, the curse of dimensionality is broken, since their optimal rate of convergence is always at least 1/2;
hence, it is enough to perform n = @(572/ (1+2(r+6)/ d)) steps of the corresponding non-universal algorithm
to guarantee an error of size €. Note that the exponent of n is now at most 2. However, the factor in the
O-notation has an (as yet) unknown dependence on d; this dependence may be exponential, if not worse.

For multivariate approximation, the situation is similar. We have the curse of dimensionality for universal
algorithms, but no curse for non-universal algorithms since their optimal rate of convergence is always at
least 1/4 and the number of steps of the corresponding non-universal algorithm is at most ©(¢~%); as before,
the factor in the ©-notation is an unknown function of d, which may grow at an alarming rate.

In short, the improvements in the optimal rate of convergence for non-universal algorithms are significant
for both multivariate integration and approximation. This shows the price we have to pay if we want to use
universal algorithms when d is large relative to » + 5. On the other hand, if r + ( is large relative to d, the
optimal rates of convergence of universal and non-universal algorithms are approximately the same, so that
there is no serious loss in the order of convergence if we use universal algorithms in this case.

Next, we consider kernels with product structure. In this case, the Hilbert space H(K,) is a tensor
product of Hilbert spaces H (K, ;) of univariate functions with the reproducing kernel K, s, that is r;
times continuously differentiable and satisfies a Holder-type condition with exponent 23; for j =1,2,...,d.
The corresponding class of such kernels is denoted by ICprO d.di g This class corresponds to Hilbert spaces

H(Kg4) of functions with bounded mixed derivatives. We prove that for the class K the optimal

prod,d, 5"
order of convergence for universal algorithms is ¢ := min;—1 2, q(r; + §;) for both multivariate integration
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and approximation. For non-universal algorithms, the optimal rate of convergence is 1/2+ ¢ for multivariate
integration, and a 4+ ¢ with a € [1/(4 + 4q), 1/2] for multivariate approximation. The number d of variables
now plays a different role than before. Observe that the optimal rate of convergence of universal algorithms
depends on d only through the minimum of the local regularities r; + 3;. If we consider the class lerO A7 F
for which minj:172,___7d{rj + ﬁj} > a > 0 with a independent of d, then the optimal rate is at least a, and
the curse of dimensionality is not present for product kernels. Indeed, it is enough to use the corresponding
universal algorithm with ©(¢~'/%) functions values to compute an e-approximation. As before, the factor
in the ©-notation may be exponential in d. For non-universal algorithms we have even better bounds on
the optimal orders of at least 1/2 for multivariate integration, and of at least the number a for multivariate
approximation. Hence, we break the curse of dimensionality of universal algorithms for the class Kq,, g if
we switch to the class ’Cprod,d,ﬁé of product kernels with min;—y 2, . 4{r; + 8;} > a > 0 and a independent
of d. This means that the product structure of reproducing kernels is a powerful property.

The remainder of this paper is organized as follows. In §2 we give some basics of the theory of reproducing
kernel Hilbert spaces. In §3 we state the problem of multivariate integration and multivariate approximation.
Then in §4, we introduce the class of kernels g ;. g with global smoothness properties measured by the two
parameters r and 5. We also recall that the Hilbert spaces H(K4) with K4 from the class Kq,, g are subsets
of the space of smooth continuous functions C™#(D). In §5, we consider linear algorithms for the spaces
C™8(D) and H(K,) for multivariate integration and approximation. We present nested linear universal
algorithms with optimal rates of convergence in §6. In §7 we study non-universal algorithms and their
optimal rates of convergence. In §8, we consider kernels with product structure and derive their optimal
rates of convergence. We finish with some concluding remarks and open problems in §9.

2. Reproducing kernel Hilbert spaces. In this article we study multivariate integration and ap-
proximation for real functions defined on D = [0,1]¢. We assume that these functions belong to a Hilbert
space H with associated inner product (-, -) ;; and norm || f|| 7 = (f, f)}f We assume that H is continuously
embedded into Ly(D). Thus, we consider integrable functions f with respect to the Lebesgue measure for
which || f]l.cpy == ([, F2(8)dt) "
the space H such that

< o0. Furthermore, there is a non-negative number ¢(H) depending on

[fllzopy < c(H)|[fllm forall fe H. (2.1)

We will study algorithms that use finitely many function values. Then we need to assume that for any
x € D, the linear functional f € H +— f(x) is continuous. This is equivalent to the requirement that H
be a reproducing kernel Hilbert space, see [1]. Hence, H has an associated kernel K4 : D x D — R that is
uniquely defined by the following three conditions:
e Ky(-t) € Hyfor allt € D,
o (Ky(xi, xj))zjzl is a symmetric and non-negative definite matrix for all n and points z; from D,
o f(t)=(f,Kq(,t))y forall f € Hyand all t € D (reproducing kernel property).
The theory of reproducing kernel Hilbert spaces can be found in detail in [1]; further aspects are discussed
in, e.g., [15, 24]. This theory allows us to describe function spaces in a concise and elegant way by means of a
reproducing kernel. Therefore, we denote in the following the Hilbert space H by H (K ) and the associated
inner product and norm by (-, ) H(K,) and |l - [|zr(x4), respectively. We now review some known properties
of reproducing kernel Hilbert spaces, which are especially relevant to the proof technique presented in this
paper.
From the three properties of reproducing kernels it easily follows that

Kq(t,z) = (Kq(-,x), Ka(-,t))y forallt,z € D,

Kat,0) = |Ka(,0) |l for all t € D,
LfO < [IfllavEKal(t,t) forall f € H, t € D.

If H = H(K ) is separable, then for an arbitrary orthonormal basis {n;}, we have K4(-,z) = Zf:f(H) cini
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with ¢; = (n;, Ka(-, 2)) iy = ni(x). Therefore

dim(H)
Ky(z,t) = Z n; (2)n; (t) for all ,t € D. (2.2)

i=1

In a way, the reverse of this argument is also true, see [24]. To this end, let {n;}32, be a given arbitrary
sequence of linearly independent functions defined on D such that > ;= nZ(t) < oo for allt € D. Consider the
space H = span{ni,ns, ...} of functions f(t) = Y o, fini(t) with real numbers f; such that Y =, f2 < occ.
Observe that f(t) is well defined. For f € H the coefficients f; are uniquely determined since the 7;’s
are linearly independent. The inner product in H is given by requiring that the 7;’s be orthonormal,
(i, m;) g = 0i,5- Hence, for f,g € H we have (f,g); = > 1oy figi with f; and g; being the coefficients of f
and g, respectively. Then H is a Hilbert space. We claim that

0 =Y nm ()

is its reproducing kernel. Indeed, Kq(-,t) € H for all t € D. Consider the matrix M = (Kq(z;,;)); ;= for
arbitrary n and z;,x; € D. Clearly, M is symmetric. Moreover, for arbitrary real numbers a; we have

n [e’) 2
> aiaiKa(wi,zg) =) Z aa;y (i) () = Z (Z aink (i ) > 0.

ij=1 k=14,j=1 k=1

This proves that M is non-negative definite. Finally, for all f € H and t € D we have

<faKd H*Zfznz *f )

Hence, Ky is the reproducing kernel of H, as claimed.

