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Preface

Sparse grids are a popular approach for the numerical treatment of high-dimensional
problems. Where classical numerical discretization schemes fail in more than three
or four dimensions, sparse grids, in their different flavors, are frequently the method
of choice, be it spatially adaptive in the hierarchical basis or via the dimensionally
adaptive combination technique.

The Fourth Workshop on Sparse Grids and Applications (SGA 2016), which took
place in Miami, Florida, USA, from October 4 to 7 in 2016, demonstrated once
again the importance of this numerical discretization scheme. Organized by Hans-
Joachim Bungartz, Jochen Garcke, Michael Griebel, Markus Hegland, Dirk Pfliiger,
Clayton Webster, and Guannan Zhang, almost 50 participants from six different
countries have presented and discussed the current state of the art of sparse grids
and their applications. Thirty-seven talks covered their numerical analysis as well
as efficient data structures and new forms of adaptivity and a range of applications
from clustering and model order reduction to uncertainty quantification settings
and optimization. As a novelty, the topic high-performance computing covered
several talks, targeting exascale computing and related tasks. Besides data structures
and communication patterns with excellent parallel scalability, fault tolerance was
introduced to the SGA series, the hierarchical approach providing novel approaches
to the treatment of hardware failures without checkpoint restart. This volume of
LNCSE collects selected contributions from attendees of the workshop.

We thank the U.S. Department of Energy Office of Science and the Oak Ridge
National Laboratory for their financial support. Furthermore, we thank Kasi Arnold
and Lora Wolfe for their assistance with the local organization.

Bonn, Germany Jochen Garcke
Stuttgart, Germany Dirk Pfliiger
Knoxville, TN, USA Clayton G. Webster
Oak Ridge, TN, USA Guannan Zhang

February 2018
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Comparing Nested Sequences of Leja )
and PseudoGauss Points to Interpolate ke
in 1D and Solve the Schroedinger

Equation in 9D

Gustavo Avila, Jens Oettershagen, and Tucker Carrington Jr.

Abstract In this article, we use nested sets of weighted Leja points, which have
previously been studied as interpolation points, as collocation points to solve a 9D
vibrational Schroedinger equation. Collocation has the advantage that it obviates
the need to compute integrals with quadrature. A multi-dimension sparse grid is
built from the Leja points and Hermite-type basis functions by restricting sparse
grid levels i, using ). g°(ic) < H, where g°(i.) is a non-decreasing function and
H is a parameter that controls the accuracy. Results obtained with Leja points are
compared to those obtained with PseudoGauss points. PseudoGauss points are also
nested. They are chosen to improve the accuracy of the Gram matrix. With both Leja
and PseudoGauss points it is possible to add one point per level. We also compare
Lebesgue constants for weighted Leja and PseudoGauss points.

1 Introduction

For several years, PseudoGauss nested sets of points [2] have been used to build
sparse grids which are then employed with collocation [6, 7, 14] to compute
vibrational energy levels of molecules. In this article, we define PseudoGauss nested
point sets and compare results computed with them to those obtained from sets of
new Leja-type points.

A molecule is composed of nuclei and electrons. Most properties of a molecule
can be determined by solving the Schroedinger equation,

(Ke + Ky + Vee + Vin + Veu) 01 (g, x) = E;6(q, x) , (D
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where K, and K,, are kinetic energy operators for the electrons and the nuclei
and Ve, Vp,, and V,, are the Coulomb potentials for the interaction between
electrons, between nuclei, and between electrons and nuclei. Because electrons are
much lighter than nuclei it is often an excellent approximation to use the Born-
Oppenheimer approximation [22]. Vibrational energy levels E,, are eigenvalues of
the vibrational Schroedinger equation,

Ay, = Egy )

for which the Hamiltonian operator, H , is composed of two terms, H=K + \7, and
V, the potential, is an eigenvalue of the electronic Schroedinger equation. K has the
general form

3IN—6 3 9 N6 9
K = Z (le(lxs tee 13N_6x) akx 31x> + Z (Hk(lxs tee 73N_6x) akx>
k.l k
+W(1x1 e 73N_6x) ) (3)

where le(lx, ,3N—6x), Hk(lx, ,3N—6x), and W(lx, ,3N—6x) are func-
tions of the coordinates x,c¢ = 1,2,--- ,3N — 6 and N is the number of atoms
in the molecule. V is also a function of the coordinates. There are 3N — 6 because
this is the number of vibrational degrees of freedom (there are three translation and
three rotation coordinates). To solve Eq. (2), one writes v, as a linear combination
of basis functions

Yn(X) =Y chn k(%) )

k

and solves for the coefficients [13]. The sum is over all the basis functions. x rep-
resents (1x, .0 3N _Gx). The coefficients are usually determined with a variational
(Galerkin) method, by substituting Eq. (4) into Eq. (2), multiplying on the left by
¢ (x) and integrating. This yields the generalized eigenvalue problem,

HU = SUE . &)

The (k’'k)th element of H is (wk/|ﬁ|¢k). The (k'k)th element of S is {¢p|@k).
The (k’k)th element of V is ((pk/|‘7|(pk). The size of the matrices is the number
of basis functions. For more detail see [13]. The potential V is smooth, but may
be a complicated function. For many molecules, delocalised basis functions are
a good choice. Usually, orthogonal functions are used. It is often not possible
to calculate the matrix elements of V exactly and they are therefore obtained by
quadrature. When D = 3N — 6 > 12, it is extremely costly to use a direct product
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quadrature grid. One way to deal with the problem is to use Smolyak quadrature
[2, 19, 23, 32, 38]. The Smolyak grid is built from nested 1D quadrature rules. In
some coordinates K is simple enough that its matrix elements can be obtained from
algebraic formulae. When this is not possible, calculating matrix elements of K
is expensive. The matrix eigenvalue problem is solved with a Lanczos algorithm
[31]. It requires evaluating matrix-vector products (MVPs). It would be impossible
to build and costly to use the H and S matrices. Instead MVPs are computed by
doing sums sequentially [3-5]. For decades, similar ideas have been used without
quadrature (when exact matrix elements are known) [43] and with direct product
bases and quadratures [12, 24, 27, 28, 36, 44, 46].

Quadrature-based methods work, however, they have several disadvantages. (1)
The quadrature must be good enough that S matrix elements computed with it
are exact; otherwise it is necessary to solve a generalized eigenvalue problem and
iterative (Krylov space) algorithms for generalized eigenvalue problems are much
more costly. (2) Determining a good quadrature scheme requires finding not only
points but also weights. (3) If K is fairly simple, it is possible to choose basis
functions so that it is not necessary to use quadrature to compute its matrix elements,
but this limits one’s ability to use the best possible basis functions. (4) If K is so
complicated that one is forced to use quadrature to compute its matrix elements, the
calculation is very costly.

Due to these disadvantages, we have also developed a collocation-based method
[6, 7, 14]. Eigenvalues are computed with an Arnoldi algorithm [25]. MVPs are
evaluated by doing sums sequentially. To use collocation, one introduces an inter-
polant for the ¥, one wishes to compute and solves an eigenvalue problem in which
elements of the eigenvectors are values of the wavefunctions at collocation points.
There are no integrals and therefore no need for quadrature. It is necessary to choose
collocation points, but if the best possible representation of the wavefunctions
in the basis used to make the interpolant is excellent then energy levels are not
sensitive to the choice of the points [11]. If a good basis set is at hand, this makes
it possible to obtain accurate solutions to Eq.(2) without developing an accurate
multi-dimensional quadrature. If many of the Gy; (or Hy) coefficients of K are
complicated, collocation has the advantage that they need only be evaluated at points
(they do not appear in integrands of integrals). In our calculations, it is imperative
that the interpolation and collocation points be the same. Interpolation points are
used to make an interpolant for v,; collocation points are the points at which we
require that Eq. (2) be satisfied. As interpolation and collocation points, we have
used points on a nested sparse grid built from 1D PseudoGauss (PG) rules. In recent
years, it has become common to use nested Leja points for interpolation. Are Leja
points better 1D interpolation points than PG points? If PG points are as good, then
they are an alternative to Leja points. Are Leja points better collocation points? Is it
obvious that better interpolation points will also be better collocation points?
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2 Interpolation

It is possible to make a multi-dimensional sparse grid interpolant by combining 1D
interpolation operators, U'c, constructed from 1D Lagrange functions [10]. The 1D
interpolation operators are used to make 1D interpolants

m
fE=U"f@) =" ar@) fx) . (6)
k=1
where f(x) is a 1D function to be interpolated at the points x1, . .., x,,. This sparse
grid interpolation method can be generalized [7] by using Lagrange-type functions
(LTF) that span the same space as a basis, ¢,(x), n =0,1,--- ,m — 1,

m—1
ax(x) =Y Bingn(x), k=1,2,--,m. (7)

n=0

In this paper we start k£ with one and n with zero. By , is an element of the inverse of
the matrix whose elements are ¢, (xx), where xx, k = 1,2, --- , m are interpolation
points. Each ai (x) is equal to one at one x; and zero at all the other x;. Note that
we are not using localized or hat basis functions.

The multi-dimensional interpolation operator is [30, 38]

ID.H)= )  AU"@AUP®---®AUY, (8)
g(ir,iz,,ip)<H

wherec=1,2,---, D and
AU = Ule —yie! )

ic labels the 1D level for coordinate c. g(iy,iz,---,ip) is a condition that
determines what combinations of levels contribute. The corresponding set must be
downward closed. In Eq. (8), there is a different U’e for each i, and the accuracy of
the associated 1D interpolant is determined by the number of points m (i) used to
make U'c,

me(ic)

U f(%) =Y aio k(%) f(x,), (10)
ke=1

where a;, . (%) are the Lagrange-type functions,

aio k. (X)) =1, % ="%

c

Aok (X)) =0, X =%, k. Fke. (11)
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In this article, we shall set m (i) = i, for the sake of simplicity. In papers [6, 7, 14]
we use ¢, (%) that are elgenfunctlons of 1D operators extracted from the full H by

removing all derivative terms in K except those that involve % and setting © x=0
for ¢’ # c, in Vand K.

3 The Importance of Nesting

It is important to use nested sets of points in Eq.(8). In a nested set of points, the
points used to make U'e are also used for U1, Non-nested sets of points are easier
to make, but they have significant disadvantages. First, the number of sparse grid
points increases less quickly with the maximum number of 1D basis functions per
coordinate when nested sequences are used. This is especially important when the
maximum number of 1D basis functions per coordinate is large. In our calculations,
the maximum number of 1D basis functions per coordinate is typically about 25,
because to compute many accurate i, we need many basis functions. Second, the
MVPs we must compute are much less costly if we use a nested grid. For example,
the transformation of a vector labeled by grid indices to a vector labeled by basis
indices is efficient if nested sequences are used [7, 37].

What makes a good nested sequence of points? It is best to have a sequence in
which the number of points increases slowly as i, is increased. One well-known
nested sequence is obtained from Chebyshev (type 1) points,

2k —1

k=12 .N; . 12
2N; ”) i (2)

Xp = cos(

The sequence with N; = 1,3,9,27,81 --- points is nested. Another well-known
nested sequence is obtained from the Clenshaw—Curtis points. If N; > 1 they are

k—1
-xk:COS<N ln)sk: 1127"' 7Nl ) (13)
P —

and if N; = 1 the point is x; = 0. The sequence with N; = 1, 3,5,9, 17, 33, 65,
129, - - - points is nested. Both the Chebyshev and Clenshaw—Curtis sequences have
the crucial disadvantage that the number of points increases exponentially with i.
The problem can be mitigated by using delay [32]. When delay is used the same
number of points is used in several successive levels. However, delay only really
helps if the maximum number of basis functions per coordinate is small. Otherwise,
even with delay the sparse grid is large. The grid also is determined by choosing
g(i1,ip,--+ ,ip) and H. They must be chosen so that the grid includes the points
required to represent functions we wish to compute. With Chebyshev or Clenshaw—
Curtis sequences, the grid is excessively large. It is therefore important to find nested
sequences for which the number of points increases more slowly with i. Ideal would
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be to have nested sequences in which U’ uses one (or maybe two) fewer point than
Uit PseudoGauss points are one option. Leja points are another.

3.1 PseudoGauss Nested Points

PseudoGauss (PG) points and weights are determined, together [2], so that 1D
overlap integrals (elements of the Gram matrix) associated with the ¢,,(x) basis,
when computed by quadrature, are as exact as possible. The points and weights are
linked. To do collocation no weights are required, but we nonetheless expect PG
points to be good collocation, and maybe good interpolation, points. A set of PG
points with N points is designed to maximize the accuracy of the overlap integrals

Lym = /fﬂn(X)fﬂm(X)dx (14)

with0 < n+m < 2N — 1. They are called PseudoGauss because Gauss points and
weights satisfy this requirement. We do not use Gauss points because they are not
nested.

To make PG point sequences, we start with a one-point Gauss quadrature and
denote the point by x;. Let OV denote the set of points and weights for the
quadrature with N points. To make Q" from Q¥ ~! we add a point, xy, and use
DGLES in the LAPACK library [1] to compute a least-squares solution for an
overdetermined system of linear equations which gives us N weights. The system
of linear equations is PW = L, where W is a vector of weights, W =(wq, - - - wN)T
and

Pn,m;i = (pn(xi)(pm(xi)a (15)

and n, m are all n, m pairs withn <mandn+m < 2N —1) (e.g.for N =2n,m
=0,0; 0,1; 1,1; 0,2; 1,2; 0,3). PW is a quadrature approximation for the integrals in
L. We then vary xy to minimize

2N—=12N—1-m

N
RONY =Y Y 1 8mn— ) wign(i)pm(x) |, (16)
m=0 n=m

i=1

(similar results are obtained by squaring the difference). Because the ¢, (x) are
orthogonal, the exact overlap matrix is an identity matrix. We use the subplex
optimization procedure [35] to minimize Eq. (16). Subplex solves an unconstrained
optimization problems using a simplex method on subspaces. In general, different
initial values of xy may give different minimized R(xy). We use several starting
values and choose the one with the smallest R(xy). Differences between different
approximate solutions are usually very small.
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In this article, we compare the quality of PG and Leja interpolation points using a
basis, ¢, (x) = h,;l/ze_xz/sz (x), where H,,(x) is a Hermite polynomial and #,,
is the normalisation constant. Because the basis functions are either even or odd, we
add points to the list of PG points in groups of two. The second new point is obtained
from the first by changing its sign. In this case we determine only Q', 03, @, ---
For example, the PG Q3 quadrature rule is determined by adding two new
points x4 and x5 = —x4 to the set (x1,x2,x3 = —x3). The vector of weights
(w1, w2, w3, wyq, ws) is calculated by solving PW = L with values of (n,m) =
0,0, (0, 1), (0,2), (0, 3), (0,4), (0,5), (1, 1), (1,2), (1, 3), (1, 4), (2, 2), (2, 3),
i.e. all the indices restricted by n + m < 5. As is the case for the points,
wy = w3, wq4 = ws, etc. The value of x4 is optimized to reduce the error between
the exact overlap matrix elements (the identity I in this case) and the approximate
L matrix elements calculated with the approximate quadrature Q°.

3.2 Leja Nested Points

It is becoming popular to use Leja points as interpolation points [16, 21, 26, 29].
The classical Leja points are determined as follows. Choose the first point, x1, to be
any point in the relevant domain [a, b]. The kth point is then chosen so that

k—1
X = arg maxyeqap) | [ 1x — xil. k> 1. a17)

i=1
The resulting Leja points x1, x2, ... have favorable properties when using a poly-
nomial basis 1, x, x2, ... to interpolate functions on [a, b] with the error measured

in the standard L*°([a, b])-norm, i.e. || fllro(a,b)) = SUP, cra.p 1S (*)|. Moreover,
their distribution follows the distribution of Gauss-Legendre points [29].

Sometimes, one is interested in interpolating functions where the error is mea-
sured in a v-weighted supremum norm, i.e. || f | Loo((a,b1,v) = SUPye(q.p] V(S (X)].
If v is given by v(x) = +/w(x), where w : [a,b] — R, is a positive weight
function, then weighted Leja points can be defined as [21, 29]

k—1
xXp = arg maxxe[a,bli\/w(x) [T - x,-|], k>1. (18)

i=1

Their distribution often follows the distribution of the Gaussian quadrature points
associated with the weight function w [29]. The same Leja points can be used
for interpolation with any basis composed of the functions by = +/w(x)Pp,
by = Jwx)P1,by = Jw(x)Ps, -, where P; is the orthogonal polynomial of
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degree j associated with the weight function w(x) and the interval [a, b]. In this
case, Eq. (18) is equivalent to

3t = arg maxeega o1 V() Pr(x) = UK o DV Pal} - (19)

where UF=1(x1, x2, - -+, xp—1)[W/w(x) Pr(x)] is the interpolant of /w(x) Py (x)
made using the first k — 1 basis functions and points. This is true because the residual

{\/w(x)Pk(x) — Uy, x0, - ,xk_l)[\/w(x)Pk(x)]} is both, (1) a linear com-

bination of the functions {bg, b1, - - - bx_1} and hence equal to a product of /w(x)
and a polynomial of degree k — 1; and (2) equal to zero at x1, X2, - - - X,—1. Similarly,
for basis functions, ¢g, @1, - - - that are linear combinations of +/w(x) Py (x) (with a
common weight function), the kth point is chosen so that

3t = arg maxeetap |9k (¥) = U e nlaeol} . @0)

The point used to make U* that is not also used to make U*~!, is the point at which
the difference between the basis function, ¢, and its the interpolation with U k=1 g
maximum.

In this article, we increase the number of points in the Leja set two at a time,
because we are using basis functions each of which is even or odd. The first point
is the quadrature point for the Gauss-Hermite quadrature rule with one point, i.e.
x1 = 0. The second and third points are constrained to satisfy x3 = —x3 and x> is
determined by maximizing the function ([a, b] = [—o0, +00])

(@1(x) — C1,000(x))? + (@2(x) — C2,000(x))%, (21)

where C1,0¢0(x) is the interpolant for ¢; (x) computed with the single basis function
@o(x) and the single point x1 and C2 o@o(x) is the interpolant for ¢ (x) computed
with the single basis function ¢p(x) and the single point xj. The new two points
x5 = —x4 and x4 are determined by maximizing the function

(93(x) — C3.000(x) — C3.191(x) — C3202(x))* +
(@a(x) — C4,000(x) — C4,1901(x) — C4,2902(x))2, (22)

where C3,0¢0(x) 4+ C3,1¢1(x) 4+ C3,2¢2(x) is the interpolant for ¢3(x) made with the
basis {@o(x), ¢1(x), g2(x)} and the points {x;, x2, x3} and C4 0po(x) + C4,191(x) +
C4,2¢2(x) is the interpolant for ¢4 (x) made with the basis {¢o(x), ¢1(x), ¢2(x)} and
the points {x1, x2, x3} The same procedure is applied to find (x¢, x7), (xg, x9) - - -,
where x¢ = —x7,x3 = —x9---. We remark that there are many different variants
and modifications of the original idea of Leja points. A comprehensive overview is
given in [39, Sec. 3], where so-called Leja-odd points are defined. Leja-odd point
sets are not symmetric as are the point sets we construct. Rather, they are groupings
of the regular Leja points. Moreover, there are 9i-Leja points, which are symmetric if
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grouped as N = 2k — 1. They are, however, tailored to interpolation on the complex
unit disk and, by projection, also on the interval [—1, 1]. Therefore, they are not
relevant in our setting.

4 Lebesgue Constants

It is common to use the Lebesgue constant to assess the quality of a set of
interpolation points [34, 41]. The Lebesgue constant, Ay, bounds the interpolation
error,

I1fG) = X(fONI = (Ay + DILF () = XF*(f Il (23)

In this equation, X ( f(x)) is the interpolant for f(x) constructed with a set of N
basis functions, ¢x(x),k = 0,1,---N — 1, and n points in an interval [a, b], and
X*(f(x)) is the best possible approximation that can be made with the same basis
functions. We use the maximum norm. The best points clearly depend on the basis.
The Lebesgue constant for the case g (x) = x* is discussed in many books [34, 41].
It is well known that when ¢ (x) = x¥, the Lebesgue constant of a set equally
spaced points increases exponentially with n, but that the Lebesgue constant of a
set of Chebyshev points increases only logarithmically [17, 20]. For this reason,
it is often stated that Chebyshev points are good interpolation points. For many
functions, there are bases much better than ¢ (x) = X k=0,1,2... Owing to the
fact that the functions we compute decrease exponentially, if |x| is large enough, we
want (nested) interpolation points that work well with g (x) = h;l/ 2g=x?/ 2H (x).
What is a good set of interpolation points for a general {px ()c)},i\]:_o1 basis? Lebesgue
constants have previously been calculated for bases /w(x) P (x), with Py (x) as in
Sect. 3.2 [15, 40, 42].

When interpolating with ¢(x) = x*, the Lebesgue constant Ay can be
calculated from Lagrange functions a; (x)

N
ao=[] * 7% (24)

by finding the maximum value of

N
e =Y laj(x)l. (25)
j=1
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Fig. 1 Semi-logarithmic plot of the Lebesgue constants computed with Leja points, PG points and
scaled Chebyshev points

When interpolating with a general basis, {¢x (x)},]g/:_o1 , one can define Lagrange-type
functions (LTF) {a /}7:1 as in Eq. (10) and compute the Lebesgue constant from

N
AN(T) = maxeepa ) Y | aj(x) | . (26)
Jj=1
In this article, we use the LTFs made from ¢;(x) = h%l/ze_xz/sz(x) to

compute Lebesgue constants with both Leja and PseudoGauss points. They are
compared to Lebesgue constants for scaled Chebyshev points, which are known
to have favorable properties for interpolation with ¢ (x) = xk [201].

To make a nested set of Chebyshev point sequences requires using levels with
m=1,3,9,27, 81, - -- points. The Smolyak grids build from Chebyshev points are
therefore much larger than their Leja and PseudoGauss counterparts. The interval
for the Chebyshev point set with N points is defined by setting a equal to the
smallest Gauss-Hermite quadrature rule with N points and b equal to the largest
Gauss-Hermite quadrature rule with N points. Therefore, for N = 2, [a, b] =
[—0.707106781186548, 0.707106781186547] and the Chebyshev points are 0.5
and —0.50, and for N = 3, [a, b] = [—1.22474487139159, 1.22474487139159]
and the Chebyshev points are 1.06066017177982, 0 and —1.06066017177982. The
Lebesgue constants are reported in Fig.1 and Table 1. Note that the Lebesgue
constants of the scaled Chebyshev points increase exponentially, whereas the
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pale 1 Lt v N L [are ey
Chebyshev points 1 1.00 1.00 1.00
2 2.21 2.21 2.14
3 1.54 1.50 3.24
4 3.12 2.92 3.96
5 2.90 2.63 4.39
6 4.10 5.84 4.72
7 3.92 5.71 5.07
8 8.42 5.43 6.99
9 3.11 2.92 13.05
10 5.61 5.55 23.71
11 4.65 3.58 47.14
12 7.83 7.75 93.33
13 3.57 7.14 193.93
14 6.57 9.51 405.86
15 4.55 4.70 870.12
16 8.11 8.94 1891.65
17 7.45 7.58 4151.81
18 |11.09 12.13 9279.35
19 |11.05 7.29 20,745.74
20 6.31 24.83 47,354.43
21 8.57 24.80 107,471.08
22 |14.91 37.34 249,422.18
23 7.00 29.53 573,197.21
24 113.95 [102.87 1,348,297.50
25 5.10 97.73 3,131,662.87
26 7.72 16.77 7,448,633.91
27 7.01 7.72 17,459,802.45
28 [12.49 13.94 | 41,929,091.80
29 9.80 7.20 | 99,085,230.50
30 | 15.49 12.07 | 239,713,640.92
31 | 15.21 8.71 | 570,620,030.02

Lebesgue constants of both Leja and PG points increase at most algebraically.
Moreover, we note that the Lebesgue constant for N = 2k is almost always larger
than the Lebesgue constant for 2k — 1, k = 1, 2, - - - . This is because pairs of points
are determined to be used together, but, if N is even only the positive member of
a pair is used to make the interpolant. When N is even, the points do not have the
correct symmetry.

The Leja and PseudoGauss points appear to be of similar quality. Not surpris-
ingly, Chebyshev points are poor.
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5 Comparison Between Leja Points and PseudoGauss Points
in Collocation Calculations

PseudoGauss points ought to be good collocation points. They might be better
collocation points than interpolation points. The best possible vibrational energies
will be obtained, from a given basis set, by exactly calculating all of the Hamiltonian
and overlap matrix elements. This is often impossible, for two reasons. First, for
some potentials and bases there are no algebraic expressions for the matrix elements.
Second, if the potential does not have a special form (and the corresponding matrix
is therefore not sparse) then to efficiently evaluate MVPs it is imperative that we
impose structure on the matrix representation of the potential by using quadrature.
This structure makes it possible to do sums sequentially [3-5]. When it is not
possible to calculate all of the Hamiltonian and overlap matrix elements exactly
then one must choose between (1) computing all of them with quadrature or (2)
computing only those for which exact matrix elements are not known. For example,
if orthogonal basis functions are used then one might choose to replace S in Eq. (5)
with an identity matrix. Although it might seem obvious that one should use exact
matrix elements when they are available, Boys showed it is best to be consistent and
to use the same quadrature for a/l matrix elements [11]. For a 1D Hamiltonian with
a unit mass, computing all matrix elements by quadrature means solving

[TWK + TWVTTU = [TWTT|UE , (27)

where U is a matrix of eigenvectors and E is a diagonal matrix whose diagonal
elements are eigenvalues. T is a matrix whose elements are

T/,Ol = (p/ (xﬂl) ’ (28)

where x, and w, are quadrature points and weights. The range of « and j is the
number of quadrature points (equal to the number of basis functions). K is a matrix
whose elements are

—1 d?
Koz,j = ) dxzf/)j(x”x:xa . (29)
V is a matrix whose elements are
Vﬁa = 5ﬁ,av(xa) . (30)

W is a matrix whose elements are

Wg o =088,aWq - (31
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Equation (27) is equivalent to
K+ VTTU = TTUE , (32)

which is the collocation equation. Therefore, if we can find points and weights
that accurately evaluate each of the three terms in Eq. (27) then the points will be
good collocation points. It is in general not possible to choose points to optimise
the accuracy of the kinetic and potential matrix elements, however, it is possible
to choose points to optimise the accuracy of S &~ TWTT. They are PseudoGauss
points.

The 100 lowest levels of the CH,NH (a 9D problem) were calculated with a
sparse grid collocation method [6, 7, 14], using both Leja and PseudoGauss points.
We use normal coordinates [45] and

R 3N—-6 w0 82
B < , ) (33)

The potential is a Taylor series. We use the interpretation of [18] of the potential of
Pouchan and Zaki [33]. The basis functions are, ¢ (%) = h,;l/ze_xz/sz (“x). We
use m(i.) = i.. The restriction function that defines the basis is [5, 8]

g1, ia,---ig) = g'(H,m) + g*(H,np) +-- -+ ¢P(H,np) <H. (34

Note that these 1D functions depend, in general, on H. It is not possible to use the

same 1D functions for all H without including many unnecessary functions in the

basis as H is increased. In the past, we have used step functions for the 1D functions.

For the three normal mode coordinates with the largest frequencies, ¢ = 1, 2, 3, we

use 1D functions that are independent of H:

g°(0) =0, g°(1) = 17, g°(2) = 26, g°(3) = 35, g°(4) = 44, g°(5) = 53, ¢' (6) = 62,
g5 =71,8°(8) =79, g°(9) = 89, g°(10) = 99, g“(11) = 109, g°(12) = 120,
g€(13) = 130, g°(14) = 140, g°(15) = 150, g°(16) = 160, g°(17) = 169,

¢€(18) = 178, g€(19) = 187, g€(20) = 196 - - - (35)

For the remaining coordinates we use

g°(0) = 0, g°(1) = 15, g°(2) = 24, g°(3) = 33, g°(4) = 42, g°(5) = 51,
51(6) = 60, g°(7) = 69, g°(8) = 79, g°(9) = 89, g(10) = 99,
g°(11) = 110, g°(12) = 120, g°(13) = 130, g°(14) = 139,
g°(15) = 148, g°(16) = 157, g°(17) = 166, g°(18) = 175,
¢(19) = 187, g€(20) = 196 - - - (36)
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Table 2 Errors for the 100 lowest levels of CH,NH

Leja PG
Average error Maximum error Average error Maximum error
Basis I 0.0026905 0.02366 0.0242918 0.06925
Basis II 0.0005770 0.00471 0.0032222 0.04544
Basis III 0.0001857 0.00062 0.0004222 0.00210
Basis IV 0.0002091 0.00057 0.0002298 0.00209

All errors are in cm™!

and

§°(h(H),ne) = g°(ne) + h(H), 0 <nc <4
§°(h(H),ne) = g°(ne), 5 <ne <12
g°(h(H),ne) = g°(ne) — h(H), nc>13. (37)

When H is increased we increase also /4 to avoid increasing the number of
unnecessary basis functions [9]. A(H) is a step function. Values are specified in
the next paragraph.

We report results for the 100 lowest eigenvalues of CHoNH. The largest
calculation was done for H = 264 and h = 7 with 12,684,284 pruned product
basis functions. With this basis the largest relative error in the eigenvalues is 1077,
Calculations with smaller basis sets were done to test the convergence: Basis I with
H = 150 and & = 0 and 342,152 functions; Basis Il with H = 160 and 7 = 0
and 586,808 basis functions; Basis III with H = 170 and &7 = 0 and 932,231 basis
functions; Basis IV with H = 190 and & = 0 and 2,272,064 basis functions. Results
are given in Table 2. Leja and PseudoGauss points are about equally good, but Leja
points seem to be slightly better when the basis is small.

6 Conclusion

In this article, we present a recipe for determining PseudoGauss (PG) points
and assess their usefulness for interpolating a 1D function in a basis ¢x(x) =
h;l/ 2g=x?/2 Hi.(°x) by computing Lebesgue constants. The PG Lebesgue constants
are compared to Leja Lebesgue constants. PG Lebesgue constants are usually
smaller than Leja Lebesgue constants, when the number of points is less than
about 12. They are larger, when the number of points is larger than 12. In most
cases, the PG and Leja Lebesgue constants are similar. By combining Leja and PG
points with a sparse grid interpolation method, we are able to use them to compute
vibrational energy levels of a 9D Hamiltonian. We have demonstrated that Leja
points are slightly more accurate. It is known that Lebesgue constants increase
subexponentially [21] and they appear to be promising for calculating vibrational
energy levels.
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On the Convergence Rate of Sparse Grid )
Least Squares Regression e

Bastian Bohn

Abstract While sparse grid least squares regression algorithms have been fre-
quently used to tackle Big Data problems with a huge number of input data in the last
15 years, a thorough theoretical analysis of stability properties, error decay behavior
and appropriate couplings between the dataset size and the grid size has not been
provided yet.

In this paper, we will present a framework which will allow us to close this
gap and rigorously derive upper bounds on the expected error for sparse grid least
squares regression. Furthermore, we will verify that our theoretical convergence
results also match the observed rates in numerical experiments.

1 Introduction

One of the most common tasks in Big Data applications is function regression. Here,
we aim to approximate a function g : 2 — R defined on an open domain £2 C R™.
However, we only have access to n (possibly noisy) evaluations (t;, g(t;) + &;) €
2 xR,i =1,...,nof g. Note that this is a special instance of a much more general
regression or even density estimation problem, see e.g. [15].

Although many successful regression algorithms such as generalized clustering
methods, radial basis function neural networks or support vector machines have
been proposed over the last decades, see e.g. [1, 14, 20], one of the main problems
in Big Data applications, namely the vast number n of data points, still presents
a severe limitation to these so-called data-centered algorithms. This phenomenon
usually prevents the user from applying the above mentioned methods straightfor-
wardly because of their superlinear runtime dependence on #, i.e. the number of
computational steps grows much faster than n, e.g. &' (n>) for applying direct solvers
to the regression problem. In order to cope with this problem, several enhancements
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to these algorithms, such as chunking or sparse greedy matrix approximation, have
been introduced, see [20]. Furthermore, since many data-centered methods are
based on kernel representations, we need to have access to a closed form of an
appropriate kernel function. However, in many cases only infinite series expansion
kernels are provided and an evaluation is not straightforward, see [12, 13].

To circumvent these issues and obtain an algorithm which naturally employs
linear runtime complexity with respect to n, grid based discretizations have been
proposed. Here, sparse grids are particularly well-suited since they allow to
efficiently treat also higher-dimensional domains, i.e. m > 3, which is not possible
with full tensor-product grids due to the curse of dimensionality. This means that—
for a full grid space—the number of grid points Ny scales like & (2"’”), where k
denotes the grid level. In the sparse grid case, however, the scaling of Nj is only
7 (2"k’”’1). Many variants of sparse grid regression algorithms can be found in
e.g. [3,5,9, 10, 19].

Even though sparse grid regression algorithms have proven to be a good choice
for many practical Big Data problems, there has not yet been a thorough theoretical
justification for their good performance, i.e. the overall error convergence behavior
and suitable couplings between Ny and n have yet to be determined. In this paper,
we aim to close this gap for the case of (unregularized) least-squares function
regression. Here, the corresponding problem is to determine

1§
arg min Z(h(ti) —g(t) — )2,
heVy n i—1

where Vi is the sparse grid space of level k, i.e. we search for the function
h € Vi which minimizes the average squared distance between point evaluations
of h and the unknown function g in the input data points t;,i = 1,...,n. The
evaluation in t; is perturbed by some additive noise term ¢;. For this setting, we
will derive the optimal coupling between N and n and present the corresponding
error convergence rate. As we will see, the rate is governed mainly by the best
approximation error in the sparse grid space and a sample-dependent term in which
the noise variance o will play an important role. To obtain our results, we will
enhance the analysis of [7] on least-squares regression with orthonormal basis sets,
which has been applied to derive convergence properties for global polynomial
spaces in [6, 17, 18], to arbitrary basis sets and apply it to our sparse grid basis
functions. While the choice of the particular basis is arbitrary in the orthonormal
case, the quotient of the frame constants enters our estimates for non-orthonormal
bases. Therefore, we use the sparse grid prewavelets since they form an L, Riesz
frame and reveal essentially the same properties in our estimates as an orthonormal
basis does in [7]. Furthermore, the prewavelets lead to sparsely populated system
matrices for least-squares regression because of their compact support. Thus, our
basis choice leads to a fast least-squares algorithm with quasi-optimal convergence
rate in the piecewise linear case.
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The remainder of this paper is structured as follows: In Sect. 2 we recapitulate
the least squares regression problem and introduce the necessary notation. Then, we
briefly present our sparse grid spaces and the according basis functions in Sect. 3.
Our main results on the coupling and the convergence rate can be found in Sect. 4.
Subsequently, we provide numerical experiments to underscore our theoretical
results in Sect.5. Finally, we conclude in Sect.6 with a short summary and an
outlook on possible future research directions.

2 Least-Squares Regression

We now define the necessary ingredients to state and analyze the least squares
function regression problem. To this end, let p be a probability measure on the
Lebesgue o-algebra of £2 C R™ and let g : £2 — R be a point-evaluable, bounded
function, i.e. there exists anr > O suchthat[[g| L., ,(2) < r. We define a real-valued
random variable ¢ = &(t), which models the noise and fulfills

Ele|t]=0 forallte £2 and o’ :=supE[82|t]<oo. €))]
tef2

Our n input data points for the least-squares regression are then given by
2= (t, g(t) + &), C 2 xR,

where the t; are drawn i.i.d. according to p and the &; = ¢(t;) are instances of
the random variable ¢. Finally, we denote our scale of finite-dimensional search
spaces, i.e. the spaces in which the solution to the regression problem will lie, by
Vi C Ly, ,(£2) for a scale parameter k € N, which will be the level of our grid spaces
later on. In the following we will write Ny := dim(Vj) to denote the dimension of
the search space of level k. Then, as already mentioned in the introduction, we can
write the least-squares regression problem as

n
Determine f, vy, := arg min ! Z (h(t;) — g(t;) — 8,-)2. 2)
hev, I i—1
Note that a regularized version of this problem, where a penalty term is added to the
above formulation, is also often considered. However, in this paper we solely focus
on the unregularized case (2) and give sufficient conditions such that this problem

is stably solvable also without a penalty term.
To solve (2), let vy, ..., vy, be an arbitrary basis of V. Then it is straightforward

. T
to show that the coefficients o := (a1,...,an,) of fz v, = ZlNz"l @;v; can be
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computed by solving the linear system
nBBT« = Bx, (3)

where BeRM*" is given by B,-jzzrll v;(t;) and x := (g(t1) +é&1,..., g(ty) + en).
For a more detailed discussion on this system, we refer to [2, 9].

3 Full Grids and Sparse Grids

In order to solve (3) on a full grid space, i.e. V} = 7/kf“” of level k, or a sparse grid

space, i.e. Vy = “I/,fparse of level k, we have to define appropriate basis functions
Vi,...,vn,. To this end, we consider the so-called piecewise linear prewavelet

basis, see also [11], since it forms a Riesz frame, which will be of major importance
for the analysis in the subsequent section. The prewavelets are based on linear
combinations of the hat functions

1—t| ift e[—1,1],
0 else.

i) ;=o' -t —i)|jo.; with ¢(t):= { )

The univariate prewavelet basis functions y;; : [0, 1] — R are then defined by

0,0 :=1, vo,1 :==¢0,1, Y1,1:=2-¢1,1 — 1.

for/ <1 and by
=2 (g g b= bt
Vii ‘= 10%Phi-2 7 o Phi-t Li = qo@litl T o PLi+2

forl >2andi e [\{1,2' =1} with ; := {i e N| 1 <i <2/ — 1, i odd}. For
the boundary cases i € {1, 2l — 1}, we have

i 6 11 3 1
Vi1 =22 (—5¢1,o+ 10¢z,1 - 5¢1,2 + 10¢z,3), Vo1 (@) ==y (1 —1).

The m-variate prewavelet functions are defined by a simple product approach

m
ni® = [ w6, (5)
j=1
where 1 = (I, ..., 1[,;) denotes the multivariate level index and i = (i1,...,iy)

denotes the multivariate position index. The graph of two exemplary univariate and
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(a) b)
3 3
2 2
1 1
° Vo o . ‘ o
o.\/ 0.4 0.6 08 1.0 W 04 \/s 08 1.0
-1F -1
-2 F -2F
-3 3

(©) _ (d)

0.0 ! 0.0
0.5 ' 0.5 |
1.0 1.0

Fig. 1 Piecewise linear prewavelet examples. (a) y3,1. (b) ¥3.3. (©) ¥3.4),(1,7)- (d) ¥(3.,4),3,7)

two exemplary bivariate prewavelet basis functions can be found in Fig. 1. In the
multivariate case, the appropriate index sets are given by

<ij =<1 ifl; =0,

L= lieN” ’
! {'e 1<ij<2i—1 ijodd ifl; >0

foralllfjfm},

which lead to the hierarchical increment spaces
Wy :=span{n;|iek}.
Now, the full grid space of level £ > 0 is defined by

full .__
= @ W
leN™

Meoo <k
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® © @
1
: 4 4
SRS ED
............... -2 | =
0.:..... olm olm
0 1 0 4, 4 0 4, 4

Fig. 2 Two-dimensional full grid and sparse grid and their corresponding index sets. (a) Full grid
G (b) Sparse grid G, (¢) {1 e N? | I, <4). (@) 1 e N? | [o(D) < 4)

whereas the sparse grid space of level k > 0 is given by

Vksparse = @ W

leN"
tm()=<k

with &, (0) := 0 and
tn) =g, —m+|{jll; =0} +1

for a non-zero 1 € N™. The specific choice of ¢, guarantees that the highest
resolution of a subgrid on the boundary is the same as the highest resolution of a
subgrid in the interior of [0, 1]. The corresponding grids G£u11 and G,s{parse, i.e. the
centers of the support of the involved prewavelet basis functions, can be found in
Fig.2.

As we mentioned above, full grids suffer from the curse of dimensionality, i.e. the
degrees of freedom grow like

dim (1) = @“ 4+ 1" = 0 (2),

which depends exponentially on the dimension m of the domain. For sparse grids,
it can easily be obtained that

dim (7P") = & (2’%'"—1)

see e.g. [4] for grids in the interior of the domain and [8] for grids which are also
allowed to live on the boundary. As we see, the curse of dimensionality only appears
with respect to the level k instead of 2. Therefore, sparse grids can be used also for
m > 3.
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4 Error Analysis

After introducing the least-squares problem and our grid discretization in the
previous sections, we can now present our main theorems on the stability and the
error decay of a sparse grid regression algorithm. Our results are built on theorems
1 and 3 of [7] and can be seen as an extension thereof since only orthonormal bases
are treated there, whereas our result also holds for arbitrary non-orthonormal bases.

4.1 Well-Posedness and Error Decay

In the following, we denote the maximum and minimum eigenvalues of a symmetric
matrix X by Amax(X) and Apin(X). We start with a Matrix Chernoff bound, which
is proven in section 5 of [21].

Theorem 1 (Chernoff Inequality for Random Matrices) Ler D € N and
8 € [0, 1) be arbitrary and let X1,..., X, € RP*D pe independent, symmetric
and positive semidefinite matrices with random entries. Let R > 0 be such that
Amax(Xi) < R holds foralli = 1, ..., n. Then, it holds

n 5 by
P [xmm (Z X,~> <(1- 6)cmm} <D <(1 f5)15>
i=1

A

and

n S Crrlliax
P |:)\max (Z Xi) >+ 5)Cmax:| <D <(1 +e8)1+5)

i=1

With Cmin = Amin (E [Z?:l X,]) and cmax = Amax (E [Z?:l X,])

For a basis vy, ..., vy, of Vi, we introduce the quantity
Nk
S, ..., vn) = sup Y i), 6)
tef2 i=1

which will play a pivotal role throughout the rest of this paper. Note that this quantity
is named K (Ny) in [7] since it is independent of the basis choice there as the authors
only deal with orthonormal bases. However, in our more general case, the quantity
S(v1, ..., vy,) is highly dependent on the concrete choice of the basis of V.

In the following, we denote the mass matrix on level kK by M =
My, ....vy) € RVNe fe. Mij = (vi, vj)1, ,(2)- With the help of Theorem 1,
we are able to prove the following stability result, which is an extension of theorem
1 of [7].
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Theorem 2 (Well-Posedness) Letn > N, ¢ = ‘log ( ° )‘ ~ 0.1082 and let

V-
(15)1.5
Amin (M) n

SO1. .. on) <c- :
Wl M) = C T g

(N

fora® > 0. Then, the solution fy, y, = Zyil ajv; of (3) exists, is unique and

Sulfills

Amax(M) 1

12 vl ) < V6 - :
i@ Jin(M)  /n

IXlle,

with probability at least 1 — 2n=%, where x := (g(t;) + €1, ..., g(ty) +&,)7.

Proof The proof follows the lines of [7] with the necessary generalizations for
arbitrary basis functions. Let X € RM>*Mt be the random, positive semi-definite
matrix with entries X;; := rllvi (t) - v;(t), where t is drawn according to p and let
X1, ..., X, be n realizations of X with t = ty, ..., t, from the samples Z,. Then,
nBBT =3"  X;and M =E[X 1, X;].

