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Optimal point sets for quasi-Monte Carlo
integration of bivariate periodic functions with
bounded mixed derivatives

Aicke Hinrichs and Jens Oettershagen

Abstract We investigate quasi-Monte Carlo (QMC) integration of bivariate periodic
functions with dominating mixed smoothness of order one. While there exist several
QMC constructions which asymptotically yield the optimal rate of convergence of
O(N~'log(N) 2 ), it is yet unknown which point set is optimal in the sense that it is
a global minimizer of the worst case integration error. We will present a computer-
assisted proof by exhaustion that the Fibonacci lattice is the unique minimizer of the
QMC worst case error in periodic Hr}nix for small Fibonacci numbers N. Moreover, we
investigate the situation for point sets whose cardinality N is not a Fibonacci number.
It turns out that for N = 1,2,3,5,7,8,12, 13 the optimal point sets are integration
lattices.

1 Introduction

Quasi-Monte Carlo (QMC) rules are equal-weight quadrature rules which can be
used to approximate integrals defined on the d-dimensional unit cube [0, 1)¢

N
faxs G Y )

[0,1)4 i

Il
=

where 2y = {x1,%,,...,xy} are deterministically chosen quadrature points in [0, 1)¢.
The integration error for a specific function f is given as
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f dx_*fol

To study the behavior of this error as N increases for f from a Banach space (7, || - ||)
one considers the worst case error

wee(H, Py) = sup flx)dx—— Zf x;)
fes |/[0,1)
llri<1

Particularly nice examples of such function spaces are reproducing kernel Hilbert
spaces [1]. Here, we will consider the reproducing kernel Hilbert space Hr}mx of
1-periodic functions with mixed smoothness. Details on these spaces are given in

Section 2. The reproducing kernel is a tensor product kernel of the form

Kdyx)’ I_IKlyx]ayj) fOI'X—(Xh ) d)a)’:(YIa---7Yd)e[071)d
j=1

with Ky 5 (x,y) = 1+ vk(]x—y[) and k(t) = $(:* —t + } ) and a parameter y > 0. It
turns out that minimizing the worst case error wee(H, ., #y) among all N-point
sets Py = {x1,...,xy} with respect to the Hilbert space norm corresponding to the
kernel K, y is equivalent to minimizing the double sum

N

Gy(xl,...,xN) = Z Kd,y(x,-,xj).
i,j=1

There is a general connection between the discrepancy of a point set and the worst
case error of integration. Details can be found in [11, Chapter 9]. In our case, the
relevant notion is the L,-norm of the periodic discrepancy. We describe the connection
in detail in Section 2.3.

There are many results on the rate of convergence of worst case errors and of
the optimal discrepancies for N — oo, see e.g. [10, 11], but results on the optimal
point configurations for fixed N and d > 1 are scarce. For discrepancies, we are
only aware of [21], where the point configurations minimizing the standard L..-star-
discrepancy ford =2 and N = 1,2,...,6 are determined, [14], where for N = 1 the
point minimizing the standard L..- and L,-star discrepancy for d > 1 is found, and
[6], where this is extended to N = 2.

It is the aim of this paper to provide a method which for d =2 and N > 2 yields
the optimal points for the periodic L-discrepancy and worst case error in Héux.
Our approach is based on a decomposition of the global optimization problem into
exponentially many local ones which each possess unique solutions that can be
approximated efficiently by a nonlinear block Gauf3-Seidel method. Moreover, we
use the symmetries of the two-dimensional torus to significantly reduce the number
of local problems that have to be considered.
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It turns out that in the case that N is a (small) Fibonacci number, the Fibonacci
lattice yields the optimal point configuration. It is common wisdom, see e.g. [3, 8, 15,
16], that the Fibonacci lattice provides a very good point set for integrating periodic
functions. Now our results support the conjecture that they are actually the best
points.

These results may suggest that the optimal point configurations are integration
lattices or at least lattice point sets. This seems to be true for some numbers N of
points, for example for Fibonacci numbers, but not always. However, it can be shown
that integration lattices are always local minima of wee(H!. , Z2y). Moreover, our
numerical results also suggest that for small y the optimal points are always close to
a lattice point set, i.e. N-point sets of the form

(£.70) im0}

where o is a permutation of {0,1,...,N—1}.