Note that the Hilbert space L2(D) does not have a reproducing kernel, since point evaluation t € D +—
f(t) is not well-defined for Lo(D) and thus can not be continuous. It is easy to see that H (K ) is continuously
embedded in Lo(D) if we assume that

/ Kq(t,t)dt < oo. (2.3)

Indeed, f2(t) < ||f||2 »Ka(t, 1), and therefore (2.1) holds with

C(H(K)) = ( /D Kd(t,t)dt)1/2. (2.4)

In this case, Hy(K) is a proper subset of La(D), and Kg4(-,t) € L2(D) for arbitrary t € D.

We add in passing that if (2.3) does not hold, then H (K ) need not be a subset of La(D). Indeed, take
a function h : D — R that is not integrable, say, h(z) = x7"' for z; € (0,1] and h(z) = 0 for 2; = 0. Let
Ky(x,t) = h(z)h(t). Then H(K,;) = span{h} is a one-dimensional Hilbert space, and H(K) is not a subset

2
of Ly(D). In this case [, Kq(z,t)dt = (fo _1das) = oo0.

Many examples of reproducing kernel Hilbert spaces can be found in the literature, see for example
[15, 24]. Here we only mention one example of a tensor product Hilbert space that is often studied for
financial applications. Let H(Kg) = W3([0,1]) ® W3([0,1]) @ --- @ W3 ([0,1]), where W3([0,1]) is the
Sobolev space of univariate absolutely continuous functions f : [0,1] — R for which f’ € Lo([0,1]), under
the inner product

%>wmu=f®ﬂ®féf®¢tﬁ
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The reproducing kernel K4 takes the form

d
= H (1 4+ min{z;, t;})

for @ = [x1,xa,...,24], t = [t1,t2,...,tq) € D. The inner product in H(Ky) is given by

alu\ Hlul
(D uy = f(0)g(0) + Ty, 0) 53— 9(Tu, 0) dzy.
| al‘u &nu
®¢uc{1 2,. [0.1]
Here, the sum is over all non-empty subsets u of the index set {1,2,...,d} and therefore we have 2¢ — 1

terms. Each term is an integral over the |u|-dimensional unit cube, where |u| denotes the cardinality of the
set u. For x € D, the vector z,, denotes the |u|-dimensional vector that consists of the components of x;
with j € u. Finally, the vector (z,,0) denotes the d-dimensional vector whose jth component is x; for j € u
and is zero for j ¢ u. Details can be found in, e.g., [19].

3. Multivariate integration and approximation. For a reproducing kernel Hilbert space H (K )
with kernel K, satisfying (2.3), we consider multivariate integration, INT, : H(Ky) — R, defined as

INT,(f) = /D f(tydt

and multivariate approximation, APP; : H(Ky) — Lo(D), defined as

APPy(f) = f.

Here, we want to approximate functions f from the space H(Kj) in the weaker norm of the space La(D).
Thus multivariate approximation is an embedding operator.

For the reader’s convenience, we recall some well-known facts about multivariate integration and ap-
proximation. It is easy to see that INTy; and APP4 are continuous linear operators. Their norms are defined
as

[INTq4l| :=  sup  [INTq(f)] and  [|[APP4[| :=  sup ||fllr.(p)
fEH(Ka) feH(Ka)
1l e xc gy <1 1l e xc g) <1

Since [INT4(f)| < | fllz,(p), the relation [INTq| < [|[APPg4| directly follows. Furthermore, f2(t) <
[f11r(x0)Ka(t, t) and (2.4) imply [[INTq4|| < [[APPq|| < c(H (Ka))-
We first consider multivariate integration. Letting
= / Kq(z,t)dx for all t € D,
D

it is easy to verify that hg is the Riesz representer for multivariate integration, i.e., that

INTd(f) = <f, hd>H(Kd) for all f € H(Kd>

1/2 1/2
HINTdH = thHH(Kd) = (/ / Kd(x,t)dxdt) = (/ hd(:n)da:) .
DJD D

We approximate INT4(f) by a quadrature

and

Qn,alf) = Zaz‘f(ﬂﬁi),
i=1
5



with weights a; € R and sample points z; € D. Note that @), 4 is also a continuous linear functional since
n
Qna(f) = <fazain(';$i)> :
i=1 H(Ka)
Observe that

n 1/2
= (Z aiajKd(zi,zj)> .

H(Kq) i,j=1

Z%‘Kd(',ifi)

=1

[@n.all =

The error INT4(f) — Qn.,a(f) can be represented as

INTA(f) = Qualf) = <f, ha =Y wikl xi>>

H(Ka)
The worst case integration error of @, 4 is defined as the largest error for all f in the unit ball in H(Ky),

e (Qna, Ka) = sup  [INTa(f) — Qu.a(f)]- (3.1)
fEH(Kq)
1l e xe g <1

Then it is clear that
2

N (Qna, Ka)® = |INTq — Qnall® = ||ha — Y aiKa(- ;)

i=1 H(Kq)
n n 9
= Whallfrcy =23 ashalwi) + 1| 3 aikaC2) [y,
i=1 i=1
= / / Ky(z,y) dedy — 22&1-/ Ka(z;,y)dy + Z a;a; K (z;, ;). (3.2)
DJD i=1 7D ij=1

In this way, we obtain a well-known explicit formula for the worst case integration error.
Next, we consider multivariate approximation APP, : H(K,4) — Lo(D). We first have to find the adjoint
operator APP}; : Ly(D) — H(Ky). Observe that for f € H(K ) and g € La(D) we have

(F APPS(9)) k) = (APPU(f).9) o) = /D FHg(t) dt

- /D<f,Kd(~,t)>H(Kd)g(t) dt = <f,/DKd(~,t)g(t) dt>

H(Ka)

Hence,
APP}(g) (x) = / Kq(z,t)g(t)dt for all g € Lo(D).
D

For f € H(K,), this yields

HfH%Z(D) = <APPd(f)7APPd(f)>L2(D) = <Wd(f)7f>H(Kd)7

where
Wd = APPZ o APPd : H(Kd) — H(Kd) (33)

is given by

Wa(f) () = (APP% o0 APPuf) (z) = APPA(f) (z) = /D Ka(w, ) f(t)dt  for all f € H(K).
6



Clearly, Wy is a self-adjoint non-negative operator satisfying
IAPPa|| = [[Wall'/.

The norm of Wy is equal to the largest eigenvalue of Wy and is bounded by [  Ka(t,t)dt.
We approximate APP4(f) by linear algorithms

Analf) = Y wif (), (3.4)

where, x; € D as before, but the weights w; are now functions from Lo(D). Note that A, 4 is a continuous
linear operator. The worst case approximation error of A, 4 is defined as

AP (Ana, Ka) = sup  |APPu(f) — Ana(F)llr.py = |APPg — Apall. (3.5)
fEH(Kq)
1l e xe gy <1

The operator norm of |APPg — A, 4] is equal to the square of the largest eigenvalue of the operator
(APPy — A, 0)*(APP, — A, 4), for which no explicit formula is known. Hence we do not have an explicit
formula analogous to (3.2) giving the worst case error for multivariate approximation. But it is known that
the error of A, 4 is at least equal to the square of the (n + 1)st largest eigenvalue of the operator Wy, see
e.g., [22].

However, it is straightforward to show that multivariate approximation is not easier than multivariate
integration. Indeed, for any approximation algorithm A, 4 of the form (3.4), we can define a quadrature

;;‘,d by integrating A, q4(f) (t) over t, so that

n

A => </D w; (t) dt> f ().