Note that Ay (X) < rllS(vl, ..., Vn,) almost surely since X = nAAT with
A= (n,... v (t))T and we have

n
1 &
s (X) = W (AAT) = - max Ay, = - | 3 D w112
yi= .
i=1

1
= SO, ..V
n

Therefore, we can apply Theorem 1 with D = Ny, R = ,IZS(Vl, ...,vy)andé = ;
to obtain

Amin (M)
2

or Amax(nBBT) >

3hmax (M
P::P[Amin(nBBT)f ma;( )}

nhmin (M) nimax (M) NAmin (M)

e—0.5 S(vlr,n.‘.‘.l.ka) eO.S S(vlrr,l.‘?ika) 60'5 S(vlrfl.l.lika)
< <
= M| .50 TN 51 =2Ne{( | 515 ’

where the last inequality follows from Apin(M) < Amax(M) and 0 < g;%; <
. .
e

| 5: s < 1. Using (7) and the definition of ¢, we obtain

Cnhmin (M)
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since we assumed Ny < n. Therefore, (3) is uniquely solvable with probability

-0 : 2 _ 1 T _
at least 1 — 2n~". Noting that ”B”Lin(R",RNk) = ,InBB ”Lin(RNk’RNk) =

}l)\max (nBBT) holds for the operator norm of the linear operator B and writing
the Ly norm with the help of the mass matrix, we finally get

®) _ _
||f%,vk||§2’p(m =a"Ma Zx"BTmBBT) " 'MnBBT) ' Bx

2 2 T\—1,2
< IXIE, B g o pmax (1B BT) ™) A (M)
= NI A (2BBT) Dmax (M)
n 2 Amin(nBBT)2
1 3Amax(M) 4 Amax (M)2
< IxIg, T S Amax (M) = 6" x|,
n 2 Amin (M) Amin(M) n
with probability at least 1 — 2n~?, which proves our assertion. O
Theorem 2 tells us that the regression problem with basis vy, ..., vy, is stably

solvable for all & € N with high probability if the number of samples n is large
enough such that n > Nj and (7) are fulfilled and if the fraction i'{:‘l‘;‘((%) , 1.e. the
condition number of the mass matrix, does not grow too fast with k — oco. Note that
it is also possible to prove a more general version of this theorem if a (Tikhonov)
regularization term is added, see [2].

Recall the Lo bound r on the function g from which the data 2, is sampled.
For our error bound, we need to define the truncation operator 7, : Lo ,(£2) —
Loo,p(82) by 7. (f)(-) := P-(f(-)), where the convex projection P, : R — R is
defined by

x if|x| <r,
Pr(x) = X

-r else.
x|

Note that 7, is a non-expansive operator with respect to the L; ,(£2) norm,

Le. |t (f1) — v (L, 2) < 11 = f2llL, 2 forall fi, f2 € Lo p(£2). Now,
we can provide a theorem on the expected error behavior.

Theorem 3 (Expected Regression Error) Let n > Ny and let fx, vy, be the
solution to (3)—or fy, v, = 0 if no unique solution to (3) exists. Let, furthermore,

S(1, ..., vN,) and n fulfill (7) for a fixed 6 > 0 and for all k € N. Then,
8cAmax (M) . 5
f —
(1 4 6)Amin (M) 10g(n)> fnf 1S =gl @

)Lmax(M))z Nk
min(M) )

E [“Tr (ffé’;,,\/k) - g”iz,p(ﬂ)] < <l +

+ 82n7? + 852 ( (8)

n

with ¢ from (7). Here, the expectation is taken with respect to the product measure
pli=p X ... X p.



28 B. Bohn

Proof Again, the proof generalizes the one in [7], where only orthonormal bases are
considered. In the following we will just write L, for L, ,(£2) with p € [1, co].
Let 2" = £2 x ... x £2 and let

3Amax (M)

Q= {(tl, v ty) € 2" | Amax(BBT) < and Amin(nBBT) >

)\min(M)

2
and let £2" := 2"\ £2'/. We have already shown in the proof of Theorem 2 that
P(2") < 21~ since (7) holds. Let us denote E := E [||r, (fz.v,) - g||§2]. Since

[T ()®) —g®)| < |t-(f) ()] + |g(t)| < 2r holds for all f € L, and almost every
t € 2, we obtain

E :fm o (fz.v.) = ¢lL, dp"+/g Iz (fz.v.) = gllL, dp"

n

"
s[ ||Tr(f32‘;1,vk)—g||%2d/)"+/ 4r2 dp
fold fold
< / It (f=,v,) — gllz, dp" + 8r°n~"
2
< fg N — gl dp" + 87077 ©)
"

where the last inequality holds since 7, is non-expansive and g = 7,(g) holds almost
everywhere.
Next, we define the projection P‘",k onto Vi by

1
Py (f) = agmin ; (h(t;) — f(t:)*,

which is well-defined for point-evaluable functions f on £27 since the coefficients

of P‘",k (f) are given by (3) if we substitute the vector x by (f (1), ..., f(t,))”. Note
that the coefficients of fy, v, are given by Py, (g + ¢). Furthermore, we need the
(standard) orthogonal L, projector Py, onto Vi. Obviously, it holds P"}k oPy, = Py,.
Therefore, we have

I f2, v, — gllz, = P} (g +&) — P}, o Py (g) + Py (g) —gli7,
= 1P}, (g — Py, () + Py (&7, + lg — Py (D7,

<2|P} (g — Py(®) 17, +2IP} (I, + g — Py (I,
(10)

since Id — Py, is L»-orthogonal on V. To bound (9) from above, we will now deal
with each of the three summands in (10) separately.
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First, note that Pjl (g — Py, (8)) = Y, Bivi with B = (B, ... By,)T given

by B = (nBBT) ' & with& = Baanda; = g(t;) — Py (g)(t;) for j =1,...,n.
Thus, we have

120, (5 — Po(®) I3, = B"MB = &7 (nBBT) " 1 (nBB") &

1 Ahmax(M) . >
< Amax (M) I&117, < €117
Amin (nBBT)2 27 Amin(M)? :
1D
on £2', on which nBBT is invertible. This yields
8Amax (M) 2
201P}, (g — Pu () I3, do" < E[ 813, ] (12)
/91 b e = Pu @) I Jmin (M)? =
With the independence of ty, ..., t,, we deduce

Ni n 2
1
E[812,] = /Q Zl (n D ovilt) (g - ka<g>)(t,->) do" (b1, 1)
/:

i=1
2

Nk

1

22t =m /Q vj (1) - (g — Py (2)) (1) dp(t)
j=1

=0
L

T2 Z”/Q (vi(t) - (g - ka(g))(t))z dp(t)
=1

(6)

1 D cAmin(M)
= S0 un)llg = Pr@l, e

— 2
= (14 6) log(n) 18 ~ P @®NIL,-

Applying this to (12), we finally obtain

n _ 2 n 8cAmax (M) _ 2
/Q 2P, (5= PU@) L, 00" = (| | oy 1~ PU@IE
(13)

For the second summand of (10), we proceed similarly. Note that ¢ =

(nBBT)_l n are the coefficients of P"}k (¢) with respect to vy, ..., vy,. Here,
n = Bb with b; = ¢(t;). Analogously to (11), we get

_ S (M)

2
< e 2 1,

1P}, (&)1,



30 B. Bohn

on ler Therefore, it remains to estimate

_ Shma (M)

21IPL (e)ll7, dp" <
/m Ve Jonin (M))?

E [, ] (14)

Because of (1) we have E,[ev;] = Oforall j € 1,..., Ni. Thus, we obtain

Epr [,

Ni 1 n 2
f Z( Zvjm»e(t,-)) do"(t1. ... tn)
i\ o

R ) 02 &
= > / v Eole® [tldp®) < ° > / v ()*dp(t)
niale nimve

2 Nk 2

o Nyo
< E Amax(M) = Amax(M).
=, = ax (M) n ax (M)

Plugging this into (14), we get

802 Amax (M)* Ny

)\min(M)z n’ (15)

/Q 201Py (e)lI7, dp" <

+

Since the third summand of (10) is independent of the samples, we have

f lg — Pu(I7, < llg — Py (I3, = inf g - fII,-
n p k

2y

Finally, we combine this estimate together with (13) and (15) into (9) and (10),
which completes the proof. O

The first term of the expected rate from Theorem 3 depends mainly on the best
approximation error in Vi and the quotient :\\ET:((AA//I[)) , which can be bounded from
above independently from k for Riesz bases for example. The second summand
scales like n~?, which resembles the decay of the error with respect to the amount
of data n in the noiseless case, i.e. when o2 = 0 and the third summand vanishes.
In the noisy case, the third summand is also present and the best possible decay rate

with respect to n scales like n~!.
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4.2 Application to Sparse Grids

In the following, we assume that the measure p is the m-dimensional Lebesgue
measure on £2 = [0, 1], i.e. the datat;,i = 1, ..., n are distributed uniformly in
£2. We now apply Theorems 2 and 3 to the regression problem on sparse grid spaces
Vi = “//gpme and need to bound

S1,.... vay) = sup >0 i

2 cu <k icly

from above. To this end, we provide the following lemma.

Lemma 1 Foreachl € N, it holds

2 e l{jell,...m}|1;=0}
max ) <2Ma .2 J
e i {

(16)

Proof We first consider the univariate case m = 1 and define S;(r) :=
Ziel, v.i(t)%. For [ = 0, we obtain

So(t) = ygo) + v (1) =1+1* <2
and for / = 1 we have
S1(0) = yi (1) = Q1) — D> < 1

with ¢ € [0, 1]. In the general case / > 2, S; is a sum of the piecewise quadratic
polynomials yl?l.(~) with i € [;. Therefore, the quadratic term of the piecewise
quadratic polynomial S;(-) has a positive coefficient everywhere and the maximum
of S; over [0, 1] can only reside on one of the grid points 27l withi = 0,...,2.
This is also illustrated in Fig. 3, where Sy is plotted exemplarily.

0.2 0.4 0.6 0.8 1.0

Fig. 3 The squared sum Sy of the univariate prewavelet basis functions for k = 4
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We now prove that the maximum of S; is always attained at the boundary point
t = 1.Forl = 0 and [ = 1, this is immediately clear. The (local) maxima of S, are
denoted below in a mask-type notation which contains a prefactor 2/ and the nodal
values at the grid points. The calculation

$2(t) =51 + v33()

_ 36 121 9 1
_4[25 100 25 100 0]

1 9 121 36
+410 100 25 100 25]

_ 36 61 18 61 36
_4[25 50 25 50 25]

shows that the largest value 4 - Zg is attained at the boundary grid points.
Analogously, we have

S3() =510 + V330 + ¥35(0) + v3 (1)

36 121 9 1
=815 10025 1000 0 0 0 0]

19 9 1
T80 10005 1 259000 0 01

1 9 9 1
+8[0 0 0 100 25 1 25 100 0]
I 9 121 36
+8[0 0 0 00 100 25 100 25]
=8 36 61 18 51 18 51 18 61 36 ]
- 25 50 25 50 25 50 25 50 25

for [ = 3. Due to the local support of the basis functions, analogous calculations
show that the value of S; never exceeds 2. gg’ also for higher levels /. Therefore,
the maximum of §; is always attained for ¢+ = 1. If / = 0, the maximum value is
2andifl > 2,itis 2! - gg’ For the special case [ = 1, we use the crude estimate
SiHh)y=1<2- ;g Therefore, the assertion (16) is proven for m = 1.

The case m > 1 follows directly from the tensor product construction of the

basis. To see this, let t € [0, 1]" and 1 € N be arbitrary. It holds

Yniw?= > s =T] Y v, @)

iel; (i1,esim)ely j=1 j=lijel;

due to the structure of Ij. Therefore, the maximization of the term on the left can
be split into the maximization of §; i for each direction j € {1,...,m}. Since the

maximum is bounded by 2 for directions j with /; = 0 and by 2. %g’ for directions
J with [; > 1, the inequality (16) follows. O

We are now able to present an upper bound on S(vy, ..., vy, ) for sparse grids.
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Theorem 4 For V = “I/,{Sparse, S(v1, ..., vn,) can be bounded by
72\"
SWi,...,vN;) < 25 (N + 1). (I7)

Proof In the following, we write Z(l) := [{j € {1,...,m} | [; = 0}| for the
number of zeros of a multiindex 1 € N™. Applying Lemma 1, we obtain

W +zay, (36)" 70
€
S1, ... vy,) < > 2Mey -(25> ,
ey +Z W) <k+m—1
where we used ¢, (1) = [llgy, —m + Z() 4 1. Substituting i = [ll¢;, + Z(1), this

becomes

k+m—1 oom 36 m—I
S, ..., vN) < ; 2’-;“161\7" | Mg, =i—I and Z() =1}|-<25) .

Obviously, itholds [{l e N" | |l|;;, =i —1 and Z(l) =[}| =0forall/ =0,...,m
if i < m. Therefore, we can begin the summation over i from m. If i > m holds, a
simple combinatorial argument, see also [4], leads to

e N" | llgy =i =1 and ZA) =1} = [{le N\{OD" " [ ll¢g, =i =1} - <m>

l
_ i—1—-1 m
T \m—-1-1)\1
for arbitrary [ = 0, ..., m — 1 and furthermore

{1eN" | |llg, =i —m and Z() = m}| =

= Sim-

1 ifi=m
0 else

Therefore, we have

km—1 ml i1\ (m)\ 36\
Si, ... vN) < Z 2’-<5im+z<m_l_1)(z)<25> )
i=m

=0
k—1

B e 0
= (T OE)

m—1 m—I
36 m _
=2m+2m2(25> (1>'G"? L
=0
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where |G2”71| denotes the size of an m — [-dimensional level-k sparse grid without
boundary, see lemma 3.6 of [4] for a proof. To derive a bound with respect to
the number of grid points Ny in a sparse grid with boundary points of level k in
dimension m, we rewrite the above inequality by

m—1 m—I
36 i m 1
S(vl,...,ka)sz’u;(z-%) -2(1>|GZ1 |

72\" " (m 72\"
<" Y A )G =2m Ni.
< +(25> ; <1)| P +<25) k

where the last equality is proven in lemma 2.1.2 of [8]. Since 2 < ;g = 2.88, this
completes the proof. O

Combining the statements of Theorems 2 and 4, we see that the sparse grid
regression problem is well-posed with probability larger than 1 — 2n~9 if

72\" Amin(M) n
Ne+1) < . . 18
(25) Vet D=c o logm) (18)
Since the prewavelet basis of Vi is a Riesz frame with respect to the Ly ,(§2) norm,

the fraction )/{mf"‘((ﬂn//[[)) is bounded from above independently of the level £k € N.

Therefore, ther;irécessary scaling is essentially

N ~ 2kl <
~ log(n)

where the < notation implies an m- and 6-dependent constant. The following
corollary states our main result for sparse grids. There we deal with the (Bessel-
potential) Sobolev spaces H ; mix (§2) of dominating mixed smoothness with respect

to the L ,(§2) measure, see e.g. [2, 16].

Corollary 1 (Regression Error for Sparse Grids) Letg € H ZMI.X(Q) for some
0 <s < 2andletV, = 7/,:[7“”6. Let, furthermore, (18) hold for an arbitrary
6 > 0. Then, the regression problem is well-posed in the sense of Theorem 2 with

probability at least 1 — 2n~? and the expected error fulfills

1 2kkm71
+° ) (19)

no

E [”Tr (f,%,vk) - g”%z,p(g)] =< Cm,s,e,g (228kkm1 +

with a constant Cy, 5.0.0, which depends onm, s, 0, o and ||g||H; Q)

Jmix (
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Proof To prove the expected error, we combine Theorems 3 and 4 and use that the
squared best approximation error behaves like

. 2 —2skm—1 2
fe”l;lf If - g”Lz,p(Q) < Cps2 k ”g”H;,mix(Q)

sparse
k

for g € H?

b mix (§2) with an m- and s-dependent constant Cy, s, see e.g. theorem

3.25 of [2]. Furthermore, )/{mf"‘((ﬂn//[[)) is bounded from above independently of k since
the prewavelet basis is a Riesz frame with respect to the L; ,(§2) norm. Together
with the fact that Ny < C,,,Zkk’”_1 holds for an m-dependent constant C,,, see

e.g. [8], the statement of the corollary follows immediately. O

Finally, we can ask for the optimal coupling between the number of samples
n and the number of sparse grid basis functions Ni, which achieves the best
possible convergence rate in the sense that the terms in the error estimate (19)
are (approximately) balanced. The resulting coupling is stated in the following
corollary.

Corollary 2 (Optimal Coupling and Convergence Rate for Sparse Grids) Let
g € H; mix(§2) for some 0 < s < 2 and let Vi = “I/,{Sparse. Then, the following
holds:

1. Let 6% > 0 (noisy case) and let (18) hold for a 6 > 2s2i1' Then, the
asymptotically optimal coupling between n and Ny is

Ni ~ n2t1 log(n)"~! (20)
and the resulting convergence rate for n — oo is
_.2 —
E [||r, (fz,v.) — g||%2’p(9)] y (n 241 log(n)" 1). o

2. Let 6> = 0 (noiseless case) and let (18) hold for a 6 > 2s. Then, the
asymptotically optimal coupling between n and Ny is

n

~ 22
k log(n) (22)

and the resulting convergence rate for n — oo is
E [||r, (fz,v.) — g||%2vp(9)] y (n—zs log(n)(Zs+l)m—l) . 23)

Proof LetE :=F [||‘Cr (fz.v.) — g”%z,p(.@)]' Note that Ny ~ 2¥k™~1 in the sense

that there exist two constants ¢j, 2 > 0 such that ¢;2kk"™~! < Ny < ¢2Kkm~!
holds independently of k. Note, furthermore, that there exists a constants Cy, C» > 0
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such that Cq log(n) < k < Cylog(n) forn > 2 for each of the scalings (20) and (22).
This can easily be obtained by taking the logarithm on both sides of (20) and (22).

We begin with the proof for the noisy case o> > 0 and insert the coupling (20)
into the error formula (19). Since we will see that this balances the first and third
summands there, the coupling is also optimal. Indeed, we have

1 2kgm—l Ni

E < 2—2skkm—1+ + < (Nk)—ZS k(m—l)(28+1)_|_n—9_|_
~ n ~ n

nf
1
—2; N m—1
< <n251+1 log(n)m*1> vlog(n)(mfl)(2s+1) PN log(n)
n

2s
e

< poh (1og(n)m*1 1 +1og(n)m*1) = ﬁ(n*zfil 1og(n)m*1). (24)

As we see in (24), the first and third summand of the error estimate (19) are
balanced for the coupling (20). Note that the coupling is valid in the sense that it
(asymptotically) fulfills condition (18). This completes the proof for the noisy case.

In the noiseless case o2 = 0, the third summand in (19) vanishes, see also
Theorem 3. Therefore, for 6 = 2s 4+ § with some arbitrary § > 0, the number
of basis functions Ny needs to be chosen as large as possible (with respect to n)
to achieve the fastest possible convergence of the first summand of (19). This is
achieved by choosing n as the smallest integer such that (18) is still fulfilled, i.e. the
corresponding scaling is (22). Therefore, we obtain

E 5 272skkm71 + 10 5 (Nk)72s k(mfl)(2s+1) —‘rl’lie
n

n —2s 6=25+8
S log(n)(m—l)(ZS+1) + n—@ S n—2s (10g(n)(25‘+1)m—1 +n—5)
log(n)

-0 (n—Zs 1Og(n)(2s+l)m—l) ’

which concludes the proof. O

For all of our proven convergence results, we see that the curse of dimensionality
appears only in terms which scale logarithmically in the number of samples n. This
is the well-known sparse grid effect, which we are used to when considering the

sparse . . . . .
spaces ¥}, for interpolation or approximation for instance, see [4].
As we see from Corollary 2, the optimal main rate that can be achieved in the

. . _ 2 . _4 . .
noisy case is n~ 2s+1, which becomes n~ 5 in the smoothest setting (s = 2) that
the piecewise linear basis functions can exploit.! This comes at an expense of

For higher order spline bases, a larger choice of s can be exploited here. However, one needs to
prove an analogous result to Theorem 4 for the corresponding basis functions first.
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oversampling by n ~ Nkz“rl if we neglect the logarithm. In the noiseless case,
however, the much better main rate n~>* can be achieved and there is only a
logarithmic oversampling, see (22). This oversampling has to be present to fulfill
the necessary condition (18) anyway.

Finally, note that our stability and error analysis for sparse grids heavily relies on
the fact that we are dealing with a Riesz basis. Nevertheless, if we choose a basis
for which i::(%)) is unbounded, e.g. the hierarchical hat basis built from ¢y ;, see
(4), we can still obtain well-posedness of the regression problem if an appropriate
regularization term is added to (2), see also [2]. However, then it is not directly clear
how to derive a variant of Theorem 3 for the regularized case.

5 Numerical Experiments

In this section, we have a look at numerical experiments, which illustrate our
theoretical results from the previous section. To this end, we choose £2 = [0, 1]2,
Vie = ”Vksmrse and p = A 12 as the two-dimensional Lebesgue measure. We use

the example function g : [0, 11> — R given by
g(11,12) = exp(~1f —13) + 112, (25)

Since g is infinitely smooth, we have g € Hg’mix((O, 1)?) and we can expect our
results from the previous section to hold with smoothness index s = 2. We now
discern two cases: The noiseless case, in which our samples are given as 2, =
(ti, g(t;)!_,, and the noisy case, where we deal with 2, = (t;, g(t;) + &;)!_, and
the ¢; are independent instances of a normally distributed random variable & ~
A4(0,0.01).

Since ||g||LOQ‘p([O’1]2) < 2and P[le| > 1] < 107", we can safely assume that
r = 3 is large enough to assure that (with probability almost 1) |g(t;) + &;| <
r holds for each i =, 1...,n. Therefore, 7, (ffZi,,Vk) = fo, vy, since fyg y, is
the optimal piecewise linear regression function in Vi and, thus, cannot be larger
than max;—1,. , |g(t;) + &;| anywhere. Therefore, we can apply Theorem 3 and
Corollaries 1 and 2 for f#, v, instead of 7, (f#, v,) in our setting.

Since the prewavelet basis is a Riesz frame, we know that )/{r;‘l‘:((%) is bounded
independently of k. To see that this quotient is not severely large, we exemplarily
calculated it for k = 1, ..., 8 and observed that it does not exceed 5 in the two-
dimensional case.

2000
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5.1 Error Decay

First, we compute the error for different pairs of grid levels k and numbers of data
points n. Since our result on the regression error in Corollary 1 is only given in
expectation, we compute the average AvErr of the error || fo v, — & ||%2 ,(52) Over
10 independent runs with different input data sets for each parameter péir (k, n).
To compute the error values, we interpolated both f4 v, and g on a full tensor-
product grid of level 11, i.e. we interpolated in 7/1f1un, and computed the norm of the
difference there. The results can be found in Fig. 4.

We directly observe the expected error decay rates, i.e. 2~* . k for fixed n and
n~! for fixed k in the noisy setting (if we tacitly assume > 1), see also Corollary 1.
For fixed k, we would expect the error to behave like 7~ in the noiseless setting.
However, since 6 grows when the quotient } grows, we cannot expect the error
behavior to be of type n~? for some p. For both, the noisy and the noiseless case, we
observe that if the varying parameter (e.g. n) is too large, the error is saturated and
the other parameter (e.g. k) has to be increased to guarantee a further error reduction.
Note that the error for fixed n in the noisy regression setting even increases for large
k. This is an overfitting effect, i.e. the basis size Ny is too large for the corresponding
number of data n. Since there is no regularization in our approach, the error thus
grows for large k and small n.

_ 1072 e 2l

.? —m— =210

N3 —e— p=2I8

L;.li e =020

< B

7 —e— p=214 —o— k=2
;é —m— =216 & k=4
g —e— =218 ::i6
5 e =020 -
Z - - -~ 2%

5 10 15 20
log, (n)

Fig. 4 The average of || fo, v, — g”%z_,,((z) over 10 runs for several parameter pairs (k, n) for

which N; < n holds. Top: Noisy data, Bottom: Noiseless data. Left: Each line represents a fixed
n, Right: Each line represents a fixed k
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5.2 Balancing the Error

In a next step, we balance the error terms according to Corollary 2 and inspect the
resulting convergence rates. For the noisy setting, we have for > g that the optimal
coupling is given by

Ne ~ ns log(n).

We, therefore, (approximately) solve N,f = nlog(n)® for n and determine the
optimal number of data points for k = 1, ..., 6. For k = 6, the amount n of data
points already exceeds 22°. In the noiseless setting, the picture is quite different.
Here, the optimal coupling is given by

n
Ny ~
log(n)

if & > 4. More accurately, we look for the smallest n such that (18) is fulfilled
with 6 > 4. Therefore, we equate both sides of (18) and (approximately) solve
for n. Here, we set 0 = 4 and Apin(M) = 1 and obtain that sampling by o ;(n) =
384 (Ni+1) suffices to fulfill (18). The average errors (over 10 runs) for the optimal
coupling in the noisy and in the noiseless setting can be found in Fig. 5.

We directly see that the convergence rate in the experimental results asymp-

2s
totically matches the proven rates from Corollary 2, ie. n~ 2+ log(n)"~! =
4
n~s log(n) in the noisy case and n~2log(n)®+Vm=1 = p=4log(n)? in the
noiseless case. Furthermore, we observe that the initial error decay for noisy data

(a) (b)
1074
10-%
1012 10-12
5 10 15 20 25 5 10 15 20 25
log, (n) log, (n)
—e— Error for nlog(n)’ = N} —e&— Error for /5 =384 (N +1)

--- ~n"*log(n)’

~ns log(n)

Fig. 5 The average of || fo, v, — & ||%2 (@) over 10 runs for the optimal coupling between k and
n. Left: Noisy data with coupling n log(n)® = N,f, Right: Noiseless data with coupling | g"(n) =
384 - (Ni + 1), which resembles (18) for our example. (a) Noisy data. (b) Noiseless data
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is better than the convergence rate suggests. This is due to the fact that the noise
effects the convergence behavior only if the overall error is already smaller than
a certain (noise) level. Note also that the oversampling factor 384 is the reason
why we already have more than 2! data points for the smallest level k = 1 in the
noiseless case. However, since our sampling resembles only a sufficient condition
to ensure well-posedness of the regression problem with high probability, a much
smaller oversampling constant might also do the job for practical applications.

6 Conclusion

In this article we presented error bounds, stability results and optimal parameter
couplings for the least-squares regression problem and applied them to the sparse
grid setting. To this end, we extended the results of [7] to arbitrary bases and
provided an upper bound for the crucial quantity S(vy, ..., vy,) from the stability
and convergence estimates. Our results showed that the sparse grid prewavelet basis
behaves (up to constants) like an orthonormal basis in the regression estimates
because of its Riesz property. Therefore, it is a good choice for regression problems
on sparse grid spaces since it employs both beneficial convergence behavior and
small support of the corresponding basis functions, which is directly connected
to the availability of cost-efficient linear equation system solvers, see e.g. [3, 5].
Finally, we presented a numerical example to illustrate that our results are not only
of theoretical interest but resemble the true convergence behavior of actual sparse
grid regression algorithms.

An interesting question which still has to be answered is if the general behavior
of the growth of S(vy, ..., vy,), see Theorem 4, carries over also to higher-order
spline bases on sparse grids. This is not directly clear from the proof techniques
used in this paper as they rely on the piecewise linear structure of the regression
function. Furthermore, it remains open how our results generalize to the regularized
case, where a penalty term is added in the minimization problem. A first step into
this direction regarding the stability estimate can be found in [2]. However, the rate
of error decay and the optimal parameter coupling are still unknown in this case.
Finally, a thorough comparison of our derived convergence rates for the sparse grid
method with the error decay behavior of other regression algorithms such as support
vector machines or multilayer neural networks still has to be done.

Acknowledgements The author was supported by the Sonderforschungsbereich 1060 The Math-
ematics of Emergent Effects funded by the Deutsche Forschungsgemeinschaft.
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Multilevel Adaptive Stochastic m)
Collocation with Dimensionality ik
Reduction

Ionut-Gabriel Farcag, Paul Cristian Sarbu, Hans-Joachim Bungartz,
Tobias Neckel, and Benjamin Uekermann

Abstract We present a multilevel stochastic collocation (MLSC) with a dimension-
ality reduction approach to quantify the uncertainty in computationally intensive
applications. Standard MLSC typically employs grids with predetermined resolu-
tions. Even more, stochastic dimensionality reduction has not been considered in
previous MLSC formulations. In this paper, we design an MLSC approach in terms
of adaptive sparse grids for stochastic discretization and compare two sparse grid
variants, one with spatial and the other with dimension adaptivity. In addition,
while performing the uncertainty propagation, we analyze, based on sensitivity
information, whether the stochastic dimensionality can be reduced. We test our
approach in two problems. The first one is a linear oscillator with five or six
stochastic inputs. The dimensionality is reduced from five to two and from six to
three. Furthermore, the dimension-adaptive interpolants proved superior in terms of
accuracy and required computational cost. The second test case is a fluid-structure
interaction problem with five stochastic inputs, in which we quantify the uncertainty
at two instances in the time domain. The dimensionality is reduced from five to two
and from five to four.

1 Introduction

One of the major goals in computational science is to obtain reliable simulation
results from which useful predictions can be made. However, whether stemming
from measurement errors, incomplete physics, or the variation of physical param-
eters, uncertainty is intrinsic to most applications. Therefore, uncertainty needs
to be taken into account ab initio. The process of assessing the impact of input
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uncertainties in a model’s output is called uncertainty propagation or analysis and it
is part of the broader field of uncertainty quantification (UQ).

A prominent approach for uncertainty analysis is generalized polynomial chaos
(gPC) [36]. gPC allows to approximate random functionals of second order, i.e. with
finite variance, in terms of orthogonal polynomials. Furthermore, to achieve optimal
convergence, the polynomials are chosen with respect to the input probability
measure. One popular approach to determine the gPC coefficients is stochastic
collocation (SC) (see e.g. [22]). With this method, the underlying equation needs to
be satisfied at a finite set of prescribed collocation points. Being non-intrusive, SC is
embarrassingly parallel, thus suitable for parallel computations, and allows the reuse
of existing simulation codes. Once the gPC coefficients are available, quantities such
as expectation, variance, or total Sobol’ indices for global sensitivity analysis can be
analytically computed. However, traditionally, the computational cost of SC scales
exponentially with the dimension, introducing the “curse of dimensionality”.

It is well established that exploiting the anisotropic coupling of a model’s
input parameters via sparse grids [37] is a suitable approach to delay the curse
of dimensionality. To this end, sparse grids were extensively used in UQ. A non-
exhaustive list includes [10], where adaptive sparse grid collocation was used
in peridynamics problems. Adaptive sparse grid quadrature with Leja points was
employed in [20]. Therein, the authors showed that, at least in interpolatory metrics,
Leja sequences are often superior to more standard sparse grid constructions.
In [6, 7], sparse grids and gPC were combined in the so-called sparse pseudo-
spectral approximation (SPAM). SPAM aims to overcome the aliasing errors that
may occur when classical sparse grid quadrature is used to evaluate the gPC
coefficients. Inspired from the multigrid approach (see e.g. [32]), multilevel methods
reduce the overall cost of single-level approaches, while maintaining the single-
level accuracy. Multilevel SC (MLSC) was proposed in [31] for problems governed
by elliptic partial differential equations (PDEs) with random input data. Therein,
standard sparse grids were employed for stochastic discretization, the focus being
on convergence and computational cost analysis. Furthermore, in [5] dimension-
adaptive sparse grids were employed in combination with an adaptive and weighted
reduced basis method to reduce the computational cost. Finally, in [26], Bayesian
compressive sensing was used to reduce the stochastic dimensionality in models
approximated via gPC. In recent years, the UQ research focus was generally tailored
to methodologies that keep the dimensionality constant, but exploit other features of
the problem at hand. A complementary approach, which we follow in this work, is
to reduce the stochastic dimensionality.

To this end, we formulate a novel non-intrusive computational methodology
for the uncertainty analysis in complex, high-dimensional stochastic problems. We
employ gPC approximations and, to compute the gPC coefficients, we combine
a non-intrusive multilevel decomposition of both deterministic and stochastic
domains with stochastic dimensionality reduction. We note that even though our
method is designed to be model-agnostic, the target application is fluid-structure
interaction (FSI). Our methodology builds on [9]. Therein, spatially-adaptive sparse
grids were used to compute the gPC coefficients in FSI simulations. However, the
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approach was formulated in a single-level fashion, without stochastic dimensionality
reduction.

The formulation of our methodology is driven by two goals. Because one
collocation point means one evaluation of the underlying solver, our first goal is to
keep the number of collocation points small. Therefore, we employ adaptive sparse
grids for stochastic discretization. In addition, we compare spatially- and dimension-
adaptive sparse grids. For spatially-adaptive grids, we consider Newton-Cotes nodes
and modified polynomial basis functions of second degree. On the other hand, for
dimension-adaptive grids, we use Leja sequences and Lagrangian basis functions.
Even more, for each adaptive strategy, we discuss two refinement criteria. We
compare the two adaptive strategies in terms of number of grid points and accuracy
with respect to reference results computed on a tensor grid. Our second goal is to
reduce the stochastic dimensionality while performing the uncertainty propagation.
Since MLSC relies on a sequence of problems with different resolutions, we
select a subsequence of problems and asses the corresponding gPC coefficients.
Afterwards, we compute total Sobol’ indices for global sensitivity analysis and
compare them to a user defined threshold; if a Sobol” index is less than the threshold,
that uncertain input is ignored. If no uncertain input is ignored, we simulate
the remaining subsequence of problems using the original stochastic grid. When
stochastic dimensionality reduction is possible, we construct the corresponding
lower dimensional grid. In the next step, we project the previously computed results
and simulate the remaining subsequence of problems on the lower dimensional grid.
Note that dimensionality reduction does not mean that the number of stochastic
parameters changes; the uncertain parameters that are “ignored” are simply replaced
with a corresponding deterministic value, e.g. their expectations. In addition, when
dimensionality reduction is not possible, we still profit from using adaptive sparse
grids and multilevel decompositions.

In Sect.2, we introduce our notation and describe spatially- and dimension-
adaptive interpolation, needed to formulate our MLSC approach. Furthermore, we
discuss two refinement criteria for each adaptive strategy. Section 3 focuses on
the proposed MLSC with our dimensionality reduction approach. In Sect. 4, we
describe numerical results. In Sect. 4.1, we consider a linear oscillator with five or
six uncertain inputs. Furthermore, we test and compare all four adaptive refinement
criteria. In Sect. 4.2, we employ one spatially- and one dimension-adaptive criteria
in a simple FSI scenario with five uncertain inputs. Moreover, we quantify the
uncertainty at two instances in the time domain. We conclude this work in Sect. 5.

2 Adaptivity with Sparse Grids

Sparse grids were introduced in [37] for the discretization of second-order elliptic
PDEs. Thereafter, sparse grids have been employed in a broad spectrum of
applications, including quadrature [2, 11, 12], clustering and data mining [24, 25], or
UuQJe6,7,9, 10, 20, 22, 31]. In this section, we summarize two classes of refinement
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strategies for sparse grid interpolation. In Sect.2.1, we outline sparse grids with
local or spatial refinement. In Sect.2.2, we focus on subspace- or dimension-
adaptive sparse grids. Furthermore, for each strategy, we consider two different
refinement criteria. For a more comprehensive overview of sparse grids, please refer
to [3].

2.1 Interpolation on Spatially-Adaptive Sparse Grids

Let/,i € N denote the level and spatial position, respectively. The starting point is
a grid of Newton-Cotes nodes u; ; = ih; € [0, 1], h; := 2”,1’ > 1, and standard
linear hat basis functions ¢ ; (4) centered at u; ;, with support [u; ; — hy, u;; + hyl.
o i(u) = (p(21u — 1), where ¢ (1) = max(1 — |u|, 0). Note that this construction
leads to no boundary points. Furthermore, if i = 1, the number of grid points is
N; = 1, whereas if i > 1, N; = 2i=1 4 1. The Newton-Cotes nodes are nested,
i.e. the points at level / — 1 are a subset of the points at level /. The extension to
d-dimensions is done via a tensor product construction

d
@i(w) = l—[ @i (wj),
j=1

wherel = (I, ...,1;) e N andi= (i1, ...,iq) € N?.

Let Wi = span{¢yili € 4} denote a so-called hierarchical increment space,
where /4 = {ie N¢ : 1 < iy <2% —1,iyo0dd,k = 1...d}. Given a level [, the
sparse grid space Vl1 is defined as

v =@ wi.
leZ

For the standard sparse grid construction, the multi-index set .Z is
ZL=0eN |l <l+d-1}, (1)

where |1]1 := Z;lzl l;. We depict 2 and 3D sparse grids of level three in Fig. 1.
The sparse grid interpolant f 4 of f reads

faw= > i, ©)
1e.Z i

where oy j are the so-called hierarchical surpluses, computed as

S —hy) + f(a; + hy)

) 3)

api = f(ua;) —
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Fig. 1 Two-dimensional (left) and three-dimensional (right) standard sparse grid for / = 5

where D' f = oM f/0x! ... ax% and [l := max ;. then || f (w) — fzl|,2 €

O(htl?1), where || f(W)|[3, := o1y f@)|?du. The cost is &'(h; ' [logyhy |9~
degrees of freedom (dof) (cf. [3]). When using a full grid interpolant f , 1 f@) —
f W]l e 0 (hl2), at a cost of & (hl_d) dof. Therefore, with standard sparse grids,
the number of dof is significantly reduced while the accuracy is only slightly
deteriorated.

The sparse grid approach can be generalized to more sophisticated basis func-
tions, such as higher order polynomials [1]. Provided that DP*! £ is bounded for
some p > 2, then || f(u) — fa(W]|2 € ﬁ(hf“ld*l). In this paper, we assume
that the underlying model has bounded higher order mixed derivatives and employ
polynomial basis functions of degree two, depicted in Fig. 2, left, for [ < 3.

As mentioned in the beginning of this section, the employed sparse grid construc-
tion leads to no points on the boundary of [0, 1]¢. However, when the underlying
function does not vanish at the boundary, we need to extend the previously described
construction to incorporate boundary information, too. Our solution is to modify the
standard basis functions so as to linearly extrapolate the boundary information (see
[25]). In Fig. 2, right, we depict 1D modified polynomial basis functions for/ < 3.

To address interpolation of computationally expensive functions, we employ
spatially-adaptive or local refinement (see [17, 25]), an intrinsic property of sparse
grids, due to their hierarchical construction. As hierarchical surpluses (cf. Eq. (3))
are an indicator of local interpolaton error, we employ refinement criteria based
on surpluses values. Let L = {(I,i) : w;isrefinable} be the set containing all
levels and indices corresponding to grid points that can be refined. We consider two

refinement criteria. The first one is the maximum absolute surplus refinement [17]
(MAS)

If f e HM" (0,119 = {f : [0,1]1Y - R : D'f € L2([0,1]9), lloc < 2},

max(l’i)ejml,il. (4)
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Fig. 2 Standard polynomial basis functions of second degree (left) and their modified version
(right) for/ = 1,2, 3

The second one is the expectation value refinement (EVR), similar to [10]. It reads
max(l,i)e.ﬁ?|a1,iE[‘Pl,i(a)]|, 5)

where E[¢;(0)] = fIO 13 @1, i(0)d0. For example, if ¢; are the hat functions,

Elgi(0)] =2~ |”1 . Note that if not all hierarchical parents exist in the refined grid,
we ensure that they are added as well (see e.g. [25]).

2.2 Interpolation with Dimension-Adaptive Sparse Grids

Let fl(’) = ZN’ ! S (u1;)g1; (u) denote a sequence of one-dimensional interpolation
formulae, wherel =1, 2 ,d,l € Nrepresents the interpolation level, u € [0, 1],
and (u j)j.v’: 61 is a sequence of N grid points at level /. Furthermore, ¢;; (u) are
Lagrange polynomials, i.e. ¢, (u;) = 8;,;.

We construct the d-variate interpolant using the so-called Smolyak algorithm
[27]. This algorithm decreases the computational effort by weakening the assumed
coupling between input dimensions (cf. [6]). Let A(’) = fl(l) A(’) 1 D _ r l(l)l

and 4 := Al(ll) ®...0A lj). The d—variate sparse interpolation formula reads

dL =Y M=) AV®.. 0L (6)
le¥ le¥
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where . is a multi-index set. For a standard, isotropic grid of level /, . is defined as
in Eq. (1). We remark that in this work, &7 (.Z, d) is available only algorithmically,
as a black box. Hence, we do not have direct access to (A( ))l 1

We construct Eq. (6) in terms of Leja points [16]. The Leja point distribution is a
sequence (i,),eN in a compact domain D C C that maximizes ¥, (1) = 1_[1:1 (u —
u;). In this work, we compute (#,),eN as

ug = 0.5
Up4+1 = argmax |¥,(w)|, n=1,2,..., 0
ueD
where D = [0, 1]. Leja points are nested, i.e. (u,,)N’ ! C (u ,,)N'+l and they grow

linearly with the level as Ny = g¢(I — 1) + 1, Where gr € Nis the growth factor.
Therefore, Leja points are suitable to address high-dimensional computational
problems. Note that Eq. (7) may not posses a unique solution, making the Leja
sequence generally not unique. In Fig. 3, we depict two- and three-dimensional Leja
grids for/ = 5 and gy = 2. For more details about Leja sequences, see e.g. [18, 20].

Because the underlying basis functions are global polynomials, we can no
longer perform local refinement as in Sect.2.1. We can instead perform subspace-
or dimension-adaptivity (cf. [12]). We first note that Eq. (6) assumes that .Z is
admissible, i.e. it has no “holes”. This means that V1 € & : 1 — e € 2, where
e; is the jth canonical unit vector of N4 (see [13]). Therefore, in the following, we
assume that we have a sparse grid characterized by an initial admissible multi-index
set Z.

Let I, 1 be two multi-indices in an admissible multi-index set .. I’ is called the
parent of 1if [ — I'|; = 1. Additionally, let & = {k € N9\ .Z : |k —1]; =
1,1 € £} denote the set of multi-indices whose parents are in .Z. Our adaptive
refinement criteria appends to . the multi-index k € & having the highest priority.
The priority of k is given by a function qx (A, . .., Aym), where 1D 10 are
the parents of k. The first refinement criterion uses an averaging priority function

. @ - L - L
L L L
- . L] -
e o se® S A T
. . . . . . - L .
. . . .
- . L
-
- L
) ° ®
L] L L -
.. . . . . . e at, e ...' . * sq ¢
i
< ® aee”
L]
. - o
°
~ ] L .
. . . . . -
te . ol .
. . . = .
. . . » . L L
- . .
. » L] . - L) .