The remainder of this article is organized as follows: In Section 2 we recall Sobolev
spaces with bounded mixed derivatives, the notion of the worst case integration error
in reproducing kernel Hilbert spaces and the connection to periodic discrepancy. In
Section 3 we discuss necessary and sufficient conditions for optimal point sets and
derive lower bounds of the worst case error on certain local patches of the whole
[0,1)?V. In Section 4 we compute candidates for optimal point sets up to machine
precision. Using arbitrary precision rational arithmetic we prove that they are indeed
near the global minimum which also turns out to be unique up to torus-symmetries.
For certain point numbers the global minima are integration lattices as is the case if
N is a Fibonacci number. We close with some remarks in Section 5.

2 Quasi-Monte Carlo Integration in 7/ iX(Tz)

m

2.1 Sobolev Spaces of Periodic Functions

We consider univariate 1-periodic functions f : R — R which are given by their
values on the torus T = [0, 1). For k € Z, the k-th Fourier coefficient of a function
f € Ly(T) is given by f; = jol f(x)exp(2mikx) dx. The definition

2
0 = v E e = ([ s ax) +7 [ rorac

keZ

for a function f in the univariate Sobolev space H'!(T) = W!'(T) C Ly(T) of
functions with first weak derivatives bounded in L, gives a Hilbert space norm
|| £|l;71.- on H'(T) depending on the parameter ¥ > 0. The corresponding inner
product is given by
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oo = ([ £000x) ([ soar) 47 [ rgax

We denote the Hilbert space H' (T) equipped with this inner product by HY(T).

Since H'¥(T) is continuously embedded in C°(T) it is a reproducing kernel
Hilbert space (RKHS), see [1], with a symmetric and positive definite kernel
Kiy:TxT — R, given by [20]

Ky y(x,y):=1+y Z 127k| % exp(2mik(x — y))
keZ\{0} (2)

=1 +yk(|x—y|),

where k(t) = (1> —t + { ) is the Bernoulli polynomial of degree two divided by two.

This kernel has the property that it reproduces point evaluations in H!, i.e.
Fx)=(f(),K(-,x)) H1 y for all f € H'. The reproducing kernel of the tensor product
space H'" (T?) := H(T) @ H'(T) C C(T?) is the product of the univariate kernels,

- mix
1.€.

K> y(x,¥) =K1 y(x1,y1) - K1 y(x2,¥2)

3)
=1+ k(b1 = y1]) + vk (lx2 = y2]) + Vk(lx1 = y1 k(b2 = 2l).

2.2 Quasi-Monte Carlo Cubature

A linear cubature algorithm Qy(f) := 5 VY | f(x;) with uniform weights 1 on a
point set Py = {x1,...,xy} is called a QMC cubature rule. Well-known examples
for point sets used in such quadrature methods are digital nets, see e.g. [4, 10], and
lattice rules [15]. A two-dimensional integration lattice is a set of NV points given as

{(l,lg modl) :i:O,...,N—l}
N’ N

for some g € {1,...,N — 1} coprime to N. A special case of such a rank-1 lattice
rule is the so called Fibonacci lattice that only exists for N being a Fibonacci number
F, and is given by the generating vector (1,g) = (1,F,_1), where F;, denotes the n-th
Fibonacci number. It is well known that the Fibonacci lattices yield the optimal rate
of convergence in certain spaces of periodic functions.

In the setting of a reproducing kernel Hilbert space with kernel K on a general
domain D, the worst case error of the QMC-rule Oy can be computed as

wee(H, Py)? //ny dxdy——Z/Kx,,y dy+ Z K(x:,x;),

111



Optimal point sets for quasi-Monte Carlo integration of bivariate periodic functions 5

which is the norm of the error functional, see e.g. [4, 11]. For the kernel K> , we
obtain

57 (T2 _ 1
wee(H T (T?), Py)? = — N2 Z{ ZKZV Xi,Xj).
i=1j=
There is a close connection between the worst case error of integration in

wee( rLI);(']I‘z) Py) for the case y = 6 and periodic L,-discrepancy, which we will

describe in the following.