Then
INT(f) — Q) = [ (£ =S w0 a
and
n 2 q1/2
INTU() Qa0 < | [ (10 wis@) | = 1 Avaliaoy  forall £ € HOKD. (36)
Hence,
eNT(QR 4 Ka) < €T (A g, Ka) (3.7)

for all approximation algorithms A,, 4.

4. Global Smoothness. We want to find universal algorithms that will be efficient for a (possibly
large) class of Hilbert spaces with reproducing kernels. We determine these classes by the global smoothness
of their kernels. To this end, for a non-negative integer r and 3 € [0, 1] we define K4, 5 to be the class of
reproducing kernels K4 such that

Ky; € C™"(D x D), (4.1)
Kc(la’o‘)(a:, T) — QKSIQ’Q)(:E, y) + Kc(la’o‘)(y, y) < Lk, |z —y|?. for |a| <7 and x,y € D. (4.2)
Here, we use standard multi-index notation: for o = [a, o, . . ., ag] with non-negative integers o, we write

D@ = glol /9z - 925 and |a| == a1 +as+---+ag = 1. Welet C™"(D x D) denote the space of functions
7



on D x D whose partial derivatives of order up to r are continuous, with Kc(la’a*)(z, y) = Dg‘D;‘*K(x,y)

for multi-indices «, o* and z,y € D. Note that the non-negative number Lk, in (4.2) depends only on the
kernel K4. Thus we assume that K, is r times continuously differentiable and all its rth derivatives satisfy
a Holder-type condition with the exponent 2. Note that the specific choice of the vector norm in (4.2) is
not important since all vectors norms are equivalent.

Kernels having this kind of smoothness have been well studied, see e.g., [15] and the references cited
therein. In particular, for any f € H(K;) and any « with |o| < r, we have

1/2
%%VW@NSHﬂmm@{ggKﬁ®@w} . (4.3)

The formula (4.3) can be derived as follows. Differentiation of f(¢) = (f, Ka(:,t)) s, results in

FO) = (LK)

H(Ka)
. _ 7 0,0) (av,c) _ (0,0) /. (0,0) (. . .
In particular, for f = K" (-,x) we have K" (t,x) = (K ;"' (-,2), K; " (1)) m(Kk,)- For x =t we obtain
oo 0,a
K& ) = KGO )
so that
OO < I loen K™ 8,672,

which yields (4.3).
Furthermore, for |a| = r we have

7O @) = f D) = (£EPO ) - KOV ()

H(Kg)
and
0, 0,
< W laegay IES? Cz) = KO ol
(av,c) (av,c) (av,c) 1/2
= sy (K @,w) = 265 @, y) + K (5,))

1/2
1 ericay L2 Nz — yll°,

=
2
S
S~—"
\
=
2
—
S
=
AN

IN

where we used (4.2) in the last estimate.

This shows that for K4 € K45 we have H(K4) C C"™%(D), where C™?(D) denotes the space of all
functions from C (D) whose partial derivatives up to order r satisfy a Holder condition with the exponent £.
The norm in the space C™?(D) is given as

[ () = [(y)]
fllore = max{ max max|f®(z)|, sup
|| ||C (D) a:[a|<r z€D | ( )| o [a]=r Hx_yHﬁ

z,yeD

Furthermore, for f € H(K4) we have

||f||Cw(D) < o(Ka,r, B fllax,y with c(Kq, 7, 3) = max{ max maxK(a’o‘)(t,t)l/Q,L}(/j}. (4.4)

a: |a|<r teD
5. Algorithms for C"A(D) and H(K,) with K, € K4, . For the class C™#(D) it is known that
the optimal error bounds of algorithms for multivariate integration and approximation are @(n’(”ﬂ)/ 1), see

[10, p. 34]. Thus, the optimal rate of convergence is (r 4+ 3)/d. We now briefly discuss algorithms achieving
this optimal rate of convergence.



For k =1,2,..., we subdive the unit cube D into k? sub-cubes Dy, ; of side-length 1/k. The sub-cubes
Dy, ; are non-overlapping with edges parallel to the coordinate axes. Let [ =r —1if 3 =0, and | = r if

€ (0,1]. Let v = e the dimension ot the linear space £7;; of polynomials o variables o
0,1]. L d—lH be the di i f the li Py of pol ials of d iables of
degree at most . For each sub-cube Dy ; we use v sample points xj ; 1,2} ;o,..., 2} ;,, from Dy ;, and v
polynomials wy, ; 1, wy ;1,...,wy ;,, of d variables of degree at most [ such that
p= Zp(wz,j,i)w}i,j,z- Vpe Py,
i=1
We consider algorithms for which the total number of sample points is n, = v k% For multivariate

approximation, we define the algorithm

v
nkd E E wkgz ‘rka

j=11i=1

and for multivariate integration, we define the quadrature

Q;k,d(f) = /D N, d dt = Zzak,], mk_] i with az,j,i = /Dw;;,j,i(t) dt.

j=11i=1

Both algorithms involve nj sample points when k£ = 1,2,.... For an arbitrary positive integer n we
proceed as follows. For n < v, we set A:‘%d = @4 = 0. For n > v, there exists a unique k such that
n € [ng, ng+1). We define

nd(f) = A a(f)  and  Qp () = Qn, a(f)- (5.1)
The approximation error of Ay ; in the space Cm8(D) is of order k=8 = @(n;(r+ﬂ)/d) which can
be proven by using Taylor’s theorem on each sub-cube Dy ;. Since n = ©(ny), the approximation error
of A7 ; in the space C™P(D) is of order n="*+#/4 a5 claimed. Obviously, the same holds for multivariate
integration, due to (3.7). Hence, we have

(APP4(f) — AL 4(f) (z) = O (n (r+6)/d ||f||CT,g(D>) for all z € D, (5.2)
JAPPa(f) = A3 a(D)llam) = O (/| f o) (5.3)
INT4(f) = Qs alD = O (0" fllgrsy ) - (5.4)

Here, the factors in the O-notation do not depend on z,n and f but may depend on d, r and 3.

We emphasize that for different values of n the algorithms A7 , and @, ; may use different sample
points. For example, consider the case n = ni41 — 1. If we increase n by 1, then we use a different partition
of the cube D and the new sample points xj ;i may not be related to the previous sample points zj, i
This is not a desirable property, since the number of function values used by, say, A7 ;, 43 4,..., A4} ; may
be of order n2. The same holds for the quadrature case. It would be better to have “nested” algorithms

A2eS and QR i.e., algorithms of the form

nes nes
E Wy ; f(x5) and E an; f(x;)

for some functions wy, j, numbers a, ; and some sequence x1, 2, ..., Ty, ... of sample points. The main idea
behind nested algorithms is that the function values used by, say, A“eg are reused by Azejl 4> 50 that we

only need to compute at most one extra function value f(2,4+1) to obtain ANy 4(f). Hence, the number of
9



function values used by the sequence A}, A5%, ..., A% is n. The same holds in the quadrature case for
the sequence Q}<, Q5% ..., QM. S ’

We now show that it is possible to have nested algorithms for multivariate approximation and integration
with the same order of convergence as A} ; and @}, ;, respectively. Let X be the set of the sample points

used by Ay ; and @}, ;. We form the sequence {x;} of sample points by taking
30y X1y, Xom, .. (5.5)

with an arbitrary ordering of the elements in the sets XJ... Observe that the cardinality of Uj"; X, is at
most ¢, = 2™t — 1. We are ready to define the nested algorithms Apcy and Q7. For an arbitrary n > 1,

there exists a unique m such that n € [¢;, ¢ny1). We set

na(f) = Agm g(f)  and na(f) = Qam a(f)- (5.6)

Thus, the algorithms A7 and Q7% are the same for n € {em,em +1,...,¢m+1 — 1}, coinciding with the
algorithms A3,. ;, and Q3. ; that use the sample points from the set X3.. So A} and Q@ use the first
n elements of the sequence7(5.5) as sample points; the weights associated to the saﬁlple pointé not from the
set X3 are zero. Clearly, n = ©(2™) and therefore

JAPP,(f) — A (F)ll Loy = IAPPa(f) — A o(Pllpapy = ORI/ = O(n=rt0)/d),

as claimed. Obviously, the same results holds for multivariate integration.
We now comment on the errors of A5 and Q25 for f € H(K,) with Kq € Kq,3. We know that

H(Ky) c C™8(D). Also, formula (4.4) states that Ifllcrepy < e(Ka,r, B) | fllak,) for all f € H(Kg).