Fig. 3 Two-dimensional (left) and three-dimensional (right) sparse grid of level [ = 5 constructed
with Leja points with g =2
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(AVG), cf. [15],

Yot lAw 2

k(A ooy Ayomy) = N

, ®)

where Nk is the cost (number of grid points) needed to add k to .Z. The second
refinement criterion uses a maximum priority function (MAX)

14012 1
A, ..., Aymy) = max({gi}7™ ), -:max(r =7 ,>,
gr(Aym 1) (gitil)),  ai Al ( )N](,)
€))
where 1 = (1, ..., 1) is the initial level, Nl(i) represents the number of grid points

corresponding to 1¥), and r € [0, 1] controls the balance between error and cost. If
r = 0, the refinement depends dominantly on the cost of adding a new subspace.
On the other hand, when r & 1, the error dominates the refinement procedure; the
choice of r is heuristic and dependents on the desired trade-off between reducing
the error and controlling the computational cost. Note that the MAX refinement
criterion (9) is similar to [12]. However, we add just one level at a time, thus,
having a fine control over the grid points. We remark that the two aforementioned
refinement strategies are heuristic. Nevertheless, since our goal is to construct a
computational UQ approach suitable for computationally expensive applications,
they suffice for our purposes.

We end this section summarizing our strategy for adaptive refinement. In general,
adaptive refinement enriches the sparse grid based on a prescribed stopping criteria,
e.g. error tolerance (emphasis on accuracy), maximum number of grid nodes
(emphasis on computational cost), or combination thereof. As we aim to address
computationally expensive UQ problems, we perform the refinement such that we
keep the number of grid points, hence, the computational cost as small as possible
while having a reasonable approximation accuracy. To this end, when employing
spatially-adaptive refinement, we refine a percentage of the current grid points in one
refinement step. On the other hand, in one refinement step in the dimension-adaptive
case, we add a user-defined number of multi-indices to the current sparse grid multi-
index set based on the two above mentioned priority functions. Note that employing
only the error tolerance as stopping criteria might lead to a too early stopping of the
refinement process in some regions before achieving the desired accuracy (for more
details, see e.g. [5] and the references therein). Finally, we remark that our proposed
methodology for stochastic dimensionality reduction is independent of the strategy
used for sparse grid adaptive refinement. Therefore, our approach can be employed
using arbitrary sparse grid refinement techniques.



Multilevel Adaptive Stochastic Collocation with Dimensionality Reduction 51

3 Multilevel Stochastic Collocation with Dimensionality
Reduction

In Sect.3.1, we give a brief overview of gPC approximation. In Sect. 3.2, we
describe our multilevel approach for computing the gPC coefficients. Finally, in
Sect. 3.3, we formulate the proposed MLSC with our dimensionality reduction
approach employing total Sobol’ indices for variance-based global sensitivity
analysis.

3.1 Generalized Polynomial Chaos

In what follows, we assume that the underlying numerical solver is given as a
black box .Z (x, 8), where x denotes the deterministic inputs (e.g. time, boundary
conditions), whereas @ denotes the uncertain inputs. We adopt a probabilistic
framework and model the uncertain inputs as a d-variate random vector § =
(01, ..., 04) with independent and identically distributed (i.i.d.) components from a
probabilistic space (£2, .7, &?). §2 represents the sample (event) space, .# is a o-
algebra, and & is a probability measure. If p; : I; — R is the probability density
function (PDF) of 6;, the joint PDF p of @ reads p = ]_[fl: 1 pi (6;), with support
r=TIL I

Let PeNand Z = {p= (p1,...,pa) € N%: |p|; < P}a total-degree index
set. Furthermore, let {®), (y,-)}l”,l=1 be univariate orthogonal polynomials of degree
Di, 1.€.

E[®p, (0)Pp,;(¥)] i=/r Dy, (NPp; Mok (V)dy = ¢ibij,
k

where @9 = 1, ¢; € R and §;; is the Kronecker delta. A d-variate orthogonal
polynomial @p(y) is constructed via a tensor product of univariate polynomials, i.e.

Pp(y) == Pp (Y1) - - - Pp, (Ya)-

For a given P € N, the number of d-variate orthogonal polynomials is N :=
(dzp ) To simplify notation, in what follows, we assume that the polynomials are
orthonormal, i.e. ¢; = 1. In addition, instead of using the multi-index subscript p,
we employ a scalar indexn =0... N — 1.

The Nth order gPC approximation of .# (x, 8) reads (see [36])

N—-1
M X, 0) ~ My (x,0) =Y my ()P (6),

n=0
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where the coefficients m, (x) are obtained via projection

my(X) = / M (X,0)P,(0)p(0)d0 =E[.#(x,0)P,(0)], n=0,...,N—1.
r
(10)

We address the gPC coefficients computation in Sect. 3.2.

Because of the orthogonality of the gPC polynomial basis, quantities such as
expectation, variance, or total Sobol’ indices for global sensitivity analysis [28]
can be computed analytically from the gPC coefficients. The expectation and the
variance are obtained as (see [35] for more details)

E[#N(x,0)] = mo(x), (11)
N—1

Var[ Ay (x,0)] = Y ma(x). (12)
n=1

A total Sobol’ index Sl.T accounts for the total contribution of an uncertain input to
the resulted variance. This comprises the contribution of the input taken individually
and contributions due to its interactions with other uncertain inputs. The connection
between total Sobol’ indices and gPC coefficients was shown in [30]. It reads

2
ZkeA,, mi(X)

T _
5= Varlaty x. 001

13)

wherei =1,...,d. A, = {n :ind(p) = nAp € &, p; €p, pi # 0}, where ind(p)
denotes the index of p in &. For more details about gPC, please refer to [35].

3.2  Multilevel Approaches for Generalized Polynomial Chaos

We model the uncertain inputs {(9,-}?:1 as uniform random variables in a compact
domain [a;, b;]. Therefore, the associated gPC basis consists in Legendre polyno-
mials (cf. [36]). Before going further, note that sparse grids are defined in [0, 114,
whereas the uncertain inputs belong to I = [ay, b1] X ... X [aq, by]. To this end, let
T : [0, 119 — I be a linear transformation. Then, .# (x, T(®)) := .# (x, ) o T(w)
denotes the model whose stochastic space is [0, 1]¢. In addition, the proposed
approach can be generalized to arbitrary domains, employing suitable, possibly
non-linear transformations, such as the inverse cumulative distribution function (see
e.g. [29]).

As previously mentioned, we assume that . (x, T(w)) is available as a black
box. Therefore, we assess the gPC coefficients in Eq. (10) numerically. Note that
as the model is assumed to be resource-intensive, even for small dimensionality,
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standard tensor-product quadrature is computationally too expensive. An alternative
is (adaptive) sparse grid quadrature (see e.g. [2, 11]). However, in [6, 7], it was
shown that significant aliasing errors may occur unless a possibly high-order
scheme is employed. Furthermore, the quadrature weights can become negative (see
e.g. [14]).

To evaluate the gPC coefficients in Eq. (10), we combine adaptive sparse grid
interpolation with quadrature, as follows. We discretize @ on a d-dimensional sparse
grid and construct an interpolant .# gg (x, T(w)) of .# (x, T(w) using either Eq. (2)
or (6). Furthermore, we adaptively refine .# ;g (x, T(w)) based on Eq. (4), (5), (8),
or (9). Afterwards, we plug the interpolant into Eq. (10) and obtain

my(x) = E[A (X, T(@))Pn(®)] = E[4,* (X, T(@)) Py (@)]. (14)

Finally, we compute the resulting integral via Gauss-Legendre quadrature. We note
that when using spatially-adaptive sparse grids, we can exploit the tensor structure
of both sparse grid and gPC basis to break the integral in Eq. (14) down into a
weighted sum of products of one-dimensional integrals (see [9] for more details).
MLSC was initially formulated in [31] in terms of a hierarchy of multi-
variate sparse grid interpolants computed on standard sparse grids. In this work,
we formulate an MLSC approach based on adaptive sparse grid interpolation to
compute gPC approximation coefficients. Our aim is to have a computational
method suited for resource-intensive applications. Let #, g € N and let M}, denote
the number of dof employed to discretize the problem domain at level A. Typically,
if My corresponds to the coarsest level, M), = g(h)My, for some function g(h).
Additionally, let L, denote the sparse grid resolution level. We note that when using

. . . My, L
adaptive sparse grids, L, refers to Lo after g refinement steps. Finally, let m,, o (x)
denote the n’"" gPC coefficient computed using a problem domain resolution M}, and
sparse grid resolution L,. Given a K € N, we approximate m,jy x.Lx (x) as

erZ’IK,LK(X) %mﬁ/[‘)’LK(X) +

M,Lg_ My, Lk—
(manl nO K—-1

(x) —m x) +

+
(15)
(mMiLo(x) — K10 (x))

K

~ My, Lk —k My—1,Lg—k

~ E (my (%) —my (%)),
k=0

where m,]:/Ll’LK (x) := 0. Therefore, in Eq. (15), we begin with the coarse grid
solution mA*L¥ (x) and, for k > 1, add fine grid corrections (M Lk—k gy _

mM=1-LE=k (%)) ‘Note that this procedure is similar to the multigrid algorithm (see
e.g. [32]).
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My | [ 1] M
Ly..: i Ly oy X Lj...:...
2 N Lo ...:...

Fig. 4 Three-level decomposition of model and stochastic domains. My, M1, and M, denote the
deterministic domain resolution, whereas Lg, L1, and L, denote the stochastic domain resolution.
The three-level decomposition leads to five combinations: My with L, and L (left part), M| with
L and Lo (middle part), and M, with L (right part). Note that because we use nested sparse
grids, Lo C Ly C Ly

Equation (15) requires 2K + 1 gPC coefficients, one corresponding to Mg and
two to each Mg,k = 1,..., K. However, {m2*cLi-lx)y  (mMK-+Lkx))
since we employ nested sparse grids. Thus, we need only solve a total of K +
1 problems, reducing the computational cost even further. We depict a three-level

approach with adaptive sparse grids for stochastic discretization in Fig. 4.

3.3 Stochastic Dimensionality Reduction

To our knowledge, stochastic dimensionality reduction has not been considered in
previous MLSC formulations. Let % = {m1*LX (x), mMEE=t ey mMERo(xyy
denote the set of K +1 coefficients in Eq. (15). Additionally, consider an integer J <
K and a subset ¢ = {mﬁl"’LK*" (x),m,]flj“’LKfH(x), ...,m,]:/lj“’LKfjfj(x)} C
J, for some j > 0. Therefore, ¢ contains J 4 1 coefficients from the total of
K + 1. Note that the coefficients from %" and, implicitly from ¢, too, can be
computed independently from each other. Because j and J determine the subset
# , we recommend to start with a _¢# of low cardinality, e.g. one, and afterwards,
depending on the available computational budged and desired accuracy, to increase
the cardinality of ¢, if necessary. Finally, let T € (0, 1] denote a user defined
threshold.
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We formulate our dimensionality reduction approach as follows. Initially, the
stochastic dimension is the original one, i.e. d. In the first step, we compute the
coefficients from ¢ employing a d-dimensional stochastic grid. In the second step,

we obtain a multilevel approximation of m,l,wf Ly (x) (cf. Eq. (15)),

J+I
mMLs ) = 3 (P () — mp e ), (16)
k=j

Next, using Eq. (13), we compute the total Sobol’ indices corresponding to each
uncertain input and obtain a set . = {SI.T (x),i = 1,...,d}. Note that up to this
point, the stochastic dimensionality is still 4. In the fourth step, we analyze whether
we can reduce the stochastic dimensionality. We compare each Sl.T (x) € .Z to the
user defined threshold t; the choice of t is heuristic and can depend on the number
of uncertain inputs and desired results accuracy. If Sl.T (x) < T, we consider the i'”
input’s contribution as unimportant and we ignore it. By ignoring an uncertain input,
we mean that we no longer consider it uncertain, but deterministic or known. In this
paper, the deterministic value associated to an uncertain input is its expectation.
If SiT (x) > , the i"" uncertain input remains stochastic. On the one hand, if no
uncertain input is ignored, we calculate the coefficients from 2"\ _# using the
original stochastic grid and, afterwards, compute the multilevel gPC coefficients
using Eq. (15). On the other hand, if s < d uncertain inputs are ignored, we compute
the coefficients from %\ _# using a stochastic grid of dimension d — s. Because
the coefficients from # and % \ _# are computed using different stochastic
dimensionality, we need to project the results from the original grid onto the reduced
grid. Finally, we compute the multilevel gPC coefficients (cf. Eq. (15)) using the grid
of dimensionality d — s.

To project the results from the stochastic grid with dimensionality d onto
a grid with dimensionality d — s, we simply evaluate the d-dimensional inter-
polant at the s deterministic inputs. Let mMebE-k gy ¢ Z and T(w) =
(T (@1), Ta(w2), . .., Tg(wg)). Assuming, without loss of generality, that the inputs
d—s+1,...,d are ignored, the projection on a d — s dimensional grid reads (cf.
Eq. (14))

my PR () = BLAE X, Ty (@1), - -, Taes (@d—s), d—st1s - - - Bd) Pr (@1, - .., 04 —5)],
(17)

where #g_s41,...,Uq are the deterministic values corresponding to the ignored
stochastic inputs, mapped to [0, 1]. On the one hand, when employing dimension-
adaptive interpolation, we simply substitute Eq. (6) into Eq. (17) and then evaluate
M, ;g. On the other hand, when using spatially-adaptive grids, we transform the
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d-dimensional interpolant from Eq. (2) into a d — s-dimensional version, as

fax, T@) = Y aipi)

leZie.f
d d—s
= > (ZOf(ll,...,lk,...,m,(n,...,ik,...,m [1 wzk,ik(ﬁk))l_[w,-,i,-(uj)
1% ie.A k k=d—s+1 j=1
= ) @),
leZ ied]

and afterwards, we plug it into Eq. (17). In the above formula, e, is obtained

from o ; by “absorbing” ]_[Z:d_s_H o1,.i, (Ur), 1.e. the sparse grid basis functions
evaluated at the deterministic inputs. Furthermore, ‘/’l/,i are basis functions of the new
d —s dimensional space and u’ represents u without the componentsd —s+1, .. ., d.
We summarize our proposed MLSC with dimensionality reduction in Algorithm 1.

Before ending this section, we note that although in our formulation we analyze
only once whether the stochastic dimensionality can be reduced, our approach can
be easily generalized. Therefore, instead of considering just one ¢ C %', we could
consider a sequence _#1, #>,... C J, possibly such that #,, € Z,y1,m =
1,2, .... After we compute the gPC coefficients from _#,,, we analyze whether the
stochastic dimensionality could be reduced. In our view, the generalized approach
is suitable when the initial number of uncertain parameters is large or when some
total Sobol’ indices are close to the prescribed threshold.

Algorithm 1: The proposed MLSC with stochastic dimensionality reduction

Data: initial stochastic dimensionality d, ¢, ¢, ©
Result: number of ignored dimensions s, gPC coefficients
compute the gPC coefficients from _# using Eq. (14);
compute the partial multilevel gPC coefficients using Eq. (16);
s < 0
fori < 1toddo
compute Sl.T (x) based on the gPC coefficients from _# using Eq. (13);
if 7 (x) < 7 then
| s <—s+1;

if s > O then
project coefficients from _# onto a stochastic grid of dimensionality d — s using

Eq. (17);

compute the gPC coefficients from Z \ _# on a grid of dimensionality d — s using Eq. (14);
compute the final multilevel gPC coefficients on a grid of dimensionality d — s using
Eq. (15);
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4 Numerical Results

In Sect. 4.1, we consider a linear oscillator model with two stochastic setups, one
with five and the other with six uncertain inputs. Furthermore, we compare the
four considered adaptive refinement criteria with respect to reference results from a
full tensor grid. In Sect. 4.2, we employ one spatially- and one dimension-adaptive
criterion in an FSI scenario with five uncertain inputs. Moreover, we quantify the
uncertainty at two instances in the time domain. Throughout this work, the entire
sparse grid functionality was provided by the open-source library SG++" [25].

4.1 Second-Order Linear Oscillator with External Forcing

The first considered test case is a damped linear oscillator subject to external forces,
modeled as a second-order ordinary differential equation

i; (1) + cfli’ (1) + ky(t) = f cos(wt)
y(0) =yo
D) = y1,

where c is the damping coefficient, k the spring constant, f the forcing amplitude,
and o the frequency. Furthermore, yo represents the initial position, whereas y; is
the initial velocity. Throughout our simulations, ¢ € [0, 20].

To gain a broad overview of our approach, we consider two stochastic setups. In
the first one, the deterministic inputs are x| = (¢, ), ® = 1.05, whereas the vector
of stochastic inputs is 01 = (c, k, f, yo, y1). In the second setup, x, = ¢ and 0, =
(c, k, f, w, y0, y1)- 01 and 0> have i.i.d. uniform components. The corresponding
a; and b; are listed in Table 1. These values are taken from [20, Sect. 5.1.] and
yield an underdamped regime. In addition, the deterministic values associated to
the stochastic inputs are u; = (a; + b;)/2, i.e. their expectations. Note that all
u; € [0, 1], the standard sparse grid domain; otherwise, we would need to scale
them (cf. Sect. 3.3).

Table 1 Second-order linear oscillator test case: uniform bounds for 6,6, and associated
deterministic values

¢ [N s/m] k [N/m] f IN] w [rad/s] yo [m] y1 [m/s]
a; 8.00e—02 3.00e—02 8.00e—02 8.00e—01 4.50e—01 —5.00e—02
b; 1.20e—01 4.00e—02 1.20e—01 1.20e+00 5.50e—01 5.00e—02
i 1.00e—01 3.50e—02 1.00e—01 1.00e+00 5.00e—01 0.00e+00

Vhttp://sgpp.sparsegrids.org/.
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Table 2 Three-level MLSC for the linear oscillator test case: 5D stochastic setup, no dimension-
ality reduction

Ly L Ly gr rc nrp/l r Error E Error Var
71 351 1471 - - - - 1.40e—05 2.04e—05
71 187 413 - MAS 20% - 1.34e—04 2.64e—05
71 187 407 - EVR 20% - 1.63e—04 3.10e—05
71 251 799 - MAS 40% - 1.42e—05 2.04e—05
71 251 799 - EVR 40% - 1.42e—04 2.04e—05
61 231 681 2 - - - 5.63e—09 3.64e—08
61 125 177 2 AVG 10 - 2.78e—09 8.56e—08
61 97 133 2 MAX 10 0.05 2.36e—08 2.10e—05
61 121 171 2 MAX 10 0.50 5.19e—09 1.88e—07
61 121 181 2 MAX 10 0.95 3.17e—09 9.71e—08

The quantities of interest (Qol) are the expectation and variance of the displace-
ment y(¢) measured at fp = 10, computed using Eqgs. (11) and (12). We employ
a gPC expansion with index set & = {p = (p1,...,pd) € N¢: |pl1 < 5} (cf.
Sect.3.1).

For the hierarchical discretization of the problem and the stochastic domains,
we consider three levels. Therefore, K = 2 and # = {mXL2 (1), mM-L1 (1),
m,[,VIZ’L0 (t0)} (cf. Sect. 3.2). We discretize the model using Adams predictor-corrector
methods from the scicpy.integrate? package and consider My = 500,
M; = 2000, and M, = 8000 time steps in the discretization scheme. Fur-
thermore, for the stochastic domain discretization, we consider both standard and
adaptive sparse grids. To analyze the possibility for dimensionality reduction, we
consider two choices for ¢ C J¢. In the first choice, #1 = {mfy"Ll(to)};
we choose the “middle” configuration (cf. Fig.4) because it comprises grids of
intermediate accuracy, thus avoiding potentially inaccurate results. In the second
choice, 7> = {m,l,VIO’LZ(to), m,[,VIl’Ll(to)}. Finally, we compute reference results
using M» time steps for the time domain discretization and a full tensor grid with
32768 Gauss-Legendre nodes for the stochastic space discretization. We assess the
difference between reference and our MLSC results via their relative error, i.e.
[(Qolyer — Qol)/Qolyer|. The reference results are E,.r[y(f0)] = 1.95¢ — 02
and Var,.r[y(to)] = 1.03e — 02.

The results of the corresponding simulations are listed in Tables 2, 3, 4, 5, 6
and 7. In the first three columns, we have the number of grid points corresponding
to Ly, q = 0, 1, 2. For both spatially- and dimension-adaptive sparse grids, Lo =
3. In the following three columns, g denotes the growth factor for Leja points,
rc stands for refinement criterion, and nrp/[ stands for the number of refinement
points/levels. For spatially-adaptive sparse grids, nrp/l denotes the percentage of
the current grid points to be refined. In the dimension-adaptive case, nrp/l stands
for the number of levels added to the current index set (cf. Sect.2.2). In the fifth

Zhttps://docs.scipy.org/doc/scipy-0.18. 1/reference/integrate.html.
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Table 3 Three-level MLSC for the linear oscillator test case: 5D stochastic setup, dimensionality
reduction for #; = (mML 1)1t = 10}

Lo|Li |Ly |ggirc |nrp/l|r |EmorE | ST(19)| ST (t0)| ST (2) | ST (to) | ST (t0)
17 1351 129 |- |- - - 1.69e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
17 [187 | 41 |- |[MAS|[20% |- |1.64e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
17 [187 | 41 |- |EVR [20% |- |1.64e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
17 (251 | 81 |- |MAS|[40% |- |1.60e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
17 (251 | 80 |- |EVR [40% |- |1.60e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
13231 412 |- - - 1.69e—020.021 |0.106 |7.3e—05|3.9e—04|0.879
13125| 812 |AVG [10 |- |1.69e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
13 97| 732 |[MAX[10 |0.05|1.69e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
13121 73 |2 |[MAX[10 |0.50|1.69e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879
13121 73 |2 |[MAX[10 |0.95|1.69e—02|0.021 |0.106 |7.3e—05|3.9e—04|0.879

Table 4 Three-level MLSC for the linear oscillator test case: 5D stochastic setup, dimensionality
reduction for 7, = {m,j,WO’LZ (to), m,’f"*“ (o) |t = 10}

Lo|Li (L, |gslrc |nrp/llr |EmorE | ST ()| ST (t0)| ST (to) | ST (to) | ST (20)
17 1351|1471 |- |- |- - | 1.72e—02]0.021 |0.106 | 7.3e—05| 3.9e—04 0.879
17187 | 413 |- |MAS|20% |- |1.59e—02 0.021 |0.106 |7.3e—053.9e—04  0.879
17187 | 407 |- |EVR |20% |- |1.58e—02 0.021 |0.106 |7.3e—05 3.9e—04 0.879
17251 | 799 |- |MAS |40% |- |1.63e—02 0.021 |0.106 |7.3e—053.9e—04 0.879
17251 | 854 |-~ |EVR |40% |- |1.59e—02 0.021 |0.106 |7.3e—053.9e—04 0.879
13231 681 (2 |- |- — |9.40e—02]0.021 |0.106 | 7.3e—05| 3.9e—04 0.879
13125 177 |2 |AVG |10 |- | 1.69e—02 0.021 |0.106 | 7.3e—053.9e—04  0.879
13| 97| 133 |2 'MAX|10 |0.05 1.69e—02 0.021 |0.106 | 7.3e—05 3.9e—04  0.879
13]121| 171 |2 |MAX|10 | 0.50| 1.69e—02 0.021 |0.106 | 7.3e—05 3.9e—04  0.879
13121 | 181 |2 |MAX|10 |0.95 1.69e—02 0.021 |0.106 | 7.3e—05 3.9e—04  0.879

Table 5 Three-level MLSC for the linear oscillator test case: 6D stochastic setup, no dimension-
ality reduction

Ly L Ly gf re nrp/l r Error E Error Var
545 2561 10,625 - - - - 2.37e—05 3.81e—05
545 1452 3709 - MAS 20% - 2.19e—05 3.74e—05
545 1452 3691 EVR 20% - 2.20e—05 3.75e—05
545 1970 7142 - MAS 40% - 2.36e—05 3.81e—05
545 1970 7084 - EVR 40% - 2.36e—05 3.81e—05
371 1289 3653 2 - - - 1.07e—07 4.34e—05
377 489 601 2 AVG 10 - 1.09e—04 1.81e—04
377 415 451 2 MAX 10 0.05 3.11e—06 4.37e—-05
377 415 451 2 MAX 10 0.50 3.11e—07 4.37e—05
377 497 609 2 MAX 10 0.95 1.09e—04 1.81e—04




1.-G. Farcas et al.

60

LL99°0| €0000| Ls€z0| €€000| Sz80'0| 18100  TO—9TI'I|  S6°0 01| XV | 1a L6V €9
LL99°0|  €000°0|  LSETO|  €€00°0|  STSO'O|  IS100|  TO—TI'I| 0S0 01| XVIW | e ST €9
LL99°0|  €0000|  LSETO| €€000|  SZ8O0| IS100| T0—TI'I| SO0 01| XVIW 1T iy €9
9/99°0| €0000| LS€TO| €€000| 2800 18100| 20—9CT1 - 01| DAV A 68% €9
9/99°0| €0000| 8S€T0| €€000| 2800 1810°0| TO—9EE’l - - - | 1ee 6871 €9
§L99°0|  €0000| 6S€T0|  ¥€000| +T80'0| 18100,  TO—ALY'l - %oy | dAd - 0L61 11
§L99°0|  €0000| 6S€T0|  ¥€000| +T80'0| 18100,  TO—ALY'l - %0¥| SV - 0L61 11
§L99°0|  €0000| 6S€T0|  ¥€000| +T80'0| 18100,  T0—oLY'l - %07  dMAd - srl 11
§L99°0|  €0000| 6S€T0|  ¥€000| +T80'0| 18100,  T0—oLY'l - %0T| SV - srl 11
§L99°0|  €0000| 65€T0|  ¥€000| +T80'0| 18100,  T0—o9I'l - - - - ot 19sz| 11
Ongs| Onzs| Onis Ongs| Onis| (s q Jong 4] p/dau ou| /8 % 17 07

{o1 = 01/(01) 5,&\:5 = 147 107 uononpar AyrpeuorsuSWIp ‘dnJds JOTISBY0IS (J9 :9SBI 1S9) JOJR[[IOSO JedUI] Y} I0J DS TIN [OAS[-991Y], 9 J[qeL



61

Multilevel Adaptive Stochastic Collocation with Dimensionality Reduction

9,990 €0000| Lsczo| €c000| sz8o0| 18100 C0—9zT1| 60 01| XV zl 609 L6V €9
9/99°0|  €0000| 8S€T0| €€000| $T800| 18100 20—LTT| 0SS0 01| XVIW ISy iy €9
9/99°0|  €0000| 8S€T0| €€000| $T800| 18100 20—LTT| SO0 01| XVIW ISy iy €9
LL99°0| €0000| Ls€TO| €€000| ST80°0| 18100 T0—9TT'I - 01| DAV 109 68% €9
SLLO0|  €0000| 8S€TO| €€00°0| ST8O'0| I8100| TO—OEEC'l - - - T €s9¢ 68CI| €9
§L99°0| €0000| 8S€T0| ¥€000| ST8O'0| I8100| TO—9TLl - %oy | dAF - w8oL 0L61 11
§L99°0|  €0000| 8S€TO| ¥€000| ST80'0| 18100| T0—oTLl - %0v| SV - i oL6l | TI1
§L99°0|  €0000| 6S€TO| ¥€000| ST80'0| 18100| T0—oTLl - %0T|  dMAd - 196 vl T
§L99°0|  €0000| 6S€T0| ¥€000| ST80'0| 18100| T0—oTLl - %0T| SV - eoLe vl T
§L99°0| €0000| 8S€T0| ¥€000| ST8O'0| T8I00| TO—2ITI - - - - szoo1l  19sT| 111
Onys| Onzs Onls| Onis Onfs| (s 7 Jong 4| p/dau o4 48 % 17 07

ﬁoﬁ = ON_AONV TN._N\““

/N () Séw:: = T4 10] uonoNpaI AJrpeuorsudWIp ‘dnjds JMISBY0IS (J9 :9SBD 1891 JOJR[[IOSO JedUI] Y} I0J DS TIN [OAS[-991Y], £ d[qeL



62 I.-G. Farcas et al.

column, r is the weight between cost and error in Eq. (9). Finally, when performing
dimensionality reduction, {Sl.T (to)}f.’:1 denotes the total Sobol” index computed for
the gPC coefficients in 7.

In the first test, we perform standard MLSC. The results are outlined in Table 2.
First, we observe that although we begin with a similar number of grid points for L
(71 for spatially-adaptive, 61 for dimension-adaptive sparse grids), for L1 and L, the
linear growth of Leja leads to considerably fewer points for the dimension-adaptive
interpolation. Moreover, we observe that interpolation on dimension-adaptive grids
yields smaller expectation errors by at least a factor of ¢’(1073), whereas, the
variance errors are similar or smaller. Therefore, for this setup, dimension-adaptive
interpolation is superior in terms of accuracy and required computational cost.

Next, we analyze the possibility to reduce the stochastic dimensionality using a
threshold T = 0.05 and _#; = {mh™""' (1)} or _Z2 = {mp™ 2 (10), my™"" (10)}.
The results are listed in Tables 3 and 4. We observe that for both ¢ and _#> the total
Sobol’ indices corresponding to ¢, f, and yo are at least two times smaller than t.
Therefore, we can reduce the dimensionality from five to two, significantly reducing
the number of grid points for Lo, and, when employing J1, for L;, too. Note that in
both Tables 3 and 4, {Sl.T (to)}f:l are identical rounded up to at least three digits of
precision; this is due to very similar corresponding gPC coefficients. Furthermore,
in our tests, the total Sobol’ indices corresponding to the ignored uncertain inputs
are significantly smaller than 7. In situations when some of the Sobol’ indices are
close to 7, to avoid repeating potentially expensive computations, we recommend
enlarging the initial J (e.g. in the current setup, J> is a viable extension to Jp).

In the 6D stochastic scenario, the setup is the same as in the 5D case, except
that Lo = 4 for both spatially- and dimension-adaptive sparse grids. The reference
results E,.¢[y(t0)] = 2.85¢ — 02 and Var,.r[y(fo)] = 1.35¢ — 02 are computed
using M» time steps and a full stochastic grid comprising 262144 Gauss-Legendre
nodes.

In Table 5, we outline the results for the standard MLSC. Similar to the 5D case,
the accuracy/cost ratio of dimension-adaptive grids is larger compared to spatially-
adaptive grids. Therefore, for this setup, too, dimension-adaptive interpolation is
superior in terms of accuracy and required computational cost. Tables 6 and 7
contain the results for the two dimensionality reduction strategies. Similar to the 5D
setup, the total Sobol’ indices for ¢ (SlT ), f (S3T (t0)), and yg (SST (to)) are smaller
than t by more than a factor of two; the difference is that the major contributions
are due to w and y;. Therefore, we can reduce the dimensionality from six to three,
thus, significantly lowering the number of grid points and the overall computational
cost.

We end this section with an important remark referring to the total Sobol” indices
in our results. Since the total Sobol’ indices comprise both the first and higher order
contributions (cf. Sect. 3.1), they generally sum up to more than 100%. However,
in both 5D and 6D scenarios, the sum of the total Sobol’ indices is only a little
more than 100%. Thus, the interactions between the uncertain inputs are negligible
and the underlying stochastic model could be well approximated by a multi-linear
functional.
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Velocity
-5.0e+00

0.0e+00

Fig. 5 Channel flow with an elastic vertical flap. We have a parabolic inflow at the left and an
outflow at the right boundary. Furthermore, at the top and bottom boundaries, we prescribe no-slip
conditions. The inflow excites a periodic bending movement of the vertical structure

4.2 A simple Fluid-Structure Interaction Example

The second test case, a simple FSI example, is depicted in Fig. 5. The fluid flow is
governed by the incompressible Navier-Stokes equations, formulated in the arbitrary
Lagrangian-Eulerian approach [8] to allow for moving geometries. A non-linear
Saint-Venant-Kirchhoff model governs the elastic structure. The fluid and structure
domains are discretized via finite elements (FEM). The FEM meshes match at
the boundary, where we enforce balancing between stresses and displacements. To
couple the fluid flow and structure solvers, we use a Dirichlet-Neumann implicit
partitioned approach and sub-iterate until convergence in every time step. A quasi-
Newton scheme [19] is used to stabilize and accelerate the sub-iterations. In this
way, both solvers can be simultaneously executed. Therefore, taking advantage
of the non-intrusiveness of MLSC, we end up with a total of three layers of
parallelism: both solvers run on distributed data, they run in parallel to each other,
and simulations corresponding to different points in the stochastic domain can be
performed in parallel, too (cf. [9]).

To simulate the fluid flow and structure solvers, we employ the high-performance
multi-physics code Alya [34] as a black box. For coupling, we use the open-source
library preCICE? [4]. For more details about the Alya-preCICE coupling, see [33].
For each simulation, the initial data in the fluid domain is obtained via precomputing
a full period of the time domain with a rigid structure to ensure a stabilized initial
fluid field and only then start the coupled simulation; the structure is initially at rest.

3http://www.precice.org/.
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Table 8 FSI test case: uniform bounds for # and associated deterministic values

ps [kg/m’] 1 [kg/ms] ps [kg/m?] E [kg/ms’] v
a; 7.40e—01 7.40e—02 7.40e—01 3.70e+05 2.22e—01
b; 1.26e+00 1.26e—01 1.26e+00 6.30e+05 3.78e—01
u; 1.00e+00 1.00e—01 1.00e+00 5.00e+05 3.00e—01

In this test case, x =t and @ = (o, u, ps, E, v), where py is the density and
1 the dynamic viscosity of the fluid, whereas p, is the density, E the Young’s
modulus, and v the Poisson ratio corresponding to the elastic structure. We use
a time step 6t = 1073 to discretize the time domain. For both solvers, we use
implicit time integrators (implicit Euler for the flow solver and a Newmark scheme
[21] for the structure solver) such that we can use the same timestep size for all
meshes. We do, hence, not expect stability issues and have also not observed any in
our experiments. We simulate 500 time steps, therefore, t € [0, 0.5]. Moreover, 6
is a multivariate random vector with uniform i.i.d. components, whose a;, b;, and
associated deterministic values (i.e. their expectations), are listed in Table 8.

We employ a multi-variate gPC expansion such that |p|; < 5. The Qol are the
expectation and variance of the x axis displacement (x disp.) measured at the upper
right corner of the structure. For a broader overview of our approach, we measure the
displacement at two time instances, one close to center of the time domain, i.e. fp =
0.235, and another one at the right boundary, i.e. #{ = 0.500. We employ a three-
level discretization hierarchy in both the problem and the stochastic domain. My =
{f : 1568, s : 40} triangular elements for the fluid (f) and structure (s) domains,
M; = {f:6272, s: 160}, and M, = {f : 25088, s : 640}. On a 16 core Intel Sandy
Bridge processor on the CoolMAC cluster,* with 12 cores for the fluid flow and four
cores for the structure solver, one run with resolution M takes about 10 min, about
15 min for M, and about 60 min for M». To discretize the stochastic domain, we
use spatially-adaptive grids with the MAS criterion and dimension-adaptive grids
with the AVG priority function. For both spatially- and dimension-adaptive grids,
Lo = 3. Moreover, L1 and L refer to Ly after 1 and 2 refinement steps, respectively.
Finally, to analyze the possibility for dimensionality reduction, we consider t =
0.05and _#Z = {mp""" (t)}.

In Table 9, we list the results when tg = 0.235. We observe that the Sobol’ indices
associated to the fluid’s dynamic viscosity and structure’s density and Poisson
ratio are significantly smaller than 7. Therefore, we can reduce the dimensionality
from five to two, hence, the sparse grids of resolution Lo and L, are now two-
dimensional. In terms of computational savings, this translates into reducing the
number of grid points from 71 to 17—for spatially-adaptive—and from 61 to 13—
for dimension-adaptive grids for the combination M, — L. Therefore, we save
approximately 54 and 48 h of computing time, respectively. In Table 10, we present
our results when #; = 0.500. In this case, we observe that the Sobol’ index assciated

“http://www.mac.tum.de/wiki/index.php/MAC$_$Cluster.
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Table 9 Three-level MLSC for the FSI test case: 5D stochastic setup, dimensionality reduction
for 7 = {m}"" 1 (19) |19 = 0.235}

Lo Ly | Lo gg re | nrp/l| Elx disp.(t9)]| Var[x disp.(19)] ST (t9)| ST (t0)| ST (t0)| ST (10)| ST (10)
17| 184| 43| — | MAS| 20% | 3.23e—01 8.14e—04 0.423 | 0.007 | 0.009 | 0.598 | 0.002
13| 117/ 75| 2 | AVG| 10 3.23e—01 8.12e—04 0.423 | 0.007 | 0.008 | 0.596 |0.002

Table 10 Three-level MLSC for the FSI test case: 5D stochastic setup, dimensionality reduction
for 7 = {m}""1 (1))|5, = 0.500}

Lo Ly | Ly gy re | nrp/l Elx disp.(11)] Var[x disp.(ry)] S{ ()] S3 (1)) S3 ()| S§ (1)) S5 (1)
491179 214 — | MAS| 20% | 2.88e—01 4.60e—04 0.297 | 0.354 |0.163 | 0.572 | 0.007
41| 121 161) 2 | AVG| 10 2.88e—01 5.22e—04 0.284 | 0.370 | 0.152 {0.572 | 0.006

to the Poisson ratio is less that T by more than a factor of 10. Thus, we can reduce the
dimensionality from five to four, saving approximately 22—for spatially adaptive—
and 20—for dimension-adaptive grids—hours of computing time at level Lg. In
addition, in both dimensionality reduction cases, the computational cost is further
decreased due to the significant reduction of number of grid points on level L.

Note that in Table 9, on the one hand, the total Sobol” indices sum up to only a
little more than 100%, indicating that the interactions between the uncertain inputs
are very week (cf. Sect. 4.1). On the other hand, in Table 10, the total Sobol’ indices
add up to approximately 140%. Therefore, the interactions between the uncertain
inputs are stronger than in the previous case. We assume that this difference is due
to both the setup of the underlying scenario and nonlinearity of FSI. However, as
our proposed approach relies on the individual values of the total Sobol” indices, the
result of their summation does not impose a limitation to our method.

Finally, we remark that the single level variant corresponding—with respect to
accuracy—to our multi-level formulation would be computationally more expen-
sive, since it requires the evaluation of the time discretization with the highest
fidelity (M>) at each point from the sparse grid having the highest resolution (L>).
Even more, no dimensionality reduction based on total Sobol’ indices could be
performed.

5 Conclusions and Outlook

We have presented a novel multilevel stochastic collocation with a dimensionality
reduction approach to compute the coefficients of generalized polynomial chaos
approximations. Our focus was on formulating a computational method suitable
to quantify the uncertainty in resource-intensive problems. To this end, our first
contribution was to employ both spatially- and dimension-adaptive sparse grids
for the stochastic domain discretization. Our second and main contribution was
stochastic dimensionality reduction based on total Sobol’ indices for global sen-
sitivity analysis. Therefore, our method exploits the advantages of adaptive sparse
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grids, multi-level decompositions, and, when feasible, stochastic dimensionality
reduction, to lower the overall computational cost of the uncertainty analysis. We
remark that when dimensionality reduction is not possible, we still profit from using
adaptive sparse grids and multilevel decompositions.

The results in two test cases—a second-order linear oscillator and a fluid-
structure interaction problem—showed that the stochastic dimensionality could be
reduced. Furthermore, the dimension-adaptive interpolants proved superior.

We analyzed once whether the stochastic dimensionality can be reduced. Never-
theless, this approach can be easily generalized. The generalized approach can be
suitable for high-dimensional UQ problems or problems in which some total Sobol’
indices are close to the prescribed threshold. Furthermore, our approach can be also
formulated in terms of other sensitivity measures, such as the Shapley value [23].
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Limiting Ranges of Function Values )
of Sparse Grid Surrogates e

Fabian Franzelin and Dirk Pfliiger

Abstract Sparse grid interpolants of high-dimensional functions do not maintain
the range of function values. This is a core problem when one is dealing with
probability density functions, for example. We present a novel approach to limit
range of function values of sparse grid surrogates. It is based on computing minimal
sets of sparse grid indices that extend the original sparse grid with properly chosen
coefficients such that the function value range of the resulting surrogate function
is limited to a certain interval. We provide the prerequisites for the existence of
minimal extension sets and formally derive the intersection search algorithm that
computes them efficiently. The main advantage of this approach is that the surrogate
remains a linear combination of basis functions and, therefore, any problem
specific post-processing operation such as evaluation, quadrature, differentiation,
regression, density estimation, etc. can remain unchanged. Our sparse grid approach
is applicable to arbitrarily refined sparse grids.

1 Introduction

A core problem of the representation of high-dimensional functions on sparse grids
(interpolation, approximation) is that they do not maintain the range of function
values. For example, the interpolation of a strictly positive function in more than
one variable can lead to negative function values of the interpolant. This can be
a severe limitation to a wide range of problems. Think about physical problems
where values outside of a certain interval do not make sense and a surrogate
leading to such values is useless. In the context of environmental engineering, for
example, one is interested in finding storage sites for carbon dioxide with a small
leakage, which is non-negative. An early example for the problem that the sparse
grid function is not necessarily positive everywhere, even if the function values at
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all interpolation points are positive, stems from the interpolation of multivariate
Gaussian densities [5, 12], which will serve as an extreme scenario in this paper.

This problem translates to approximation problems such as regression or density
estimation. There, the probability density function of some unknown distribution
is recovered based on samples drawn from that distribution. In [8], the authors
published the theoretical fundamentals for a density estimation method based on
spline smoothing. Their idea became very popular in the following years in the
context of sparse grids in various research areas [6, 9-11], the question of how to
conserve fundamental properties of probability density functions such as the non-
negativity, has not yet been investigated so far. Furthermore, the sparse grid function
is computed via the solution of a linear system: The approximation process does not
even ensure that the sparse grid function is positive at the grid points themselves.

The general problem of limiting the range of sparse grid function values to
a certain interval can be transformed into the problem of assuring non-negative
function values. A proper transformation of the original approximation problem is
an elegant way to solve this problem. Such an approach has been introduced in
[5] in the context of likelihood estimation and in [7] for density estimation. It is
based on the idea of approximating the logarithm of the probability density instead
of the density itself. They characterize the density by the maximum a posteriori
method with Gaussian process priors. By definition, this approach solves the non-
negativity problem but makes it difficult to assert the normalization condition since
the computation of a high-dimensional integral of an exponential function with an
exponent that is a sparse grid function is required. Simpler approaches, such as
a truncation of the range of function values, are not an option here either. They
usually raise other problems, for example efficient integration or differentiation of
the resulting function [4], which we want to avoid.

In this paper we introduce a new method that restricts the function value range of
a sparse grid surrogate to the one of the original function while the original structure
of the surrogate as a linear combination of basis functions is preserved. The method
adds a minimal extension set with properly chosen hierarchical coefficients to the
sparse grid surrogate to achieve that goal. We formally derive various methods to
efficiently compute minimal extension sets for arbitrarily refined sparse grids.