2.3 Periodic Discrepancy
The periodic L,-discrepancy is measured with respect to periodic boxes. In dimension
d = 1, periodic intervals I(x,y) for x,y € [0, 1) are given by

I(x,y) =[x,y) ifx <y and  I(x,y)=[x,1)U[0,y) if x > y.

In dimension d > 1, the periodic boxes B(x,y) for x = (x1,...,x7) and y =
(V1,---,Ya) € [0,1)4 are products of the one-dimensional intervals, i.e.

B(xay) :I(-xlayl) Xoees Xl(xdayd)'

The discrepancy of a set Py = {x1,...,xy} C [0, 1) with respect to such a periodic
box B = B(x,y) is the deviation of the relative number of points of &y in B from

the volume of B 4P (B
n
D(Pn,B) = +

Finally, the periodic L,-discrepancy of &y is the L-norm of the discrepancy function
taken over all periodic boxes B = B(x,y), i.e.

(/Ol /Ol (@N’ )) dydx>l/2.

It turns out, see [11, page 43] that the periodic L,-discrepancy can be computed as

vol(B).

_ 1 -
Dy(Py)* =-3 d+ﬁ Y Kixy)
xXyePN

=3~ wee(Hyi (1), #v)°,
where Kj is the tensor product of d kernels K (x,y) = [x—y|?> — [x —y| + 1. So
minimizing the periodic L,-discrepancy is equivalent to minimizing the worst case
error in H"Y for Y = 6. Let us also remark that the periodic L,-discrepancy is (up to

mix
a factor) sometimes also called diaphony. This terminology was introduced in [22].
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3 Optimal Cubature Points

In this section we deal with (local) optimality conditions for a set of two-dimensional
points Py = (x,y) C T2, where x,y € TV denote the vectors of the first and second
components of the points, respectively.

3.1 Optimization Problem

We want to minimize the squared worst case error

1
ch( mlx( ) ‘@N) =-1 NZ Z Kl}’-xlv-xj)Kl y()’zd’j)
i,j=0

1 N—1
=1+ 'ZO (14 yk(|xi — x;1) + vk (lyi — y;1) + vk (xi — x; Dk (lyi — y;1))
L,]=

N220 (bt = x51) + k(i = y51) + Pe( =i Dk (i — ;1)
i
_ 7(2K(0) + 74(0)?)

N

N2N1

Z Y k(i =) + k(i = ) + vkl — x5k (lyi = v;1)

i=0 j=i+1

Thus, minimizing wce(H, ;111(11‘2) Py)? is equivalent to minimizing either
N-2 N-1
=Y Y k(=) + k(i =yi1) + vk (i = Dk(lyi = y,) - @)
i=0 j=i+1
or
N-1
Gy(x,y) ==}, (1+7k(lxi —x;[) (1 + vk(Iyi = ;1))- (5)
i.j=0

For theoretical considerations we will sometimes use Gy, while for the numerical
implementation we will use Fy as objective function, since it has less summands.
Let 7,0 € Sy be two permutations of {0,1,...,N — 1}. Define the sets

<x <...<x
Dio=14xe[0,)V,yeo, )V ¥ =Y == r(Nl)} "
o { R VNSNS SO

on which all points maintain the same order in both components and hence it holds
|xi —x;| = si j(x; — x;) for 5; ; € {—1,1}. It follows that the restriction of Fy to D; ¢,
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i.e. Fy(x,¥)|p, > is @ polynomial of degree 4 in (x,y). Moreover, Fyp,_  is convex
for sufficiently small .

Proposition 1. Fy(x,y) p. , and Gy(x,y)|p, , are convex if y € [0,6].
Proof. 1t is enough to prove the claim for

N—1

Gyl y) = X (1 k(b= ) (14 (i)
i,j=

Since the sum of convex functions is convex and since f(x —y) is convex if f is,
it is enough to show that f(s,) = (1+ vk(s)) (1+ vk(r)) is convex for s,z € [0, 1].
To this end, we show that the Hesse matrix 5¢°(f) is positive definite if 0 < y < 6.
First, fys = y(1+ yk(t)) is positive if y < 24. Hence is is enough to check that the
determinant of J#(f) is positive, which is equivalent to the inequality

1

(14 () (14 74(0)) > 7 5~ ;)2 (1- 2>2.