Therefore for all f € H(Ky) with Ky € K43, the estimates (5.2), (5.3) and (5.4) yield
(APP4(f) — A3%3(f)) (@)
IAPPo(F) — A5l ooy = O (n= D el K r, B)| F i)

INTa(f) = Qi3] = O (™ + (K, 1, 8) i) -

0 (n—(r+@>/dc(Kd’r7 ﬁ)||f||H<Kd>) for all z € D,

Furthermore, for the worst case approximation and integration errors of A% and Q72 we obtain
, ;

eAPP( nes Kd) _ O(C(Kd,T, ﬁ) n*(¢“+5)/d) and eINT( nes Kd) _ O(C(Kd,T, ﬁ) n*(¢“+5)/d)

n,d> n,d»

for all K4 € Kqrp with ¢(K4,r, 3) given by (4.4). The factors in the O-notation in the last five formulas are
independent of z,n and K, but may depend on d, r and (5.

6. Universal algorithms. We are now ready to define the optimal rate of convergence for universal
algorithms for multivariate integration and approximation over H(Kg4), with K, from the class K4, 3.

We begin with multivariate integration. Let @ = {Qn.a} be an arbitrary sequence of quadratures
Qnalf) = 2?21 an,j f(2n,;) for some numbers a,, ; and some sample points® z,, ; from D. We want to find
universal quadratures @), 4, i.e., quadratures that approximate integrals for all functions from the space
H(K4) and for all kernels Ky from the class g4, 5 with the optimal (largest possible) rate of convergence.
We stress that these quadratures may only use the smoothness property of the kernels, i.e., they may depend
on the number of variables d and the smoothness parameters r and 3, but they must be independent of the
specific form of the kernel K4. The optimal rate of convergence is defined as

PN (Karp) = Sup{p >0 :3Q={Qna} suchthat lim n? [INT4(f) — Qu.a(f)| = O,
Vfe HKy), VEKq€ Ka,rs } (6.1)

n fact, we can even consider more general quadratures of the form Qn,d(f) = o(f(xn,1), f(xn,2),..., f(Tn,n)) for some
nonlinear mapping ¢ with an adaptive choice of points ., ;, i.e., x5 ; can be an arbitrary function of the already computed
function values f(xn,1), f(%n,2),..., f(Tn,j-1)-

10



We say that Q = {Qn,q} is a universal quadrature for the class Kgq,r g if

lim n? [INT4(f) — Qua(f)] = 0, Vp<p™T(Karp), Vf€ H(Kg), VEKi € Karp.

n—oo

For multivariate approximation, we proceed similarly and define the optimal order of convergence as
pAPP(ICdmg) = sup {p >0 :3 A= {A,q} suchthat lim n?||APP4(f) — Ana(f)llz.p) = O,
Vfe H(Kd), VKq€Karp } (6.2)

We say that A = {A,, 4} is a universal approximation algorithm for the class KCg ., g if

lim n? | APPa(f) = Ana(H)llawy = 0, Vo <" (Karp). Vf € H(Ka), VK € Karp.

From (3.6) it follows that pAFF (Ky.5) < p™NT(Karp).

We are now ready to prove the main theorem of this paper.

THEOREM 1. The nested quadrature Q™ = {Q"°5} and the nested approximation algorithm A =
{APs5} defined by (5.6) are universal quadrature and universal approzimation algorithms for the class Kq r. 5.
Their optimal rates of convergence are

r+0

pAPP(’Cd,Tﬁ) = pINT(’Cd,Tﬁ) = d

Proof. From the considerations in §5, we know that the errors of Q% (f) and A} (f) are of order
n~(r0)/d for all f € H(Ky) and all K4 € Kq, . Hence, p™NT (Kar5) > pAPP (Karp) > (r + B)/d. Thus, it
remains to show that p™NT (K4, 5) < (r + 8)/d.

The proof of this estimate will use a technique due to Bakhvalov [4] for finding lower bounds for multi-
variate integration for the class C' ™% (D), see also [10], as well as the result of Trojan [23] for analyzing the
asymptotic setting for linear problems, see also [22, Chapter 10].

Define g(z) = (z(1 + x))"*! for x € [0,1] and g(z) = 0 for € R\ [0,1]. Clearly g € C™#(R) and the
support of g is [0, 1]. We partition the domain D = [0, 1] as before into k¢ sub-cubes D; j, of side-length 1/k.

For each of the k¢ sub-cubes Dy ;, let t; = [tj1,tj2,...,t;4] denote the lower left corner of Dy ;, and for
x =[z1,22,...,24] € D let
d
k(@) = k= [ g (ki — t;0))  for j=1,2,... k%
i=1
Note that the sub-cube Dy, ; is the support of gi ;. For a = [a1,ag, ..., aq] with |a| < r we have

d
g\ (@) = k=0=19D TT 9@ (ks — t5.0)).

i=1

Thus, |g,(603) ()] = O(1) with the factor in the O-notation independent of z, k and j.

Choose a multi-index o with |a| = r. Suppose that z and y lie in the same sub-cube, say Dy ;. We have

d d
g (@) - g y) = kP (Hgm”(k(xi —t;)) = [T 9" k(s tm»).
=1 =1

It can be checked by induction on d that

d d d
Hai—Hbi = Zalag---aj_l(aj —bj)bj+1bj+2"'bd
i=1 =1 Jj=1

11



for any choice of numbers a; and b;. Using this identity, the fact that all g(®+) (y) are of order 1 for all y, and
using the property that the ¢(*#) satisfy the Lipschitz condition for a; < r, we have

d
3420 = 42 ) = O Sy~ il ) = 0 (K21a = 1!~ 1)
j=1
= 0 (K=K 0z —yIf) = O(llz - yI1f).

Here ||z[ly = °7_, |a;| is the l;-norm.

Keeping in mind the fact that |o| = r, we now suppose that z and y belong to different sub-cubes.
Let x € Dy ;. Then there is a point z lying on the boundary of the sub-cube Dy ; and belonging to the
interval {cx + (1 —c¢)y : ¢ € [0,1] } for which ||z — z||1 < [z — y|l1. Since y is outside of Dy ;, we have

94} (y) = gi) () = 0 and

@) - g W) = 9% (2) — i) (2) = Oz — 2[h) = Ollz —y]?).