This paper is structured as follows: First, we introduce briefly sparse grids
and describe the properties that are required for our new method. In Sect.3
we derive the method that limits ranges of function values of arbitrarily refined
sparse grid surrogates by adding an extension set with properly chosen coefficients
to the original sparse grid. To evaluate the method, we provide results for the
approximation of multivariate Gaussians with extended sparse grids. In Sect.5 we
summarize the paper and give an outlook to future work.
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2 Sparse Grids

Letl := {l1,...,Ip} and i := {i1,...,ip} be multi-indices with dimensionality
O< DeNandleveld =1,...,D: l; > 0. We define a nested level-index set as
A6 =1lieNP:1<iy <24 ijodd,d=1,...,D}. (1)

The subsets for various levels and D = 2 are shown in Fig. 1 (center), the joint sets
in Fig. 1 (right). With the piecewise linear one-dimensional reference basis function
¢(x) := max{l — |x|, 0} we obtain the higher-dimensional piecewise D-linear basis
function of an arbitrary level-index pair (1, i) via tensor product and by translation
and scaling as

D
o) = [ [ e@"“xa —ia) . )
d=1
The level-index sets JISG define a unique set of hierarchical increment spaces
7 = span{pi(x): i € A, 3)

which are shown in Fig. 1 (left) for D = 1. The space ¥; of piecewise D-linear
functions for some level £ € N is now formed by all spaces with |l|oc < ¢ where
each increment space adds the difference of the corresponding nodes with respect
to the nodal space. ¥; and the corresponding full grid index set JZF G are defined as

= P wmn. %= |J (b:ie Y. )
1eND: 1|00 < 1eND: |0 <

L=1 L=2 L=3
=1 ° ° ° (AR R BN ]
[ ]
_____ e o o
| [ ]
L4 L4 . [ X N N N N N J
1,=2 ' °
o o | o e o o
| [ ]
—
4 I
.
=3 I
2 . |
X3,1 X33 X35 X37 A ° |

Fig. 1 One-dimensional piecewise linear basis functions up to level 3 with increment spaces
W\, #>, #3 in one dimension (left), the tableau of hierarchical increments %4 up to level 3 in
two dimensions (center) and the resulting sparse grid J3SG (black) and full grid J3F G (black and
gray) (right) [12]
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With this, we can write a full grid function based on the hierarchical increment
spaces as

U g¥6 (X) 1= Z vLioLi(X) = Z Z ULigLi(X) - &)

(l,i)e,szG 1eND: 1|0 <t iegﬂISG

We take now advantage of the hierarchical definition of the basis and reduce the
number of increment spaces by measuring the contribution of each one to the
approximation divided by the work we need to spend on it, i.e. the number of
grid points. Based on this measure, we solve a continuous knapsack problem [1]
and obtain the sparse grid space 7/[(1), which is optimal in the L, and L;-norms,
and the corresponding sparse grid index set as

W= P #. 59:= U (i:ie 9,  (©

[y <€+D—1 1eN?: |I|; <¢+D—1

see the left upper triangle in Fig. 1 (center). We write a sparse grid function u 756 €
7D as

Upsa(®) = ) L) = > > vignix) (7)

(LiesS6 1eN?: I <t+D-1 je.s5C

where we call v1; € R hierarchical coefficients. Note that we omit the index £ and
the superscript SG when it is obvious that we are referring to a sparse grid index set
and the level is unimportant, e.g. for an adaptively refined sparse grid. Furthermore,
for simplicity of notation we refer to a level-index pair (I, i) € .# via a simple index
i € .# whenever the actual level and index are not important.

2.1 Hierarchical Ancestors and the Fundamental Property

In the following we introduce the fundamental property of sparse grid basis func-
tions based on the definition of hierarchical ancestors. To this end it is convenient
to interpret a one-dimensional sparse grid as a binary tree. As shown in Fig. 1 (left),
the grid point on level 1 forms the root node; the grid points at level 2 are the left
and right successor of the root node, and so on. With this idea, we define the set of
hierarchical ancestors 7 for some level-index pair (1,i) € . as

A3 ={(kj) e IO kg <lg A jg=2lig/2" " +1,d=1,.... D},
(8)
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and the set of ancestors that are part of an arbitrary level-index set .# as
dgLi)=dLiN.S. (©)]
We define two indices (1, i), (K, j) € . to be hierarchically independent if
k. j) ¢ 0D ALY ¢ A K,j) . (10)

For all basis functions of a sparse grid basis that fulfill the fundamental property it
holds that

prjx) =1 forl=kAi=j
V(i) € 7 {ojxii) >0 for(k,j) € (i) (a1
ekjxLi) =0 else.

This means that a basis function ¢y j evaluates to zero at some grid point xy j if (k, j)
is not a hierarchical ancestor of (1, i). This is trivial to see for the one-dimensional
case, due to the limitation of the support of the basis functions, see Fig. 1 (left). This
property is preserved by the tensor product: If an index (k, j) is not a hierarchical
ancestor of (1, i), then there exists at least one term in the tensor product which is
equal to zero making the whole product zero.

2.2 Interpolation on Sparse Grids

Interpolation on sparse grids can be interpreted as a basis transformation from the
nodal basis to the hierarchical basis. Assume that the sparse grid index set .# is
suitably sorted. Then the corresponding system of linear equations that solves the
interpolation problem reads as

VS0y =u (12)

where V(??) &j) = ¢1i(Xkj) and uyj = u(xyj). Due to the fundamental property,
this system of linear equations can be solved by forward substitution and the basis
transformation can be written as

Vi = UL — Z Vk,j Pk, j(X1Li) - (13)
(k.j)ed 7 (1,i)

We see here directly that we have to solve all equations for the ancestors of (I, i)
before we can solve the equation for (1, i). This is possible since the ancestor set just
includes grid points which lie on subspaces with smaller level. Hence, a top-down
approach solves the interpolation: One starts with the smallest available level, solves
all the equations for grid points that lie on a subspace with the same levelsum, and
proceeds with the next one until the maximum level is reached.
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3 Limiting Ranges of Sparse Grid Function Values

In the following we derive a method that preserves the range of function values
of some model function by a sparse grid approximation. Our approach is based on
proper extension of the sparse grid level-index set such that the structure of the
sparse grid function as a linear combination of basis functions is preserved. Let
u: [0, 117 — [y, y*] C R be some function with y! < y*and u gsc: [0, 1]1° — R
be a sparse grid function on a piecewise D-linear basis that approximates u. In the
following we assume that u_ssc interpolates u at the sparse grid points. Note that
the approach of extending the sparse grid index set is not directly applicable to other
sparse grid approximations that stem from density estimation [11] or regression [12]
if the function values at the grid points lie outside of [y!, y*].

The problem of preserving ranges of function values can be reduced to the
problem of enforcing non-negative function value ranges

ux) € [y, y'1:= ugsa(®) € [y, y'1 @ ugsa(x) =y > 0A Y —u ysa(x) =0,
(14)

which allows us to generalize the problem to

u(®) = 0:=ugsc(®x) = Y vigi(x) 0. (15)

ie#5G

Note that adding constants to a sparse grid function can be done easily in the nodal
space. Our approach to fulfill Eq. (15) is based on the minimum principle that holds
for full grids with a nodal basis.

Theorem 1 (Minimum Principle for Full Grids with Nodal Basis) Ler u(x) > 0
and u grc: [0, 11° > R ,x— Y ic.rrG Ui @i (X) be a full grid approximation of u
on a piecewise D-linear nodal basis ¢. If¥i € 7% u; > 0 and u_yrc is 0 at the
boundary of the input domain then it holds that

min u gr¢(X) = min {0, u;} > 0. (16)
xe[0,1]P 7 iefFG{ i)

Proof We can interpret the full grid discretization as a set of hypercubes that have in
each corner a grid point or a boundary point. Within each hypercube the minimum
principle holds since u_yrc is locally a harmonic function due to the ¢; being
piecewise D-linear functions and due to the linearity of the Laplace operator

Augra(®) =AY uwigix)= Y u; Agi(x) =0. (17)

——
ie JS¥G ieSFG =0

Therefore, the minimum of u_,rc must lie at a full grid point or a boundary point.
If we extend this argument to the global domain [0, 11°, we come to the conclusion



Limiting Function Value Ranges of Sparse Grid Surrogates 75

that the global minimum must be either at the boundary of the input domain or at a
full grid point. O

Both, the nodal and the hierarchical basis with piecewise D-linear basis func-
tions, span the same function space. Therefore, a basis transformation from the
nodal basis to the piecewise D-linear hierarchical basis preserves the non-negativity
property even though some hierarchical coefficients can be negative. However, once
the full grid is truncated to overcome the curse of dimensionality this property can
not be guaranteed anymore. Nevertheless, there must always exist a set of level-
index pairs #* € .#FG\ #5G with .#56 ¢ .#FC that extends the actual sparse
grid index set .# 5 such that it holds

Vx € [0, 117 ugsa(®) +ugen(®) = Y vigi®+ Y wigi(x) =0, (18)

iE,fSG je.gext

for properly chosen coefficients w of u_gex. We call .#°* extension set. With
Eq.(18) we reformulate Eq.(15) as follows: Assume that u(x) > 0 and an
approximation u_gsq (x) ~ u(x) for which it holds that Vi € .# SG. y gs6(x;) >0
are given. For

fax := max_ |leo , (19)
1,i)e.#5G

there always exists an extension set .# X! ensuring positivity according to Eq. (18),
being a subset of the full grid points JZEX, which is minimal,

V.o C gt i ¢ féljsx: u_gsc(X;) + U ge\ gex x;) <O0. (20)

The coefficients w must fulfill according to Eq. (13)

Vies™wi=u—[ > e+ Y wigix)]. @D

jed 45 (i) JEA gext (i)

3.1 Limitation from Above and Below

We can iteratively solve Eq. (14) with Eq. (18) for a known extension set. First
we limit the range of sparse grid function values from below, then we limit it
from above. In both operations we perform the following steps: (1) Transform the
range of function values such that the function evaluates to zero at the upper or the
lower limit, (2) search for an extension set that assures a non-negative surrogate, (3)
transform the range of function values back to the original space including the new
grid points. It is required to repeat this process until the grid is unchanged since the
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Algorithm 1: Iterative limitation of the range of function values of a sparse
grid approximation to a certain interval defined by y!, y* € R, y! < y¥

Data: index set .# 50, coefficients v and interval defined by yLoyteR
Result: extended index set .#5C and corresponding coefficients v

1 N<«<0

2 while N < |.#56| do

3 N < |.756

[/ =mmmmmmmmmmmmmmm oo

// Limit the range of function values from below

v < interpolate(.#5C, {(x;, stysc vigi(x;) — yl)}ielysa)

St W« makePositive(.#56, v')

U (X, Y jegs6 Vipj (%) + 2 je e Wi (Xi) + Wliessoy e

v/ < interpolate(.#5C U 7t /1)

</¢SG vV <« ,fSGUﬂeX[ v/

[/ e

// Limit the range function values from above

9 v < interpolate(.#5C, {(x;, y* — ZjEySG V@ (Xi)}ic g56)

10 St W« makePositive(.#56, v')

11 U <~ {(x;, y* + stysc v}(pj x;) + Zjeﬂm wf/-(pj (Xi)}ic.rsGy, gext

12 v/ < interpolate(.#5C U 7t 91

13 </¢SG vV <« ,fSGUﬂeX[ v/

14 return .#5G )y

[T B Y B N

limitation from below can cancel the limitation from above and vice versa. We will
discuss this issue in Sect. 3.3. The complete procedure is shown in Algorithm 1. In
the following we address the questions on how to compute the minimal extension
set and how to compute the corresponding coefficients w in order to guarantee non-
negative surrogates.

3.2 Minimal Extension Set

Due to Theorem 1, we know that the minimum of a sparse grid function is at
a full grid point or a boundary point. Together with the fundamental property
for the piecewise D-linear basis functions we can define a greedy optimization
approach that constructs the minimal extension set .#X' as follows: Let €mqax =
max je 6 |lloo be the maximum level of an arbitrarily refined sparse grid index
set .#5C and .7cand .= fZﬂ Ca‘x \ #5C be the candidate set that includes all level-

index pairs of the corresponding full grid fefn(:x which are not yet part of .#56.
We split the candidate set according to the levelsum of the grid points and obtain
= M1)€ I = k) Assume Fi € I u psa(xi) < O

where kmin is the smallest levelsum available in .#4. We know from Eq. (11)
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Algorithm 2: Computation of the minimal extension set

Data: index set .#5C, coefficients v, dimensionality D
Result: extending index set .#*! and corresponding coefficients w
// compute the maximum grid level to be considered
1 £max < maxg e gs6 oo
// compute candidate grid points
2 geand computeCandidates (.¢ G v)
// run over the candidate set starting with a levelsum of 1
3 Vgext « {}
4 wo < ()
5 k<1
6 while k < DY,,,, do
// extract those grid points with negative function value
7 T (1) € I | =k Au_gsc(Xii) + U gex (X17) < 0)
// compute coefficients w; for all indices in feXthkeXt
8 wy < computeCoefficients(.# 5, v, 7 w;_;, I
// update the extension set and continue
9 ]ext «— ]eXtU]keXt
10 k<—k+1

11 return X, wpg,

that Vj e 7 j £ j: ¢ j(x;) = 0 since .¥ SG contains all the hierarchical
ancestors of i. Consequently, i must be part of the extension set in order to achieve
U s gext (X;) > 0. We obtain, therefore, the minimal extension set ﬂke;‘i‘n ={i e

fkcr:i‘;d: u_gsc(X;) < 0} for the current levelsum kpin. Once we have considered all

indices of f,fﬁd we compute their coefficients according to some method from the
following section and continue with k := kpin + 1. We repeat the procedure and
collect all minimum extension sets fk"‘“ up to the maximum levelsum D¥{y,x. You
find the complete algorithm in Algorithm 2.

There are two important aspects to mention on this iterative algorithm: First,
the size of the extended sparse grid index set is in the worst case equal to the size
of the corresponding full grid. Second, the size of the extension set depends on
how the coefficients of the new grid points are computed. As a consequence, the
minimal extension set is uniquely defined by the sparse grid surrogate u_ysc and
the method used to estimate the function values for the indices in the extension
set. To minimize the work, good methods for computing the candidate set and for
computing the corresponding coefficients are required. In the following sections we
present such methods.

3.3 Computing Coefficients of the Extension Set

Assume that we have found a minimal extension set .# ! for a sparse grid .# 5% and
need to compute the coefficients for /' C 7! for iteration k. From Eq. (18) it
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follows that Vi € ﬂke’“: u; > 0. Due to the minimality of the extension set from
Eq. (20) it holds that

U gs6 (Xi) + e/ o i) (Xi) <0, (22)
which we insert in Eq. (21) and obtain

wi = Ui — U gs6(Xi) + ey e (i)(Xi)) > 0, (23)
0
= <0

thus that all new hierarchical coefficients must be larger than zero. This is the reason
why we need an iterative approach to limit the range of function values from above
and below: The limitation from below leads to additional positive coefficients in the
linear combination. To limit the function from above we flip the sign of the function
in order to apply the limitation algorithm from below. The positive coefficients
turn into negative ones after this flip and could potentially cause that function
values become negative which were positive before. This increases the costs of the
algorithm, since we need to find a minimal extension set and the corresponding
coefficients several times. We will show how one can compute a minimal extension
set efficiently in the next section.

Here, we want to list three methods to estimate function values at the new grid
points:

set-to-zero: The simplest approach is to set all the function values to zero, i.e.
Y(,i) e I up;:=0. (24)

This method leads to the largest possible extension sets and is, therefore, the
baseline for all more sophisticated methods that use the information about the
function at hand.

interpolate-function: This is the optimal case, where one interpolates the true
function values

Y, i) € I upii=u(xy) (25)

This is, however, unfeasible if evaluating u is computationally expensive.
interpolate-boundaries: This approach incorporates the function values that are
located in the neighborhood of the new level-index pair (1, i) into the estimation
of the function value at the new point x ;. To estimate u) ; we interpolate linearly
between the function values which lie at the boundary of supp(¢ ;) in each
direction d and take the minimum of it, i.e.
U 756 (Xig,ig—1) + U g6 (X14,i4+1)

VY{,i) € I uy ;= 0, . ‘
(i) e uii max{ dellm p) 2 }
(26)

The minimum operation ensures monotonicity for the probability density func-
tion we will consider as an example. Alternatively, operations such as the average
can be considered as well.
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3.4 Intersection Search

In the following we present a method that reduces the size of the candidate set
by searching for intersections of sparse grid indices. As we have seen before,
grid points for which the sparse grid function becomes negative form part of the
extension set. We exploit this knowledge and reduce the number of candidates
by just considering those grid points for which it is theoretically possible that the
function value is negative. According to the definition of a sparse grid function in
Eq. (7) this can just be the case for grid points that have ancestors with negative
coefficients.
We define the intersection (I*, i*) of two level-index pairs (1, i), (k, j) as

Vde{l,....,D}: i} = . =

ig forly > ky " lg forly > ky
Jjda else

kg else
(27)

and show that the extension set is a subset of the set that contains all intersections of
at least two hierarchically independent sparse grid points with negative coefficient
and overlapping support.

Theorem 2 (Intersections of Grid Points with Negative Coefficients) Let £«
be the maximum level in an arbitrarily refined sparse grid index set I5¢ of
dimensionality 0 < D € N. Leti € jZFmEZx \ F5C with u_gso(x;) < 0. Then
A" e @) U (i} with u gsc(x;7)) < 0 and i’ is the intersection of at most D
hierarchically independent indices with negative coefficients.

Proof Let JZZ}SG (i) :={j € Zysc(i): v; < 0} and let k* be the intersection of all
indices in d}so (i). Then k* is as well the intersection of at most D hierarchically

independent indices in 9{}50 (i): The level of k* has D components, which are
defined according to Eq. (27) as the componentwise maximum of the levels in
A ,56(i). One can successively construct k* by taking an index of &/ (i) that
defines a maximal number of level components of £* until the collected indices
define all level components. Each of the first D indices must define at least one
component and £* is defined uniquely after at most D indices. All of them are
hierarchically independent since at least one level component of each index is larger
than the corresponding level component of the other indices.
We define

u*(x) := Z vigi(x), (28)

Jed g5 (k*)Uik*)

to be a local approximation of u s around Xg«. Since k* is the intersection of
all indices in M}SG (i) it holds that M}SG (i) C & gsc(k*) U {k*} and, therefore,
u*(x;) < u gsc(x;) < 0. Let 2 be the set of all up to 3P — 1 ancestors that
lie at the boundary of supp(¢k+). Then if follows from Vj € J™*: & ss6(j) C
o gsc(k*) C /(i) that u™(X;) = u_gsc(X;). The minimum of »* must lie at a grid
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point at the boundary of supp(gi+) or at its center due to the minimum principle.

e e the index where u* is minimal and u_gsc (X;) = u*(X;) < en we can
Let & be the ind h * 1 and u gs6 (X; *(xp 0 th
distinguish two cases:

1. k = k*: By construction, k* satisfies the condition on i’.
2. k € Z*: We seti := k and continue. The number of iterations is limited by the
level. Hence, we must find an index where k = k* after a finite number of steps.
O

The remaining task is to enumerate these intersections. We call this method
intersection search. Figure 2 shows the intersections of grid points with negative
coefficients (red circles) for a sparse grid function of level 2.

A naive enumeration of all combinations that neglects hierarchical dependencies
and overlapping supports becomes quickly too expensive. Let M > 2 be the number
of negative coefficients of a sparse grid surrogate and D > 2 the dimensionality of
the input space, then an upper bound for the number of intersections to be checked is

DM
#intersections(M, D) = Z (d) 29)
d=2

We consider this number as a baseline for more sophisticated algorithms.

iteration = 1 iteration = 2 iteration = 3 iteration = 4

(%3
S

UgsGgen (X1, X2)
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Fig. 2 Example for the interpolation of a normal distribution with © = 1/2, 0 = 1/16 with a sparse
grid of level 2 and N = 5, and the evolution of the extended grid using intersection search to find
the extension set and the set-to-zero method to compute their coefficients. The upper plots show
the extended sparse grid interpolant and the lower plots the subspace tableau that contains all the
corresponding full grid points. The grid points with positive coefficients are shown as blue dots,
grid points with negative coefficient as red dots. The basis function’s support of independent grid
points which are used to compute the intersection points as candidates for the extension set are
shown in green. The joint support is shown in orange. This example presents the worst case for the
extended sparse grid: Preserving non-negativity of the normal distribution leads to a full grid with
N=9
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In the following, we present such an algorithm that considers the results from
Theorem 2. The intersection operation is commutative and associative since it is
based on computing maxima of levels. This allows us to compute intersections of
an arbitrary set of grid points with negative coefficients as successive intersection
operations of two grid points. For example, let i and j be grid points from which the
intersection is i*. Then, the intersection of i, j and a third grid point k is the same
as the intersection of i* and k. Moreover, we can describe each grid point i as an
intersection of at most D other grid points, which allows us computing intersections
with a bottom-up scheme from 2, 3, ..., D.

These deductions lead to Algorithm 3. First, we run over the index set that
contains all level-index pairs with negative coefficient in some arbitrary order
and store all combinations of grid points that fulfill Theorem 2. Due to the
commutative property of the intersection operation, it is enough to store each valid
combination just once. Second, we iterate over the number of dimensions and
compute intersections based on the generated combinations: In the first iteration

Algorithm 3: Intersection search algorithm

Data: index set .#5C, coefficients v
Result: candidate set .#°d
// load pairwise valid intersections

1 7 <« (ke 750 y <0}

2 forie _#do

3 I < {}

4 for j € 7> do

// consider each intersection once in the first run

5 ifi < j then
// search for valid intersections

6 if supp(¢;) Nsupp(p;) #DAi ¢ F(j) A j ¢ /(i) then

7 | L < LU{j)

// compute intersections dimensionwise
8 Vgcand ~{}
9 ford € {2,3,...,D}do
// check every index of the current candidate set
10 fori ¢ 7,;do
// check all the indices that overlap with i

11 for j € I; do

12 k* < computelntersection(i, j)
// add intersection to candidate set

13 if k* ¢ 756 U 7 then

14 | jcand - e]cand U {k*}
// prepare intersections for the next iteration

15 Iye <= {k € I: supp(er) Nsupp(prs) # DAk ¢ of (k%) Nk* ¢ o (k)}

16 if | I;+| > O then

17 | Aav1 < Fay1 Uk

18 return .7
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d = 2 we compute the intersection k of two grid points i, j, add it to the candidate
set and generate the set of overlapping grid points for k out of the set of overlapping
grid points of j. We store the result and compute the intersections of k in the next
iteration d = 3, and so on. Note that all the operations in the innermost loop of
Algorithm 3 have a complexity of &'(1) or &(D).

For D = 2 this algorithm is optimal in a sense that we enumerate each
intersection just once. This does not hold for D > 3. Empirical tests show that we
compute & (£2¢P) intersections of grid points for regular grids of level £. The size of
the candidate set, i.e. the number of unique intersections, is in general significantly
smaller than a full grid, especially for adaptively refined grids. You find a detailed
analysis of the presented algorithm in Sect. 4.

4 Approximation of Gaussians with Extended Sparse Grids

A very challenging function to be approximated by sparse grids are peaked Gaussian
probability density functions. It was shown that interpolating such functions with a
sparse grid is very costly in terms of the number of grid points [2, 12]. The reason
is the exponentially growing fore-factor that is usually omitted in the asymptotic
error. The large gradient around the mean of the Gaussian leads to large coefficients
with alternating sign in the sparse grid function. This causes large negative function
values where the Gaussian is close to zero, see Fig. 3. The convergent phase of the
function is shifted towards prohibitively large grids. Therefore, the approximation
of a multivariate distribution with independent Gaussian marginals is well suited to
study the extended version of the sparse grid density estimation.
We use a multivariate Gaussian with the same marginals as in [12], i.e.

D 2
) 1 (xa — pd)
u) =[] exp| = 5 , (30)
d=1 \/ 27103 %
40 408
= 5 =
% 20 5 20 %
= E] z
= @ 2
= 0 = 0 g
1.0 1.0
0.5 § 0.5 ] 0.5
Bt 1.00.0 £y 1.00.0 B 1.00.0

Fig. 3 On the left, a multivariate Gaussian distribution with independent marginals © = 1/2 and
o = 1/16 is shown. The plot in the center shows the sparse grid interpolant of level 2 with a
piecewise bilinear basis. One can see that the function values are negative almost everywhere,
due to the overlapping support of the grid points with levelsum 3, which have all large negative
coefficients. The plot on the right shows the extended sparse grid function that is non-negative
everywhere
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with ug = 1/2, 04 = 1/16. We vary the dimensionality and investigate the properties
of extended regular and adaptively refined sparse grid interpolants of various levels.
The main questions we want to answer with this example are the following:

1. How many intersections do we need to compute to obtain the candidate set .# <3
using the intersection search algorithm?

2. How large is the final candidate set .#"d and the extension set .#*?

3. How does the extension affect the convergence rate of the sparse grid function?

4.1 Intersection Search and Candidate Sets for Regular Sparse
Grids

As the baseline, we use the approach where the candidate set is simply equal to
a full grid. With respect to the intersection search it is important to distinguish
between the number of intersections we compute during the intersection search
and the number of unique intersections that result from this process. The larger
the difference between these numbers, the less efficient is the intersection search.
Results for the intersection search for regular sparse grids are shown in Fig. 4. We
observe that independent of the dimensionality it holds that the intersection search
computes fewer intersections (purple) than the upper bound provided by Eq. (29)
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10* 10*
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2 6 2

2 3 4 5 6 7 8 9 3 4 5 3 4
4 ¢ ¢
o XL (M) M= {ic 9 vi<0}| e X2 (M), M=|{i€ v <0} e XL (), M=|{ic I vi<0}
,,,,,, 0((201) R (7(@2’”) R @([ZIN‘)
—— # intersections —— # intersections —— # intersections
# unique ‘mCTSCC“":(f # unique intersections # unique intersections
« #full grid points .9FG # full grid points .0 # full grid points .9f¢

Fig. 4 Comparison of several quantities that describe the growth of the candidate set .7 of
the intersection search algorithm for a multivariate Gaussian distribution of independent marginals
with 4 = 1/2 and o = 1/16: The dotted green line is an upper bound for the number of intersections
that form the candidate set, see Eq. (29). The blue line is the number of full grid points for the
corresponding level £. The purple line shows the number of intersections, for which we see clearly
that they have full grid complexity for lower levels and grow slightly quicker for D > 2 and
£ > 2. The dashed purple line shows an asymptotic growth of ¢(¢£2¢?), which seems to be a good
indicator for the growth of the number of intersections for regular grids in this extreme setting. Out
of these intersections one obtains the final candidate set that contains just the unique intersections
(orange). The size of the candidate set is never larger than the size of the corresponding full grid
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(dotted green). Furthermore, the number of unique intersections (orange) is always
smaller than the number of full grid points (blue). This is a necessary prerequisite
for a valid implementation and in particular if the interpolate-function strategy is to
be used. For D > 2 and £ > 2, however, we compute slightly more intersections
than there are full grid points. The number of intersections seem to grow as & (£2°¢)
(dashed purple), which is more than there are full grid points &'(2P°%). The number
of unique intersections (orange) is equal to the size of the candidate set, which seems
to be almost as large as the corresponding full grid. This shows that the candidate set
has full grid complexity but, nevertheless, the log-scale on the y-axis is misleading.
We take the results for the highest levels in each dimension, i.e. £ = 9, 6,4 for
D = 2,4,6, split up the grid points of the corresponding candidate set by their
levelsum and plot the sizes of these subsets on a linear scale, see Fig. 5. The upper
plots show that the efficiency of the intersection search increases with increasing
dimensionality since the difference between the number of unique intersections and
the corresponding full grid points grows.

The gain, however, is just linear and not enough to overcome the curse of
dimensionality: While the number of full grid points grows exponentially, the size
of the candidate set does not shrink with the same speed, see the lower plots of
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Fig. 5 The upper plots show the number of full grid points and unique intersections split up by
levelsum for D = 2,4, 6. The lower plots show the ratio of the accumulated number of unique
intersections and the number of full grid points ordered again by levelsum. These plots show how
much we save in the iterative approach of finding the minimal extension set using the intersection
search method for finding candidates compared to enumerating the complete full grid. The higher
the dimensionality, the more we save
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Fig.5. They show the ratio of the accumulated number of unique intersections
and the full grid points with respect to the levelsum. The smaller this ratio, the
higher the efficiency of the intersection search algorithm. One can see that the
efficiency increases with increasing levelsum and increasing dimensionality. The
final candidate set contains for D = 2 approximately 87%, for D = 4 around 75%
and for D = 6 just 40% of the full grid points. Still, the computation of the candidate
set .#°d is where the curse of dimensionality hits the extension set algorithm: In
the worst case, the size of .74 is equal to the full grid.

4.2 Extension Sets and Convergence for Regular Grids

The candidate set just serves for the purpose to compute the actual extension set
of the original sparse grid function. The extension set is a subset of the candidate
set and it is computed in a top-down approach, starting with the smallest levelsum
which is not yet part of the grid.

Figure 6 shows the size of the extension set after each extension iteration. These
plots show that most of the grid points in the extension set are grid points with a
small levelsum for D > 2. For D = 4 the grid points with the largest levelsum is
equal to 15, for D = 6, it is 12. Up to these levelsums, we include most of the grid
points available in the candidate set, but none of the higher ones, from which the
candidate set contains much more (compare Fig. 5).

If we were able to predict this behavior and could generalize it to arbitrary sparse
grid functions, we could restrict the intersection search to smaller subspaces and
overcome again the curse of dimensionality to some extent. However, Theorem 2
does not allow such a truncation of the search space. Further investigation is
required, which goes beyond this work.
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Fig. 6 The plots show the size of the extension set after iterating the grid points of the candidate
set in ascending order with respect to their levelsum for D = 2,4,6 and ¢ = 9, 6,4. One can
see that the set-to-zero method leads to the largest extension sets. The extension sets stop to grow
after |l|; = 15 and ||} = 12 for D = 4, 6. This means that we achieve non-negative sparse grid
surrogates already by adding points with smaller levelsum
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D =2, set-to-zero D =2, interp.-bound. D =2, interp.-fun.
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Fig. 7 These plots show the size of extended sparse grids (orange) for different coefficient
estimation methods (set-to-zero, interpolate-boundaries, interpolate-function) in relation to the size
of the corresponding full grids (blue) and the original sparse grids (green). In the left figure, where
we use the set-to-zero method, we observe that the size of the extended sparse grid grows similar
to the full grid size. This is not the case if we interpolate the original function or the interpolate-
boundaries method. For these approaches (center, right), the size of the extended sparse grid grows
as fast or slower as the size of the original sparse grid

However, the observation that the extended set is not growing anymore after
a certain levelsum influences the size of the resulting extended sparse grids
significantly: It scales as the size of the original sparse grid for a wide range of
levels if the coefficients of the grid points of the extended set are chosen properly,
as shown in Fig. 7. These plots show the grid size of a full grid, the original sparse
grid, the extension set, and the sum of the latter two grids for D = 2. They show the
growth of the extension set and the growth of the original sparse grid in relation to
the coefficient estimation method for the new grid points. The size of the extension
set scales as the size of a full grid for the set-to-zero method. This is no longer the
case if we evaluate the original function to compute the coefficients. The size of
the extension set grows slower for higher levels than it does for smaller ones. The
third method, the linear interpolation of the function values at the boundaries of the
domain of each new grid point, leads to similar results than the interpolation of the
original function.

For higher-dimensional settings, we observe similar behavior, see Fig. 8. Here,
we just provide the grid sizes of the extended sparse grids using the interpolation
of boundaries method since the grid sizes are very similar for all the presented
coefficient estimation methods.

From these results we conclude that the extension of the sparse grid is feasible
in terms of the grid size. However, we need to know how the error of the extended
interpolant evolves. To this end, we provide estimated interpolation errors for the
extended sparse grid method in Fig. 9. We used 10,000 randomly chosen samples,
evaluated the original Gaussian at these points and approximated the L, and the
Lo-error of the interpolants and computed the volume of the sparse grid functions
I(u_#), which should converge to 1, of course.

As an upper bound for the accuracy of the method we use a truncated sparse grid
function where we set its function value simply to max{0, u_#(x)}.
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Fig. 8 Comparison of the sparse grid (green), the size of the minimal extension set if the
interpolate-boundaries coefficient strategy is used (purple), the corresponding size of the extended
sparse grid (orange) and the size of the corresponding full grid (blue). We observe that the size of
the extension set grows similarly to the size of the sparse grid and, therefore, the extended sparse
grid is still significantly smaller than a full grid and makes the approach applicable to moderate
dimensional problems
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Fig. 9 The plots show the L, and the L.-error of the original sparse grid interpolant (green),
a truncated version of it (purple), where we limit the range of function values by taking
max{0, u_# (x)} and the extended sparse grid interpolant (orange)

The estimated L-errors are illustrated in Fig. 9 (left). They show thatup to £ = 3
at 50 grid points we gain significantly from truncating the function value range of
the sparse grid function. The truncation leads to a sharp transition of the function
around the Gaussian peak. The extension, however, leads to a smooth transition and,
therefore, reduces the gradient of the Gaussian peak itself due to the repeated over
and underestimation of the surrounding function. As a consequence, the error of
the extended sparse grid is not equal to the error of the truncated function. These
over and underestimations cause the peaks in the error of the truncated sparse grid
function and the extended sparse grid method. For the latter method the peaks are
shifted towards the right and have a smaller height.

If we compare the error of the extended sparse grid with the original sparse grid
we see that for £ = 2 we gain accuracy by extending the grid. But for £ > 3 we loose
accuracy. However, once we reach the convergent phase with the original sparse
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grid, at £ = 5 with N = 1000, the extended sparse grid converges as well, with
a certain delay due to the extension set. Furthermore, we observe that the speed of
convergence seems to be the same for the extended sparse grid and the original one.
This is coherent with the previous observation that the complexity of the extension
set is the same as the complexity of a sparse grid.

The grid points in the extension set are mainly located in areas where the
Gaussian is close to zero. Therefore, the error is very similar for all the coefficient
estimation methods of the extended sparse grid.

The integral of the approximations, which one can see in Fig. 9 (center), reveals
another interesting aspect of the extension method: The estimated volume of
the truncated sparse grid function (purpler line) is very close to the volume of
the original sparse grid function (green line) for £ > 3. The difference between these
two lines indicates how much of the volume of the original function is negative. We
need a large amount of additional grid points to cope with negativity even tough this
difference is small. This means that the area where the original sparse grid function
evaluates to negative values is large but the function values are small. The error in
the maximum norm supports this deduction, see Fig. 9 (right).

4.3 Extension Sets for Adaptively Refined Grids

We extend the discussion now to adaptively refined grids. In [12] the authors
have shown that adaptively refined grids cannot cope with the difficulties that the
Gaussian distribution imposes on a sparse grid approximation. Therefore, we restrict
ourselves to the results on the extension of the sparse grid and omit error plots.

The setting of the experiment is the following: We start with regular sparse grids
of different levels to approximate the same Gaussian distribution as before. Then
we refine each sparse grid function 10 times and add all the 2D successors of the
grid point with the largest absolute coefficient. Afterwards, we make sure that the
resulting sparse grid is consistent and add missing grid points.

Due to the design of the experiment and the Gaussian distribution, the adaptively
refined sparse grids have the following property: By refining a small grid we
obtain a non-regularly shaped grid. On the other hand, if we refine a large grid
we obtain a still regularly shaped grid. We expect the intersection search to be
significantly more effective for non-regular grids because the maximum level grows
with every refinement step in the worst case and the corresponding full grid grows
exponentially. But the number of intersections grows slower since we just add a
constant number of new grid points in each refinement step. If all the associated
coefficients of these grid points were positive, the complexity of the intersection
search would not even increase at all.

The results in Fig. 10 show the expected behavior for the Gaussian distribution.
First, we focus on Fig. 10 (left), which shows that, indeed, the number of
intersections is two orders of magnitude smaller than the number of full grid points
for adaptively refined grids that start with a regular grid with a level smaller than
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Fig. 10 The left plot shows the number of intersections (purple) we need to compute to generate
the candidate set (orange). The number of intersections is several orders of magnitude smaller than
the number of full grid points for £ < 4. The plot in the center shows the size of the extension
set for £ = 6 that, again, stops growing at [l|; > 15 for each coefficient estimation method (set-
to-zero, interpolate-boundaries, interpolat-function). As you can see in the right plot, the extended
sparse grid is significantly smaller than the corresponding full grid

5. The intersection search algorithm pays off significantly. For £ > 5, where the
refined grids have again a regular shape, the results are similar to the ones from the
last section.

The plot in Fig. 10 (center) shows that the maximum levelsum of the adaptive
sparse grid increases from 24 to 26 for £ = 6 compared to the regular grid. Again,
most grid points in the extension set have a small levelsum. There are none available
with |l]; > 16, independent of the coefficient estimation method. The numbers on
the y-axis show that the size of the extension set is smaller than 2 x 103. This is
significantly less than the size of the full grid, which is larger than 10°, as one can
see in Fig. 10 (right). This confirms the previous results and shows again that the
size of the extended sparse grid grows as the original sparse grid.

To conclude this example we summarize the main observations we have made
with respect to the extended sparse grid method: First, the size of the extended set
has sparse grid complexity with properly chosen coefficients for the grid points of
the extension set. The interpolate-boundaries method shows good results. Second,
finding the candidate set is computationally demanding. It requires the enumeration
of a non-negligible fraction of the corresponding full grid points. Nevertheless, the
more the sparse grid is irregularly shaped the more the intersection search pays off.

5 Conclusions

In this paper we presented a new method to limit the range of function values
of arbitrarily refined sparse grid surrogates with a piecewise D-linear basis. It is
based on computing a minimal extension set that is added to the original sparse
grid and guarantees for properly chosen hierarchical coefficients that the range of
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function values of the resulting surrogate function is limited to a certain interval.
Furthermore, we provided a variety of methods to, first, compute efficiently the
minimal extension set based on intersections of sparse grid points and, second, to
compute the corresponding hierarchical coefficients the need to evaluate the original
model function.

This approach has two main advantages over common methods: First, the
extension can be interpreted as a second level of adaptive refinement and the
surrogate remains a linear combination of basis functions. Hence, any further
operation on the surrogate, such as evaluation, quadrature, interpolation, regression,
density estimation, etc. can be applied without further restrictions. Second, the
experimental results indicate that the size of the extension set itself grows as the
original sparse grid itself, which makes it applicable to a large variety of problems.
Nevertheless, the bottleneck of the extension approach is the size of the candidate
set. Its size grows exponentially for the peaked Gaussian scenario that we considered
in this paper. In this extreme scenario it can contain a non-negligible fraction of
full grid points. Truncating the candidate set seems to be possible, but no general
approach is known yet. Nevertheless, for real world examples in the context of
density estimation with sparse grids (see [3], for example), we observed competitive
approximation errors at small additional costs for extending the sparse grid.

The presented method is a can not only be applied to interpolation problems but
to approximation problems in general if the presented prerequisites are met. The
solution of the unconstrained optimization problem presented in [11], for example,
describes the estimation of a sparse grid density function. The optimization could
be extended by constraints that guarantee non-negative function values at all grid
points, which would enable sparse grid densities that fulfill the properties of
probability density functions. Probability density functions play an important role
in the context of uncertainty quantification or the solution of the Fokker-Plank
equations. It is, however, unclear how the approach we presented in this paper
translates to these fields.

All the algorithms presented in this paper are publicly available in the sparse grid
toolbox SG** .
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Scalable Algorithmic Detection of Silent m)
Data Corruption for High-Dimensional e
PDEs

Alfredo Parra Hinojosa, Hans-Joachim Bungartz, and Dirk Pfliiger

Abstract In this paper we show how to benefit from the numerical properties of
a well-established extrapolation method—the combination technique—to make it
tolerant to silent data corruption (SDC). The term SDC refers to errors in data
not detected by the system. We use the hierarchical structure of the combination
technique to detect if parts of the floating point data are corrupted. The method
we present is based on robust regression and other well-known outlier detection
techniques. It is a lossy approach, meaning we sacrifice some accuracy but we
benefit from the small computational overhead. We test our algorithms on a d-
dimensional advection-diffusion equation and inject SDC of different orders of
magnitude. We show that our method has a very good detection rate: large errors are
always detected, and the small errors that go undetected do not noticeably damage
the solution. We also carry out scalability tests for a 5D scenario. We finally discuss
how to deal with false positives and how to extend these ideas to more general
quantities of interest.

1 Introduction

Existing high-performance computing systems exhibit various forms of anomalous
behavior. Most commonly, hardware components are prone to fail while performing
computations, which often leads to undesirable outcomes. This is simply a result of
having a large amount of hardware elements in a system, each of which has a certain
probability of failing after a given (possibly very long) time so that the probability
of any single component failing within a given time increases proportionally.
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Additionally, there are various ways in which the component can fail and some
types of errors are expected to become more critical as node count increases towards
exascale.

One class of errors that has caught the attention of supercomputer users over the
past few years is what is known as silent data corruption, or SDC. In the most
general sense, SDC can be any undetected system error, usually in the form of
arithmetic computation errors, control errors, or wrong network transfer of data [29].
A well-known type of SDC is an undetected bit flip, which can be caused by cosmic
rays interacting with the silicon die or other hardware defects [1, 7]. SDC is still
poorly understood, but there is a growing consensus among computational scientists
supporting the claim that these errors will affect simulations in future exascale
systems [29]. Despite the uncertainty surrounding the frequency of such errors, one
single occurrence of SDC can have fatal consequences in a simulation [9], as we
observed in our experiments.

The effect of SDC has been studied in a wide variety of scenarios and there exists
several tools and algorithms to simulate, detect and recover from SDC. Notably,
one can find implementations of MPI that include redundancy to detect and recover
from SDC [13]; others have applied techniques of data analysis and time series
to determine whether numerical computations fall within expected bounds [2];
some groups focus on developing robust numerical algorithms that can tolerate
SDC, notably GMRES [10] and other Krylov subspace iterative methods [8]; and
processor designers are rethinking arithmetic circuits in CMOS technologies to
make them more robust to SDC [26]. But given that a one-size-fits-all solution
is unlikely to be developed for the vast amount of application codes out there, it
is crucial that algorithm designers try to exploit the numerical properties of their
schemes to overcome the challenge of silent faults in the foreseeable future. This
is the approach we adopt in this paper, which we aim to demonstrate in the context
of the solution of high-dimensional PDEs, one of the most challenging problems in
HPC.

1.1 High-Dimensional PDEs in High-Performance Computing

Many interesting physical phenomena are modeled via partial differential equations
(PDEs). As a motivating example, consider the problem of microturbulence arising
from the confinement of hot plasma with a strong magnetic field. This is an ellusive
problem in plasma physics, since the appearance of microturbulence in fusion
reactors hinders the production of clean energy. Mathematically, the evolution of the
plasma field in such a scenario can be described by a PDE, namely, the gyrokinetic
Vlasov equation, given in its most general form by [24]

$=$®+W®. (1)
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This equation describes the time evolution of a (5+1)-dimensional plasma field u =
u(x, y, z, v, 4; 1), with x, y and z being the spatial coordinates and v and w the
velocity coordinates. The differential operators . and .4 describe the linear and
nonlinear spatial evolution of u, respectively. The explicit form of the operators .Z
and .4 necessitate numerical methods to solve Eq. (1). The physics code GENE does
this for a wide variety of scenarios [23]. It uses a Runge-Kutta scheme in time and
a combination of high-order finite differences and Fourier discretization in space,
resulting in a 5D cartesian grid £2; with 21 x 23 x 23 x 24 x 2/5 discretization
points. A grid for a typical scenario has 128 x 64 x 512 x 64 x 16 points (232 in
total), and requires roughly 2TB just to be stored [25]. Increasing the number of
points in a given dimension increases the computational costs considerably, which
slows down the research in plasma fusion. This is currently a major challenge in the
plasma physics community.