So it remains to see that

2
V(2L 1
1+yk(s)1+2(s s+6)>}/(s 2> .

But this is elementary to check for 0 <y < 6 and s € [0,1]. In the case y = 6 the
determinant of 5#°(f) = 0 and some additional argument is necessary which we omit
here. O

Since
0,00, 1)V =" [J Do,

(7,0)eSNxSN

one can obtain the global minimum of F, on [0,1)Y x [0,1)V by computing
argmin, . - Fy(x,y) for all (7,0) € Sy x Sy and choose the global minimum as
the smallest of all the local ones.

3.2 Using the Torus Symmetries

We now want to analyze how symmetries of the two dimensional torus T2 allow to
reduce the number of regions D; s for which the optimization problem has to be
solved.

The symmetries of the torus T? which do not change the worst case error for the
considered classes of periodic functions are generated by

1. Shifts in the first coordinate x — x +c¢ mod 1 and shifts in the second coordinate
y—y+c modl.
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2. Reflection of the first coordinate x — 1 —x and reflection of the second coordinate
y—=1—y.

3. Interchanging the first coordinate x and the second coordinate y.

4. The points are indistinguishable, hence relabeling the points does not change the
WOrst case error.

Applying finite compositions of these symmetries to all the points in the point set
Py ={(x0,¥0);---,(xn—1,yny—1)} leads to an equivalent point set with the same
worst case integration error. This shows that the group of symmetries G acting on the
pairs (7,0) indexing D ¢ generated by the following operations

1. replacing 7 or o by a shifted permutation: T+ (7(0)+k modN,...,T7(N—1)+k
modN) or 6 — (0(0)+k modN,...,0(N—1)+k modN)

2. replacing 7 or & by its flipped permutation: T — (t(N—1),t(N—2),...,7(1),7(0))
oro+— (6(N—1),0(N-2),...,0(1),0(0))

3. interchanging ¢ and : (7,0) — (0,T)

4. applying a permutation 7 € Sy to both 7 and 0 : (7,0) — (n7,70)

lead to equivalent optimization problems. So let us call the pairs (7,0) and (7', 67)
in Sy x Sy equivalent if they are in the same orbit with respect to the action of G. In
this case we write (17,0) ~ (7/,0”).
Using the torus symmetries 1. and 4. it can always be arranged that 7 = id and
6(0) = 0, which together with fixing the point (xg,y0) = (0,0) leads to the sets
N N.O0=x<x <...<xyq
Po= {"E OBy 0T 02 30 < yom < < voro } @

where ¢ € Sy_ denotes a permutation of {1,2,...,N—1}.

But there are many more symmetries and it would be algorithmically desirable
to cycle through exactly one representative of each equivalence class without ever
touching the other equivalent ¢. This seems to be difficult to implement, hence we
settled for a little less which still reduces the amount of permutations to be handled
considerably.

To this end, let us define the symmetrized metric

d(i,j) =min{[i—j|,N—=[i—j[} ~ for  0<i,j<N-—1 (®)
and the following subset of Sy.

Definition 1. The set of semi-canonical permutations €y C Sy consists of permuta-
tions ¢ which fulfill

(i) 5(0) =0

(ii) d(G(l),O’(Z)) < d(O’O-(N_ 1))
(iii) 6(1) = min {d(c(i),6(i+1)) | i=0,1,....N— 1}
(iv) o is lexicographically smaller than .

Here we identify o(N) with 0 = ¢(0).
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This means that ¢ is semi-canonical if the distance between 0 = ¢(0) and o(1) is
minimal among all distances between (i) and o(i+ 1), which can be arranged by
a shift. Moreover, the distance between o(1) and ¢(2) is at most as large as the
distance between 6(0) and o (N — 1), which can be arranged by a reflection and a
shift if it is not the case. Hence we have obtained the following lemma.

Lemma 1. For any permutation 6 € Sy with 6(0) = 0 there exists a semi-canonical
o' such that the sets D and Dy are equivalent up to torus symmetry.

Thus we need to consider only semi-canonical o which is easy to do algorithmically.
Remark 1. If o € Sy is semi-canonical, it holds o (1) < N/2.