Hence, the Hoélder condition holds for the /1-norm, and since all vector norms are equivalent, this also
holds for any other vector norm. Therefore gi; € C™?(D) and ||gx ;|lcrs = O(1), with the factor in the
O-notation being independent of k and j. Furthermore,

/g;w-(t) dt :/ grj(t) dt = k=(d+7+0) / g(t)dt = Ok~ (@+7+5)),
D Dy, ; D

We now partition the cube D into sub-cubes Dy, ; with k = 2 for i =1,2,.... Let
G={gn;:j=12..2"%i=12.. } (6.3)

be the set of functions gy: ; obtained by all such partitions of D. We claim that the elements of the set G
are linearly independent. To this end, take arbitrary numbers c; ; for which

) Qid

SN cijgaiy(x) =0 forallze D.

i=1j=1
We need to show that this can happen only for ¢; ; = 0. Let

2id

I = |J oDy
j=1

be the union of the boundary points of all sub-cubes Dy: ;. Clearly, I'; is a proper subset of I';;;. For
i* =1,2,..., and j* = 1,2,...,2" choose a point x € T';-;; belonging to the interior of Dyix ;«. Then
x €Ty for all i > 4* 4 1. Since the support of each gy ; is the interior of Da: j, we have goi j(x) = 0 for all

i>i*+1landallj=1,2,...,2%. For such z, we obtain

0o Qid 1;* 2id
0= E E Cijg2i ;(T) = E g Cijgo2i ().
i=1 j=1 i=1 j=1

Since the supports of gy: ; are disjoint, the sum over j may have at most one non-zero term for j = j(i) with
S DQZJ(,L) Thus

i*

0= ZCi,j(i)gzi,j(z‘) (). (6.4)
im1
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If i* = 1 then j(1) = j* and ¢ j+ = 0. Since j* can be any integer from [1,29] we see that all ¢; ; = 0.
Then we use induction on ¢* and assume that all ¢; ; =0 fori=1,2,...,9* =1l and j =1,2,.. .,2%. From
formula (6.4), we conclude that c; j-goi+ ;«(x) = 0. Thus, ¢;= j« = 0, which holds for all j* =1,2,..., 2i"d.,
Hence the ¢; ; are all zero, as claimed.

Now consider an arbitrary quadrature Q = {Qy.q}, and let .1, Zn 2, - - -, Tn,n be the sample points used
by Qn 4. Let us assume that for some positive p we have

lim n? [INT4(f) — Qna(f)] =0, VfeH(Ky), VKi€Kaiprp.

n—oo

We want to show that p < (r + 3)/d. B
As before, we can switch to a nested quadrature @), 4 that uses the first n points of the sequence {z;}
of sample points given by

L1,1,L2,1, X225+, L2m 1,T2m 2,...,T2m 2m, ...,
with Qp.q = Qam 4 for n € [2™,2™F1). Since n = ©(2™), we also have

lim n? [INT(f) — Qua(f)| = 0, VfeH(Kq), VKq€ Kayrp

n—oo

Fori=1,2,..., define n; = 21, For j = 1,2,...,n;, the sample point x; used by the algorithm Q,, 4
belongs to Dai y(;) for some index I(j) € [1,2%]. Let

Ji = {1,2,...,21\ {1(1),1(2),...,1(n;)}.
Clearly |J;| € [214~1 2¢d). Define
g2i(t) = Z 921 (1)
JEJ;

as the sum of functions g,: ; whose supports Dy: ; do not contain the sample points used by Qni’d. Therefore?
gai(xj) =0for j =1,2,...,n;, and Qn, a(g92:) = 0. We also have

gai(t) = O (2704, (6.5)

and

/ goi(t) dt = Z/ goi () dt = 2—i(d+T+ﬁ)|Ji|/ g(t) dt = @2~ +P) = @(n; T+I/4),
D D D

Jj€Ji

The function go: also belongs to C' ™%, and ||gs:
of 7.

Let § be an arbitrary positive number. Consider the sequence of functions {27%g,:}. These functions
are linearly independent since they are from the set G = {g: ;}, see (6.3), of linearly independent functions
as shown before. Due to (6.5), we find that

i (2795 ()" = O (i 2—2“”5”)) < oc.

i=1 i=1

cr6(py = O(1) with the factor in the O-notation independent

As shown in §2, the Hilbert space

H = span { 2*592, 2*2594, R 271-6921' S e } ,

2For a more general form of quadrature, it is enough to work with z, ; for which we obtain the zero function values
f(@n,;) = 0. Then @y q(gn) = ¢(0,0,...,0). It is easy to see that the best choice of ¢(0,0,...,0) is zero, since otherwise the
error for sign(—¢(0,0,...,0))gn is even larger.
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with inner product (279 g,:,279%g,;) = §; j, has the reproducing kernel

Ky(x,y) = Z 270 g0 (2) 27 goi () for all z,y € D.
i=1

We now show that Kgq € KCg.r 5. Indeed, for |a < r we have

oo

Kéa’a)(z, y) = Z 27i‘;g§?) (x) 271'69;?)@),

=1

where the last series is convergent because 2*i‘;gé?)(z) Z*i‘;gé?)(y) = O(272(r+8-1e149)) with r4 B —|a| 4+ >
d > 0. Hence, K4 € C™"(D) and (4.1) holds. Furthermore, for |a| = we have

= . (e (e 2
K w,2) = 2K (@) + K (,y) = 302727 (65 (@) - 04 ()

=1

Since gé?) satisfies the Holder condition with the exponent 3 and a constant, say ¢, of order 1 independent

of i, the condition (4.2) holds with the exponent 23 and Ly, < ¢/(1 —27%). Hence, K4 € Kars-
For the space H(K,) we first compute the worst case error ewor(de) of the quadrature Qn,d, see (3.1).
It is well-known, see e.g., [22, p. 76|, that

eV (Qn,a) > end = sup [INT4(f)]- (6.6)
fEH(Ka)
1l e xc g) <1
f(z1)=...f(zn)=0,

For a given integer n, take an integer ¢ such that
20-1d < 9p <24 and  f = 27¥g,.

Then f € H(Kq4) and ||f||g(x,) = 1. Furthermore, by the construction of the function gy and since
n <n; =291 we have f(x;) =0 for j = 1,2,...n. We also have 27%n; < n < n; and n = O(n;). Finally,

eng > INT4(f) = © (271'(6+r+ﬁ)) — Q(n~E+rA/D),

We now apply Trojan’s theorem, see [22, p. 384], which states that for any positive § and for any nested
quadrature Q = {Qn,q}, the set

n— o0 n*‘;/den’d

is nowhere dense. We apply this theorem to the nested quadrature Qn,d. Hence, there exists a function
f in H(K,) for which [INT4(f) — Qn.a(f)| does not go to zero faster than n~(29+7+8)/d Therefore p <
(26 +r + 3)/d. Since the positive number § can be chosen arbitrarily small, we conclude that p < (r + 3)/d.
Since Q = {Qn 4} is an arbitrarily-chosen nested quadrature, we have p'™NT (K. 5) < (r + 8)/d, as claimed.
This completes the proof. O