Sparse grids are an attractive option to reduce the number of discretization points
in high-dimensional problems, while keeping the error small [5]. Discretizing the
computational domain using sparse grids is possible in many cases, but for a legacy
code like GENE, with thousands of lines of code and highly optimized routines, it
might not be realistic. The combination technique helps to overcome this difficulty.
It is an extrapolation method that approximates the sparse grid solution, but with
the advantage of not having to change the discretization scheme in the original
code. In this paper we describe the advantages of using the combination technique
to solve high-dimensional PDEs and the properties it has that can be exploited
to deal with SDC. In previous work we have outlined two such strategies [21],
but our original formulation had several drawbacks and were tested on small 2D
examples in serial. The main contribution of this paper is to show an efficient and
scalable implementation of those algorithms, which requires some modifications to
the original formulation. We show that our algorithms can detect and recover from
SDC at a very small computational cost in 2, 3 and up to 5 dimensions. We also
demonstrate that one of our algorithms scales to up to 32k cores for a 5D simulation.
We are not aware of any results in the literature showing scalability results of this
magnitude for SDC detection and correction.

2 Theory of the Classical Combination Technique

We start by introducing some basic notations used throughout the paper. Consider
the unit interval [0, 1] discretized with a grid £2; with 2/ — 1 inner points and one
point on each boundary (2 + 1 points in total). The mesh size is #; := 2! and
grid points are x;,; := j - hyfor0 < j < 2’, with/ € N = {1, 2, ...}. In arbitrary
dimensions, bold letters denote multi-indices: 1 = (I1,...,1l;) € N?. The d-unit
cube can be discretized with a Cartesian grid §£2; := £2;, x --- x £2;, with mesh
sizes hy := (hyy, ..., hy) = 271 = (2711, R 27ld) € R? and grid points x)j :=
(X1, jys v s X1y, jy) for0 < j < 21 we compare multi-indices componentwise: i < j
means iy < ji forallk € {1, ..., d}. Discrete [,-norms | - |, for multi-indices will
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also be used. For example, |l|; := /1 + --- 4+ I4. The wedge operator i A j denotes
the componentwise minimum of i and j: i A j := (min{iy, j1}, ..., min{ig, jg}).
Also, the grids are defined according to the standard nested doubling rule, which
means that the number of grid points at each level doubles with increasing level i
and £2; C £2i41.

Suppose u(x) € V. C C([0, 11%) is the exact solution of a PDE in d dimensions.
We will denote a numerical approximation of u by uj(x) € Vi C V, where V; =
®Z=1 Vi, is the space of piecewise d-linear functions defined on a grid £2; [15].
The combination technique involves solving a PDE on a set of anisotropic grids and
adding them together with certain weights to approximate a full grid solution uy:

d—1 d—1
) = Z(—l)‘f( ) > ui X un. )
q=0 9 ie.?,

This is the classical formulation of the combination technique, with the index set
Sy ={i:|ili =n+(d —1) — q}. It is worth mentioning that the grid on which the
combined solution uff) lives is a sparse grid. As an example, the index sets resulting
from choosing n = 7 in 2D are

Jo=1(7,1),(6,2),(5,3),(4,4),(3.,5),(2,6), 1, D},
J1={(6,1),5,2),(4,3),(3,4),(2,5), (1,6)}.

This translates into solving the PDE on 13 different grids and combining them to
approximate the full grid solution u7 7. It is worth mentioning that the grid on which

the combined solution u'" lives is a sparse grid.
In order to combine the different grids, it is common to transform each u; into
the hierarchical basis given by

i =y > o). (3)

I<i jE‘/I

The ocl(i.) € R are called the hierarchical coefficients or hierarchical surpluses, and
can be computed from the function values as follows:

d
“1(11) = (/!:[1 [_é I - é:llk,jk> ui(x1§). )
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In 1D this stencil notation means

“l(,l,)' = [—é I é]l ; ui(xz,j)

1 1 ®)
= Ui 1) i (x1,) = i (31, 1)
The basis functions ¢y j are d-dimensional hat functions:
d
¢ ) = [ ] bu.i 0, 6)
k=1
with
¢1.j(x) = max(1 — [2'x = j|.0). ™
The hierarchical index set _#] is given by
A=liit= =2 —1 jiodd 1<k =df. ®)

The classical combination technique is based on the premise that each u; satisfies
the error splitting assumption (ESA):

d
= . ) p p
u—ui =) Y Cepee X hig oo hi R oo h] 9)
k=1 {ey,...,ex}
c{l,....d}
where p € N. It is also assumed that each {ey, ..., ex} C {l,...,d} is bounded
by [Ce,....er (X, hiel e h,-ek)| < Ke,,... ¢ (X), and that all «,,, ., are bounded by

Key.....er (X) < k(). It is important to note that Eq. (9) is a pointwise relation, which
means that it must hold for all points x.
The ESA in one dimension reduces to

u—ui =Cr(x1, h)h?, |Ci(x1, h)| < k1 (x1). (10)
In two dimensions it becomes

u —ui = Cr(x1, x2, hi))h{ + Ca(x1, x2, hi)hf + Cr2(x1, x2, hiy , hiy)hf b,

it

Y
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It is possible to show that, if all u; satisfy the ESA, then the pointwise error of the
combination technique is [16]

u —ul®| = O(h%(og (h;1))?), (12)

which is only slightly worse than the error on a full grid, & (h%). The ESA is satisfied
for the Laplace equation solved with finite differences [6] and for the advection
equation solved with both an implicit first order scheme [27] and second order
centered finite differences in space, and the fourth order Runge-Kutta scheme in
time [17, Section 4.5].

Strongly anisotropic combination solutions cause instabilities in the combination
technique, so it is common to increase the minimum level of discretization per
dimension using a truncation parameter t, which results in the truncated combi-
nation technique

d—1 d—1
u;ﬂ:Z(—Dq( q_ ) > o, (13)
q=0

iedy

with the index set #, . ={i: liji =n+d—-1)—qg+7, and i; > 1, Vj =
1,...,d}. By setting t = 3 in the example presented earlier we would instead
obtain the index sets

0,3 =1{(7,4),(6,5), (5,6), (4, D},
J13=1{6,4), (5,5), (4,60)}.

Throughout this paper we will use this formulation of the combination technique.

One of the main advantages of the combination technique is that computing the
various u;j can be done in parallel. We now briefly explain an efficient parallelization
strategy and the fault-tolerant variant of the combination technique.

3 The Combination Technique in Parallel

The fact that we solve the same PDE on multiple grids with different resolutions
means there is room for parallelization. The only step requiring communication
is the combination step—adding the different solutions together to obtain the
combined solution uff). This is done either once at the end of the simulation or
at every certain number of time steps, depending on the application.

The authors of [19] have described a very efficient parallelization strategy for the
combination technique. It is a master-worker scheme, whereby the total available
processes P in a parallel system are divided into M process groups. Each process
group is then assigned a subset of all the grids on which the PDE has to be solved,
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using an appropriate load balancing scheme. The groups then solve the PDE on
their set of grids, one after the other, independently of the other groups. A master
process signals the groups when it is time to combine the results. The authors have
shown that the computational overhead of the combination technique is usually very
small compared to the actual computation of the solutions on each grid, especially
as the dimension and problem size increase. The authors tested this scheme on
the supercomputer Hazel Hen with a 5D example and the scalability results with
up to 180k cores were very promising. Their largest experiments consisted of 182
combination grids with a varying number of process groups (from 11 to 88, resulting
in 8192 and 1024 processes per group respectively).

4 Dealing with System Faults

Another advantage of the combination technique is that its hierarchical structure can
be exploited to deal with system faults. The authors in [18] have shown that if some
of the component solutions #j go missing due to system faults, one can combine the
rest of the solutions with alternative weights and still obtain a good approximation
of the full grid. This fault-tolerant combination technique is illustrated in Fig. 1 for
a simple 2D example. Notice that some additional solutions are needed for the
alternative combination to work (in this example, the solution u; with i = (3, 1)
had to be added). These additional solutions are computed along with the original
set of solutions, but this extra effort is small. This approach also has the advantage
of not requiring any checkpointing, but as one might expect, some accuracy is lost.
This loss of accuracy is nevertheless very small and worth the cost. In previous
work we have shown that it is possible to incorporate this fault tolerant algorithm
in the parallelization strategy described above. The idea is that if some processes
in a group fail during the computation phase, the whole process group is removed
from the communicator before the combination step, and all solutions in that group
are given a coefficient of zero. Our experiments showed that the combined solution
remains accurate, and that the algorithm scales well with up to 65k cores [20].

1) %)
5 [+1] 5 [+1]
""""""" 4 [—1f+1 4 [-1]+1
S EEE — 3 [
.............. 2 2 0]o
1 —1[+1] 1 —1]o+1]
1234515 1234514

Fig. 1 Simple example of the fault-tolerant combination technique where two solutions go
missing due to system faults (left) and the alternative combination coefficients (right)
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5 Detecting and Recovering from SDC

In this section we address the main topic of this paper: what can be done if SDC
affects one or more combination solutions while being computed? We have argued
in [21] that even small arithmetic errors in the combination solutions u; can ruin
the combined solution u,(,c), and we have described two possible ways to detect
corrupted data before the combination takes place. We now formalize and extend
those ideas, and we discuss how to implement them efficiently and in parallel. The
main idea is to recognize that although we do not know what the solution of the
PDE will look like, if the combination technique converges, we can expect the
different combination solutions look somewhat similar, so any solutions that deviate
too much from the others should be inspected for SDC. Since the ESA is sufficient
for convergence, we can define solutions to be “similar” to each other if they fulfil
the ESA. The two methods that we will describe are based on outlier detection
techniques and robust regression. Before going into the details, we emphasize that
in both cases we implicitly assume that each u; is expressed in the hierarchical
basis (4). This is admissible since the hierarchical coefficients also satisfy the ESA,
which is the starting point of our SDC detection algorithms.

5.1 Method 1: Comparing Combination Solutions Pairwise via
a Maximum Norm

In Sect.2 we argued that each combination solution u; has to fulfill the ESA (9)
pointwise. So suppose we take two arbitrary combination solutions u¢ and ug from
the set of all the solutions to be combined. If the two solutions satisfy the ESA, then
their difference should satisfy the relation

ug(x1j) — us(xrj) = Cr(x, he)hi, + Ca(xrg, hiy)hy, + Cra(xg, hey, hiy)hi b,

— Ci(x1j, hs))hY — Co(xrj, hsy)hEy, — Cro(xaj, by, hsy)h5 hY,.
(14)

(We do the analysis in 2D for simplicity, but the idea applies to arbitrary dimen-
sions.) This equation holds only for the grid points common to both grids §25 and
§2¢, i.e. for all x5 with (1, 1) <1 < t A's. Taking the largest value of (14) over all
(1, j) can serve as an indicator of how similar or different two solutions u¢ and ug
are. Now assume that SDC has affected one or more function values of either u¢ or
ug, causing (14) to be large for the affected grid points. This means we should be
suspicious of the grid point x) j where (14) is largest, so we can measure

= max max |u¢(xp;) — us(xpi)|. 15
.B(s,t) 1=ths je/’l| t( l,J) s( l,J)| ( )
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We can compute B ¢ for many pairs of grids (s, t) and try to determine whether
they fit the error expansion (14). If some measurements don’t fit the model well,
they can be considered to be outliers. By “fitting” we mean finding the functions
C1,Cy and Cp in a least square sense. The only problem is that each of these
functions depend on xj j since (14) holds pointwise. This means that if we want to
fit measurements of B ¢ to the model (14), every measurement should be made at
the same grid point for all pairs (s, t). We can do this by focusing on the grid point
x; where Bs.q) is largest over all pairs:

(s, )" = argmax B 1 (16)
(s,)e?
xf'jj = arg max Bs. 1)+ 17
X],j

¥ denotes the set of all pairs of multi-indices under consideration. We can then
measure
By = ut(qy) — us(x'y) = C10q'5, hihf, + Ca20x5, by,
— C1(xq, hs) )RS, — Ca(xy§, hsy)hs, (18)
=: B(s,t)

for all pairs (s,t) € 7. In the equation above, ,B(*S t) denotes the actual value we

measure, while ﬁ(s’t) is the model for the error expansion (14) (without the higher
order terms). For a given index s we suggest to measure ,B(*S’t) with respect to the
d-nearest neighbors of s (those for which the distance |s — t|; is smallest).

As an example, consider a set of 10 combination solutions in two dimensions
with the following index set:

Classical set Fault tolerance set
Ho3U 13U SH3U A3 ={(7,4),(6,5),(5,6),(4,7),(6,4),(5,5), 4,6),
(5,4),4,5), (4,4)}

19)

The resulting set of pairs ¥ would have 11 elements, listed in Table 1. The second
column shows the measured values of B, for a simple example solving an
advection-diffusion equation (more details i in Sect 6.1). The values corresponding
to pairs {(4, 7), (4, 6)} and {(5, 6), (4, 6)} are particularly high, which could indicate
that solution u 4 ¢y has been affected by SDC. A measurement is “high” if it deviates
too much from the model. This means we should perform robust regression on the
values we measure, that is, trying to fit the measured values ,B pto the model ,B(S 1)
but with the constraint that some of the values could be outhers This translates
into finding the values of the functions C; and C; at all mesh sizes A; that appear
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szle 1 Measurements of Pair (s, t) ﬂ(*s Y
B st with one solution
affected by SDC, namely, 4,5 &4 | 0.0275
U(4,6) 4,7) 4,6) 0.2180

4,7)(5,6) | —0.0029
G4 @4 | 00152
(5,4)(5,6) | —0.0498
(5.54,5 | 00158
(5,6)@4,6) | 02210
6,5 (5,5 | 00111
(6,5)(6,4) | 0.0283
(7,4)(6,4) | 0.0061
(7,4)(6,5) | —0.0222

in the combination technique, namely, h; = {h;41, hr42, ..., hy}. If we denote
by ¢ := (Ci(h+1), ..., C1(hy), C2(hr41), ..., Ca(hy)) our vector of 2 - (n — 1)
unknowns, the robust least squares problem that results is

cmin < min > o (B © — Biy) (20)
(s,p)e?

Bty = By + €s.0)- Q1)

ety is the difference between the measurements and the model. Since the
model fs.¢) is linear, it can be written as the matrix-vector product B ¢ (¢) := X ¢,
where the matrix X € RI”1*2(=7) contains the corresponding coefficients hf’ . The
role of the loss function p is to attenuate the effect of outliers, and it should have
the following properties [14]:

p(e) =0
p(0)=0
(22)
p(—e) = p(e)
ple1) = p(ex) for |er] > |ea]

The choice p(e) = e leads to the ordinary least squares problem, but the 2-norm is
not robust to outliers. Some choices for the loss function that are robust to outliers
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include

e Huber’s function:

e, e<l1
ple) =
Je—1, e>1

* Cauchy’s function:

p(e) =In(1 +e)
* arctan function:

p(e) = arctan(e).

There are well-established algorithms to solve the minimization problem (20),
such as the Trust Region Reflective algorithm [4] or the Iteratively Reweighted
Least Squares (IRLS) method [22]. In this paper we opt for the latter, which is
implemented in the GSL library [14]. The main idea behind using robust regression
is that outlier measurements will have large residuals r = ,szs’t) — X - Cmin, but in
order to have an absolute criterion for outliers, the residuals have to be normalized
by a scaling factor to make them dimensionless. One way to do this is described
in [28]. The idea is to calculate a preliminary scale estimate o® given by

5
0—1.4826(1 d r2. 2
o 826 +|7/|—2-(n—t) \/mer (23)

Here, | 7| is the number of measurements we have (equal to the number of pairs
we are comparing) and 2 - (n — t) corresponds to the number of unknowns in the
minimization problem (number of C; functions). One then calculates a weight w;
for each residual as follows:

1, if |r/s% <25
w; =
0, otherwise

With these weights we then compute a more robust scale estimate o * given by

171
>
i=1

oF = .
x4

> wi—2-(n—1)
i=1
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One can finally use this scale estimate to compute the standardized residuals

. r
F= . (24)

G*

A common heuristic is to label the i-th measurement as outlier if |r;| > 2.5.

5.2 Method 2: Comparing Combination Solutions via their
Function Values Directly

Instead of measuring the value of ,B(*S,t (the maximum difference between pairs of
combination solutions), one could also look at the function values u;(x) j) directly.
We proceed as in the previous section by first finding the grid point xfjj where
the value of By is largest (Eq. (17)). But now we take a look at the function
values ui(xf'jj) for all combination solutions u; containing the grid point xf’jj. Since
we can expect the different values of ui(xl’fj) to be somewhate similar across the
combination solutions (despite having different discretizations), we try to fit them
to a constant #:

Umin <— n};in Z 0 (uy (x]’fj) - ﬁ) . (25)

I'>1

(A grid point x) j can be found in all combination solutions uy for which ' >1)
The residuals r; = ui(xl’fj) — Umin can be normalized as in the previous section
(Eq. (24)) to determine if any of them corresponds to an outlier measurement, with
| 7| substituted by the number of measurements we have (number of combination
solutions containing the grid point xfj) and 2 - (n — 7) substituted by 1 (number
of unknowns in the minimization problem—in this case, only #). One advantage of
this method is that it doesn’t explicitly rely on the ESA, which could make it more
useful in cases where it is not clear whether the ESA holds.

5.3 Cost and Parallelization

The two methods we have described require two main steps: searching for the grid
point xl’fj where B ) is largest for all pairs of solutions and solving the modified
least squares problems (20) and (25).

Let us begin with the cost of calculating all values of Bs ), that is, the maximum
difference over all pairs of combination solutions from the set . The number of
pairs we have depends on the number of combination solutions u; resulting from the
truncated combination technique (13). For a given level n and truncation parameter
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7, the total number of combination solutions is given by !

d+1 d+1

_ (m+d—-2)—q—1)!
U 7 _Z(n—q—r—l)!(d—l)!‘ (26)
q=0 q=0

For large n there are &(d - n®~') such grids. If we compare each combination
solution to its d nearest neighbors, then we have |¥| = Od? - n? 1 pairs to
compare. Each comparison requires a simple traversal of the two grids (each of
which has &'(2") grid points), which is not expensive, especially compared to the
actual work of solving N time steps of a PDE on each of the |7, ;| grids.

The cost of solving any of the minimization problems (20) and (25) is also small.
In the former case, the regression model matrix X is very small (of size |#| x 2+ (n—
7)), and the minimization problem usually takes 10! — 10 iterations to converge
(using IRLS). In the latter case, we are only fitting a scalar value, so the cost is
negligible.

We can use the parallel framework described in Sect.4 to accelerate the
computation of B ) (and /3(*5’0). Since each solution uj is parallelized using domain
decomposition, each process within a process group can calculate its local value of
Bs,t) for all pairs of solutions. The local values can then be reduced within the group
using MPI_MAX. Both methods are implemented at a group level, so there is no
global communication involved, which also means that each process group should
contain enough combination solutions u; for the statistics to be significant. As we
will see in our tests, this is not a problem since one only needs approximately 5 or
more measurements (so roughly 5 grids per group). These numbers will become
more clear in Sect.6 where we describe typical simulation scenarios in various
dimensions.

5.4 Detection Rates

It is difficult to estimate the detection rate of our methods a priori since the rate
depends on various different factors, namely:

* The loss function used for the minimization problem

* The specific minimization algorithm used to solve (20) and (25)
* The threshold for the standardized residuals

* The number of combination technique solutions involved

So instead of trying to deduce theoretical detection rates, we will study fault
scenarios extensively and report the detection quality of our algorithms.

IThis can be calculated using, for example, the stars and bars method.
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6 Numerical Tests

6.1 Experimental Setup

To test our algorithm we used a d-dimensional advection-diffusion equation

du—Au+a-Vu=f in2 x[0,T) 27)
u(-, 1) =0 in 92

as implemented in [20], with 2 = [0,1]¢, r = [0,0.05], a = 17 and
u(-,0) = 100 i (i=0.5) using the framework DUNE-pdelab [3]. This means
we simulate a Gaussian function centered in the middle of the domain at ¢ = 0,
traveling diagonally with a constant velocity in every dimension. The spatial domain
is discretized using the finite volume element method on rectangular grids, and we
use a simple explicit Euler scheme in time.

We carried out experiments in up to 5 dimensions. In all cases we simulated 50
time steps using Az = 1073 and we combined the solutions every 10 time steps
according to Eq. (13). The robust linear regression problems (20) and (25) were
solved using the GNU Scientific Library [14] with a Cauchy loss function. The
library implements the IRLS algorithm.

6.2 SDC Injection

In [21] we proposed a way to simulate SDC in the combination technique. It is
based on the suggestions in [11] and [12], where the authors argue against injecting
perturbed values into the floating point data (for example, in the form of random bit
flips) to study how an algorithm reacts. Instead, they propose trying to identify the
worst-case scenarios that a solver could face, and to come up with numerical bounds
or additional algorithmic steps to guarantee stability in these cases. Although it is
often difficult to identify the worst-case scenarios (and simulating these may lead to
olverly pessimistic conclusions), we think it’s the more robust approach. See [21]
for a more detailed discussion.

For our simulations, the fault injection looks as follows. First we choose a
combination solution u; to inject SDC into. For our experiments we choose a
solution with the highest resolution (any u; with [i|; = n + d — 1), for a reason that
will later become evident. To simulate the effect of SDC, we choose a grid point xj
in u;j and alter the function value at that point in one of the following ways:

L. @i(x1j) = ui(xj) x 10739 (very small)
2. di(x ) = uixrj) x 10795 (slightly smaller)
3. @i(xa ) = uixrj) x 107159 (very large)
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We investigate two injection scenarios: one where SDC is injected in the middle
of the domain (x; = 0.5, i = 1,...,d in the unit cube) and another where the
injection is done near the middle of the domain, namely at x; = 0.5 — h;, i =
1, ..., d.Inthe former case, the chosen grid point exists in all combination solutions
ui, whereas in the latter case, the grid point appears only in the solution affected.
This means that if SDC is injected into a combination solution u; of the finest
resolution (which is what we do), it should be easier to detect when injected in
the middle of the domain (since the grid point is common to all solutions) than in
the latter case (since the grid point appears only in that grid). It is this latter case
that proves most challenging since SDC can potentially go undetected. Since the
solution of our PDE is a Gaussian that travels away from the center, the function
values in the middle of the domain vary from 1 to almost 0, which allows us to
investigate all possible magnitudes of SDC.

Finally, we choose a time iteration where the fault is to be injected and we inject
SDC only once in the entire simulation. Our goal is to detect the wrong solution
before performing the next combination and exclude it from the set of solutions by
assigning it a coefficient of zero and computing alternative combination coefficients,
as discussed in Sect. 4.

6.3 Results: Detection Rates and Errors

We investigated the quality of our two detection methods in 2, 3 and 5 dimensions.
We are primarily interested in the percentage of cases where SDC is detected, as
well as the quality of the combination technique after detecting and removing the
wrong solution.

Figure 2 shows simulation results with n = 7 and a truncation parameter t = 2
for the 2D truncated combination technique (13), which results in 14 combination
solutions. For each of the three magnitudes of SDC from the previous subsection we
ran 50 independent simulations, such that at the i-th simulation we injected SDC at
the i-th time step. At the end of each simulation we calculated the /, relative error
of the combination solution compared to a full grid solution of level 7 (i.e., with

7 + 1) x (27 4 1) grid points), e = s _“”';f”z When SDC was injected in the
middle of the domain (Fig. 2a), Method 1 detected the SDC in 88%, 64% and 100%
of the times for the three magnitudes of SDC, while for Method 2 the rates were
98%, 84% and 100%. When we injected SDC near the middle of the square domain
(Fig. 2b), the detection rates were 22%, 10% and 100% for Method 1 and 0%, 0%
and 100% for Method 2. But these low detection rates are not a bad result, since the
error introduced by the SDC is so small that it is tolerable to not detect it: it affects
the combination solution almost imperceptibly. When SDC was large (10+13%), SDC
was always detected.

For the simulations in 3D we used once again n = 7 and a truncation parameter
T = 2, which results in 10 combination solutions. For each magnitude of SDC we
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ran 6 independent simulations, injecting SDC at iterations 0, 9, 19, 29, 39 and 49,
respectively. We calculated the error of the solution compared to a full grid solution
of level n = 5 at the end of each simulation. The results are very similar to the
2D case, with the exception that Method 1 performs more poorly when SDC is
of moderate magnitude (1073% or 10~%3). Method 2 remained robust, detecting all
instances of SDC that would have otherwise led to large errors. Figure 3 summarizes
our results.

Finally, for our detection tests in 5D we used n = 11 and a truncation parameter
T = 2, which resulted in 21 combination solutions. Injection was done as in the
3D case and we compared the combination technique with a full grid solution of
level n = 5. Due to the very high cost of running these tests, we only simulated one
scenario, injecting SDC in the middle of the domain and detecting using Method 2
(Fig. 4a). We used 2 process groups, each with 1024 processes. As in the 2D and
3D cases, SDC is not detected when its effect is too small. In all other cases, it is
detected and fixed.

6.4 Results: Scaling

To test the parallel performance of our algorithm, we measured the time needed to
compare all pairs of grids and solve the robust regression problem of Method 2.
We used a five dimensional scenario with n = 15 and t = 2, which results in 126
combination solutions. For the parallelization we used 8 process groups, doubling
the number of processes per group from 256 until 4096. Our time measurements
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middle of the domain; (b) scaling experiments

can be seen in Fig. 4b (Search SDC). Once the SDC is detected, the wrong solution
is removed and the combination technique is adapted. The time to perform these
operations is shown in the plot as Recover. As expected, this time is negligible
compared to the time required for one time step of the solver (Solve, which is 3—
4 orders of magnitude larger), but the time remains fairly constant with increasing
number of processors. For this simulation scenario, we would still need to increase
the number of processors by several orders of magnitude for the Recover step to
start playing a role. The main cost of the recovery step comes from reinitializing the
wrong task, as we reported in [20], and this cost depends on the solver. In the case
of DUNE, initializing a grid does not seem to scale.

6.5 Dealing with False Positives

Increasing the dimension of the problem gave rise to an increasing number of
false positives: combination solutions marked as outliers when they were not. This
happened in scenarios where the function value at a grid point was almost exactly
the same across many combination solutions, but only slightly different in others, as
illustrated in the measurements in Table 2.

If outliers are penalized strongly, such slight variations are assigned very large
standardized residuals and they are marked as outliers.

To solve this problem, we propose the following approach. Consider again the
six measurements from Table 2. We first combine the six values according to their
classical combination coefficients,

Ue = Z ciui(0.5,0.5).
i
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Table 2 Example of values i 4;(0.5, 0.5)

clustering
(3,3,3,3,3) |0.94203

(3,3,4,3,3) | 0.94203
(4,3,3,3,3) | 0.94203
3,3,3,3,4) | 0.94571
(3,4,3,3,4) | 0.94203
(3,3,3,4,3) | 0.94203
Grid with index (3, 3, 3, 3, 4)
can be erroneously marked as

wrong if outliers are penal-
ized strongly

We then remove the suspect value as if it were an outlier (we assign it a zero
coefficient) and we combine the rest of the values with their alternative combination
coefficients (computed according to the Fault Tolerant Combination Technique),

u, =Y cjui(0.5,0.5).
i

If the suspect value is indeed an outlier, the relative difference between u. and u.,
should be large, since u, is affected by the outlier but u/. is not. On the other hand,
if the suspect value is only slightly different (and thus not really an outlier), then u,
and u/. should be very similar. So we can compute

luec — ul
€rel = <,
|t min|

and if this error is small (say, < 5%), we conclude that the suspect value is
not actually an outlier. upip is the robust value obtained from the regression
problem (25). We used this strategy in all scenarios described earlier.

It is important to keep in mind that the integration scheme we have been using
is explicit, which means that the error introduced by SDC at a given time step
propagates slowly and locally. Implicit schemes, on the contrary, could spread the
error to the whole domain after only one time step. It is not clear how large the error
of the combination solution would be if all values were affected by a small factor. If
no wrong values are detected, the small errors could accumulate, leading to a large />
error. On the other hand, if all values in one combination solution are wrong, there is
a chance that the largest such error could be large enough to be detected, especially
considering that errors are amplified during hierarchization. Such a scenario should
be included in future experiments.
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7 Extensions to Quantities of Interest

The two methods described in this paper are based on observing the function
values of the different combination solutions. However, we are often not interested
in the function values themselves, but rather in a Quantity of Interest (Qol) Q
corresponding to the numerical solution uj, or Q(uj). We can also apply the
techniques of robust regression presented in this paper if we have a mathematical
model of the discrete Qol (analogous to Eq. (18)). That is, if we have a model for

Qu) — Q(ui),

we can perform a regression analysis on the measured Qols.
As an example, consider the Qol given by the integral of the solution field over
the entire domain [31]:

Q(u):/ u(x)dx. (28)
2

We can calculate this integral numerically for each of the combination solutions
ui and perform robust regression to find outliers. If we use, say, a trapezoidal rule O,
to calculate (28) numerically, we know that the error will be of order2in 2 = 1/N,
with N = [T9_, 2" + 1),

O) — On(u;) = C - h*> + O(h). (29)

We could then try to fit our measurements of Qp (1) to, say, a polynomial model of
powers of A,

P
On(i) = Q(e, h) :=Y_cjh/. (30)

J=0

The robust minimization problem would then be
min 3 p (Qn(6) — O(e. ). G31)
1

The advantage now is that since we look at an integrated quantity, it matters little
where the SDC occurs in the solution field.

Initial tests with a linear advection equation in 2D show promising results.
Injecting SDC of magnitude 1070 into one solution affects its Qol, as seen in
Table 3. (Here we used an example for which the exact integral is Q1) = m.)
Trying to fit the measurements of Qj (uj) to model (30) with order p = 2 reveals
the outlier Qol (corresponding to solution u 3)).
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Table 3 Detecting outlier

i s )
quantities of interest with a 3 3Q;'4(”l7)5 0'01204
simple polynomial model: (7,3) |3. -
grid (6,3) is identified (5,4) |3.14268 | 1.32745

4,6) |3.14215 | 0.67156
(6,4) |3.14215 | 0.67156
4,5) |3.14268 | 1.32745
(4,3) |3.14245 | 0.23318
(4,4) |3.14344 |2.19886
(5,5) |3.14222 | 0.79327
(6,3) |3.13748 | 7.66325
(3,6) |3.14189 |0.00742
(3,7) |3.14175 |0.01204
(3,5) |3.14215 | 0.01368
(3,4) |3.14245 | 0.23318
(5,3) |3.14215 | 0.01368

8 Conclusion

There has been an increasing interest in studying the effect of SDC in large parallel
systems. This has resulted in different proposals to overcome them. Checksums,
for example, are quite common but they can be very cumbersome to implement
and computationally expensive, sometimes requiring checkpointing, additional
checkpoint processes, and a fault-tolerant MPI implementation ([29], Sect. 5.4.2
includes an extensive list of examples.) Data replication can work for some problems
(see [30]), but the overhead is not negligible. We believe that a one-size-fits-all
solution that is both scalable and robust is not likely to be developed, and that we
can do better by focusing on the particular features of our algorithms.

We proposed two methods to detect SDC using the combination technique. Both
are based on robust regression, but the minimization problems are different. In the
first algorithm we try to fit the difference of the function values for a set of pairs of
combination solutions to an error expansion. This method performs very well in 2D
but becomes less reliable as the dimension increases. The second method involves
fitting the function values directly, and we showed that this method is robust in up
to 5D but false positives have to be taken care of. Our scaling experiments with up
to 32k cores showed that the cost of searching and recovering from SDC is very
small. We believe that focusing instead on the Quantities of Interest could be a more
promising approach since for some Qols it is irrelevant where SDC occurs in the
data. This will be the topic of future work.
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Sparse Grid Quadrature Rules Based )
on Conformal Mappings e

P. Jantsch and C. G. Webster

Abstract Inthis work, we demonstrate the extension of quadrature approximations,
built from conformal mapping of interpolatory rules, to sparse grid quadrature
in the multidimensional setting. In one dimension, computation of an integral
involving an analytic function using these transformed quadrature rules can improve
the convergence rate by a factor approaching m/2 versus classical interpolatory
quadrature (Hale and Trefethen, SIAM J Numer Anal 46:930-948, 2008). For the
computation of high-dimensional integrals with analytic integrands, we implement
the transformed quadrature rules in the sparse grid setting, and we show that in
certain settings, the convergence improvement can be exponential with growing
dimension. Numerical examples demonstrate the benefits and drawbacks of the
approach, as predicted by the theory.

1 Introduction and Background

Standard interpolatory quadrature methods, such as Gauss-Legendre and
Clenshaw—Clurtis, tend to have points which cluster near the endpoints of the
domain. As seen in the well-known interpolation example of Runge, this can
mitigate the spurious effects of the growth of the polynomial basis functions at
the boundary. However, this clustering can be problematic and inefficient in some
situations. Gauss—Legendre and Clenshaw—Curtis grids, with n quadrature points
on [—1, 1], distribute asymptotically as ! ) [33]. Hence these clustered grids
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may have a factor of 7 /2 fewer points near the middle of the domain, compared
with a uniform grid. This may have unintended negative effects, and the issue is
compounded when considering integrals over high-dimensional domains.

For numerical integration of an analytic function in one dimension, the conver-
gence of quadrature approximations based on orthogonal polynomial interpolants
depends crucially on the size of the region of analyticity, which we denote by
Y. More specifically, they depend on p > 1, the parameter yielding the largest
Bernstein ellipse £, contained within the region of analyticity X'. The Bernstein
ellipse is defined as the open region in the complex plane bounded by the curve

{ze@:z:(u+u—1)/2,u:pei9,05952n}. (1)

This gives some intuition as to why the most stable quadrature rules place more
nodes toward the boundary of the domain [—1, 1]; since the boundary of E,, is close
to {1}, the analyticity requirement is weaker near the endpoints of the domain.
More specifically, to be analytic in E, the radius of the Taylor series of f at {£1}
is only required to be p — 1/p, while the radius of the Taylor series centered at O is
required to be at least p + 1/p.

On the other hand, the appearance of the Bernstein ellipse in the analysis is not
tied fundamentally to the integrand, but only to the choice of polynomials as basis
functions. Thus, we may consider other types of quadrature rules which still take
advantage of the analyticity of the integrand. Using non-polynomial functions as a
basis for the rule may improve the convergence rate of the approximation. Much
research has gone into investigating ways to find the optimal quadrature rule for a
function analytic in X, and to overcome the aforementioned “m /2-effect”, including
end-point correction methods [2, 15, 18], non-polynomial based approximation [4—
6,25, 34], and the transformation methods [7, 10, 13, 16, 17, 19, 24, 26, 30, 30] which
map a given set of quadrature points to a less clustered set. In this paper, we consider
the transformation approach, based on the concept of conformal mappings in the
complex plane. Many such transformations have been considered in the literature,
especially for improper integrals where the integrand has endpoint singularities,
e.g., [11, 30]. Our interest here is in analytic functions which have singularities
in the complex plane away from the endpoints of the interval. We consider the
transformations from [13], which offer the following benefits: (1) practical and
implementable maps; and (2) simple concepts leading to theorems which may
precisely quantify their benefits in mitigating the effect of the endpoint clustering.

Our contribution to this line of research is to implement and analyze the applica-
tion of the transformed rules to sparse grid quadratures in the high-dimensional
setting. For high-dimensional integration over the cube [—1, 1]¢, the endpoint
clustering means that a simple tensor product quadrature rule may use (/2)?
too many points. On the other hand, we show that for sparse Smolyak quadrature
rules [27] based on tensorization of transformed one-dimensional quadrature, this
effect may be mitigated to some degree. Even in the sparse grid setting, the use of
mapped quadratures is not new. The paper [11] uses a similar method to generate
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new quadrature rules. In their setting, the goal is to compute integrals where the
integrand has boundary singularities. In contrast, our objective is to analyze the
rules for integrands which are analytic but may have singularities in the complex
plane away from [—1, 1]¢.

The remainder of the paper is outlined next. First, we introduce the one-
dimensional transformed quadrature rules in Sect. 2, and in Sect. 2.2 describe how
to use them in the construction of sparse grid quadrature rules for integration
of multidimensional functions. In Sect.3, we provide a brief analysis of the
corresponding mapped method to show that the improvement in the convergence
rate to a d-dimensional integral is (/2)VED  where £(d)~' > d, and provide
numerical tests for the sparse grid transformed quadrature rules in Sect.4. We
conclude this effort with some remarks on the benefits and limitations of the method
in Sect. 5.

2 Transformed Quadrature Rules

In this section, we introduce one-dimensional transformed quadrature rules, based
on the conformal mappings described in [13], applied to classical polynomial
interpolation based rules. These rules will be used as a foundation for sparse tensor
product quadrature rules for computing high-dimensional integrals, introduced in
later sections.

To begin, suppose we want to integrate a given function f over the domain
[—1, 1], and assume this function admits an analytic extension in a region [—1, 1] C
X c C. Given a set of points {x; };'.:1, an interpolatory quadrature rule is defined
from the Lagrange interpolant of f, which is the unique degree n — 1 polynomial
matching f at each of the abcissas x}, i.e.,

L, f1(x) = Zf(xj)l;?(x), where I} (x) = l_[ ;__):
j=1 =t
i#]

The quadrature approximation of the integral of f, denoted Q,[ f], is then defined
by

1 1 n
/lf(x)dx ~ f  Lalf10) dx = Y eif () = Qulfl, )

j=1

with weights given explicitly as

1
cj :/_ll?(x)dx. (3)
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Now, according to the Cauchy integral theorem, since f has an analytic
extension, we can evaluate the integral along any (complex) path contained in ¥
with endpoints {4-1}. Next, let g be a conformal mapping satisfying the conditions:

g(xl)==1, and g ([—1,1]) C X. )

According to the argument above, the integral can be rewritten as the path integral
from —1 to 1, with the path parameterized by the map g, i.e.,

1 1
f s = f ()8 () ds.

Applying our original quadrature rule to the latter integral,

1 n -
/ F&s)g ()ds ~ Y cjg'(x)) flgx) =: Oulf], o)
-1 Jj=1 =G =X

we obtain a new quadrature rule with transformed weights {¢ j}’}z1 and points
{3Z J }7‘=1~

Equation (5) provides the motivation for the choice of the conformal mapping g.
Specifically, the Taylor series for f, centered at points x € [—1, 1] which are close
to the boundary, may have a radius which extends beyond the largest Bernstein
ellipse in which f is analytic. We may then hope to find a g such that a Bernstein
ellipse is conformally mapped onto the whole region where f is analytic, where
classical convergence theory yields the convergence rate for (f o g) - g’. In addition
to (4), it is especially advantageous to have g map [—1, 1] onto itself, i.e.,

g(=1, 1) =[-1,1]. (6)

In this case, the transformed weights and points remain real-valued, and we avoid
evaluations of f with complex inputs.

We now turn our attention to several specific conformal mappings which satisfy
the conditions (4), along with the extra condition (6). For more details on the
derivation and numerical implementation of the maps, see [13]. The first mapping
we consider applies to functions which admit an analytic extension at every point
on real line; in other words, functions which have only complex singularities. In
this case, the natural transformations to consider are ones that conformally map the
interior of a Bernstein ellipse (1) to a strip about the real line. Specifically, we define
a map which takes the Bernstein ellipse with shape parameter p to the complex
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Fig. 1 The mapping (7) takes the Bernstein ellipse E; 4 (left) to a strip of half-width 2(1.4 —
1)/m =~ 0.255

strip with half-width 2 (p — 1), as shown in Fig. 1. We can do this through the use of
Jacobi elliptic functions [1, 8]. First, fixing a value p > 1, we define the parameter
0 < m < 1 through

(0.¢] o
/4 ZZID—W—;)Z/ 1+22p—4j2 ’
j=1 j=1

and the associated parameter K = K (m),

/2 do
K = ,
/0 V1 —msin6

which is an incomplete Jacobi elliptic integral of the first kind [1]. Finally, we define
the mapping in terms of the elliptic sine function sn(-; m):

g1(z) = tanh™! <m1/4sn ( 2K m)) /tanh <m1/4) . 7

xsin ()’

We’ll refer to this map as the “strip map” in the following.
According to (5), we also need to know the derivative of g1, given by

2Km!'/* en(w(2); mydn(o(2); m)/tanh (m1/4)

/1 =22 (1 =m'Zsn(w(z2); m)) ®

g1(@) =

with w(z) = 2K sin~!(z) /7. Here we have also made use of the elliptic cosine
function, cn, and elliptic amplitude function, dn [1]. For our applications, we also
require the values of g/ at the endpoints of the interval, which are given by

g (x1) =4K*m'/4 (1 + ml/z) /nztanh (m1/4) )

Again we refer the reader to [13] for additional details.

Another way to change the endpoint clustering, and transform the quadrature
rule under a conformal map, is to use an appropriately normalized truncation of the
power series for sin~!(z). The map f{ sin~!(z) perfectly eliminates the clustering
of the Gauss—Legendre and Clenshaw—Curtis points, but since it has singularities at
=+1, it is useless for our purposes. On the other hand, by considering a truncation of
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G B

Fig. 2 The mapping (9), with M = 4, takes the Bernstein ellipse E 4 (left) to a pill-shaped region
with sides of length ~ 0.255

the power series

e¢]

N Tk+1/2) 2
- (Z)_; rajn)  Qk+ i’

2k+1

we define a more desirable mapping. To this end, for M > 1, we define

M

'k 1/2 2k+1
w@=cony TET
k=1

raj/2)  Qk+ k!’ ®)
with a constant ¢(M) € (0, 1) appropriately chosen so that go(+1) = 1. This
mapping is much simpler to implement than the previous mapping. We will call this
map the “pill map”, since it maps the Bernstein ellipse to a pill-shaped region about
[—1, 1] with flatter sides. In Fig. 2, we plot the image of the ellipse E, with p = 1.4,
under the mapping (9) with M = 4. The region on the right has almost flat sides,
with width a little bigger than 72T (1.4 —1) =~ 0.255.

2.1 Standard One-Dimensional Quadrature Rules

Here we give a brief summary of some standard interpolatory-type quadrature rules,
to which we will apply the mappings of the previous section. Only the nodes are
discussed here, as the weights for each method will be defined according to (3). For
an overview of the theory of interpolatory quadrature, see [33, Ch. 19].