Another main advantage in considering our objective function only in domains Dy is
that it is not only convex but strictly convex here. This is due to the fact that we fix

(x0,y0) = (0,0).
Proposition 2. Fy(x,y)|p, and Gy(x,y)p,, are strictly convex if y € [0,6].
Proof. Again it is enough to prove the claim for
N-1
Gy(x,y) = ijZ_O(l + vk(|xi —x;[)) (1+ vk (lyi = ;1)

Now we use that the sum of a convex and a strictly convex function is again strictly
convex. Hence it is enough to show that the function

N—1
FOxts e xn—1,315 - ov-1) = ) (T4 vk(|xi —x0])) (1 + Yk([yi — yol))

Il
=

N
= ¥ (1 7k () (14 7k(30)

Il
=

is strictly convex on [0, 1]V =1 x [0, 1] =1, In the proof of Proposition 1 it was actually
shown that f;(x;,y;) = (1 +vk(x;))(1 +vk(y;)) is strictly convex for (x;,y;) € [0, 1]?

for each fixed i = 1,...,N — 1. Hence the strict convexity of f follows from the
following easily verified lemma. a
Lemma 2. Let f; : D; — R,i = 1,...,m be strictly convex functions on the convex

domains D; € R%. Then the function
m
fiD=Di X XDy =R, (z1,....2m) — Y filzi)
i=1

is strictly convex.

Hence we have indeed a unique point in each Ds where the minimum of F, is
attained.
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3.3 Minimizing Fyon Ds

Our strategy will be to compute the local minimum of F, on each region
Dg C [0,1)" x [0,1)" for all semi-canonical permutations ¢ € €y C Sy and de-
termine the global minimum by choosing the smallest of all the local ones.

This gives for each ¢ € €y the constrained optimization problem

( H;il}) Fy(x,y) subjecttov;(x) >0andw;(y) >0foralli=1,....N—1, (9)
x,y)€Dcs

where the inequality constraints are linear and given by
vi(x) =xi—xi-1  and  wi(y) = o) —Voi-1) fori=1,....N—1. (10

In order to use the necessary (and due to local strict convexity also sufficient)
conditions for local minima

d d
a—XkFy(xJ)—O and a—w(Fy(xJ)—O fork=1,....N—1

for (x,y) € Dy we need to evaluate the partial derivatives of Fy.

Proposition 3. For a given permutation 6 € €y the partial derivative of Fyp_ with
respect to the second component y is given by

p) N—1 N—1 1 (*=1 N—1
e F}'(ch)’)wcy = Yk Z Cik | — Z Cikyi+ 5 Z CikSik — Z Ck,jSk,j | »
Yk i=0 i=0 i=0 Jj=k+1
i#k i#k

(11)
where s; j = sgn(y; —yj) and c; j = 1+ yk(|x; —x;]) = cj ;.
Interchanging x and y the same result holds for the partial derivatives with respect
to x with the obvious modification to c; j and the simplification that s; j = —1.
The second order derivatives with respect to y are given by

h e N1 =k
55 F(x.y)p, = =0 ikt o Gk Jori=k o NS
Vkdy; —Ckj for j#k

(12)
Again, the analogue for axf%F (x,¥)|p, is obtained with the obvious modification
J

cij =14 vk(|[yi —yjl)-

Proof. We prove the claim for the partial derivative with respect to y:
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a N-2 N—1 0
=Y Y k= il) (L4 vk(bxi —x51)) + o —k(xi = x;)
i P ,+19 — %
=Cij
N-2 N-1
=Y X cijykbi—yil)
i=0 j=i+1 (9
N-=2 N-1 Sij fori=k
—Z Y cijK(siji—y;)-§ —sij forj=k
i=0 j=i+1 0 else
N-1 1
= Z Ck,jSk,j (Sk,j(y - —) Zczkszk (Szk yk)—z)
j=k+1
N-1 1 k—1 N—1
=Yk Z Cik Z Cixyi+ ) Zci,ksi,k— Z Cr,jSk,j | -
i=0 i=0 Jj=k+1
i#k I;Ek
From this we immediately get the second derivative (12). a

3.4 Lower Bounds of Fyon Ds

Until now we are capable of approximating local minima of F, on a given Dg. If this
is done for all o € €y we can obtain a candidate for a global minimum, but due to
the finite precision of floating point arithmetic one can never be sure to be close to
the actual global minimum. However, it is also possible to compute a lower bound for
the optimal point set for each D using Wolfe-duality for constrained optimization.
It is known [12] that for a convex problem with linear inequality constraints like (9)
the Lagrangian