7. Non-universal algorithms. Universal algorithms work for all Hilbert spaces H(K,4) for K4 €
Kr.a,3, and their optimal rate of convergence is (r + 3)/d. We now want to study how this optimal rate can
be improved if we allow non-universal algorithms that depend on the specific kernel K4, i.e., we consider
algorithms of the form Y . | by ;f(2n,;) with b, ; and z,; depending on K4. Here, b,; = a,; € R for
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multivariate integration, and b, ; = wy; € L2(D) for multivariate approximation. Let
promi=INT()C, L 5) = sup {p >0 : VKqgeKgrp 3Q={Qn,a} such that

lim n? [INT4(f) — Qna(f)| =0, Vfe H(Kq) }

n—oo

pnonunifAPP(ICdyrﬂ) = sup {p > 0 : VKd c ’Cd,rﬁ J A= {An,d} such that

nlLII()lonp HAPPd(f) — An,d(f)”LQ(D) =0, Vf S H(Kd) }

denote the optimal rates of convergence that can be achieved by using non-universal algorithms for multi-
variate integration and approximation for the spaces H (Ky) with Ky € K4, 5. As before, (3.6) implies that
pnonunifAPP (’Cd , ﬁ) < pnonunileT(ICd - ﬂ)

THEOREM 2. We have

- 1 r+ 3
nonuni—INT _ =
p (Karg) = 5 + 2,
nonuni—APP T+ ﬁ . 1 1
K r = th c|l—, =
b (Rarp) = a + == with a A+4(r+p)/d’ 2

Proof. Let 7 := 1/2+4 (r 4+ (8)/d. We first consider multivariate integration. Using known results,
we can easily see that proi=INT(KC, 5} > 7. Indeed, it was proved in [17], see also [15, p. 136], that for
any K4 € Kq4,r 5 there are sample points . 1,2n,2,...,Tn,n from D and real numbers a,, 1,an2, ..., 6,y all
depending on K4 such that the quadrature Q, 4(f) = 2721 an,;j f(2n,;) has a worst case error of the order
n~". The proof of this fact is non-constructive. Its idea is as follows: The worst case error of a quadrature
for the unit ball of H(K,) is the same as the average case error of the same quadrature for the space of
continuous functions equipped with a zero mean Gaussian measure with the covariance function Ky, We
stress that the covariance function and the reproducing kernel are the same. Then the average case error is
bounded by roughly n~'/2 times the average case error for the approximation problem in the Ly norm for
the same space and the same measure, see [25]. Furthermore we know from [28] that the average case error
for this approximation problem is bounded by the worst case error of the approximation problem for the
unit ball of H(K,) in the Lo, norm. Finally, since in our case H(K,;) C C™?(D) for K € K4, 3, and since
the approximation problem in the Lo, norm has the rate n=("+%)/¢ see [10], the result follows.

We now prove that ptomui=INT(IC, . 3) < 7. Again, it is known that for even r, see [16] and also [15,
p. 153], and for an arbitrary integer r and § € (0,1), see [15, p. 140], there is a kernel Ky from Ky, g for
which the worst case error of any quadrature using n sample points is of order n~7. Applying Trojan’s
theorem we conclude that prenwi=INT(xC,  5) < 7.

To show the same upper bound for all integers r and 3 € [0, 1], we use the construction from the proof
of Theorem 1. For an arbitrary positive §, we take the set G of linearly independent functions defined by
(6.3) and form the Hilbert space

H=span{n; =2 %gy; : i=12,..., j=12,...,2“} (7.1)
with orthonormal n; ;. The reproducing kernel of H is

co 2%

Ky(z,y) = Z an (@) (y) for all 2,y € D.

i=1 j=1

We emphasize that the inner sum over j has at most one non-zero term, and therefore

oo 2% 00
ZZnij () = O (Z 2_2i(5+T+5)> < 0.

i=1j=1 i=1
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As before, we can show that Kg4 € Kg,r 3.
Now take an arbitrary quadrature Q, q(f) = 22:1 Ak f(Tnk). We choose an integer ¢ such that
2(i=Dd < 2p < 24, The sample point z,  belongs to a sub-cube Dy ;1 for some index j(k) € [1,2]. Let

Jo = {1,2,...,299 \ {4(1),5(2),...,5(n)}.

Then |J,| € [2¢ —n, 21 — 1] C [2¢471, 2 — 1], and obviously |J,| = ©(n). Consider the function

1
/= i B

J€JIn

Since the 7; ; are orthonormal, we have || f||(k,) = 1. Furthermore, f(z,x) = 0 for k = 1,2,...,n, since
the supports of the functions »; ; for j € J,, do not contain the sample points z, . We also have

. ' 1\ V/2+(r+p)/d=b/d
| ] 9—ié 2—l(d+r+ﬁ)/ glt)dt = © (_) .
D n

From (6.6) we see that €""(Qn.4) > en.a = O(n~779/9). Applying Trojan’s theorem, and letting & tend to
zero, we conclude that proruni=INT(C, ) < 7 as claimed.

We now turn to multivariate approximation. Obviously, p Karp) < 7 since multivariate
approximation is not easier than multivariate integration. This proves that a < 1/2. We now show that

1

INT4(f) = ALE

nonuni—APP (

pnonuni—APP(,Cdﬁrﬁ) Z 7_2/(7_ + 1/2)

that is equivalent to a > 1/(4 + 4(r + 8)/d).

We know from the proof of Theorem 1 that for any integer n there are sample points z; = x;, and
functions w; = w;,,, from Lo(D) such that the algorithm A, (f) = > ., w; f(x;) approximates f pointwise
with error of order n~("+#)/4 Thus, for any f € H(K4) we have

grn(x) == f(x) — A (f)(x) = O (n’(”ﬁ)/d Hf”H(Kd)) ;
with the factor in the O-notation independent of x,n and f. Obviously, g, € L2(D). Observe that
gm(x) = (f, hn('ax»H(Kd) with

n

hn( ) = Ka(x) =Y wi(@)Ka(-, i) € H(Ky).

i=1
Taking f = hn(-,2)/||hn(-, 2)|| m(K,) We conclude that
hn () () = O (n—<r+ﬁ>/d) for all z € D (7.2)
with an O-factor independent of x and n but depending on d, r and (3.

To improve the error bound of the algorithm A,, for the space H (K ;) we need to consider the operator Wy
defined by (3.3). We denote its eigenpairs by (A\j,n;), i.e., Wyn; = A\jn; with Ay > Ay > -+ > 0, and

iy 10 = d; ;. Without loss of generality we assume that \; is positive, and set (; = /\._1/2m. Then for
Mo M50 b (K ) J g i
f € H(K,4) we have
1 1
<f7 77i>H K)h = <f7 dei>H K) = 1 (APPdfa APPdnz’>L2(D) i = <fa Ci>L2(D) G- (7-3)
(Ka) i (Ka) i

Putting f = 7;, we conclude from the known facts that

<ni7nj>L2(D) = )\161'7]' and <§i7§j>L2(D) = 51',]" (74)
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We now show that

Ay = O(n™27) for all n. (7.5)

j=n+1
(using at most n linear evaluations of f) for the multivariate approximation problem defined on the space
of continuous functions equipped with a zero mean Gaussian measure with the covariance function Ky. It
is proved in [17], see also [15, p. 135], that the average case error for algorithms using at most n function
values is of order n=("*t#)/d_ Therefore,

oy < i No=0 (n72(r+ﬁ)/d)-

1=n+1

1/2
It is known, see e.g., [22, p. 234], that (Zoi )\i) is the minimal average case error of algorithms

This yields Ao, = O(n~(1+20+5)/d)) = O(n=27), as claimed.
Now let m be an integer, which will be specified later, and define the projection