The first quadrature rule is based on the extrema of the Gauss—Chebychev
polynomials. For a given number of points n, these are given by:

i1
xn,j=cos<(f )ﬂ), 1<j<n (10)

n

If we choose the number of nodes n = n(l) to grow according ton(1) = 1,n(l) =
2/=1' 41,1 > 1, this generates a nested sequence known as the Clenshaw—Curtis
nodes.
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Another set of points of interest are the well-known Gaussian abscissa, which
are the roots of orthogonal polynomials with respect to a given measure. Here we
consider the sequence of Gauss—Legendre nodes, which consists of the roots of the
sequence of polynomials orthogonal to the uniform measure on [—1, 1], i.e., the n
roots of the polynomials

Py(x) = dfn [@2=1"]. nzo. (1)

With the introduction of a weight into the integral from (2), other families of
orthogonal polynomials can be used. The main advantage of Gauss points is their
high degree of accuracy, i.e., the one-dimensional quadrature rules built from n
Gauss points integrate exactly polynomials of degree 2n — 1.

Remark 1 Gauss—Legendre points do not form a nested sequence, which may
lead to inefficiency in the high-dimensional quadrature setting. In fact, without
nestedness of the one-dimensional sequence, the sparse grid rule described in the
following section may not even be interpolatory. Even so, we only require the one-
dimensional rule to be interpolatory to apply the conformal mapping theory in the
multidimensional setting. We also remark that nested quadrature sequences based
on the roots of orthogonal polynomials, the so-called Gauss—Patterson points, are
also available, but we do not consider these types of rules herein.

The final set of nodes we consider are known as the Leja points. Leja points
satisfy a recursive definition, that is, given a point x| € [—1, 1], for n > 2 define

n—1
xnzargmax]_[|x—x,|, (12)
xe[—1,1] _—
j_
where we typically take x; = 0. Of course, there may be several minimizers

to (12), so for computational purposes, we simply choose the minimizer closest to
the left endpoint. In the interpolation setting, Leja sequences are known to have good
properties for approximation in high-dimensions [20], and there has been much
research related to the stability properties of such nodes when used for Lagrange
interpolation [14, 31]. The lack of symmetry of the sequence may not be ideal for
all applications, and certain symmetric “odd Leja” constructions may be used in
these cases [29]. On the other hand, the points here have the added benefit of being
a nested sequence and grow one point at a time, and furthermore have asymptotic
distribution which is that same as that of Gauss and Clenshaw—Curtis nodes [20].
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2.2 Sparse Quadrature for High Dimensional Integrals

For the numerical approximation of high-dimensional integrals over product
domains, it is natural to consider simple tensor products of one-dimensional
quadrature rules. Unfortunately, these rules suffer from the curse of dimensionality,
as the number of points required to accurately compute the integral grows
exponentially with the underlying dimension of the integral; i.e., a rule using n
points in each dimension requires n¢ points. For certain smooth integrands, we
can mitigate this effect by considering sparse combinations of tensor products of
these one-dimensional rules, i.e., sparse grid quadrature. It is known that sparse
grid rules can asymptotically achieve approximately the same order of accuracy as
full tensor product quadrature, but use only a fraction of the number of quadrature
nodes [9, 22, 23, 27].

Rather than the one-dimensional integral from before, we let d > 1 be the
dimension and define I" :=[—1, l]d. In addition, by letting x = (x1, ..., xg) be an
arbitrary element of I", we consider the problem of approximating the integral

191 ] =/Ff<x>dx, (13)

using transformed quadrature rules. To define the sparse grid rules, we first denote
by {I,)}i>1 a sequence of given one-dimensional quadrature operators using p(l)
points. Here /),y may be a standard interpolatory quadrature Q () from (2) or its
conformally transformed version Q () from (5). With Iy := 0, define the difference
operator

A= Ty — Ipa-.

Then given a set of multiindices A,, C Ng, we define the sparse grid quadrature
operator to be

d d
In, [ f1= " & apanlf1= D Q) (Ipay — Ipai—1) [ f]. (14)

leAy, i=1 leAy, i=1

where we refer to the natural number w as the level of the sparse grid rule, and N,,
is the total number of points in I" used by the sparse grid. The choice of multiindex
set Ay, may vary based on the problem at hand. We only require that it be downward
closed, ie.,ifl € Ay, thenv; <I; foralli =1,...,d impliesv € A,. The index
set may be anisotropic, i.e., dimension dependent, or if appropriate error indicators
are defined, it may even be chosen adaptively. Some typical choices are given in
Table 1, but for simplicity, we consider only standard isotropic Sparse Smolyak
grids. For more information on anisotropic rules, see [21].
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Table 1 The functions p : Ny — N, and index sets A,,, with the corresponding polynomial
subspaces

Polynomial space p) Ay
Tensor product p)y=1 max ([; — 1) <w
I<i<d
Total degree p) =1 ?:1(1,- - <w
Hyperbolic cross pH =1 ]_[fvzl(l,- —-D<w
Sparse Smolyak p) = 2141, 01 Z?:l(li —D=<w
1 S ———
X k 2
p [ 42 *
¥ :
¥
Ope X0 Xe X oX eox axi o KA ee X
2 i
b . b ¥
X K ¥
-1 -s—x—o—ﬁ—o—x—:

-1 0 1

Fig. 3 Location of the two-dimensional transformed sparse grid nodes (blue dot) using an
underlying Clenshaw—Curtis rule, compared to standard Clenshaw—Curtis sparse grids (red x)

The effect of the conformal mapping on the placement of the nodes used by
the sparse quadrature rule (14) is similar to the one-dimensional case. In Fig. 3, we
have plotted the nodes of a two-dimensional Clenshaw—Curtis sparse grid with the
transformation map (9), using p = 1.4, versus a traditional Clenshaw—Curtis sparse
grid. Note how the clustering of the nodes toward the outer boundary of the cube is
diminished.

3 Comparison of the Transformed Sparse Grid Quadrature
Method

In this section we investigate the potential improvement in convergence for com-
putation of high-dimensional integrals using the sparse grid quadrature method
based on the transformed rules. The different mappings (7) and (9), since they have
different properties, will be considered separately. Furthermore, the focus of this
section will be on the transformation of Gauss—Legendre rules, though we remark
that starting from a one-dimensional convergence result such as the following
theorem, the rest of the analysis is similar for the Clenshaw—Curtis case. We begin
by quoting the following one-dimensional result stated from [13], establishing the
convergence of the transformed Gauss—Legendre rule for an analytic integrand.
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Theorem 1 For some p > 1, let f be analytic and uniformly bounded by y > 0 in
the ellipse E,. Then for n > 1, the Gauss—Legendre quadrature rule has the error
bound

64y )
S s ey P (15)

U1 = Il f]

Now taking a specific region of analyticity and a given conformal map, we

apply Theorem 1 to quantify the benefit of the transformation method. We start

by considering functions analytic in the strip S¢ of half width ¢ about the real line,
and the Gauss—Legendre rule transformed under the map (7).

Theorem 2 ([13, Theorem 3.1]) Let [ be analytic in a strip S; of half width &
about the real line, and g the conformal map (7) mapping ElJrg‘E — S¢. Then for
n > 1, and any & < ¢, the transformed Gauss—Legendre quadrature rule has the
error bound

~ 64y, T\ —2n
1A= 8l = (5 (a2 (1+78) . (16)

where y| = SUPseE s | f(g1(s))g ()]

This theorem follows by an application of Theorem 1 to the integral of (f o g)g’
using (5). We must take & < ¢, since otherwise the value of y; will be infinite due to
the behavior of g’. Furthermore, since the closure of g(E|, 7;) is contained in the
open set S, we have y; < oo without assuming the boundedness of f. However, we
do not lose much from this assumption, and this theorem shows that we can achieve
savings of almost a factor of 7 /2 for functions analytic in a strip S;.

For the mapping (9), the results are somewhat more complicated, due to the
fact that the properties of the map depend crucially on the chosen degree M of
the truncation, and for a given M we may not be able to realize the full factor of
/2. From a practical standpoint, this is not much worse than the case of the strip
mapping (7), since full information about the analyticity of the integrand may not
be available, and hence it may be difficult to tune the parameter of the mapping to
the integral at hand. Thus, what we have in the case of the map (9) is a more precise
result with all the parameters specified. The following result from [13] will apply
to functions which are analytic in the e-neighborhood of [—1, 1], denoted U,. Then
we have the following theorem.

Theorem 3 ([13, Theorem 6.1]) Let ¢ < 0.8, and let f be analytic in a e-
neighborhood U, of [—1, 1]. Let g> be the conformal map (9), truncated at degree
M = 4. Then for n > 1, the transformed Gauss—Legendre quadrature rule has the
error bound

64 V2

—2n
0t 136 (14 1.36)72" (17)

1111 0ulf1] < 1501 -

where y) = supscp, .. | f(g2(5))g5(s)].
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From the one dimensional results of Theorems 2 and 3, for the maps (7) and (9),
resp., we are able to fully quantify the benefits of the TQ rules applied to sparse
grid quadrature in high dimensions. The following theorems give the expected
sub-exponential convergence rate for a sparse grid quadrature approximation of
an analytic integrand based on the Gauss—Legendre points. These results are in
accord with other subexponential rates for sparse multidimensional polynomial
approximation obtained in [3, 12, 22, 32]. Recall that we are considering only
isotropic sparse Smolyak constructions, according to the last row in Table 1.

Theorem 4 Let f be analytic in ]_[;1=1 Se for some ¢ > 0, and let g1 be the
conformal mapping (7). Then for any ¢ < &, the sparse quadrature (14) built from
transformed Gauss—Legendre quadrature rules satisfies the following error bound
in terms of the number of quadrature nodes:

) N\ 2
14LF1 = Iy, [f]] < CE. foy1.d) exp (—log (1+ ’;g) 21/dN§fd))- (18)

where y) is defined as in Theorem 2, and

log(2)

d) = :
SD= 4 +108@)

19)

with the constant £ = 1 4 log(2)(1 4 log,(1.5)) ~ 2.1.

Theorem S For some 0 < ¢ < 0.8, let f be analytic in ]_[fl:1 Ue, and let g be the
conformal mapping (9) truncated at degree M = 4. Then the sparse quadrature (14)
built from transformed Gauss—Legendre quadrature rules satisfies the following
error bound in terms of the number of quadrature nodes:

2d
\ILf1 = In, [f1] < C(e. f. 2. d) exp <—10g(1 +1.38) 4 N,i(‘”) . Q0

with y» as in Theorem 3, and £(d) as in (19).

Sketch of Proof From the one dimensional results of Theorems 2 and 3, resp., the
proof of the results above follows from well-known sparse grid analysis techniques
and estimates on the number of quadrature nodes [22]. Specifically, we may follow
along the lines of the proof of [22, Theorem 3.19], with the one-dimensional
convergence estimates [22, p. 2230] replaced by (16) and (17), resp, and noting
that, e.g.,

_2.0i ;
<1+Zg) —e? 4 =210g(1—|—72[§).

The rest of the proof is an application of Lemmas 3.4 and 3.5 from the aforemen-
tioned [22], along with the estimate on the number of quadrature points given by
Lemma 3.17. (]
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We remark again that it is not necessary to use the same ¢ in each dimension,
but we make that choice for clarity of presentation. As mentioned in Sect. 2.2, in the
case that the integrand f has dimension-dependent smoothness, anisotropic sparse
grid methods are available.

We now make a few remarks on the improvements of Corollaries 4 and 5 over
sparse grids based on traditional interpolatory quadrature methods. First, note that
for functions f € C(I") which admit an analytic extension in either ]_[;1=1 Se or
]_[fl: 1 U, the largest (isotropic) polyellipse in which f is analytic has the shape
parameter p = 1 4 ¢. Hence, the convergence rate of typical sparse grid Gauss—
Legendre quadrature, using N abscissa, is

2d
ILf]1 - Inlfll =0 (exp (— log(1+8) 1, NEJ”’))) : 1)

Thus, the improvement in convergence rate is multiplied exponentially in the sparse
grid case, i.e., in the case of Corollary 4, the number of points required to reach a
certain tolerance is reduced by a factor approaching (v / Z)S(drl, with & as in (19).
To see this, let Nsgrg and Nsg be the necessary number of points for the right-hand
sides of (18) and (21), respectively, to be less than a given tolerance. Then, we may
calculate that

Ns¢  _ (10g(1 + gs)f(d) l =0 (ﬂ)S(d)" . 22)

Nscro log(1 + ¢) 2

The constants are ignored in the calculation, though the transformed quadrature
may have slightly improved constant versus the standard case. We also note that
é(d)_1 > d, so the improvement is exponential in the dimension, and that as
& — 00, i.e., for functions which are analytic in a large region containing [—1, 1],
the improvement factor degrades to 1. In the case of the sparse grid quadrature
approximation transformed by (9), we use (20), so the improvement is 1.36@™ , as
long as ¢ < 0.8. As mentioned in the work [13], the factor of 1.3 is still less than
/2 & 1.57, but for smaller ¢ and large truncation parameter M this can improved
to 3/2; see [13, Theorem 6.2].

4 Numerical Tests of the Sparse Grid Transformed
Quadrature Rules

In this section we test the sparse grid transformed quadrature rules on a number
of multidimensional integrals, and compare the performance versus standard rules.
The transformed rules we consider are based on the conformal mapping of Gauss—
Legendre, Clenshaw—Curtis, and Leja quadrature nodes, which are describe in
Sect.2.1. We transform these rules using both of the conformal mappings (7)
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and (9), using the Matlab code provided in [13] to generate the one-dimensional
quadrature sequences. The Tasmanian sparse grid toolkit [28, 29] is used for the
implementation of the full sparse grid quadrature rule. For the Clenshaw—Curtis
rule, we use a standard Smolyak sparse grid with doubling rule; see Table 1. For the
Gauss—Legendre and Leja sequences, we use isotropic total degree index sets with
linear point growth p(/) = I,I > 1. For each of the rules, we will consider error
versus the total number of sparse grid points, Ny,.

4.1 Comparison of Maps

For the first test, we compare the sparse grid methods with the transformed
quadratures to traditional quadrature approximations for computing the integral
of three test functions over the cube [—1, 1]3 in three dimensions. In each case,
we compare the different maps (7) and (9) for the generation of the transformed
one-dimensional quadrature from the Clenshaw—Curtis, Gauss—Legendre, and Leja
rules. The chosen mapping parameters are p = 1.4 with (7) and truncation
parameter M = 4 for (9).

In Fig. 4, we plot the results for approximating the integral over [—1, 1]3 of the
function

1

(14 5x2)(1 +5y2)(1 +5z2)° (23)

f(xv%Z):

This function has complex singularities at points z € C3 where at least one
coordinate z; = \} s 1, and is hence analytic in the complex hyper-strip ]_[13=1 A\ V5"
As expected, the quadrature generated according to the mapping (7) performs the
best here, though the chosen parameter p = 1.4 is somewhat less than the optimal,

Convergence of Transformed Quadrature Rules: Convergence of Transformed Quadrature Rules:
5 3D Product Runge Function 5 3D Product Runge Function
10 ——CC 10 —CC
——TCC ——TCC
Leja
100+ 100 TLeja
——TGL
102 10
s s
i ]
107 10
6 61 ‘
10 10 )
10—8 L L 10'8 L L
10° 10° 10* 108 10° 10? 10* 10°
Number of Quadrature Points Number of Quadrature Points

Fig. 4 Comparison of sparse grid quadrature rules for computing the integral of (23) over the cube
[—1,17%, using the conformal maps (7) (left), and (9) (right)
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Convergence of Transformed Quadrature Rules: Convergence of Transformed Quadrature Rules:
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Fig. 5 Comparison of sparse grid quadrature rules for computing the integral of (24) over the cube
[—1, 113, using the conformal maps (7) (left), and (9) (right)

since the value 7%(1.4 - 1)~ 0255 <1/ V5. Regardless, the transformed sparse
grid approximations again perform better than their classical counterparts, gaining
up to two orders of magnitude in the error for Clenshaw—Curtis and Gauss rules.
Note that on the right-hand plot, the transformation (9) does not work well with the
Leja rule. The results for the standard quadrature are repeated in each plot for ease
of comparison.

Figure 5 again shows the results for approximating the integral of the function

X,y,2) =€xp +y? 2,
( ) 10(x“+y=+z°) (24)

over the cube [—1, 1]3. This function is entire, but grows rapidly in the complex
hyperplane away from [—1, 1]3. The left-hand plot shows the performance of
the sparse grid transformed quadratures using the transformation (7), while the
right-hand plot uses (9). In each case, the sparse quadrature approximations using
mapped rules outperform traditional sparse grid quadrature, and there is only a slight
difference in the performance of the transformed rules corresponding to the different
mappings.
Finally, in Fig. 6, we plot results for approximating the integral of the function

f(x,v,2) = cos(l + x>+ y* + %), (25)

over the cube, [—1, 1]3. This function is entire and does not grow too quickly away
from the unit cube in the complex hyperplane C3. On the other hand, by fixing
the parameters in the conformal mapping, the convergence rate of the transformed
sparse grid rules is restricted by the analyticity of the composition (f o g)g’. In
other words, the conformal mapping technique cannot take full advantage of the
analyticity of the function f. Thus, we see that the rules based on holomorphic
mappings are inferior for computing the integral of this function, though the
transformed Leja rule using (7) is somewhat competitive, at least up to the computed
level.
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Convergence of Transformed Quadrature Rules: Convergence of Transformed Quadrature Rules:
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Fig. 6 Comparison of sparse grid quadrature rules for computing the integral of (25) over the cube
[—1, 113, using the conformal maps (7) (left), and (9) (right)

4.2 Effect of Dimension

Next we investigate the effect of increasing the dimension d of the integral
problem, and see whether the holomorphic transformation idea indeed decreases the
computational cost with growing dimension. The test integral for this experiment is

¢ 1
dx. (26)
/[—1,1]d E 1+ 5x?
In Table 2 we compare the number of points used to estimate the integral (26)
in d = 2,4,6 dimensions, up to the given error tolerance. We use both the

Clenshaw—Curtis and the Leja rules, with their corresponding transformed versions.
We do not include the results for the Gauss—Legendre method, since as in Fig. 4,
the GL method performs much worse than the others for this test function. Here
we implement only the map (7) with p = 1.7, which maps the interior of the
ellipse (1) to a strip of half-width ;(1.7 — 1) ~ 1/+/5. This integral has simple
product structure, so we compare the computed sparse grid approximation to the
“true” integral value computed to high precision. As expected, the sparse grid rules
using transformed quadrature need far fewer points to compute the value of the
integral up to a given tolerance, as compared with standard sparse grid rules. As
the dimension increases, because of the doubling rule p from Table 1, the number
of points grows rapidly from one level to the next. Thus, a certain grid may vastly
undershoot or overshoot the optimal number of points needed to achieve a certain
error. Furthermore, it may be the case that the convergence has not yet reached the
asymptotic regime for such a large tolerance 1072, and so we claim from Table 2
that the transformed sparse grid rules may work well even before the convergence
is governed by the asymptotic theory.
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Table 2 Comparison of the number of points used by a given sparse grid quadrature rule to
approximate the integral (26) to the given tolerance

Dimension | Tol CC TCC Ratio Leja TLeja Ratio
2 1077 1537 705 2.18 666 435 1.53
4 1073 1,507,329 271,617 5.55 73,815 20,475 3.61
6 1072 6,436,865 127,105 50.64 |593,775 12,376 47.98

5 Conclusions

In this work, we have demonstrated the application of the transformed quadrature
rules of [13] to isotropic sparse grid quadrature in high dimensions, and showed
that in certain situations we are able to speed up convergence of a transformed
sparse approximation by a factor approaching (77 /2)% (‘1)71, where £(d)~! ~ dlogd.
We applied the rules to several test integrals, and experimented with different
conformal mappings g, and found that the sparse grid quadratures with conformally
mapped rules outperformed the standard sparse grid rules based on one-dimensional
interpolatory quadrature by a significant amount for several example integrands.
For entire functions, or functions which are analytic and grow slowly in a large
region around [—1, 1], the transformation method fails to beat standard quadrature
rules, since the convergence of the transformed quadrature is dictated by the chosen
mapping parameter. However, the transformed rules perform especially well for
functions which are analytic only in a small neighborhood around [—1, 1], even
if the mapping parameter is not tuned exactly to the region of analyticity.
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Solving Dynamic Portfolio Choice Models = m)
in Discrete Time Using Spatially St
Adaptive Sparse Grids

Peter Schober

Abstract In this paper, I propose a dynamic programming approach with value
function iteration to solve Bellman equations in discrete time using spatially
adaptive sparse grids. In doing so, I focus on Bellman equations used in finance,
specifically to model dynamic portfolio choice over the life cycle. Since the
complexity of the dynamic programming approach—and other approaches—grows
exponentially in the dimension of the (continuous) state space, it suffers from the
so called curse of dimensionality. Approximation on a spatially adaptive sparse grid
can break this curse to some extent. Extending recent approaches proposed in the
economics and computer science literature, I employ local linear basis functions
to a spatially adaptive sparse grid approximation scheme on the value function. As
economists are interested in the optimal choices rather than the value function itself,
I discuss how to obtain these optimal choices given a solution to the optimization
problem on a sparse grid. I study the numerical properties of the proposed scheme by
computing Euler equation errors to an exemplary dynamic portfolio choice model
with varying state space dimensionality.

1 Introduction

The individual’s lifetime planning of consumption and investment decision can
be formulated as an expected utility maximization problem. Economists solve
these dynamic portfolio choice problems according to the Bellman principle of
optimality [1]. It allows to characterize the solution as a value function and reduces
the multi-period optimal choice problem to a sequence of one-period maximization
problems. Since in the last period the consumption decision is known, and hence the
value function, the problem is solved backwards in time using the previous value
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function evaluated at the current choices. The optimal consumption and investment
choices can then be inferred from the value function. These optimal choices are
subject to studies by economists, e.g., by simulating asset price scenarios, evaluating
the optimal choices for each scenario, and computing moments of the resulting
wealth distribution.

The first generation of dynamic portfolio choice models was solved analytically
in two companion papers by Robert Merton [35] for the continuous time case and
Paul Samuelson [40] for the discrete time case. In current research, dynamic port-
folio choice models are increasingly calibrated realistically and therefore require
numerical solution methods. Recently, new risk sources have been introduced, e.g.,
labor income risk [12], health risk [15], and uncertain family transitions [26, 33].
Other studies focus on the addition of endogenous decisions, e.g., decisions on
housing [11], labor supply or retirement age [10, 30], as well as individual (variable)
life annuities [22-24].

The numerical solution by value function iteration using discrete time dynamic
programming and likewise approaches (such as iterations on the optimal choices
rather than the value function) suffer from the so-called curse of dimensionality.
That is, the compute time of an e-approximation of the true solution grows
exponentially as it is linear in the number of grid points of the discretized state
space—and the number of grid points grows exponentially, O(N?), where d is
the number of dimensions and N the maximal number of grid points in one
coordinate direction. In addition, stochastic risk factors imply the necessity to
compute expected utility within the maximization problem. Here, the computation
of the expectation can also suffer from the curse of dimensionality when numerical
quadrature rules are applied. This makes models with a high-dimensional state
spaces and/or many stochastic risk factors practically intractable in the sense that
the time-to-result is unacceptably high.

Besides exploiting the exponential growth of computing power to solve ever
larger dynamic programming problems [9, 25], sparse grids can break the curse
of dimensionality to some extent [19, 41, 45]. Compared to basis constructions
using tensor product approaches on a nodal grid, a classical sparse grid uses a
hierarchical formulation of piecewise linear basis functions in one dimension, which
are then extended to a d-dimensional basis also via tensor products. The use of more
sophisticated basis functions, like higher-order polynomials with local support [5],
wavelets [6], or B-splines [37,43]—which in addition to their local support are glob-
ally smooth and continuously differentiable—is also possible on a sparse grid. In a
sparse grid the number of grid points grows like O (N (log N)?~1), while the accu-
racy is only slightly deteriorated. The accuracy obtained with piecewise linear basis
functions, for example, is O (N ’2(log N)4—1) with respect to the Ly- and L o-norm,
if the solution has bounded second mixed derivatives. This way, the curse of dimen-
sionality is overcome to some extent. The sparse grid approach can be extended to
non-smooth solutions by adaptive refinement methods [20, 38], some of which also
exist for global polynomial basis function defined on certain grid sequences [42].

Spatially adaptive sparse grids with local linear basis functions have been
employed to solve the Hamilton-Jacobi-Bellman equation in discrete time using
a Semi-Lagrangian scheme [2, 17]. More recently, they have been combined
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with a hybrid CPU/GPU parallelization to solve economic problems, namely (1)
an international real business cycle model with smooth and non-smooth choice
functions and (2) a menu-cost problem with value function iteration approximating
the value function on an adaptive sparse grid [4]. Earlier, sparse grids have been used
for high dimensional approximation with global polynomials to compute unknown
equilibrium asset demand functions [32]. Global polynomial-based approximation
on a sparse grid has also been applied to time and fixed point iterations in a
standard representative agent stochastic growth model as well as a multi-country
model [29, 34] and to high-dimensional quadrature [21, 44].) Economists compare
the various sparse grid approaches to numerical methods based on full Cartesian
grids in terms of run time, convergence (using Euler equation errors) and the
Degrees of Freedom used in the approximation of the choice functions.

In this paper, I focus on the solution of Bellman equations used to model dynamic
portfolio choice over the life cycle in discrete time. Following Bokanowski et
al. [2] and Brumm et al. [4], I propose a spatially adaptive sparse grid dynamic
programming scheme using piecewise linear basis functions and a hierarchical
surplus-based refinement criterion. Whereas the sparse grid serves to break the curse
of dimensionality, spatially adaptive refinement allows to adapt the approximation
of the value function to its functional form in the course of the iterative solution
procedure. Also, manually choosing a discretization of the state space that yields
an appropriate approximation error without spending too many grid points can
be time consuming and spatially adaptive refinement relieves the researcher from
this task. Besides combining and adopting these approaches to dynamic portfolio
choice models, I also discuss how approximations for the optimal choices can be
constructed from the solution to the optimization problem, when the optimization
problem is solved on a sparse grid. I complement this approach by the use of
global polynomial-based numerical quadrature rules on a sparse grid to compute
expectations over the stochastic risk factors.

I analyze the numerical properties of the proposed scheme using a transaction
costs problem [7, 8] whose dimensionality depends on the number of modeled
assets for which transaction costs accrue. To measure the numerical error of the
solution to the dynamic portfolio choice problem, I compute the deviation from the
Euler equations when plugging in the approximations of the optimal choices. I then
compute the pointwise absolute error of the value function approximated on a sparse
grid compared to a reference solution on a full grid to separate out the error in the
value function. I find that the spatially adaptive sparse grid dynamic programming
scheme provides similar Euler errors compared to the full grid reference solution
and the pointwise errors of the value function converge with decreasing refinement
tolerances.

The overall Euler errors remain rather high, which is an indicator that the
applicability of the presented approach is limited by the choice of only piecewise

'Multi-country real business cycle models are popular example problems among economists as
they allow to vary the dimensionality of the problem simply by varying the number of countries in
the model.
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continuously differentiable basis functions, which pose a problem for gradient-
based optimization methods. Non-convergence or failure of the optimizer can
result in outlier grid points and hence locally non-smooth value functions or
optimal choices, misdirecting the scheme when using absolute values of hierarchical
surpluses as the refinement criterion. The use of globally smooth and continuously
differentiable local basis functions, such as B-splines [43], promises to overcome
this problem while maintaining the advantages of local spatial adaptivity compared
to globally defined, smooth basis functions (such as polynomials).

The paper is structured as followed: In the next section, I introduce the class
of discrete time life cycle models I investigate and describe a current, non-sparse
grid solution method using dynamic programming with value function iteration.
Section 3 introduces sparse grids and explains spatial adaptivity. I present my
spatially adaptive sparse grid dynamic programming scheme in Sect. 4. The details
of the numerical examples and the results are depicted in Sect.5. I conclude in
Sect. 6.

2 Dynamic Portfolio Choice Models

In discrete time dynamic portfolio choice models the investor seeks to maximize
expected life time utility # from consumption ¢;

T

G| D _pule(pisi o)), ()

t=0

with consumption depending on the investor’s choice p, € R¥, her continuous state
s; € R4, and discrete state 6, € ®, where O is the finite set of all possible states

(such as “alive”, “dead”, “healthy”, “sick™, etc.). Here, p < 1 denotes the time
discount factor. I assume the utility function to be of Constant Relative Risk Aversion

type’:

u(ct)zl_yct_ . 2)

This problem can be reformulated as an optimization problem in terms of the
value function j;, t € {0, ..., T}, with known terminal utility v

Je(st,0:) = H}ftlx {M(Ct) + pé; [jt+1 (fz+1 (Prs St, b, wt+1) ) 9t+1)] } , 3

Jr(s7,07) =v(s7,07), 4)

2With this choice of utility function the approach does not lose generality, as it can be applied to
other established utility functions, such as Epstein-Zin utility, in the same way.
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subject to the constraints

j=1,....m, 5)
j=1,...,1. (©6)

8j (Py.s1.60) =

0 ’
hj (p[a Sty 91‘) S 07
I assume the state transition between the discrete states to be Markovian and given
by the transition probabilities m;(6;+1|6;). The randomness in the continuous state
transition between ¢ and ¢ + 1 is independent from the discrete state transition and
captured by @;+1 € §2, where £2 C R? denotes the sample space. The random vari-
able f,,: RF x R? x @ x £2 > R? then describes the continuous state dynamics
between f and ¢ + 1. The corresponding expected value of jr1(f, 1, 041) is:

& [jt+1(ft+1, 9t+1)] = Z 771 (0r+116;) / Je+1 (f;+1, 9t+1) dP; (@+1lse,6)
2

01+1€0

Here, &,(-|s;, 6;) denotes the conditional distribution of @;+1. The equality con-
straints (5) and the inequality constraints (6) can be non-linear.

A general way to solve problem (3)-(6) numerically is to use a discrete time
dynamic programming approach stepping backwards in time iterating over the value
function.> Therefore, the three ingredients are approximation, optimization and
integration.

2.1 Approximation

Amongst others, one common method to approximate the value function defined on
the continuous state space using finitely many points is collocation (see [27] for this
and alternative approaches). For a given discrete state 6; € © one discretizes the
associated continuous state space G(f;) C R? by a rectangular grid of mesh size
h = ((by —ap)/ni,...,(bg —ag)/ng)" € R?, where n € N is the number of
grid points, @ € RY is a chosen lower, and b € R? the respective upper boundary
for every dimension of the state space.* Given a multi-index i € N¢ from the index
set In(6;) = {i € N? | 1 < i < n}, the points of the grid G, j 4(0;) = {s' € R? |
i € I,(6;)} are given by st = a+1i-h, where “<”, “+”, and “-” and have to be

3For an extensive discussion of dynamic programming in economics, see [28, 39].

4In many models the continuous state space is the same for every discrete state. However, this
doesn’t have to be the case. Especially the discretization, e.g., the choice of upper and lower
boundaries, may vary depending on the discrete state.
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read element-wise. The approximating (or, equivalently, interpolating) function on
this grid can be defined as

Jis.00) ~ Auljidse.0) = > cipils)
il (0;)

where the basis functions ¢; can be global polynomials or Ansatz functions
with local support and the coefficients c; g, are chosen in such a way that the
approximation fits the known function values at all grid points, 27,[ jt](si, 0;) =
Ji(s},6:), V51 € Gpopa(6r), V0 € O.

2.2 Optimization

The terminal period’s value function (4) is given by jr (siT, Or) = v(siT, 67), where
v is a known function of the continuous and discrete state space. To determine the
optimal solution of the penultimate period j7_1 (siT_ 1» 0r—1) and all earlier periods
t € {0,...,T — 2} at all grid points sf and in all discrete states 6;, numerical
optimization routines, which solve (3) over the real-valued vector p; subject to the
constraints (5)—(6) can be used, e.g., sequential quadratic programming (SQP). Let
me define the objective function as

jt (Pn St, 9t) =u(p; 81,0 + pé [jt+1 (fr+1 (st St, 6, wt+1) , 9t+1)] )

Then, SQP routines use the linearization of the Lagrangian of (3) with Kuhn-Tucker
multipliers for the equality (A; € R}Y) and inequality (u, € RI_F) constraints

m
Z (pt’xl" ”’t) = jt (pt’sl"gt) - Z)\'{g/ (pt’st’el‘)
j=1

l (8)

- Zﬂz{h] (Prv St, 9t)

j=1

to find the optimum (p}, A}, p).

SQP optimization routines require information on the gradient and the Hessian
of the objective function and thus any approximation of the objective function to be
twice continuously differentiable. Since this is true for the utility function (2), this
is the case iff .&,[j;]1(-, 6;) € C2(G(6;)) foreach 6, € @ andeacht € {1,...,T}
(assuming that I can interchange differentiation and integration in the computation
of the expected value). If this is not the case, derivative free optimizers like simulated
annealing, pattern search, and genetic algorithms might present alternative solution
methods.
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2.3 Integration

Within the optimization routine, the state dynamics mapping f r+1 and the Marko-
vian transition probabilities are applied to each grid point s; and discrete state
0;. Then, the expectation operator gt[j,+1(ft+1(p,,s£,9,,wt+1),9,+1)] can be
approximated by

> w6 [ (£ (prostn0is1) 0001) di(oralsh 0)

0r+1€0
&)
~ Z 7w (0r41161) Z%[jt+l] (ft+l (pt’ s, 61, “’?Jrl) ’9t+1) w;[+1 :
6i41€0 q

The set of tuples {(wt W +1) | g € Q,(si,@,)} are the evaluation points
and weights of a quadrature rule Note that j41(f;11(p;, st, 6, w,+1) 9t+1) is
only known at the grid points Sr+1’ and since in general f,,(p,,s;],0;, ® r+1)
does not correspond with a grid point, one has to evaluate the approximation
Gl jr11(f i 11(py sf, o;, w?H), 6;+1) within the numerical integral (9).

2.4 Dynamic Programming

Algorithm 1 formalizes the discrete time dynamic programming approach outlined
in Sects.2.1-2.3. A solution to problem (3)—(6) is characterized by the value
function values j; (st,O,) and the optimal choices p, (st,G,) at all grid points
st € Gp h.a(6;) of the grid Gy 1 4(6;). In principle, the number of grid points n
the mesh width %, and the lower boundary a can be chosen differently for each
time step ¢ and in each discrete state 6, € ©@. Let me denote the time ¢ solution
obtained by means of the dynamic programming approach by the set of tuples
S ={(si, ji(si.00), p,(si.0) | st € Gunal6). 6 € O

The innermost loop iterates over all grid points in G, j 4 (6;). Here, for each grid
point one optimization problem has to be solved to determine the value function
and the optimal choices at this grid point. The computational effort to solve a
single optimization problem within the optimization routine involves computing the
expectation according to Eq. (9). On the one hand, the number of quadrature nodes
used to compute the expectation grows exponentially with the dimensionality of the
sample space §2. On the other hand, the computational effort of the evaluation of
the approximation «7,[j;11] at the states f,,, implied by the quadrature nodes

SUsing the SQP method described in Sect. 2.2, the optimal solution is additionally characterized
by the m + / Kuhn-Tucker multipliers (A}, LA u}, e, ;Li)T at all grid points and all discrete
states.
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Algorithm 1: Discrete time dynamic programming

Data:
Final solution S = {(s%., jr(s%-.0r), pr(si.0r)) | 5% € Guna(0r), 01 € O}
Grids Gy .4
Result:
Solutions S, = {(s¢, ji(s,6,), p,(st,0)) | st € Guna(@), 6, €O}t €{0,...,T — 1}
forr =T —1to0do
S, = 0;
for 6, € © do
for s € G,.p.q(6;) do
Pi(s7, 6;) = arg max {Ji (P st 6:)) subject to (5)~(6);
Je(st,60) = Ji (P (s, 00, 57, 61);
=8 U (s7, Jji(s7.00), p,(s7.60));

is conditional on the approximation method used. For example, using Lagrange
polynomials as (global) basis functions ¢;, the evaluation of the approximation off
the grid is costly in terms of arithmetic operations since the Lagrange polynomial
forevery i € I,,(6;) has to be evaluated in order to compute the approximated value
off the grid (whereas the coefficients ¢; are easily obtained as the value function
values at the grid points sf € Gu.na(6r)).

The number of optimization problems that have to be solved grows exponentially
with the dimensionality d of the state space G as the number of grid points needed
by conventional methods to approximate the value function on the discretized state
space G, p.q(6;) grows exponentially in d. Additionally, the computation of the
approximation coefficients ¢; also depend on the state space dimension for certain
approximation methods. For example, using cubic splines as the basis functions ¢;,
a linear system of equations, whose dimensionality depends on the number of grid
points, must be solved to determine the coefficients of the approximation in each
time step of Algorithm 1.

In consequence, this approach suffers from the curse of dimensionality. It is
eminent to break the exponential growth in the number of optimization problems
that have to be solved, i.e., by using approximation on a sparse grid. Additionally,
quadrature on a sparse grid can break the curse of dimensionality inherent in
the computation of the expected value necessary to solve a single optimization
problem [21, 25].

Lastly, choosing the right discretization of the state space G (6;), i.e., the number
of grid points n, the mesh width h, and the lower boundaries a, that yields an
appropriate approximation error without unnecessary many grid points, can be a
time consuming task in practice. This is especially true when the functional form of
the value function is different across times and discrete states.
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2.5 Optimal Choices

The solution of the discrete time dynamic programming algorithm 1 contains the
optimal choices pt(si, 6,) € R* at each grid point si and for each discrete state
6. Ultimately, these optimal choices are subject to analysis by economists. For
example, by setting up a Monte-Carlo simulation to simulate n agents in the
portfolio choice model and computing the resulting consumption distribution’s
moments to analyze the expected utility (1) or directly by evaluating the optimal
choices at points of interest.

In any case, the optimal choices are needed for an arbitrary state s,. It is
straightforward to again construct an approximating function for any p¥(s;, 6;),
u =1,...,k, and evaluate the approximation <7, [ p}1(s;, 6;). Since in many models
the constraints (5)—(6) are linear, a linear approximation of the optimal choices
ensures that the approximated choices also fulfill the constraints—at least for full
grid approximations.

3 Sparse Grid Approximation

The goal is to approximate a function f € C2(G) in one and later multiple
dimensions by linear splines on a grid. For simplification, for an x € G = [0, 1]¢
let f(x) € R and f be zero on the boundary. An approximation on an arbitrary
subset [a1, b1] X - X [aq, bg] C R¥ can be found via the affine transformation
x(y) = (y—a)/(b—a),wherea = (a1, ...,aq) ", b= (b1,...,bg)" and“/”is to
be read element-wise. A non-zero boundary requires additional basis functions on
the boundary but does not change the general ideas on hierarchical bases and sparse
subspace selection as well as spatially adaptive refinement presented in Sects. 3.1
and 3.2, respectively (see [16]).

3.1 Hierarchical Bases and Sparse Subspace Selection

For a given level [, let iy = 27! be the mesh width of a grid with grid points
x,i =i - hy, where i is from the index set [/ = {i e N | 1 <i <2/ — 1}. A nodal
basis on this grid is given by the one-dimensional hat functions

X*)C],i
hy

ifx € [x1; — hy, xi + hyl

¢1,i(x) = (10)

else
that span the space

V; = span {¢l,i|i e Il“‘)d}.
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A continuous, piecewise approximation ,Qfl“"d[ f1(x) € Cp(G) of f can be obtained
by the weighted sum of these basis functions

f@ =AUl = Y enidix)

ie Ilnod
with the weights (from now on called coefficients)

cri = f (x4) -

Equivalently, the space V; can be spanned by a hierarchical basis. Therefore, define
the index set Ilhler ={i e N|1<i <2 —1,i odd} for which the hat functions (10)
span the hierarchical subspaces

Wi = span {¢k,i|i € I,?ier} .
These hierarchical subspaces can be combined to span the nodal space by

!

Vi=EPwi.

k=1

Figure 1 compares the nodal and the hierarchical basis for V3.
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Fig. 1 The (a) nodal basis V3 and the (b)—(d) basis functions of the subspaces Wy, k =1, 2, 3,
(b)—(d) that span the same space V3
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The approximation ,Q/lhier[ f1(x) € Co(G) of f is then obtained via

I
FOO~ 1) =Y > cridni(x),
k=1 g phier
N—
=A¢lf]
where Ag[f] is the hierarchical “increment” of szllmer[ f1 on level k and the

coefficients are computed such that the approximation matches the function values
at the grid points:

Cu:—f(xz,i—hl)+2f2(xz,i)—f(xz,,-+hz) :[_; . _ﬂ oAy
L,i
=21, f]

These coefficients happen to be the second (numerical) derivative of f multiplied by
_h12 /2 and can be expressed by the operator form of the finite difference stencil  ;
[6, 16, 45]. The coefficients (11) are called hierarchical surpluses, as Fig. 2 depicts.
In d dimensions the hierarchical basis on the dimension-wise equidistant grid
with mesh widths i; = 2! and grid points x; ; = i - by with i from the multi-index
set Ilhier ={ieN|1<i=<2 —1, ijoddfor j =1,...,d} is constructed via a
tensor product approach, where the piecewise d-dimensional basis is defined by

d
¢ri(x) =[] 1.0, (x)) - (12)

j=1
Accordingly, the hierarchical subspaces given by

Wi = span {¢k,,~|i € I,l;ier}
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Fig. 2 The dotted lines represent the (a) nodal basis approximation %“0‘1[ f1 and the (b)
hierarchical basis approximation %hier[ f1, respectively, of f(x) = —x*+x%on[0,1]
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Fig. 3 The hierarchical basis in two dimension that spans V(3 3,
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Figure 3 shows the two-dimensional hierarchical basis (12). Finally, f: [0, l]d —
R can be approximated by
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with the definition

ALf1X) = ) critri(x). (13)

; = rhier
iel]

As in the one-dimensional case, the coefficients can be computed by the d-
dimensional finite difference stencil

. ﬁ . (14)
Cli = |:_2 _2:|[,,' fa

=21

which includes second mixed derivatives.

The idea of sparse grids is to leave out those subspaces that contribute little to
the overall approximation error. The selection of these subspaces can be done a
priori, that means, without knowledge of the approximated function f, with respect
to a given norm ||-|| (e.g., Ly or L) and as long as f has bounded second mixed
derivatives, ||82d/(8x% e 8x5)f|| < 00 (see [6] for details). As a result, the sparse
grid space for a given level [ is constructed by

VIS = @ Wi (15)

k|1 <l+d—1

with |x|; = Z;lzl xi, x € N¢. Figure 4 depicts the full grid space and the sparse
grid space for level / = 3. The corresponding sparse grid approximation is given by

SO~ Pl = Y MAlfl®).

|kl <l+d—1

Whereas in the isotropic full grid space V; = V(; . ;) the number of grid points
grows exponentially as O (2?), the number of grid points in the sparse grid space
VlS only grows like O(2/19~1). The L, and L, error of the approximation is only
slightly deteriorated by a logarithmic factor from 0 (27%) to 0 (2721471) [6].