Lr(x,y,A, 1) =F(x,y) = AT v(x) — p"w(y) (13)
N—-1
=F(x,y)— Y (Avi(x) + wiwi(y)) (14)

i=1
gives a lower bound on F, i.e.

min F(X,y) > gF(iug’vlvﬂ)
(x,y)€Ds

for all (¥,7,4, 1) that fulfill the constraint
Vixy)Zr(%,9,A,4) =0 and A,u >0 (component-wise). (15)

Here, V(yy) = (Vx,Vy), where V, denotes the gradient of a function with respect to
the variables in x. Hence it is our goal to find for each D4 such an admissible point
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(%,9,A, ) which yields a lower bound that is larger than some given candidate for
the global minimum. If the relevant computations are carried out in infinite precision
rational number arithmetic these bounds are mathematically reliable.

In order to accomplish this we first have to compute the Lagrangian of (9). To this
end, let Ps € {—1,0,1}(-1Dx(N=1) denote the permutation matrix corresponding to
o € Sy_1 and

1-10...00
01 —-1...00

B:=|: o | e RWEDxNED), (16)
0 ...01-1
0 ... 01

Then the partial derivatives of £ with respect to x and y are given by

A=A
Vx"s’ﬁF(x7yaA’a“) :VXF(xay)_ : :VXF(xLY)_B)" (17)
Av—2—Ay_1
AN-—1
and
U (1) — Ho(2)
VyZF(xvyaA‘aﬂ) :VyF(xa)’)_ : :VyF(x’y)_BPGIJ’
Ho(n—2) — Ho(N-1)

Ue(N-1)

(18)

This leads to the following theorem.

Theorem 1. For ¢ € €y and 8 > 0 let the point (%5,¥) € Do fulfill

iF(ig,j’c) =8 fork=1,....N—1. (19)

a I ! —
TxkF(xG’y")_a and v

Then

N—-1
F(x,y) >F(%5,55) — 8 Y ((N—i)-vi(%s) + 0(N —)wi(§5))  (20)

i=1
>F(%5,55) — 6N 1)
holds for all (x,y) € Dg.
Proof. Choosing
A =B7'V,F(%5,5;) and p=P;'B 'V,F(5,55) (22)

yields
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ViF(%,y) =BA and V,F(%,y)=BPsp. (23)
A short computation shows that the inverse of B from (16) is given by
11...
01 ...1
B71 = . ) c R(N*l)X(N*l)
0
0...01

)

which yields y, A > 0 and hence by Wolfe duality gives (20). The second inequality
(21) then follows from noting that both |v;(x)| and |w;(y)| are bounded by 1 and
2yNM Ul o(N—i)=2YNi= (N—-1)(N-2) < N2 0
Now, suppose we had some candidate (x*,y*) € Dg+ for an optimal point set. If we
can find for all other 6 € €y points (X,,) that fulfills (19) and

F(%5,55) — ON* > Fy(x*,y")

for some & > 0, we can be sure that D+ is (up to torus symmetry) the unique domain
Dy that contains the globally optimal point set.

4 Numerical Investigation of Optimal point sets

In this section we numerically obtain optimal point sets with respect to the worst
case error in Hnlnix. Moreover, we present a proof by exhaustion that these point
sets are indeed approximations to the unique (modulo torus symmetry) minimizers
of Fy. Since integration lattices are local minima, if the Ds containing the global
minimizer corresponds to an integration lattice, this integration lattice is the exact
global minimizer.

4.1 Numerical Minimization with Alternating Directions

In order to obtain the global minimum (x*,y*) of F, we are going to compute

o :=argmin min Fy(x,y), 24)
ceey (xy)€Ds

where the inner minimum has a unique solution due to Proposition 2. Moreover, since
Dy is a convex domain we know that the local minimum of F,(x,y)p,, is not on the
boundary. Hence we can restrict our search for optimal point sets to the interior of
D¢, where F) is differentiable.

Instead of directly employing a local optimization technique, we will make use
of the special structure of Fy. While Fy(x,y)|p,, is a polynomial of degree four, the
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Algorithm 1: Alternating minimization algorithm. For off-set § = 0 it finds
local minima of Fy. For § > 0 it obtains feasible points used by Algorithm 2.