Pof =) ([.G)rypy G forall f € La(D).
i=1
Let 1, t2,...,t, be sample points from D that will be also specified later, and define the algorithm
where
Bun = 35 zgf, 1) )G
i=1

Observe that the algorithm As, », uses at most 2n function values; f(x1), f(x2),..., f(x,) are used by A, (f)

and f(t1), f(t2),..., f(t,) are used by By .
Let f € H(K4). Then (7.3) implies that P, f = > 1", (f, 77i>H(Kd) ;. Therefore

Z fﬂh H(Kd)nz = meFPJ_fv
=1

where Py f =72 (f, i) () Mi- The relations (7.4) and (7.5) yield

2 —27
1P oy = D2 Mlhmh b < Amitlf iy = O (m™ 1 i ) -

1=m-+1

We now estimate the error of Ay, ., for the space H(Kg) with Ky € g, 5. Clearly,

f_AQn,m(f) = en,m(f) + P,,#f,

where

We have

enm = Z( gf,nagz La(D) ~ ng, )Cz

[ hn('am)@(iﬂ)da?—gzhn('atj)@(tj) Gi-
D =1 H(Ka)
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Therefore

lenm (DN Zapy < I WErcs) D

i=1

where

1 n 2
o = | [ @ de - 23 t6)
D n j=1 H(Ka)
= / Gi(@)Gi(t) (hn (- @), A (-, ))H(K ) dx dt — _ZQ / Gi(@) (hn (-, @), n('atj)>H(Kd) dx
1
+ s Z Gi(tk)Gi(ts) (o (s k) hn (5 85)) ey -
k,j=1
Observe that o; = «;(t1,t2,...,t,). We take the sample points ¢; as independent random variables dis-
tributed uniformly over D and compute the average value of a(t1,ta,...,tn) = Doy i(t1,t2,...,tn).

Using the same analysis as for the classical Monte Carlo method, see e.g., [10, 15, 22], we obtain

/ Oé(tl,tg,...,tn)dtl"'dtn =

1 - 2
23 ([ @bl o [ G060 o) b0, dodt)
h

i=1

Since [, Gi(@)Gi(t) (hn (-,

/ alti,te, ... tp)dty - dt, < — Z/ G (@) || )||§{(Kd)d$-

From (7.2) and the second part of (7.4) we obtain

m
/na(t17t2;---7tn)dtl"'dtn = O(m) .

From the mean value theorem applied to the integral of a, we conclude that there are sample points
t1,ta,...,tn, which may depend on K, for which

m
Oé(tl,tQ,---atn) = O (W) ’

Combining all these estimates and using the algorithm As, ,,, with the sample points from the mean value
theorem, we obtain

1\’ 1\’
15 = Arnin Doy < lenmsy + 1PNy = 0 (72 (3) 4 () ) Wl )

We choose m to minimize the expression in the O-notation. Then m = © (n™/("+1/2)) and

I\ T H12)
1 = ANl sy = O <<5> ||f||H<Kd>> - (7.6

This proves that promi=APP(C, . 5) > 72/(7 4+ 1/2), as claimed, and completes the proof. O

We now comment on Theorem 2. For multivariate integration, the optimal rate of convergence for non-
universal algorithms is 1/2 larger than for universal algorithms. As already mentioned in the introduction,
this is important when d is large relative to r + (.

8

)s e () iy ddt = || [ Gi(@)hn (- 2) 3k, = O we obtain
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For multivariate approximation, we only presented bounds on the optimal rate of convergence for non-
universal algorithms. Weaker bounds on ptenwni=APP(jC, . 5) can be concluded from the known results. For
example,

pnonunifAPP(ICdyrﬂ) > T/(27‘+1)

follows from [26, Corollary 1] and (7.5). Note that our bound 72/(7 + 1/2) is larger than 7/(27 + 1) for
7 > 1/2, which holds iff » + 8 > 0. In fact, more can be said about the optimal rate of convergence of
non-universal algorithms using a proof technique similar to that in [8] where this problem is studied in the
average case setting. We leave further bounds on pnoni=APP(jC, . 5 for future research.

It is easy to check that 7 > 1/2 implies

- 1
pnonunl APP(’Cd,Tﬁ) > Z

Altogether, the optimal rate of convergence of non-universal algorithms cannot be smaller than 1/2 for
multivariate integration and 1/4 for multivariate approximation. This is in sharp contrast with the optimal
rate of convergence of universal algorithms that can be arbitrarily small depending on the values of d, r
and (.

On the other hand, if we consider the favorable situation where the sum of the smoothness parameters
r 4+ 8 is much larger than d, then 7/(7 +1/2) ~ 1 and

r+0

pnonuni—APP(Kdﬂ‘,B) ~ pnonuni—INT(ICd,nB) ~ pAPP(ICd,T,ﬁ) — pINT(ICd,T,ﬁ) — P

In this case, the difference between the optimal rates of convergence between universal and non-universal
algorithms for multivariate integration and approximation disappears.

8. Smooth product kernels. So far, we have studied kernels K; with of given smoothness whose
structure is unspecified. In this section we assume additional knowledge about the kernel, namely that Ky
is of product form. To be precise, we consider

Kd(xay) = HKTjaﬁj('rjayj)v (8'1)

j=1

where the kernel K, 5, : [0,1]*> — R corresponds to the Hilbert space H(K,, 3,) of univariate functions
f 10,1 — R. As before, to guarantee some smoothness of functions from H(K,), we assume that for
each j = 1,2,...,d, we have K, 3. € Ki,, 5, for some non-negative integer r; and some real 3; € [0,1].
This means that the space H(Kg) is the tensor product of spaces H(K,; g,) of univariate functions. If
span{n;1,nj,2,...} is an orthonormal basis of H (K, ;) then span{n;}, with k= [k1, ko, ... kq) and np(z) =
M ke (T1)02,k5 (T2) -+ - Na,k, (4), is an orthonormal basis of the space H(K ). The space H(K ) consists of
functions

o0 o0
F@) = D Chikekatk @)k, () - Mgy (wa)  with > < oo,
k1,k2,...;ka=1 k1,k2,...;ka=1

Let ’Cprod,d,aﬁ denote the class of all such kernels K4 having the product form (8.1) with K., 5, € K1, s,

for j = 1,2,...,d. We study universal and non-universal algorithms in the class K . . .= with fixed
prod,d,7,3

7 = [ri,72,...,7q4) and 8 = [B1,02,...,04]- The optimal rates of convergence are defined as in (6.1) and
(6.2), the only difference being that the kernels K; are now taken from the class ICpro d.d.7f In this way

we obtain the optimal rate pP**d=INT of convergence for universal algorithms and prorui—prod—INT £ pop-

universal algorithms for multivariate integration, and correspondingly pPrd=APP apd pronuni—prod—APP f,
multivariate approximation. As before, pp“’d_mpp(lero adrd) S pp“’d_“\IT(lero d.a.77)- Using previously-
known results, as well as the results of this article, it is easy to establish the following theorem.
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THEOREM 3. Let qq := minj—1 2. q{r; + B;}. Then

prod—INT (

p prod,d.7f) = dd;

nonuni—prod—INT (IC

p prod,d,ﬁﬁ) = 5 + qa;

pprodePP (

nonuni—prod— ) L L
» onu prod APP(ICPYO(LdFB) = JrlId wzth a € |: a_:| .