3.2 Spatially Adaptive Refinement

The selection of subspaces as chosen in (15) is only a priori optimal, that is,
if the approximated function f fulfills the smoothness condition of bounded
second mixed derivatives and no further information on f is available [20, 38].
However, in the hierarchical basis formulation (13), the absolute value |c; ;| of the
hierarchical surpluses contains information on the smoothness of f as obvious by
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Fig. 4 Grids Gy, of the subspaces Wy, k < (3, 3), associated in the construction of the full grid
space V(3 3) (all grids) and the sparse grid space V3S (only black grids)

their definition (14). It is fairly straightforward to enhance the approximation by
adding extra grid points where the absolute value of the coefficients is larger than a
chosen tolerance, |c; ;| > €—so called surplus-based refinement [37]. If one relates
the absolute value of the coefficient to the volume of its associated basis function,
one ends up at the surplus volume-based refinement criterion:

(16)

leil >

€
lpnilla

Given this criterion, one could add all 2d children {xi”: | k=k+1 s i =
i+i-1;x1, j=1,...,d}of the grid point x¢ ; (Fig.5). Here, 1; denotes the unit
vector in dimension j. A grid point is called refinable when at least one child does
not exist. Given the tree-like structure of hierarchical grids it is sensible to include
all up to d parents of the children added, if they are not already included in the grid,
all up to d parents of the parents, if they are not already included, and so on [37].

It should be noted that the absolute values of the hierarchical surpluses merely
provide an indicator on where the approximation error could be large and surplus
(volume)-based refinement does not constitute a reliable error estimator.
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Fig. 5 Spatially adaptive refinement by adding all 2d children (green) of the refinable grid point
(blue)

4 Spatially Adaptive Sparse Grid Dynamic Programming
Scheme

To break the exponential growth in the number of optimization problems that
have to be solved in the dynamic programming algorithm 1, my idea is to use a
sparse grid for the approximation of the value function. This should reduce the
computational effort needed to obtain a solution to the dynamic portfolio choice
problem considerably, especially in higher dimensions of the continuous state space.
Additionally, my approach employs spatial adaptivity to construct value function
approximations for every time step and every discrete state. This allows to start at a
coarse grid level with few grid points and to only add grid points that presumably
reduce the approximation error considerably. Also, spatial adaptivity can save a
substantial amount of time spent by researchers to find appropriate grid choices that
allow for accurate approximations at every time step and discrete state. Although
my approach differs in certain aspects and focuses on dynamic portfolio choice
models, spatially adaptive sparse grid approximations for value function iterations
have already been picked up in similar manner in the computational science [2]
and economics literature [4]. I present my spatially adaptive sparse grid dynamic
programming algorithm for dynamic portfolio choice problems in Sect. 4.1.

In dynamic portfolio choice models the optimal choices often have kinks due
to binding constraints or must fulfill non-negativity constraints (such as short
selling and/or budget constraints). One way to resolve these kinks and increase
the approximation quality is adaptive Delaunay triangulation [3]. Unfortunately,
non-differentiability poses a problem for a sparse grid, which requires bounded
second mixed derivatives and sparse grid approximations may become negative even
though the approximated function is strictly positive. Hence the question comes
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up how to treat the optimal choices when using a sparse grid approximation of
the value function. Again, Delaunay triangulation can be used, if one treats the
optimal choices at the sparse grid points as scattered data and the dimension of
the problem is comparably low. In my as of yet unpublished work together with
Yannick Dillschneider and Raimond Maurer we show that this approach delivers
accurate approximations of the optimal choices and a significant reduction of effort
to compute the solution for dynamic portfolio choice models of d < 3 with annuities
when the interest rate is stochastic. However, Delaunay triangulation also suffers
from the curse of dimensionality. Alternatively, spatially adaptive refinement on
the optimal choice approximations on a sparse grid can again be used to construct
approximations that fulfill constraints such as non-negativity and resolve kinks
appropriately, which is the topic of Sect. 4.2.

To approximate the value function and the optimal choices, I use linear basis
functions. In consequence, the hierarchical surplus provides an indicator for refine-
ment as described in Sect. 3. Section 4.3 discusses implications of the choice of
basis functions on the optimization routine and how to treat extrapolation.

4.1 Spatially Adaptive Sparse Grid Dynamic Programming

For a given level [ and the associated sparse grid space VlS let me denote the grid
by G; = (ski i e I,lc‘ier, k € N¢, |k|; <1+ d — 1}. Furthermore, as spatially
adaptively refined grids are created in every time step ¢ and for every discrete state
0; € ©, let me denote the adaptively refined grid that was constructed starting from
level [ for a given discrete state 6; at a given time ¢ by Gf ).

The spatially adaptive sparse grid dynamic programming algorithm 2 is initial-
ized with the refined grid GIT (0r) for all discrete states 67 € @ at terminal time
T and the corresponding values of the terminal value function and the optimal
choices at these grid points. Altogether, they form the final solution Sr. Starting
from T, the algorithm iterates backwards in time to determine all solutions S; at
the times ¢+ € {T — 1,...,0}. For a given time step ¢, the grids associated with
the previously computed solution S;; are refined for each discrete state 6,4 to
construct the approximation of the value function. The grids of the solution S; are
then initialized as a copy of the refined grids from the solution in ¢ + 1. For all of
these grid points the time ¢ optimization problems are solved at all discrete states.
Therefore, the refined approximations of the value functions for each discrete state
are used within the objective function ]’, that is maximized to determine the value
function values and optimal choices at the grid points of time step ¢, see Egs. (7)
and (9). Note that I assume that the set of discrete states & remains the same at all
times and only the transition probabilities m;(0;41|6;) may vary. Also, the solution
in ¢ could be initialized with a copy of the base level grids instead of taking the
grids from the previous solution. Thus, I assume that the grids of the solution in #
and ¢ + 1 are likely to be similar.
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Algorithm 2: Spatially adaptive sparse grid dynamic programming
Data:
Base level /
Final solution S7 = {(sT , jT(ST ,07) pT(sT ,07)) | s’;'
Refinement tolerance €
Result: ) ) ) )
Solutions S; = {(s¥7, ji %7, 6)), p, ¥ ,60) | ¥ € Gi6), 6, e ©),1€10,...,T -1}
fort =T —1to0do

ift +1 < T then
| Si+1 = RefineGridsInSolution(S;+1, Si+2,€);

S; =0

for 6, € ® do

G0 =G (6));

// Note that ® is constant over time

for sk < G’(o,) do

p,(s, ,6;) —argmax{],(p,,s, 9,)} subject to (5)—(6);
)2

e GI' (7)., 07 € O}

// Here, the approximation on the previously refined
grid is evaluated

Gt 60 = e, (st 6. s 60);
So=8 UK, M0, psFt o))

In fact, to refine the grids of S;41 for all discrete states, Algorithm 3 starts at
the base grid G;. Note that, by definition of the grids G;H in S;41 as the copy of
the grids G;+2 in S;42 and subsequent computation of the value function values and
optimal choices for the grid points of S; 1, the grid points of the base grid G, as well
as the value functlon values and optimal ch01ces at these grid points are known. That

is, {5 F65 L 0D, pGEL 60D | sK € GilOis1). Ot < 0} C S41.

The base grid is then refined by adding all 2d children st + | as defined in Sect. 3.
Starting from the base grid ensures that a minimum coverage of the domain by
grid points is maintained. If the value function value and the optimal choices for
an added grid point are already contained in the solution S, 1, they are kept in the
solution. This implies that the added grid point was already part of the solution ;.
If not, i.e., if the added grid point does not yet exist in the grid of S,y for a given
0:+1 € O, the value function and the optimal choices for these grid points have to be
added to the solution S;41 by solving the optimization problem at these grid points.
This, of course, requires the solution S;4», which has been refined already. At the
end, the approximation of the value function is fitted to all grid points and value
function values. This process is repeated until no more grid points are refined given
the refinement tolerance €. All grid points that were part of the initial solution to
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Algorithm 3: Refine grids in solution

Data: Solutions Si+15 St+42, refinement tolerance €
Result: Solution S;41 with refined grids

for 6,1 € ® do
65*‘(9,+1) =Gy;
Si41 = {(S,H, J(S,H,@Hl) P(S,+1,9z+1)) \ S,H € G Y41, bi41 € ©) C Spa1s
repeat

G = Gt 61

for s¥/ € Leafs(G/' (6,41)) do

if |exil - el > € then

G G =G ) U ReflnePOJ_nt(sH_])

// Add all children and all missing parents

for s{‘fl e {65“(9,+1)\G‘mp} do
if s € GH'] then

X = (S,+17 ]r+1(S,+17‘9r+1) Pz+1(S,+17‘9r+1)) € Si+15

else

ki . el k,i .
P 6r41) = argmax (i1 (P10 567 6r41) ) subject
Pry1

to (5)—6);

Jz+1(S,+1,9z+l) —J[+1(IJ,+1(S,+1,9[+1),S,+1,9z+1)

(S,+17 ]r+1(S,+17‘9r+1) Pz+1(sz+1v‘9r+1))

// If the added grid point is not already in
the grids of solution S;+1, compute the
value function and the optimal choices at
this grid point using Si42

St = S U X;

// Fit approximation to the updated grid points and
value function values

until G1(6,41)\G™ = g;

// ... there are no grid points to be refined given €

be refined, but have not been added in the refinement process, are discarded.® This
ensures that the number of grid points in the solutions is not monotonously growing
as the algorithm is stepping backwards in time.

Overall, Algorithms 2 and 3 guarantee that the value function approximation
for each time step and every discrete state is spatially adaptively refined and the
value function values and optimal choices at all of these grid points are part of the
respective solution. Discarding points that are not needed for a good approximation

6 Aside from additionally added parents, this is similar to removing all grid points that are leafs
below level [ in the hierarchical grid structure and fulfill the criterion |c; ;| < €/|l¢1.i |2, so called
coarsening.
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of the value function within the refinement procedure minimizes the number of
optimization problems that have to be solved.

4.2 Optimal Choices

Given the solution of the spatially adaptive sparse grid dynamic programming
algorithm 2 optimal choice approximations on a sparse grid can be constructed and
individually adapted, again by spatially adaptive refinement. This is sensible when
the optimal choices have high curvature in parts of the domain where the value
function is comparably flat and, hence, the solution to the optimization problem
contains only few grid points in these parts.

Since p,(s:,6;) € R¥, there are k optimal choices to approximate for a given
time ¢ and discrete state 8; € ©®. Consistent with the notion of a solution to the
optimization problem S;, I define the uth optimal choice at time ¢ by a set of tuples
P = (¥, prs®i00) | 5 € GIM@6)), 6, € ©), 1 € {0,..., T}. For each
t €{0,..., T}, Algorithm 4 takes the optimal choices p} (sf’i, ;) at all grid points
from the solution S; to construct an initial P/, u = 1,...,k. Since these grids
are of hierarchical structure, it is possible to construct a sparse grid approximation
of the optimal choices. These initial optimal choices are subsequently refined using
surplus-based refinement for a given choice dependent refinement constant €,,. Since
the intersection of the grid points added in all refined optimal choices grids is
frequently large, it is beneficial to compute the optimal choices at all newly added
grid points for the union set of these points.

Note that in the initialization of the optimal choices from the solution and during
the refinement procedure no grid points are discarded. They contain information
useful for the approximation and, contrary to the refinement of the value function in
Algorithm 3, no costly operation (like optimization) has to be performed on the set
of grid points for any optimal choice.’

4.3 Choice of Basis Functions, Extrapolation, and Refinement

Let G C R? be a bounded domain within the continuous state space. If the state
space is unbounded, which is often the case, a boundary has to be chosen a priori,
since the sparse grid approximation using local basis functions requires a bounded
domain. Let the boundary of this domain be §G.

TThis is true for constructing approximations of the optimal choices using linear basis functions.
Using different approximation methods on a sparse grid can involve significant computational
effort for fitting the approximation to the function values, e.g., using conventional B-spline basis
functions.
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Algorithm 4: Generate optimal choices

Data:
Solutions S; = (¥, jis¥7,6,), p, %%, 6)) | 5 € GI(6,), 6, e ©), 1 € 10,..., T}
Refinement tolerances €, u = 1, ...,k
Result: .
Optimal choices P/ = {(s, , pt (s, ,00) | sf‘" € G;‘"(G,), 0, e ®),te{0,...,T}
fort :=0to T do
for 6, € ® do
for u :=1to k do

G (60) = Gi(6);

Pl{ — @
k,i

for ;"' € Gy (6)) do
| Pl = P! LJ@z R ,p[U, 00, ) €S

// Initialize the optimal choice as obtained from the
solution and fit the approximation to the values at
the grid points

repeat

G™ = U, G (6):

for u := 1 to k do

for s*' € Leafs(G)™"(6,)) do
if |ckil - Pr.ill > €, then .

G (6,) = G"(6,) U RefinePoint (ski);
// Add all children and all missing parents

Gunion — k - Gl,u(el).
for s, {G”“‘O“\G‘mp} do
// Compute optimal choices for the union of all
added grid points
p,(s, , 0;) = argmax {],(p,, Sz 9,)} subject to (5)—(6);
P
for u .= 1to k do

if s& G} (6,) then
qu = qu U {(sr 5 pr (sz 91))}5
// Here, take only the grid points that

have been added to the grid for optimal
choice u

// Fit all k approximations against the updated grid
points and optimal choices
until GUo™\G™P = ¢);

Firstly, the choice of the domain may introduce an approximation error. If the
boundary is chosen too tight, a relevant part of the state space may lay outside the
domain. If the boundary is chosen too loose, a high discretization level of the sparse
grid approximation is necessary to obtain a reasonable approximation error.
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As already mentioned in Sect.2, the state space mapping f,,; does not
correspond with a grid point and may map to points outside the domain G. If
the value function is defined outside the bounded domain, the value function has
to be extrapolated, e.g., by nearest neighbor extrapolation or other means.® To
approximate a function value f (x,) outside the domain G C R¢ at a point x, & G,
I extrapolate linearly. Let xp € 3G be the closest point on the boundary of the
domain, i.e., the point that solves minyesg || X0 — x||2 with the standard euclidean
norm | - ||». Furthermore, let h € R? be an extrapolation accuracy. Then, the linearly
extrapolated approximation is computed as

A f1(xo) =/ f1(xp)

d . —
s <£%[f](xb ~hAD =AU x0,) Ly, >xb.f}>

j=1 &
d
of h-1)—o
+Z( [F1Gey + - 1) [f](xb)(xbj—xo,)n{x(,.qb.})7
j=1 " o

with 1 denoting the indicator function.

As the value function and the optimal choices are non-zero on the boundary, I
employ linear basis functions with grid points on the boundary, see [16]. For the
adaptive refinement, I use hierarchical surplus volume-based refinement with the
linear boundary basis functions, as the theory behind hierarchical surplus volume-
base refinement is well studied [20, 37, 45].9

8The extrapolated value can be crucial. Consider the following simple model: In period t <« T
of investment horizon T an investor can choose how much to invest from her wealth w; in a
stock giving a risky return r;4 from ¢ to ¢ + 1 and how much to consume c;. The investor tries to
maximize CRRA utility from consumption over the time horizon. Her wealth in 7+1 is thus w; 4| =
(wy — ¢t) - r14+1. The wealth depends on the distribution of returns and is unbounded, such that an
upper boundary w,, of the bounded state space [0, w, ] C R has to be chosen in order to compute
a numerical solution to the problem. Assume that her decision in ¢ at the boundary point w, = w,,
shall be optimized. Also, it should be clear that higher values of wealth w; correspond with higher
value function values. For any return realization r; | > w;/(w; —c;) the next period’s wealth w; |
lies outside the bounded domain. With nearest neighbor extrapolation, the value function value for
wy1 is the same as for w,. Investing in the risky stock is not rewarded beyond w,. With linear
extrapolation, investing into the risky stock is rewarded (assuming a positive slope of the value
function) and her consumption ¢, would be considerably lower compared to the nearest neighbor
extrapolation.

9T also tested the modified linear basis functions from [37], which extrapolate linearly towards
the boundary by folding up the outermost basis functions instead of placing grid points on the
boundary. Extrapolation outside the boundary then boils down to extending the outermost basis
functions to the outside of the domain [2]. The multi-dimensional modified basis is again the
product of the one-dimensional modified basis functions and thus extrapolation in the corners of
the d-dimensional cube is d-linear. Conveniently, the modified basis functions make up for the
fact that in higher dimensions the majority of the grid points lies on the boundaries. However,
the extrapolation towards the boundary—especially in the corners—Iled to the value function not
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Since the optimization is performed on an approximation of the value function
using linear hat functions, the basis suffers from the global non-differentiability of
piecewise continuously differentiable basis functions. Any gradient-based numer-
ical optimization routine is likely to converge poorly if the optimized function
has discontinuous derivatives. However, it might still find a global optimum more
effectively than a derivative-free optimizer as long as the value function is convex
and monotone. For the numerical examples in this paper, I prefer to use a gradient-
based optimizer and terminate the optimization after a certain number of steps
over an alternative, derivative-free optimizer (such as pattern search or simulated
annealing). To circumnavigate problems with non-differentiability on a sparse grid
with linear hat functions, various approaches exist [14, 31]. Local basis functions
that are globally smooth and continuously differentiable, such as B-splines [43],
pose a promising alternative that still allows for spatially adaptive refinement of the
value function.

S Numerical Example

As numerical example I use a variant of the transaction costs problem analyzed in
detail in the dissertation of Yongyang Cai [7] with the parametrization described
in the related paper [8]. In the analyzed model, the investor takes transaction
costs for multiple stock investment opportunities into account when optimizing
her portfolio and consumption choice. These stock investments differ in risk and
return characteristics. For each stock in the model, one continuous state variable,
two choice variables (“buy” and “sell” amounts), and one stochastic risk factor
(the normally distributed logarithmic return shock) is required. The result is a high-
dimensional model in terms of the state space, stochastic sample space, and choice
variables. It is easy to vary its dimensionality by increasing the number of stock
investment options available, see Sect. 5.1.

To separate the numerical error resulting from the optimization and the approxi-
mation error in the value function approximation, I employ two error measures. The
first measures how much the numerically obtained choices violate the optimality
conditions. It thus allows to make a general statement on the quality of the numerical
solution to the optimization problem. The second error measure computes the
pointwise error of the value function approximation obtained from Algorithm 2 with
a spatially adaptively refined sparse grid and a spatially adaptively refined full grid
reference solution to the same problem. Since in the Lagrangian optimization setup
only the gradient of the value function is relevant, small errors on the policies do
not necessarily imply small pointwise errors of the value function. Details are given
in Sect. 5.2.

I present and discuss my results in Sect. 5.3.

being monotone for certain cases and subsequently to failure of the optimization routine. Hence,
the modified basis does not constitute a generally reliable choice of basis functions.
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5.1 Transaction Costs Model

In my version of the transaction costs problem I consider a retired investor
who maximizes expected utility from consumption (1). Therefore, she tracks the
continuous states wealth w, € Ry and fractions of wealth x; = (xtl, R xtd)T S
[0, 1]d invested in stocks Si, ..., Sq¢. The investor can reside in the two discrete
states 6; € {alive, dead} and stays alive in the subsequent period with probability
7;. Her choices are how much to buy of stock i for USD amount (Sf+ e Ry with
transaction costs r(Sf+ or sell of stock i for USD amount (Sf ~ € Ry and transaction
costs r(Sf ~, where T > 0 is a percentage cost factor. Additionally, she can invest
in a transaction cost free money market account b, yielding a risk-free return ry.
With 6? € Ri her choices are given by (6;“, 8., b:)T. The total transaction costs
associated with the implementation of the investor’s choices are thus given by:

d
Ty G+,

i=1

In line with [7, 8], I assume the logarithms of the returns ;41 of the d stocks are iid
normally distributed with mean p and covariance matrix X', log (r; ;) ~ N(u, X).
Finally, the investor’s consumption in period ¢ is the residual of her wealth that is
not invested in stocks or bonds, reduced by the transaction costs for rearranging her
portfolio in this period:

d d d
c,=(1—Zx;')w,—b,—(1+r)25;'+—(r—1)25;'*. A7)
im1 i=1

i=1

Additionally, the investor receives a fixed retirement income og . The state dynamics
from ¢ to ¢ 4 1 are thus given by:

d

Wi = Z (x;w[ + 5;+ — 5;7) rti—‘,-l + btrf + oR,
i=1
(xfw, + 8§+ — Sf_) rt"Jrl

i .

X i=1,...,d.

t+1 9 3 5
We+1

With u being the CRRA utility (2) the investor faces the optimization problem

Ji (e, x;) = max u(er) + p1 6t L1 (We1, X141)1 (18)

1,07 ,0;

d
Jr (wT,xT)=u<(1—er;) wT> : (19)
i=1
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subject to the constraints foreach r € {0, ..., T}

d d d
bi+1+1)Y st + (-1 8 <w (1 —Zx;'> — Cmin » (20)

i=1 i=1

sit >0, i=1,....d, 1)

0
af—e[o,x,"w,], i=1,....d, 2
0, (23)

d
a1 (24)

i=1

Here, a minimum consumption level cpin, must be attained and I assume that the
final stock holdings xiTwT, i =1,...,d, mustbe sold before they can be consumed.
Also, the investor cannot sell more of stock i than her current holding xf w;.19 Note
that the discrete state is implicitly included in the problem definition (18)—(24) since
Elji+1(, dead)] = 0 and hence & [ji+1(-, alive)] = m,& i1 ()],

The constraint (24) is a constraint on the state space and the resulting eligible
subspace in [0, 1]¢ is a d-dimensional simplex, not a rectangular domain as needed
for the sparse grid approximation. I solve this problem by assuming that any state
attained that is not eligible is cropped to an eligible state by selling all stock
holdings pro rata until all constraints are satisfied. That is, money is transferred
from stocks to wealth, for which the proportionate transaction costs are deducted.
The approximation of the value function is then evaluated at this eligible state.

The optimization starts at age T = 71, ends at age fyp = 65, and has a fixed period
length of At = 1 year. Thus, I assume a 6 years investment horizon to be comparable
with the run times reported in [8]. The retirement income is «g = 18, 664 USD and
taken from tables one and two of [12]. For the 1-year conditional mortality 7, I use
the 2009 US female mortality table. The risk aversion y, the log-return distribution
parameters u and X, as well as the transaction costs factor T are taken from page
seven of [8]. I set the time discount factor to p = 0.97 and ¢ = 0.001 to ensure
minimal consumption is taking place.

I track wealth w; in 10,000 USD, truncate the infinite domain to [0.05, 5], and
transform via m(w;) = wt1 73 to increase the density of grid points in regions were
the value function has a high curvature, that means for lower wealth levels.

10To save choice variables one could track the net change A, € R¢ in the investor’s stock holding.
However, the transaction costs function © Z?Zl |Af| would be non-linear and the constraints
become non-linear, too; see [7].
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5.2 Error Measurement

The optimal choices p,(s;,6;) € R¥ must satisfy the first order conditions of the
Lagrangian (8)

thu +'Ogt [szfH-l ’ Vfr+1jt+l] - Vprg A — Vprh My = 0

and any of these k equations must hold for the optimal choices.!! In order to
eliminate the derivative of the value function Vg, jr+1 with regard to the state
Si+1 € R , which is not known and would have to be computed from the value
function approximation, it is possible to construct a constant matrix C € R*,
which relates Vg, j; to Vj, u via

Vs, ji =C-Vpu.
Thus, I can replace V¢, ji4+1 by C - Vp  u. By reformulation I arrive at the d + 1

error measures with respect to the d stock returns ;41 and one risk-free return r ¢
with ¢; from Eq. (17):

Vv
_ _ & Crv1 i _ .
€, (wy, x;) = pmiéy _y i 1, i=1,...,d, (25)
1+1 c, 14
-v
_ Cr1 X
erp (Wi, %) = pmeéy | 2 rp | = 1. (26)
c

These errors are frequently called Euler errors. Note that these errors are the
deviations from the basic pricing equation of asset pricing [13]. For details see the
appendix.

To measure the numerical error ex, (w; 41, X;+1) for X; € {rt1+l, R rtd_H, ry}at
time ¢, the Euler error equations (25) and (26) are evaluated on an equidistant grid
with 23 points in each dimension covering the bounded domain [0.05, 5] x {x €
[0, 114 | Zfl:l x; < 1}.12 In case any of the constraints (20)—-(23) is binding at a

T define Vy f = (3f;/3x:)ij-

12Using more grid points to compute the error would allow for a better estimation of the error.
However, for more than two stocks (three dimensions), the error computation takes unacceptably
long. To be consistent with the error estimation when varying the problem dimensionality, I use
this rather low number of grid points.
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grid point, the Euler error is set to “NaN”.!3 Denoting the index set / )]?trr of the grid
points (wf, xi), ie I)]?“, with non-NaN errors for X; and the cardinality of a given
t

finite set by #1, the aggregated error measures Lf’, Lé(’, and L§5 can be computed
in the usual sense:

1 L2
X
L = e 2o ex (whoxd) |

Xt iEI)]?"
t
i i
ex, (wh.x)[}.

To compute the overall aggregated Euler errors for the optimal choices, I average
the respective error measure over all times ¢t € {0, ..., T — 1} (since for the Euler
error in ¢ the period ¢t 4+ 1 is required). The final Euler errors L]f:‘ﬂer, L];“ler, and
nggler are then computed as the average of the time-average errors for all X;. I
consider LEY!T errors around 20% and L]fuler about 5% as economically acceptable.
They indicate an average maximum mispricing of the assets of roughly 20% and an
average absolute mispricing of around 5%.

The pointwise error for a given state is the absolute difference between the
approximation /[ j;] of the value function of the full grid reference solution and
the sparse grid approximation .75 [ j;]:

LY = max
o0 . IErr
iely

ej, (e, x;) = |5 [j] — o [jel| - (27)

I proceed in a similar manner as with the Euler errors and compute the pointwise
value function errors (27) at the same grid points as the Euler errors for each point
in time ¢ € {0, ..., T} and average over all times to determine L}/al“e, L;falue, and
Lgé‘l”e. For the pointwise error of the value function there are no binding constraints.

13Additionally, I set the Euler error to “NaN”, if w;xf +5f+ —55‘ =0,i=1,...,d. This constraint
results from the derivation of the Euler error equation described in the appendix. I consider a
constraint to be binding when its absolute value is within the constraint tolerance of the numerical
SQP optimizer.
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5.3 Results

All solutions have been computed using the certainty equivalent transformation
of the value function f, = (1 -9y j,)l/ (=) which reduces the curvature of
the value function when the utility is of CRRA type.'* Since this transform is
strictly monotone, any maximizer of ft also maximizes j;. The code is written in
MATLAB, where the approximation on sparse and full grids is implemented by
a MEX file interface to the sparse grids C++-toolbox SG++ that was originally
developed in the course of the dissertation of Dirk Pfliiger [37]. Note that the
surplus volume in dimensionality d is computed as ¢ ;|2 = (2/3)4/? 2-1h/2,
but SG++ uses as 27!l as the denominator in the refinement criterion (16). 1
do not correct the refinement constant € for this factor. Since for the transaction
costs problem the distribution @, is lognormal and state independent, I compute
the expectation (9) using GauB3-Hermite quadrature on a sparse grid, thus breaking
the curse of dimensionality when including stochastic risk factors. Sparse grid
quadrature is used, but not subject to analysis within this paper. For details on sparse
grid quadrature in dynamic portfolio choice models, see the appendix of Horneff
et al. [25]. The quadrature routine is implemented by a MEX file interface to the
TASMANIAN sparse grids C++-toolbox [42]. The optimization is done using the
SQP solver SNOPT [18] in the implementation of the Numerical Algorithms Group
(www.nag.co.uk). Often convergence of the optimizer cannot be observed due to
the discontinuous gradients of the linear approximation. In these cases I stop the
optimization after 100 iterations.

Firstly, I solve the transaction costs problem (18)—(24) with one stock (two-
dimensional problem) up to three stocks (four-dimensional problem) using Algo-
rithm 2 on a full grid of base level / = 3 with spatially adaptive refinement of the
value function as described in Algorithm 3 with refinement constant ¢ = 5e—04.
Given the solutions to the optimization problem, I then compute approximations for
the optimal choices according to Algorithm 4 without spatially adaptive refinement
of the optimal choices, which is discussed later in this section. Finally, I compute
the Euler errors (25) and (26) using the approximations of the optimal choices as
described in Sect.5.2. The full grid solutions and their Euler errors serve as my
reference solutions to compare against the Euler errors of the sparse grid solution
and to compute the pointwise error of the value function.

I then solve the two-, three-, and four-dimensional transaction costs problem
with Algorithm 2 on a sparse grid. Again, I use the optimal solution obtained this
way to compute approximations for the optimal choices according to Algorithm 4
without spatially adaptive refinement. Given these optimal choices, I compute the
Euler errors in the same manner as with the full grid solution. Finally, I compute
the pointwise error of the value function on the sparse grid compared to the full grid
reference solution’s value function as given by Eq. (27).

14Note that the final condition becomes jT =((1-y)/a - y)clT_y)l/(l_V) =cr.
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I determine the Degrees of Freedom (DoF) as the average of the grid points of
all grids G}, t € {0,...,T}. So if grid G} has #G] points, I compute the DoF
as [1/T Ztho #G/]. In my implementation, I parallelize over the number of grid
points and use a fixed number of cores per problem dimensionality, but more cores
for higher dimensionality. For parallelization I use MATLAB’s parfor. Since
the parallel efficiency of parfor decreases drastically when too few DoFs are
allocated per core [25], I have to adapt the number of cores to the problem dimension
to avoid undesired scaling effects.

I repeat these computations for each problem dimensionality with varying base
levels [ € {2, 3,4} and refinements constants € € {5e—01, ..., 5e—05} to asses
the impact of base level and refinement constant on the solution of the optimization
problem. The following Tables 1, 2, and 3 depict the outcome of these experiments.
I only report the absolute pointwise errors of the value function, since the relative
errors are of the same magnitude as the absolute errors.

For the results of the two-dimensional transaction costs problem in Table 1,
the Euler errors are overall low and the average absolute Euler errors L?“ler are
acceptable around the 2.5% level for the full grid and 5% level for the different
sparse grid settings with base level I > 3. For all parametrizations of the sparse
grid the LE”I“ and LEYr errors are higher than with the full grid. Increasing the
base level of the sparse grid approximation of the value function leads to lower
average absolute Euler errors, but does not improve much on the Lg“ler and LEvler
errors. Decreasing the refinement tolerance has seemingly little effect. For the
pointwise error of the sparse grid value function compared to the reference solution
LValve convergence is visible for both, increasing base level as well as decreasing
refinement tolerances. However, a better approximation of the value function on a
sparse grid does not necessarily correspond to better Euler errors. With respect to the
magnitude of the pointwise errors, note that I do not compare the sparse grid value
function approximation to an analytically known or specifically chosen benchmark,
but to a possibly error prone numerical reference solution. For refinement tolerance
€ = 5e—05, all error measures diverge.

The results for the three-dimensional transaction costs problem in Table 2 are of
similar nature as for the two-dimensional transaction costs problem. The average
absolute Euler errors, however, are nearly twice as high at the 4.8% level for the full
grid and 9% level for the sparse grid settings with base level [ = 3. Again, they are
not very sensitive to base level and refinement tolerance variations. The pointwise
approximation error stays about the same as in the two-dimensional problem and
converges until ¢ = 5e—05, for which Euler errors and pointwise errors start
diverging. The DoF are clearly lower in the sparse grid cases and so are the run
times compared to the full grid case.

This trend continues for the four-dimensional transaction costs model, see
Table 3. The average absolute Euler errors are now at the 7.6% level for the full
grid and at the 18% level for the sparse grid with base level / = 3. The sparse
grid value function converges to its full grid counterpart with increasing base level
and decreasing refinement tolerance, but the pointwise errors are slightly higher as
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for the two- and three-dimensional problem, especially for base level / = 4. For
€ = 5e—05 Algorithm 2 does not terminate as excessively many grid points are
added, indicating a general failure of the optimization that creates an erratic shape
of the value function that is subsequently refined by Algorithm 3. The run time
advantage is significant by a factor of nearly 30 for base level / = 3 compared to the
full grid case and the DoF are reduced by a factor of roughly 7.

Tables 1, 2, and 3 show that on the sparse grid and on the full grid comparable
numerical solutions to the transaction costs problem are obtained. Their quality,
however, decreases with the dimensionality of the problem as the Euler errors—
as a measure of the overall quality of the numerical solution—increase. Since the
number of choice variables increases with the dimensionality of the problem (two
choices per stock), and hence the dimensionality of the numerically approximated,
discontinuous gradient increases, failure of the gradient-based optimization routine
is likely. While the Euler errors are mostly insensitive to the chosen base grid level
and refinement tolerances for every dimensionality, the sparse grid value function
converges to its full grid counterpart with increasing base level and decreasing
refinement tolerance. One possible conclusion is that the approximation quality
of the value function in the underlying linear basis is not the right choice for
the optimization setup. Additionally, divergence of Euler and pointwise errors for
refinement tolerances below a certain threshold indicate that the “cost-benefit ratio”
of added grid points is poor. That is, the gains in approximation accuracy of the value
function by the added basis functions compared to the costs of solving additional
optimization problems that might fail and produce outliers within the refinement
step, are low. This phenomenon resembles overfitting, where, when a function is
fitted too closely to in-sample data, its approximation error for out-of-sample data
starts to increase again. The error thus does not monotonically decrease, but there
exists an optimal size of the fitting data set.

With a sparse grid, significant run time gains can be realized as the DoF involved
are lower in higher dimensions, even when grid points are spent on the boundary of
the domain.

Given the above observations that reliable optimization results cannot always be
obtained in this setup, it is unlikely that additional refinement of the optimal choices
improves on the Euler errors. To support my conjecture, I fix the refinement constant
of the value function to € = 5e—04 and solve the two-, three-, and four-dimensional
transaction costs model for base levels [ € {2, 3, 4} on a sparse grid. I then construct
the optimal choices from these solution using Algorithm 4, where I choose the same
tolerance for all optimal choices, i.e., ¢, = € foru = 1, ..., k. Finally, I compute
the Euler error implied by these optimal choices. I vary four different choices of the
refinement tolerance € € {5¢—01, ..., 5e—04}. Table 4 depicts the resulting Euler
errors for the experiment with base level / = 3. The results for the other base levels
are similar. In no case the Euler errors are lower when spatially adaptively refined.
For the four-dimensional problem, the Euler errors increase drastically, showing
erratic optimization behaviour. This is in line with the increasingly frequent failure
of the optimization routine with increasing dimension.
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Nonetheless, spatially adaptive refinement of the optimal choices might prove
useful, when a different set of basis functions is used. Algorithm 4 can be applied
to various basis functions of the value function used within the optimization, as
long as the underlying grid is constructed on a nested sequence of grids with one-
dimensional growth 2/ +1 for level /. One example would be the B-splines basis [43].

6 Conclusion

In this paper, I develop a spatially adaptive sparse grid dynamic programming
scheme with the goal to solve high-dimensional dynamic portfolio choice models.

While on the one hand sparse grids can break the curse of dimensionality inherent
in the dynamic programming approach to solving dynamic portfolio choice models,
on the other hand local basis functions allow for spatial adaptivity. The latter
cannot only be employed to adapt the value function approximation for locally
sharp behaviour in the course of the iterative solution procedure, it also relieves
the researcher from choosing a thrifty discretization of the state space. Assuming a
regularly spaced grid structure, one has to choose 3d parameters (the boundaries and
the number of grid points) compared to only 2d 4 2 parameters (the boundaries, the
level, and the refinement constant) with spatially adaptive refinement to determine
a grid. At worst, this has to be repeated for different time steps and different
discrete states. In addition, spatially adaptive refinement can be used to improve the
approximation accuracy of the optimal choices, the subject of interest to economists,
that are inferred from the solution of the optimization problem. In this paper, I not
only present algorithms that solve the optimization problem for dynamic portfolio
choice models, but also propose a procedure how to construct optimal choices from
a solution to the optimization problem on a sparse grid.

The results show that on the sparse grid and on the full grid comparable solutions
to the numerical example problem can be obtained. The sparse grid value function
converges in the pointwise sense to its full grid counterpart with an increasing base
level of the sparse grid and a decreasing refinement tolerance. However, when the
refinement tolerance is decreased too much, the Euler and pointwise errors increase
again, similar to overfitting. As the Euler errors, as a measure of the quality of the
optimal choices, remain rather high and increase with the dimensionality of the
problem, it could be beneficial to use different basis functions than the linear basis
functions in order to increase the approximation quality of the value function and its
gradients. Another possibility is considering a different optimization routine. In this
setup, spatially adaptive refinement of the optimal choices does not improve on the
Euler errors, but might prove more useful, when a different set of basis functions
or a different optimization routine is used. With a sparse grid, significant run time
gains can be realized for three and more dimensions.
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A likely remedy without giving up local adaptivity would be to use local basis
functions that are globally smooth and continuously differentiable, such as B-
splines [43]. However, surplus-based adaptive refinement is only sensibly defined
for linear basis functions and fitting the approximation using conventional B-spline
basis functions involves solving a linear system of equations, which can take
considerable amount of time when there are many grid points.

With globally smooth basis functions or a different optimization routine, my
approach breaks the curse of dimensionality for a large class of dynamic portfolio
choice models.
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Appendix: Euler Equation Errors

To derive the Euler equation errors (25) and (26), I reformulate optimization

problem (18)—(24) in terms of the stock investment s; = w,xt" + (Sf"’ — 8§_,
i=1,...,d:
Jr(we,x;) = max  u(ey) + pmdy L1 (Weg1, X41)] -
by,st,87 .8,

jt (bt,sr,sf,sfywnxr)

with consumption ¢; = w; — Y4, s — b, —t Y%, (8!~ 4 8!7). This is subject to
the constraints s/ > 0, 8,7 > 0,8/ € [O, st"], i=1,...,das well as ¢; > Cmin,
b; > 0, and Zflzl x,i < 1. The state dynamics thus become:

d
— i +b .
Wi+1 = s[rt+1 trf + g,
i=1
()
. S r
t
yi t+1

t+1 ’
Wr+1

i=1,...,d.

Following not yet published notes on gradient-based optimization and Euler equa-
tion errors for discrete time dynamic portfolio choice written together with Yannick
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Dillschneider, I set up the Lagrangian

£ = jt_ﬂct (¢t — Cmin) — Mb,bt

).

where @y is the value of the respective Kuhn-Tucker multiplier for choice X
and I translated the box constraints for (Sf_, i =1,...,d, into two greater-equal
constraints, each denoted by u 5> for the lower and © 5im< for the upper bound. At
the optimum, the first order conditions for the Lagranglan ‘with respect to the stocks
s! and the bond b; must hold:

d
— Z (/Lsris; + /L5§+5;+ + ua;}a;‘ + Ksi-< (st’
i=1

3L Ay )
asi BS;.+MC,—MS;—/L5;—S=0, i=1,...,d,
0L Ay
: Yy — =0.
b, b, + e, — Wb,

Neglecting occasional binding constraints (i.e., I consider only optimal choices
where uy = 0 for any X) and expanding the partial derivatives of j; with respect to
stocks s; and the bond by, the first order conditions become

. d .. i\ ]
_ 0 ow ) ox
—; vy o & Jr+1 t+1 + Z Jt+1 044

dw i J s
t+1 05y PR as;

. d . i T
_ 0 ow a ax!
¢ vy o a]l+1 r+1 + Jt+1 OXp41 —0.
Wr41 8b[ 3xt+1 abt

I then apply the envelope theorem [36]

aj aj
" = (b;ka ;ka 6+ 5t awlaxt) )
8w[ 8w[
e Ay

o= (st 8 8w ) L =1 d
axi dx!
evaluated at the optimal choices (b}, s}, 8+*, s, *). Because u does not directly
depend on the states, its partial derivatives with respect to the states are zero. Hence,

et . d . j
9 J I 0jr+1 Qwryl n Z Qi1 0%, 7
Bwt 3wt+1 Bwt axt+1 Bw,
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bt . d . J
ad 0 ow ) ox
JZ’ = omi& Jt+1 r;rl Z .]ijl t-;-l Ci=1.....d
ox; w1 dx; = axtfﬂ ox;
Since the derivatives are 8wt+1/8s} = rf+1, i=1,...,d,and dw,41/0b; =y, it
remains to show that:
95, Lo
! [Bee2 -V
+ . =c . 28
dw; ZZ_; dx; Wy ' 28)

To show Eq. (28) holds involves lengthy algebraic computations. The results are the
basic pricing equations of asset pricing [13]

-V
Cry1 i .
pn,é",[ctyrtﬂ}_l, i=1,...,d,

Y
Cry1 _
pn,@@t[cy re i| =1,

t

which serve as my error measure.
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Adaptive Sparse Grid Construction )
in a Context of Local Anisotropy e
and Multiple Hierarchical Parents

Miroslav Stoyanov

Abstract We consider general strategy for hierarchical multidimensional interpo-
lation based on sparse grids, where the interpolation nodes and locally supported
basis functions are constructed from tensors of a one dimensional hierarchical rule.
We consider four different hierarchies that are tailored towards general functions,
high or low order polynomial approximation, or functions that satisfy homogeneous
boundary conditions. The main advantage of the locally supported basis is the ability
to choose a set of functions based on the observed behavior of the target function.
We present an alternative to the classical surplus refinement techniques, where
we exploit local anisotropy and refine using functions with not strictly decreasing
support. The more flexible refinement strategy improves stability and reduces
the total number of expensive simulations, resulting in significant computational
saving. We demonstrate the advantages of the different hierarchies and refinement
techniques by application to series of simple functions as well as a system of
ordinary differential equations given by the Kermack-McKendrick SIR model.

1 Introduction

Computer simulations of complex physical phenomena are an invaluable tool for
advancing modern science and engineering. A very common approach is to model
the behavior of a system of interest via a set of deterministic differential equations,
where the result depends on a number of input parameters, e.g., heat conductivity,
infection rate, temperature, etc. The equations are then discretized and solved
with standard techniques of numerical analysis, often requiring computationally
heavy software and a powerful supercomputer. However, the questions of interest
to science are seldom answerable by a single deterministic simulation, since, in
practice, the inputs could vary over a wide range due to changing or uncertain
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operation conditions. Applications that rely on statistical analysis and optimal
design require a large number of simulations with different values of the input
parameters, which is often times prohibitively expensive if a simulation needs
hundreds of CPU hours. Computationally cheap surrogate models are needed to
alleviate the computational burden, and the methods for creating such models are
fundamental for advancing modern science.

In this work, we present a general strategy for multidimensional interpolation
based on hierarchical sparse grids using basis functions with local support. Of
specific considerations are strategies for achieving maximum accuracy with fewest
number of interpolation nodes, which is desirable since each node corresponds to an
evaluation of the target function which in turn requires a computationally expensive
simulation. We present several one dimensional hierarchies and multidimensional
adaptive refinement techniques that aim at achieving optimal convergence when
applied to different classes of models.

Interpolation is one of the most widely used techniques for creating surrogates,
due to their non-intrusive nature and high accuracy per number of deterministic
simulations. Intrusive methods, such as Galerkin projection [1, 13] and reduced
basis [4, 40, 42], have limited applicability since they are often restricted to a
specific set of equations and always require the complete rewriting of the simulation
software. The non-intrusive methods rely on series of deterministic simulation
and thus can be easily coupled with existing complex solvers. Statistical sampling
methods, such as Monte Carlo (MC) [16, 18], are attractive when facing a problem
with huge number of inputs; however, the convergence rate of those methods is slow
and in cases where the inputs are few, e.g., <10, polynomial based approximation
yields better results. Optimization techniques using £! and ¢ minimization work
well with noisy, large and random data [7, 12, 14, 25]; however, in both cases, the
number of simulations needed to construct the surrogate exceeds the cardinality
of the polynomial space where the final approximation resides. Deterministic
simulations are noise free and hence interpolation methods that use one sample per
basis function are preferable.