Given: Permutation ¢ € €y, tolerance € > 0 and off-set 6 > 0.
Initialize:

1. x© = (0,
2. k:=0.

..,NT*I) andy(o) = (0,%,..., 6(1\[’\,7')).

Z|—

repeat

N N

1. compute H, := (axﬁijy(x(k),y(k))_ - and V, = (3xiFy(x(k),y("))A | by (12) and (11).
i,j= i=

2. Update x**1) := H; ! (V, + &1) via Cholesky factorization.

N N
3. compute Hy := <8yi8ij7(x(H]).,y(k)>i_j:1 and V, = (a‘,iFy(x<k+'),y<k)>

i=1
4. Update y*k+1) := H;l (Vy + 61) via Cholesky factorization.
5. k:=k+1.

until \/[[V[* +[|Vy]* <&
Output: point set (x,y) € Dg with V,F,(x,y) =~ 61 and VyF,(x,y) ~ 61.

functions
xHFY(x7y0>‘Do- and yHFY(x07y)|DO-7 (25)

where one coordinate direction is fixed, are quadratic polynomials, which have
unique minima in Ds. We are going to use this property within an alternating
minimization approach. This means, that the objective function F' is not minimized
along all coordinate directions simultaneously, but with respect to certain successively
alternating blocks of coordinates. If these blocks have size one this method is usually
referred to as coordinate descent [7] or nonlinear Gau3-Seidel method [5]. It is
successfully employed in various applications, like e.g. expectation maximization or
tensor approximation [9, 19].

In our case we will alternate between minimizing Fy(x,y) along the first coordinate
block x € (0,1)V~! and the second one y € (0,1)¥~!, which can be done exactly
due to the quadratic polynomial property of the partial objectives (25). The method
is outlined in Algorithm 1, which for threshold-parameter 6 = 0 approximates the
local minimum of Fy on Ds. For 8 > 0 it obtains feasible points that fulfill (19),
i.e. Vigy Fy=(6,...,8) = 1. Linear convergence of the alternating optimization
method for strictly convex functions was for example proven in [13, 2].

4.2 Obtaining Lower Bounds

By now we are able to obtain a point set (x*,y*) € D+ as a candidate for a global
minimum of Fy by finding local minima on each Dg,0 € €y. On first sight we can
not be sure that we chose the right 6*, because the value of min(y y)cp, Fy(x,y) can
only be computed numerically.
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Algorithm 2: Computation of lower bound on D.

Given: Optimal point candidate 2y := (x*,y*) € D with 6 € €y, tolerance € > 0 and
off-set 6 > 0.
Initialize:

1. Compute Oy := Fy(x*,y") (in APR arithmetic) .
2. En:=0.

for all o< Cydo

. Find (X5,¥5) € Do S.t. V(xy)Fy(¥c,¥5) = 61 by Algorithm 1.

. Compute A := B*IVXF(J?G,S:G) and u:= Png’lVyF(icg,S:c,) (in APR arithmetic) .
. Verify A, > 0.

. Evaluate B := %5, (%5,55,4, 1) (in APR arithmetic) .

. (Bs<6y)EyN:=EnNUoO.

[ S R S

end
Output: Set = of permutations ¢ in which Dy contained a lower bound smaller than Oy.

On the other hand, Theorem 1 allows to compute lower bounds for all the other
domains D with o € Cy. If we were able to obtain for each ¢ a point (¥, ), such
that

(xgleig Fy(x,y) ~ Oy 1= Fy(x",y") < Zp(%5,55) — 2N*8 < Fy(x,y),

we could be sure that the global optimum is indeed located in Dg+ and (x*,y*) is a
good approximation to it. Luckily, this is the case. Of course certain computations
can not be done in standard double floating point arithmetic. Instead we use arbitrary
precision rational number (APR) arithmetic from the GNU Multiprecision library
GMP from http://www.gmplib.org. Compared to standard floating point arithmetic in
double precision this is very expensive, but it has only to be used at certain parts of
the algorithm. The resulting procedure is outlined in Algorithm 2, where we marked
those parts which require APR arithmetic.