5Ty

Proof. For universal algorithms, since pProd=APP(KC 5) < pProd—INT (i

h prod,d, 7,3 ), it is enough to
prove that

prod,d, 7,3

prodleT(IC prod—APP (IC

P proddg) Sda  and - p prod.d,,3) = dd-

Let j* be such that rj« + 8+ = min;=1 2 4{r; + §;}. To show that pprOd’INT(ICprodd,ﬁg) < qq, consider
an arbitrary algorithm Q, a(f) = >, @i nf (i) for some a;, € R and x;,, € D =[0,1] . We now apply
this algorithm to the space H(Ky) with Kq4(z,y) = H;l:l K., g;(xj,y;) with an arbitrary K, ., 5. from
Ki,e g, and Ky, g, = 1 for all j # j*. For j # j*, we have H(K,, 5,) = span{l}, and H(K,) consists of
functions depending only on the j*th variable. Hence, Qn.a(f) = > 1" @inf(Zin,;+), where z; , j« denotes
the j*th component of the sample point z; ,,, and f is a univariate function from H (K r,B;« ). We now apply
Theorem 1 with d = 1 and conclude that the optimal rate of convergence is at most gg.

To prove that gg < pprOd_APP(leroddfﬁ), we observe from §4 that H(K,, g,) C C"*%([0,1]) and that
Hf||CTj,gj([07l]) < c(Ky; 8,575, ﬁj)||f||H(KTjﬁj), see (4.4). Furthermore, from §5 we know there are algorithms
An% ; for multivariate approximation such that

JAPPA(f) = 425 (Al acmy = O (n™ O ek, )l ) ) -

It is now enough to apply Smolyak’s algorithm, see [18], using the univariate algorithms Aﬁef] for j =
1,2,...,d as its components. It is known that the error of Smolyak’s algorithm is of order n~% times a
logarithmic factor log n raised to a power that is linear in d — 1, see e.g., [27, Remark 2], and the literature
cited therein. (Further details on various aspects of Smolyak’s algorithm can be found in [6, 7, 11, 12, 21].)
This proves that pprOd’APP(ICproddﬁE) > qq, as needed.

The bounds on the optimal rates of convergence for non-universal algorithms can be shown similarly.
For multivariate integration, the bound proruni—prod—INT ) < % + g4 follows from the construction
rod.d., 5) > 1 4 g, follows
from the application of Smolyak’s algorithm for the univariate algorithms with errors of order n~(1/2+73+0;)
whose existence is established in Theorem 2. For multivariate approximation, we only need to prove that
pronuni—prod—APP( prod.d.rd) = 1/(4+ 4qa) + ga. This again follows‘from the application of Smolyak’s
algorithm for the univariate algorithms with errors of order n=(%*m+i+0) with a; = 1/(4 + 4(r; + 3;))
whose existence is established in Theorem 2. Since

1

min —
j=1.2,....d { 4+ 4(r; + B5)

prod,d,ﬁﬁ
of K4 as above and Theorem 2. The opposite inequality proruni—prod—INT j

+rj+ﬁj}= + Qd;

4+ 4qq
the result follows. O

As already mentioned in the introduction, the number d of variables plays a much weaker role for product
kernels. If we assume that

L

then even the optimal rates of convergence for universal algorithms do not suffer from the curse of dimen-
sionality. This shows that the product structure of reproducing kernels is a powerful property that breaks
the curse of dimensionality present in the non-product case.
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9. Conclusion and open problems. In this paper we studied the optimal rate of convergence of
universal and non-universal algorithms for multivariate integration and approximation. We considered func-
tions from a reproducing kernel Hilbert space H(K4) with an arbitrary Ky all of whose partial derivatives
up to order r satisfy a Holder-type condition with exponent 23. For universal algorithms, the weights and
sample points may depend on d, r and 3, but are independent of the specific kernel K ;. For non-universal
algorithms, the weights and sample points may additionally depend on K4. We proved that for universal
algorithms, the optimal rate of convergence is (r+ 3)/d for both multivariate integration and approximation,
whereas for non-universal algorithms, the optimal rate of convergence is 1/2 + (r + 3)/d for multivariate
integration and a + (r + 8)/d with a € [1/(4 + 4(r + 8)/d),1/2] for multivariate approximation. Thus,
universal algorithms are applicable to wide classes of functions without a priori knowledge of the specific
form of reproducing kernels, but they suffer from the curse of dimensionality, i.e., for fixed smoothness r
and [, their optimal rate of convergence goes to zero with increasing d. This is the price we have to pay
for universality. For non-universal algorithms, we know the reproducing kernel of a specific Hilbert space
from which the data stem. This knowledge may then be exploited in the design of an algorithm, and leads
to an optimal rate of convergence that does not suffer from the curse of dimensionality. Unfortunately, in
practical applications, this additional knowledge may often be not available. If r + 3 is large relative to d
then both the universal and the non-universal algorithms exhibit approximately the same optimal rates of
convergence.

We also considered the case of a kernel K4 having product structure. This case is closely related to spaces
of bounded mixed derivatives. Then the optimal rates of convergence of both universal and non-universal
algorithms for multivariate integration and approximation only depend weakly on d. Furthermore, if the
minimal smoothness of product kernels does not deteriorate with d, then the curse of dimensionality is not
present. However, we stress that in all cases, the multiplicative factors in the order estimates are unknown
functions of d, which means that they could possibly grow exponentially (if not faster).

Finally, let us mention a few open problems.

e We were only able to give bounds on the optimal rate of convergence for non-universal algorithms
and multivariate approximation. This involves a value a from the interval [1/(4 + 4(r + §8)/d), 1/2]
in the general case and [1/(4 + 4qq),1/2] with g = min;—; __4{r; + ;} in the product kernel case,
respectively. Clearly, if we can improve our estimates of a, then we will attain tighter bounds.

e In this paper we restricted ourselves to two multivariate problems, namely integration and ap-
proximation. It is natural to study universal (and non-universal) algorithms for other practically
important problems such as partial differential equations or general linear problems. Such problems
are in some cases closely related to multivariate approximation and we therefore hope that it will
be possible to apply our multivariate approximation results here as well.

e As already often mentioned in this article, we do not control the dependence on d of the factors in
the order estimates. It is a natural question to also study this question and to check on the optimal
order of universal algorithms for which the dependence on d of these factors is only polynomial. This
problem is related to the problem of tractability that so far has only been studied for non-universal
algorithms, see [13] for a survey. Here, it seems natural to also consider universal algorithms for
classes of weighted spaces, with limited knowledge about smoothness and weights of reproducing
kernels.

e Universality of algorithms may be also studied in the randomized, average case, and probabilistic
settings. To illustrate this point, let us stress that we have only considered deterministic algorithms
in this article. In the randomized setting, for example, randomized algorithms can be employed,
such as the classical Monte Carlo method for multivariate integration. It would be natural to study
the optimal rate of convergence for both universal and non-universal randomized algorithms in the
classes Kgrp and K - 5

e For multivariate approximation and related problems, it is also reasonable to consider algorithms
that use information that is more general than function values. An example is given by algorithms
that using arbitrary linear functionals L;(f) for i = 1,2,...,n for some finite n. It would be useful
to determine the optimal rates of convergence for universal algorithms using this more general
information and to compare them to the optimal rates of convergence obtained in this paper for the
classes Karp and K ;- 5
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These and similar problems concerning universal and non-universal algorithms will be the subject of
future research.
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