4.3 Results

In Figures 1 and 2 the optimal point sets for N =2,...,16 and both y=1and y=6
are plotted. It can be seen that they are close to lattice point sets, which justifies using
them as start points in Algorithm 1. The distance to lattice points seems to be small
if yis small.

In Table 1 we list the permutations ¢ for which Ds contains an optimal set of
cubature points. In the second column the total number of semi-canonical permuta-
tions €y that had to be considered is shown. It grows approximately like %(N -2\
Moreover, we computed the minimal worst case error and periodic L,-discrepancies.


http://www.gmplib.org
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N [Cn| wce(Hrln"i;7 D) Do) |o* Lattice
1 0 0.416667 0.372678 ((0) v
2 1 0.214492 0.212459 (0 1) v
3 1 0.146109 0.153826 ((012) v
4 2 0.111307 0.121181 ((0132)
5 5 0.0892064 |0.0980249((02 4 1 3) v
6 13 0.0752924 |0.0850795((024 15 3)
7 57 0.0650941 |0.0749072((0246135),(0362514) v
8 282 0.056846  [0.0651562{(03614725) v
9 1,862 0.0512711 |0.0601654((026385174),(027416385)
10 14,076 0.0461857 | 0.054473 [(037149628)5)
(03816104729)53),
11 124,995 0.0422449 | 0.050152 039517104826)
12| 1,227,562 0.0370732  |0.0456259({(05103816114927) v
13| 13,481,042 0.0355885 |0.0421763((05102712491611338) v
(051028134116193127),
14| 160,456,465 0.0333232  |0.0400524 051031271941361128)
(04913611138145102127),
05112714931261104138),
15| 2,086,626,584 | 0.0312562 |0.0379055 05112813410161493 127),
(05112813611041471239)
(0311514917124151026138),
16(29,067,602,676| 0.0294507 |0.0359673 0311613194157122105148)

Table 1 List of semi-canonical permutations &, such that Ds contains an optimal set of cubature
points for N = 1,...,16.

In some cases we found more than one semi-canonical permutation ¢ for which
D contained a point set which yields the optimal worst case error. Nevertheless, they
represent equivalent permutations. In the following list, the torus symmetries used to
show the equivalency of the permutations are given. All operations are modulo 1.

e N=7:(x,y)— (1—y,x)

o N=9:(xy) = (y—-2/9,x—1/9)

e N=11:(x,y)— (y+5/11,x—4/11)

o N=14:(x,y)— (x—4/14,y+6/14)

o N=15:(x,y)— (y+3/15,x+2/15),(y—2/15,12/15—x),(y—6/15,4/15 —x)
e N=16:(x,y)— (1/16 —x,3/16—y)

In all the examined cases N € {2,...,16} Algorithm 2 produced sets =y which
contained exactly the permutations that were previously obtained by Algorithm 1
and are listed in Table 1. Thus we can be sure, that the respective Dy contained
minimizers of Fy, which on each D are unique. Hence we know that our numerical
approximation of the minimum is close to the true global minimum, which (modulo
torus symmetries) is unique. In the cases N = 1,2,3,5,7,8,12, 13 the obtained global
minima are integration lattices.
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5 Conclusion

In the present paper we computed optimal point sets for quasi-Monte Carlo cubature
of bivariate periodic functions with mixed smoothness of order one by decomposing
the required global optimization problem into approximately (N —2)!/2 local ones.
Moreover, we computed lower bounds for each local problem using arbitrary preci-
sion rational number arithmetic. Thereby we obtained that our approximation of the
global minimum is in fact close to the real solution.

In the special case of N being a Fibonacci number our approach showed that
for N € {1,2,3,5,8,13} the Fibonacci lattice is the unique global minimizer of the
worst case integration error in Hl}m. We strongly conjecture that this is true for all
Fibonacci numbers. Also in the cases N = 7,12, the global minimizer is the obtained
integration lattice.

In the future we are planning to prove that optimal points are close to lattice
points. Moreover, we will investigate H] ;. , i.e. Sobolev spaces with dominating
mixed smoothness of order r > 2 and other suitable kernels and discrepancies.
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Fig. 1 Optimal point sets for N =2,...,16 and y= 1.
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Fig. 2 Optimal point sets for N =2,...,16 and y=6.
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