Sparse grids is the most common technique for constructing multidimensional
interpolation rules by using tensors of one dimensional nodes and basis functions
[2,3,5,6, 10, 11, 20-22, 26, 30, 31, 33]. The sparse grid construction offer faster
convergence than simple tensor techniques due to the better error balance, which
helps alleviate the curse of dimensionality associated with a large number of
model inputs. In the context of high order polynomial approximation of analytic
function, several strategies have been presented that aim at optimal or quasi-optimal
convergence [3, 6, 29, 32, 41, 43]. However, the globally supported polynomials
are not well suited for approximating functions with local sharp behavior, hence
piece-wise polynomial basis with decreasing support is preferable. The hallmark
work in the field [6] presents an algorithm for adaptive hierarchical construction of
interpolant that has been used in many applications [7, 19, 28, 34-36]. However,
the algorithm is prone to stagnation in some cases and the isotropic nature of the
refinement strategy can yield an excess number of nodes.
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We present several hierarchies of one dimensional rules that construct approxi-
mations with low or high polynomial order or homogeneous boundary conditions.
We introduce a novel construction of piece-wise constant approximation that
does not rely on assumptions about left and right continuity. Following the
standard sparse grids method, we extend the one dimensional hierarchy to a
multidimensional context using tensors. The hierarchical structure translates to the
high dimensions and allows for adaptive refinement of the interpolant based on
hierarchical coefficients. The standard refinement strategy uses either strictly parent-
to-children refinement which can result in stagnation, or includes entire hierarchical
ancestry which leads to excessive model evaluations. We present a more flexible
approach that considers only the intermediate parents, thus improving stability and
minimizing the number of nodes. We also present a method for detecting local
anisotropy, which can yield significant improvements even when dealing with a
globally isotropic model.

The rest of the paper is organized as follows: in Sect.2 we present the general
sparse grids construction and the four one dimensional hierarchies; in Sect.3 we
present the different refinement strategies; in Sect. 4 we demonstrate the advantages
of the different techniques with several simple functions as well as Kermack-
McKendrick SIR model.

2 Multidimensional Hierarchical Interpolation Strategy

In this section, our objective is to construct an interpolatory approximation to a
target function that achieves desired tolerance with fewest possible evaluations, i.e.,
number of samples. Let I C R? indicate a d-dimensional box I" = ®z:1[ak, by
and f : I’ — R indicate a continuous function defined over I', i.e., f(x) € CO(I").
By linear translation & — x, where x; = 0.5(by — ax)&x + 0.5(bx + ax), every finite
interval can be mapped to [—1, 1], hence, w.l.o.g., we assume ay = —1 and by = 1
for all k. Let {x}jex C I" indicate a pre-defined set of interpolation nodes and an
associated set of basis functions {¢; (x)} jcx, then an interpolation rule is defined as

Gx[fl(x) =) s;;(x),

jeX

where the coefficients s; are chosen so that Gx[ f1(x;) = f(x;) forall j € X. The
point sets that we use in this paper are always unisolvent for the set of functions, i.e.,
the coefficients s; exist for any function f(x) € C O(I"). Furthermore, we assume
that the computational cost of finding s; is dominated by the evaluations f(x ),
e.g., f(x) is associated with an expensive simulation [15, 42]. Thus, we seek an
algorithm for constructing a suitable Gx[ f](x) that approximates f(x) to desired
tolerance and requires as few nodes x ;, as possible.
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We begin by introducing a one dimensional hierarchy of interpolation nodes and
basis functions, then we extend the hierarchy to a multidimensional context using
tensors. We use the resulting hierarchy in an algorithm for adaptive interpolation
similar to [6, 7, 19, 28, 34, 35].

2.1 Multidimensional Hierarchy of Nodes and Functions

In this section, we describe three widely used hierarchical rules with different
polynomial order and boundary conditions [5, 6, 34], in Sect.2.3 we present an
alternative piece-wise constant hierarchy. Let N denote the set of natural numbers
including zero and define the sequence of one dimensional nodes {x;}jen C
[1, 1] by

x0=0, xjp==+1, forj>2, xj=(2j—1)x27lleat-bl_3 1)

where |z] = max{j € N : j < z} is the floor function. The first nine nodes of the
sequence are given in Fig. 1. Note that for any L € N the nodes, {x;}; 5z, are
equidistant in [—1, 1], thus we partition the nodes into levels, where the level of x
isL;j=min{L e N:j < 2L 4 1}. The nodes form a hierarchical three structure,
where each node is associated with a parent and two offspring (children) nodes, i.e.,
the parent is the closest node on the previous level and we define the parent set P;

Pj ={i e N:x;isparentof x;} = : argmin |x; —le} ,
i<2ti=lyy

where we take Pp = §J. The simple one dimensional hierarchy in Fig. | associates
one parent with each point; however, alternative hierarchies allow for multiple
parents, e.g., see Fig.3, and we adopt the set notation for consistency across all
cases. The children sets are defined by the reciprocal relation to the parents, i.e.,

Oj ={i e N:x;isoffspringof x;} ={i e N: j € P}.

For the example in Fig. 1, P; and O; are explicitly defined as

2
Oo={1,2}, 01 ={3}, Or={4}, forj>20;=1{2j -1, 2j}. (2

Py=0, P ={0}, P, ={0}, P3 = {1}, f0rj>3Pj=H‘j+1J},
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Fig. 1 Linear (left), quadratic (middle), and cubic (right) nodes and basis functions; the dashed
lines correspond to parent-offspring relation. Note that in each case level O is a constant and level
1 is linear, only at level 2 the hierarchy provide enough ancestors for a quadratic approximation

The interpolation nodes x ; are associated with basis functions ¢ (x) : [—1, 1] —
R and each function is piece-wise polynomial with supportin [x; — Ax;, x; + Ax;].
Here, Ax; is the distance to the closest parent, i.e., Ax; = min{|x; — x;| : i € P;},
and Axp = 1, i.e., the support of ¢o(x) is [—1, 1]. Explicitly, for j > 1, Ax; =
2~ ogy (=D,

The polynomial order of each ¢ ; (x) depends on the total number of ancestors of
xj, where the ancestor set A; C N is defined as the smallest set satisfying

Pj CAj, and P; C Ajforalli € Aj.
The basis functions of maximal order are defined as

() = [lica; 5,250 ¥ € bxj = Axj, xj + Axjl,
! 0, x & [xj — Axj, xj + Axj].

3)
Thus, ¢o(x) is a constant, ¢ (x) and ¢, (x) are linear, ¢3(x) and ¢4 (x) are quadratic,
etc. Alternatively, the order of the polynomials can be restricted to a specific p > 1
by selecting only the nearest p ancestors F f and defining

—X
Mierr 75 x € bxj = Axjoxj + Axj,

PF (x) =
J 0, x & [x; — Axj, xj + Axjl.

“)
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In particular,

F]Pz argmin Z|x,~—xj|, (&)
FCA;j #F=p;_p

where #F indicates the number of elements in F and for notational convenience we
take F¥ = A j whenever #4 < p. As an exception to the above, the linear basis
functions are defined as

_ [x—x;]

1 ’
OB : 4%
07

x € [x; — Axj, x; + Axjl,
x & [x; — Axj, x; + Axj].

(6)

Examples of linear, quadratic and cubic basis functions are given in Fig. 1.

Variations of the above hierarchy have been presented in literature, e.g., [7, 34].
In the numerical experiments in this paper, we consider two examples where we
either assume homogeneous boundary or aim at higher order approximation. In
some applications, we have a priori knowledge that f(x) satisfies f(x) = 0 for
x € I, thus, we consider a hierarchical rules that excludes the boundary

xj = 2j+3)x2 toattbl_3 - p, - “J 5 IJ} 0;={2j+1,2j+2},
with xp = 0 and Py = . The definition of the level also changes to
L; = [log,(j + 1)]. Figure 2 shows the first seven nodes and functions for linear,
quadratic and cubic basis. The linear basis functions are constructed identical to (6)
with Ax; = 2~ Uoz2(/+D] while the higher order basis uses (4) with the end points
—1 and 1 added to the ancestry sets A; in (3) and (5). Note that compared to the
hierarchy described in Fig. 1, the homogeneous boundary case allows for higher
order basis to be used at a lower level. In Sect. 4 we demonstrate that incorporating
boundary information directly into the basis gives better approximation that using
the standard hierarchy and simply setting f(x1) = f(x2) = 0.

Interpolation using high-order polynomials with global support and an equidis-
tant set of nodes results in a very large penalty, i.e., Lebesgue constant, see (8) in
Sect.2.2. However, high-order basis can be used only for the first two levels and
still obtain stable interpolant. Using the nodes and levels described in (1) and Fig. 1,
we set ¢1(x) = 0.5x(x — 1), and ¢2(x) = 0.5x(x + 1), and augment the sets
P3 = P4 = {1,2} and O1 = Oy = {3, 4}. For every other j, we define ¢;(x),
P; and O; identical to (3), (4), (2). Modifying P3 and P4 changes the ancestry
sets A; and F ]p , which results in higher order basis functions. Figure 3 shows the
first nine nodes and corresponding basis. In Sect. 4 we demonstrate that increasing
the polynomial order gives better approximation when f(x) is smooth, despite the
higher penalty due to the global support of ¢ (x) and ¢2(x).
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3¢
23
293

X3 Xy X5 X X3 Xu X5 Xe X3 X4 X5 X

Fig. 2 Linear (left), quadratic (middle), and cubic (right) nodes and basis functions assuming
zero boundary conditions. The dashed lines correspond to parent-offspring relation. Note that in

this case, at level [ = 0, 1, 2, ..., the homogeneous assumption allows the use of polynomials of
order p =1+ 1
X, Xy Xo
\/ \/
X, X, X, X, X, X,
YAVANY VANV
X X4 X X, X3 Xy
AYAVAYARAAA AR ATARYA
X5 Xs Xs Xs X5 Xe Xr Xs X5 Xe Xr Xs

Fig. 3 Linear (left), quadratic (middle), and cubic (right) nodes and basis functions assuming
zero boundary conditions. The dashed lines correspond to parent-offspring relation, when using
quadratic or higher basis nodes 3 and 4 have two parents each due to the global support of ¢1(x)
and ¢, (x). Note that in this case, at level / =0, 1,2, .. ., basis of order p = + 1 is allowed
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2.2  Multidimensional Interpolation

Using standard sparse grids techniques [6, 19, 33, 34], we extend the one dimen-
sional hierarchy to a d-dimensional context (d > 1) using tensors and multi-index
notation:

d
J=Gt o) €N xj = (X, xj) €T, ¢j(x) = [ | 5 @),
k=1

where x = (x(l), x@, .., x(d)) € R? and we use the notation x® to indicate
the component of the vector x and differentiate from the index or position in the
hierarchy j. A node x ; has parents and children for each direction k, i.e.,

Pir=(ieN:iy=j_,, andire P}, Ojp={ieN i =j_,, andiy € 0},

where j_; indicates the multi-index resulting from the removal of the k-th
component of j. The multidimensional ancestry sets A; are defined in a similar
fashion including all parents in all directions, i.e., forallk = 1,2, ...,d,

Pjr CAj, and P;  C Ajforalli € Aj.

Finally, the multidimensional level of a node is the sum of the one dimensional
levels.

The multidimensional hierarchy provide convenient way of defining interpola-
tion rules; since the support of every ¢;(x) is disjointed from every function on the
same level, and since ¢ (x;) = O forall i € Aj, it follows that for any set of basis
functions X, the corresponding set of nodes is unisolvent. Specifically,

Gx[flx) =) sjpj(x), wheres;=f(xj)— Y sigi(xp). (]

jex ieAjNX

The coefficients s; can be computed one level at a time, i.e., the equations have
a (usually) sparse lower triangular matrix form. Fast algorithms for computing s;
have been proposed [8], but those make assumptions that P; y C X foralli €
Xandal k = 1,2,...,d; if Py ¢ X expanding the index set would require
additional model simulations, which is usually orders of magnitude more expensive
than solving the sparse triangular system. The general formula (7) allows us to avoid
extraneous evaluations of f(x).

Consider the error in approximation of f(x); from (7) we have that s; are
bounded by some constant times || f(x)|lc0, therefor Gx : CO(I") — C°(I")
is a bounded linear operator with norm depending on X and ¢;(x). From the



Locally Anisotropic Refinement 183

disjoint support of the basis Gx[¢;] = ¢; for all j € X, and therefore, for any
g € span{d;}

F@)=Gx[f1x) = f(x)—g@x)+g@)—Gx[f1(x) = f(x)—gx)+Cx[f—gl(x).

Taking the inf over all g(x), we obtain the L°°(I") error bound

If () = Gx[f1(0)]loo = (1 + ”GX””)gEsinf{(p.} 1f (%) = g(X)leo- ®)

pan

where ||G x ||oo denotes the operator norm and is often called the Lebesgue constant
of the interpolant. The L2(I") error can be bounded

I£(x) — Gx[ 1)z < IT1Y21 £ (x) — Gx[£1(¥)lsos

where |I"| indicates the d-dimensional volume of I". In the context of interpolation
and surrogate modeling, applications most often seek an approximation that is
accurate for every point in the domain, hence, the error is commonly measured
in the L°°(I") norm. However, continuous functions are dense in C°(I") but not in
L°°(I") and a discontinuous f (x) cannot be approximated by any set of continuous
basis functions. A discontinuous basis suffers from similar limitation, unless the
discontinuities in ¢;(x) can be aligned to the discontinuity in f(x), which is
seldom feasible. Thus, when f(x) is discontinuous, the approximation error should
be measured in the more appropriate way, which usually depends on the specific
application.

For detail error analysis and convergence results for different classes of functions,
see [6]. In our context, we are interested in constructing an interpolant that reaches
desired tolerance € > (0 with fewest nodes, hence, we need an easily computable
error indicator for every possible node. Observe that for any j & X

Isjl =1f(x;) = Gx[f1x ) < 1f (x) = Gx[f1(X)loos €)

thus, |sj| < € is a necessary, albeit not a sufficient condition for accuracy.
Nevertheless, s; is a good indicator for the local approximation error. Furthermore,
disjoint basis supports guarantees that s ; are the same for all choices of X such that
Aj C X, in which case s; is also called the hierarchical surplus associated with x j
and ¢ (x). In Sect. 3 we present several algorithms that rely on s; to construct an
accurate approximation with minimal number of function evaluations, but first we
present an alternative hierarchy of nodes and piece-wise constant basis.
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2.3 Piece-Wise Constant Hierarchy

Piece-wise constant approximation is desired in some applications, e.g., when
approximating models with very sharp or discontinuous response. Here we present a
new hierarchy of piece-wise constant basis functions, which we derive from a series
of non-hierarchical zero-order interpolants.

Suppose that I[ f](x) is an interpolant of f(x) : [—1, 1] — R on a set of nodes
{xi}f.V:O C [—1, 1] with piece-wise constant basis ¢;(x), then, for any x € [—1, 1],
I[f1(x) = f(x;) for some i. Consider the relation between the distribution of the
nodes, the support of the basis, and the approximation error. If f(x) is absolutely
continuous, then | f (x) — f(x;)| < C|x —x;|, for some constant C; and for a general
fx) e L?([—1, 1)), by definition of the Lebesgue integral [37]:

lfx)—=I[f1x)|l2— 0, asN — oo and IPalxl]lx—x,-|—>0,
xe|l—1,

where for each x in the max we take the corresponding x; from I[f](x) = f(x;).
Using this estimate, the interpolant that is generally optimal (i.e., not considering
specific structure of f(x)), is the one that minimizes |x — x;|. Specifically, we seek
an interpolant that minimizes the following two conditions:

1. I[f](x) = f(x;), where x; is the node nearest to x;
2. The distribution of the nodes {x,-}lN: o 1s such that it minimizes the distance to the
nearest node, i.e.,

{x0, X1,...,xN} = argmin max min |x; — x|. (10)
X010, xye[—1,1]  X¥El=LI1 0=<i=N

Condition 1 implies that x; is in the middle of the support of ¢; (x) and condition 2
implies that the nodes are uniformly distributed and strictly in the interior of [—1, 1].
Note that condition (10) is specific to zero order approximation, for example,
when using the nodal (non-hierarchical) linear basis functions associated with the
basis in Figs. 1 and 3 (commonly known as “hat functions”), the approximation is
constructed from the nearest two nodes, hence the nodes are equidistant and include
the boundary.

The hallmark sparse grid paper by Bungartz and Griebel [6] presents a piece-
wise constant hierarchy; however, that example violates both of our optimality
conditions. Furthermore, the hierarchical surpluses depend on a choice of left/right
continuity of the basis, which is ambiguous and therefore undesirable.

The two conditions presented here give us unambiguous way to construct piece-
wise constant approximation with N nodes; however, we desire a hierarchy of nodes
and functions, thus we need to choose the number of nodes on each level as well
as the parents-offspring relation sets. The specific construction that we propose is
illustrated in Fig. 4. At level O we use one node, i.e., xop = 0. The next level requires
at least two more nodes, otherwise we cannot satisfy the equidistant property, i.e.,
adding a single node to the left or right of O will break the symmetry; thus, we
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Fig. 4 One dimensional hierarchy of nodes and piece-wise constant basis functions. Note that in
this hierarchy interior nodes have multiple parents and up to four children

have x; = —2/3 and x, = 2/3. Going to the third level, we have a choice of the
number of nodes to add between x; and x¢. If we add a single node half-way (i.e.,
at 1/3) then satisfying the equidistant property would imply adding a node at —1
which would in turn violate the optimality condition (10). Furthermore, 1/3 is right
on the edge of the support of ¢1(x) and the surplus of node 1/3 would depend on
whether ¢1(x) is left continuous. Therefore, we elect to add two nodes between
x1 and xo, namely x4 = —4/9 and x5 = —2/9, which leads to x3 = —8/9; xe,
x7 and xg follow by symmetry. Using the same logic, on the next level, we add
two nodes between any two existing nodes and one node near each boundary (but
not on the boundary). The number of nodes triples on each level and the explicit
formula is

= —2.0+ (3j +2)Ax;, when j is even,
771 =2.0+ (3j + 1)Ax;, when j is odd,

where Ax; = 3~ Mogs(G+DT and [z] = min{i € N : i > z} is the ceiling function.
The nodes on the third level, i.e., x3, ..., xg, are not equidistant; however, the
optimality condition (10) is satisfied when we combine all previous levels, i.e.,
nodes xo, . .., xg are equidistant.

Each ¢;(x) is supported on the interior of (x; — Axj,x; + Ax;). The mid-
point x; + Ax; is at an equal distance from both x; and x;4; and follow-
ing the error estimate, there is no unambiguous way to associate the value
with either f(x;) or f(x;+1); however, left/right continuity does not affect the
hierarchical coefficients and the choice makes little difference in practice. For
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example, we assume that the boundary functions ¢;(x) for j € (3N, 3N —
1} are always supported on a closed interval and all other functions are right
continuous.

The complete hierarchy requires a parent-offspring relation, see Fig. 4. Clearly,
Po = ¥ and P = P, = {0}. Then, following the principle that the parent is
the closest node on the previous level, we have P3 = P4 = Ps; = {1} and
Ps = P; = Pg = {2}. It is important to note that the support of ¢s(x) falls outside
of the support of the parent ¢; (x), which is required so that the descendants of x5
are dense in the interval (—1, xp), i.e., the closure of {x; : 1 € A;} contains (—1, 0).
In other approximation schemes, e.g., projection and finite element method, the
(projection) coefficient of a basis function contains information about the behavior
of f(x) over the full support; but, in our interpolation context, the surpluses contain
information localized at the nodes. For example, if s is large, that implies f(x)
exhibits sharp behavior (e.g., jump or large gradient) somewhere between x| and
X0, and it is incorrect to assume that the transition has occurred within the support
of ¢1(x). Hence, the descendants of a node must cover the entire interval between
the closest nodes on the current and previous levels. This is always satisfied for
the hierarchies in Figs. 1, 2 and 3 since each ¢; (x) has ancestors at the edge of the
support; for our piece-wise constant hierarchy, some descendants must lie outside
of the support of the parent.

Analogously, a large surplus for x5 indicates a transition between the nearest
nodes x4 and xo; the transition of f(x) can still occur within the support of ¢4(x)
even if the surplus s4 is small. Therefore, the descendants of x5 must include x14,
i.e., 5 € Pja. Furthermore, 4 € Pj4 due to the overlap in support between ¢4(x)
and ¢14(x). A quirk of this hierarchy is the fact that two of every six nodes must
share two parents. While this presents a challenge in a one dimensional context,
the multidimensional hierarchy always results in multiple parents, hence, this is
not of specific consideration when d > 1. The parents and offspring are given
explicitly by:

P — {{Lj/3J, Li/3] + 1}, when j ¢ (3,3% — 1} and /> e Nor /7% e N,
R RRZEINE otherwise,

(37,3 + 1,3 +2}, when j € (3N, 3N — 1},
37,3/ +1,3j4+2,3j +3}, when j & {3%,3N — 1} and j is even,
(3j—1,3j,3j+1,3j +2}, when j ¢ (3%, 3N — 1} and j is odd,

0

where {3N, 3¥ — 1} is the set of boundary indexes, {1, 2, 3, 8,9, 26, 27, 80, 81, ...},
and on the first level O = {1, 2} and Py = @.
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3 Adaptive Interpolation

The four hierarchical rules described in the previous section give flexibility in the
interpolation scheme so we can choose a family of basis functions suitable for
approximating a specific f(x); however, we also need to select a suitable multi-
index set X. Standard sparse grid construction uses level sets X; defined recursively

d
Xo=10, Xx=x| U Uoix]. (1)

jeXi—1 k=1

and it has been shown that sparse grids interpolants produce convergent approxi-
mation for large classes of functions [6, 17, 36, 38]. However, such construction
does not take into account the specific f(x) and the nodes are distributed uniformly
and isotropically, i.e., the children for every direction are considered for all nodes.
A more advanced interpolation technique constructs X; in manner that adapts to the
specific target function.

Using the necessary condition (9) and assuming that the coefficients s; decay
monotonically, i.e., |sj| < |s;| for j € O;, we seek the minimal set X such that
|sj| > €. In general, the larger the index set X, the more accurate the interpolant
becomes; however, we want to avoid nodes with small |s;|, since (9) implies that
those have negligible contribution to the accuracy and each node requires expensive
evaluations of f(x). Thus, we are willing to sacrifice some accuracy for the sake of
avoiding nodes with small surpluses.

Algorithm 1 outlines a general adaptive approach that aims at achieving a desired
error tolerance e by constructing a set X using s; as a local error estimator.
Specifically, X is the final set in a finite sequence {X;}, where X;11 = X;|JR;
for some refinement set R;. The classical approach for selecting R; first considers
the set of indexes of coefficients larger than €, i.e.,

d
B={jeX :|sjl >€}, then R = U ( oj,k). (12)
JjEB \k=1

The classical refinement strategy has been successfully applied to many problem in
science and engineering [7, 27, 28, 36, 42, 45], unfortunately, this approximation
scheme is not always stable. Condition (9) is not sufficient and the hierarchical
surpluses do not always decay monotonically, especially for the first few levels of
the hierarchy. The nodes in the multidimensional hierarchy from a directed acyclic
graph with edges corresponding to the parent-offspring relation, and most nodes
are associated with multiple acyclic paths leading back to the root x¢. Following
(12), each node j € X; has at least one path going back to x¢, but some paths
may include nodes not present in X. Following Algorithm 1, a path is terminated
when the hierarchical coefficient of one of the nodes falls below €, thus, if the
coefficients do not decay monotonically, a path may be terminated before it reaches
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an x j with large coefficient, which leads on an issue with missing parents. This can
be the case if f(x) exhibits sharp localized behavior, the coarse levels of the grid
will not to put nodes close to the sharp region and the nodes on the coarse levels
will have smaller surpluses. The commonly used workaround to this problems is
to select a large initial set X, e.g., a full grid for some pre-defined level selected
according (11), or recursively add all parents of all nodes, ensuring there are no
missing paths in the graph. Selecting large X; can improve stability and avoid
stagnation; however, this also implies adding nodes with small surpluses, which
leads to excessive computational burden.

Algorithm 1: Spatially adaptive sparse grids

Data: Given a hierarchy rule, f(x) and desired tolerance €
Result: An interpolant G x[ f](x) that aims to achieve tolerance €
Letl =0, Xo = {0} and construct Gx,[ f1(x) = f(x0)do(x);
repeat
Select R; using one of the methods (12), (14), (16), or (17);
Let X1 = X; U Ri;
Construct Gy, [ f1(x) by evaluating f(x;) forall j € R\ X;;
Letl=1+1;
until R;_| = @;
Finally, return X = X,

For example, consider the function

1

, 2D e=1,11.  13)
1+ exp (16 — 40/xMx D x(z)x(2)>

fx) =

We apply Algorithm 1 with the standard hierarchy (1), cubic (p = 3) basis
functions described in (4), and classical refinement strategy (12) with € = 10~* and
Xo containing 705 interpolation nodes. After 13 iterations, the algorithm stagnates,
i.e., for each / the algorithm introduces 160 new nodes around four symmetric
points defined by x(V' = 40.265625 and x® = £0.265625. The left plots in
Fig. 5 show the nodes clustering towards (x(V, x®) = (0.265625, 0.265625), but
never reaching that node. According to the hierarchy, xj04 = 0.265625, but most
ancestors of j = (104,104) are located away from the region where f (x) exhibits
sharp behavior and therefore have small coefficients, while the cluster nodes fall
within the sharp region but cannot resolve the local dynamics without the parent.

We propose an alternative refinement strategy that considers both parents and
children of nodes with large coefficients. In addition to By, for each node, we identify
the set of “orphan” directions, i.e.,

Tj=t{ke{l,2,....d}: Pjx & Xi}.



Locally Anisotropic Refinement 189

0.285 0.285
o028 | R T I 028 | % ok ox % % % x x
Kk Kk keeex k * * * *
0.275 | * * 0.275
K% % R remowmesckx x % % ¥ * * * * *
¥ % ox % %
027 Bk ok Rk ke X o kK 0.27 % *
* i * o * i *
0265 | Hi*i*§“§mg*i*§” P . . . .
i b b i
% E ok or xemex %o x X x ¥ * *
0.26 ok %k * 0.26 |
KoK K K K K kkHMkk X X K K K K * * * * *
0.255 * * 0.255 |
%k x xemsx % x % ¥ * *
* *
025 ok ke %k x x 0.25 | ok ke %k x x

0.245 N N N N N N N s 0.245 N N N N N N N s
0245 0.25 0255 0.26 0.265 0.27 0.275 0.28 0.285 0.245 0.25 0.255 0.26 0.265 0.27 0.275 0.28 0.285

Fig. 5 The nodes near (x1, x) = (0.265625, 0.265625) resulting from Algorithm 1 applied to
(13). Left: using classical adaptivity (12) the method clusters nodes near the critical point, but fails
to converge. Right: the hierarchy adaptive scheme (14) needs but a single node to resolve f(x) in
the region

Then, the refinement strategy favors the parents in the orphan directions, i.e., we
add the children only if all the parents are present. The parental aware refinement
set is

rR=JlUP«|UlUoix]]- (14)

JjeB keTj k¢Tj

Note that we do not recursively include all ancestors of j € B; as many of those may
lie far away from x ; and may indeed have small coefficients. Large s ; indicate sharp
local behavior of f(x) and we only consider the intermediate patents, since those
include the closest ancestors and are most likely to also fall in the transition region.
It is possible that the algorithm would include all ancestors over several iterations,
but this will happen only if the majority of the ancestors have large coefficients.

Applying the hierarchy selective strategy (14) to function (13), the algorithm
converges with final approximation using 9833 nodes. In contrast, if we impose the
restriction that all parents have to be included in each step, there is no stagnation but
the algorithm terminates with a grid requiring 59,209 nodes. Using a full level sparse
grid that includes j = (104,104) would require 147,457 nodes. Both classical
solutions are at best impractical and often times infeasible when evaluations of f (x)
are computationally expensive.

Observe that the ancestry aware refinement (14) treats the d-directions differently
for each node, which is in contrast to the isotropic classical refinement (12).
In many applications, variability in the d inputs to f(x) does not have equal
influence on the response and anisotropic approximation strategies have been
considered [3, 7, 25, 26, 30, 41]; however, those were usually applied in a context
of approximation with globally supported Lagrange polynomials, or data mining
problem using large number of random samples. In this work, we propose a direction
adaptive strategy that refines in a subset of the d directions. As a directional error
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estimator, we propose the coefficient of an interpolant constructed from the nodes
aligned in that direction. Specifically, for each j € X, let W; ; correspond to the
nodes aligned with x j in the k-th direction

Wir={ieX i y=j_;}
Then, we construct the interpolant associated with W ¢, i.e.,

Gw; [f1x0) = Y cixdi(x), (15)

ieWji

where we put k in the subscript of ¢; x to indicate explicitly the direction that we are
considering. For each node, (15) is a one dimensional hierarchical interpolant with
much fewer nodes and the coefficients can be computed with the same negligible
complexity as (7). Furthermore, the nodes W ;. are aligned in a single direction and
thus c;j ¢ is a not only local but also directional error indicator. The refinement set
R; is constructed using only directions where c; x is large, i.e., let

Ci={kefl,2,....d}: |cjkl > €}

then, the direction selective refinement set is

R=J U ojx (16)

JjeB \keC;

Combining (14) and (16) yields the fully adaptive selection set

R =] U ric|Ul U 0ix (17)

JEB keC;NT; keCj\Tj

The function presented in (13) is globally isotropic, i.e., it is invariant under rotation
around the origin; however, f(x) is anisotropic on a local scale. We apply the fully
adaptive strategy (17) to the function and observe that Algorithm 1 terminates after
only 8085 evaluations of f(x). The nearly 18% improvement is significant in many
applications, e.g., [15].

Remark in the above example we consider the number of interpolation nodes; how-
ever, the final accuracy of the interpolant is also important. Reducing the number
of nodes and refining in only select directions, i.e., using strategy (16), increases
the likelihood of encountering missing parents and stagnation. Furthermore, fewer
interpolation nodes, i.e., using either (16) or (17), generally results in larger error.
However, in all our examples, the neglected nodes have small coefficients and the
final approximation is still O(€), hence a direction reduction strategy is a viable
option in reducing the total number of interpolation nodes.
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4 Examples

In this section, we present numerical results from applying the sparse grids
interpolation techniques to several functions, as well as the output to a system of
differential equations. The sparse grid construction is done using the Oak Ridge
National Laboratory Toolkit for Adaptive Stochastic Modeling and Non-Intrusive
ApproximatioN (TASMANIAN) [39].

The examples presented here focus on two dimensional problems in order to
apply brute-force error estimates. In examples where f(x) € C%(I"), we measure
the L°°(I") error by evaluating f(x) and Gx[f](x) on a dense grid with thousands
of points. Forming a dense grid in higher dimensions would be prohibitive even if
f(x) is simple to evaluate. In the example where f(x) is a discontinuous disk, we
consider how well the integral of G x[ f](x) approximates the area of the disk.

4.1 Influence of the Type of Hierarchy

Consider the order of approximation of different hierarchies when applied a smooth
function. Specifically, consider

F(x) = exp (x(l)x(l) 4 x@)x@)) , (x(”, x<2>) cl-L,1®[-1,1]. (18)

Figure 6 shows a comparison between different orders of approximation, as
expected increasing p results in much lower error. In addition, using the semi-local
hierarchy described in Fig.3 allows for even higher accuracy, which can lead to
significant savings when dealing with complex f(x). We estimate the error from
10,000 samples on a dense Cartesian grid.

e—e Standard Hierarchy |}
107 ®-@ Smooth Hierarchy

Constant
®-@ Linear

10° Fl @-@ Quadratic
@@ Cubic [
Maximal -0

Relative error
-
5
Relative error

10° 10! 10? 10° 0 500 1000 1500 2000 2500 3000 3500 4000
Number of nodes Number of nodes

Fig. 6 Comparison of different hierarchical rules applied to function (18). Left: standard hierar-
chy, in Fig. 1, with functions of increasing order p = 0, 1, 2, 3 and maximum available based on
the set of ancestors. Right: standard hierarchy, given in Fig. 1, and the higher order hierarchy, given
in Fig. 3, both using maximal p
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Fig. 7 Comparison of different hierarchical rules applied to function (19), the error is estimated
from a dense grid with 10,000 samples. The abscissa counts total function evaluations in the
interior of the domain, nodes along the boundary are not counted

Smoothness of f(x) is only one of the many useful properties that hierarchal
approaches can exploit, in many applications we have prior knowledge of f(x)
around the boundary of I". Consider the function with homogeneous boundary

f(x):cos(gx(l)) x@x® _1), (x<1>,x<2>)e[—1,1]®[—1,1]. (19)

We test the standard hierarchy, semi-local hierarchy with globally supported ¢ (x)
and ¢, (x), and the hierarchy presented in Fig. 2, all using maximal order of polyno-
mial approximation. Figure 7 shows the comparison between the three hierarchies
and we clearly see the advantage of incorporating the boundary conditions directly
into f(x). Note that in error plot, we only consider the required evaluations of f(x)
in the interior of the domain, i.e., nodes placed on the boundary are not counted.
We also consider the advantages of a piece-wise constant approximation of a
discontinuous function, specifically we consider the indicator functions of a disk

1, Vxh4x® <),
0, otherwise,

flx) = { (x<1>,x<2>) cl-1,11®[=1,11.  (20)

No hierarchy with continuous basis functions could approximate (20) in the L*°(I").
Neither, is such approximation feasible to the discontinuous hierarchy presented in
Fig. 4, since the support of the basis does not align with the edges of the disk. We
use an alternative measure of accuracy, specifically, we look at the integral of the
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Fig. 8 Comparison between hierarchies with piece-wise constant and linear basis functions when
approximating the integral of the disk indicator function (20)

sparse grid interpolant and compare to the actual area of the disk, which is 7 . This
problem is similar to the one considered in [44], with the main difference that we
employ a full sparse grid instead of a hyper-spherical coordinate transformation.
Figure 8 shows the result form the comparison; while the linear hierarchy does
produce better approximation in some cases when the grid is course (i.e., error is
>10%), the linear basis has very erratic behavior. In contrast, the piece-wise constant
hierarchy converges monotonically (i.e., has stable behavior) and gives much better
approximation when the level increases.

4.2 Influence of the Refinement Method

In Sect.3 we gave an example of a refinement strategy that fails due to missing
parents. In this section, we consider the advantages of the anisotropic refinement
schemes (16) and (17). For the first example, we consider the globally isotropic
function presented in (18). Using global adaptive techniques, i.e., [30, 41], there is
no way to distinguish between the x(1) and x® direction; however, the function is
still locally anisotropic. We use a sequence of values of €

(5x1072,1072,5x 1073,1073,5x 1074,107*,5x 107>, 107°,5x 107°, 1079}
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Fig. 9 Comparison of applying Algorithm 1 to the globally isotropic function (18) with different
refinement strategies. The locally anisotropic schemes (16) and (17) result in noticeable 4-5%
improvement, albeit hard to see on the plot

and we execute Algorithm 1 with each one starting from the same initial state where
the sum of levels of all nodes is no more than 3. We compare the final error in
the sparse grids approximation, estimated from a dense Cartesian grid of 10,000
samples, and the final number of interpolation nodes. Figure 9 shows the result
of applying the four refinement strategies and, for reference purposes, the sparse
grids constructed without adaptivity. Every adaptive method overtakes the “blind”
unrefined construction, and the best performance is given by the two anisotropic
refinement strategies. The semi-log plot highlights the 4-5% improvement, which
is small but significant for many scientific and engineering applications, thus local
anisotropy can be exploited even for globally isotropic problems. In this particular
example, the parental refinement has no effect on the approximation.

We also consider a function with weak globally anisotropic behavior, specifically

F(x) = exp (—x(l)x(l)) cos (Zx@) , (x“), x<2>) cl-1,1e=1,1. ()

The anisotropy comes from the different expressions associated with the two
components x() and x®. We repeat the test performed to (18) but using the new
function. Figure 10 shows the result of applying the four refinement strategies and
the unrefined grid for reference purposes. The anisotropy is more strongly present
in this example, resulting in overall 9-10% savings over the classical refinement
strategy.
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Fig. 10 Comparison of applying Algorithm 1 to the anisotropic function (21) with different
refinement strategies. The locally anisotropic schemes (16) and (17) result in noticeable 9-10%
improvement

4.3 Application to Kermack-McKendrick SIR Model

The Kermack-McKendrick SIR model [23, 24] for the spread of an infectious
disease is given by the system of ordinary differential equations

SF () = BF1()S@®) — y Fi (1), F1(0) = 0.05,
o Fs(t) = —BF(1)S(1), Fs(0) = 0.95, (22)
S FR() =y F1(1), Fr(0) = 0.00,

where + > 0, and B and y are parameters that we vary in the range [0.1, 0.3].
In this context, F(¢), Fs(¢) and Fg(t) correspond to the infected susceptible and
removed portion of the population, and 8 and y are the infection and recovery rates
respectively. We are interested in the value of the removed variable at 7 = 30, i.e.,

f(B,y) = Fr(30), (23)

where Fpg(t) satisfies (22). Using a linear transformation we translate the interval
[0.1,0.3] to the canonical [—1, 1]. For the purpose of the numerical simulation,
we integrate (22) with Runge-Kutta 4-th order method [9] with time step At =
1073, the high accuracy of the 4-th order method eliminates the consideration of the
numerical error when constructing the interpolant.
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Fig. 11 Comparison between refinement schemes applied to the system (22). All refinement
schemes provide significant improvement in accuracy as compared to the unrefined grid

Figure 11 shows the result of applying Algorithm 1 and the four refinement
schemes to the SIR model. We vary the refinement tolerance from 5 x 1072 to
10~ and compare the accuracy of the constructed grids. As expected, all refinement
strategies outperform the non-adaptive approximation scheme. Comparing the
different selection strategies for Ry, the anisotropic refinement of the direction (16)
and fully adaptive (17) schemes outperforms the isotropic approaches; however,
this trend is not universally true for all values of the refinement tolerance. As for
the parent-to-child refinement, including the parents in to the fully adaptive scheme
results in more monotonic behavior and therefore improved stability. While it is
not possible to guarantee that the interpolant constructed using the fully adaptive
scheme will always outperform the other approaches, it is generally the best first
choice when selecting a refinement strategy.

5 Conclusions

In this work, we presented several schemes for constructing an interpolant to a
multidimensional functions defined over a hypercube domain. The multidimen-
sional construction uses tensors of one dimensional nodes and basis functions that
form a hierarchy, which allows for adaptive interpolation that aims to maximize
accuracy while minimizing the number of interpolation nodes. We present several
hierarchical rules, including a novel piece-wise constant approach; as well as
several strategies for adaptive refinement including locally anisotropic approach
based on one dimensional surplus coefficients. In several numerical examples, we
demonstrate some advantages and drawbacks of the different methods.
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Smolyak’s Algorithm: A Powerful Black )
Box for the Acceleration of Scientific s
Computations

Raiil Tempone and Soren Wolfers

Abstract We provide a general discussion of Smolyak’s algorithm for the acceler-
ation of scientific computations. The algorithm first appeared in Smolyak’s work on
multidimensional integration and interpolation. Since then, it has been generalized
in multiple directions and has been associated with the keywords: sparse grids,
hyperbolic cross approximation, combination technique, and multilevel methods.
Variants of Smolyak’s algorithm have been employed in the computation of high-
dimensional integrals in finance, chemistry, and physics, in the numerical solution
of partial and stochastic differential equations, and in uncertainty quantification.
Motivated by this broad and ever-increasing range of applications, we describe
a general framework that summarizes fundamental results and assumptions in a
concise application-independent manner.

1 Introduction

We study Smolyak’s algorithm for the convergence acceleration of general numeri-
cal approximation methods

o N'":={0,1,...,}" = Y,

which map discretization parameters k = (11, ..., k,) € N”" to outputs </ (k) in a
Banach space Y.

For instance, a straightforward way to approximate the integral of a function
f:10,1]" — R is to employ tensor-type quadrature formulas, which evaluate f at
the nodes of a regular grid within [0, 1]". This gives rise to an approximation method
where k; determines the grid resolution in direction of the jth coordinate axis,
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j € {1,...,n}. Smolyak himself derived and studied his algorithm in this setting,
where it leads to evaluations in the nodes of sparse grids [24, 26]. Another
example, which emphasizes the distinctness of sparse grids and the general version
of Smolyak’s algorithm considered in this work, is integration of a univariate
function f: R — R that is not compactly supported but exhibits sufficient decay at
infinity. In this case, k; could as before determine the resolution of regularly spaced
quadrature nodes and k, could be used to determine a truncated quadrature domain.
Smolyak’s algorithm then leads to quadrature nodes whose density is high near the
origin and decreases at infinity, as intuition would dictate.

To motivate Smolyak’s algorithm, assume that the approximation method .o
converges to a limit @7, € Y at the rate

|/ (k) — oolly < K1 D K;” VkeN' (1)
j=1

and requires the work

Work(< (k)) = K> ]_[ k}’j Vk € N" )
j=1

for some K1 > 0,K; > 0and 8; > 0,y; >0, j € {1,..., n}. An approximation
of @/ with accuracy € > 0 can then be obtained with the choice

€ \—1l/Bj )
k; ._—(nKl) . jell,....n), 3)

which requires the work
Cr Kty Koo ¥ty oos Vs By, Bp)e” VPRl o), €

Here and in the remainder of this work we denote by C(...) generic constants that
depend only on the quantities in parentheses but may change their value from line
to line and from equation to equation.

The appearance of the sum y;/81 + --- + y»/Bn in the exponent above is
commonly referred to as the curse of dimensionality. Among other things, we will
show (see Example 1) that if the bound in Eq.(1) holds in a slightly stronger
sense, then Smolyak’s algorithm can replace this dreaded sum by max;f:l vilBjs
which means that it yields convergence rates that are, up to possible logarithmic
factors, independent of the number of discretization parameters. In the general form
presented here, Smolyak’s algorithm forms linear combinations of the values <7 (k),
k € N, based on

1. an infinite decomposition of @7, and
2. a knapsack approach to truncate this decomposition.
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Since the decomposition is independent of the particular choice of 7 and the
truncation relies on easily verifiable assumptions on the decay and work of the
decomposition terms, Smolyak’s algorithm is a powerful black box for the non-
intrusive acceleration of scientific computations. In the roughly 50 years since its
first description, applications in various fields of scientific computation have been
described; see, for example, the extensive survey article [2]. The goal of this work
is to summarize previous results in a common framework and thereby encourage
further research and exploration of novel applications. While some of the material
presented here may be folklore knowledge in the sparse grids community, we are not
aware of any published sources that present this material in a generally applicable
fashion.

The remainder of this work is structured as follows. In Sect.2, we introduce
the infinite decomposition of @7, that is at the core of Smolyak’s algorithm. In
Sect. 3, we introduce spaces of approximation methods .«#': N* — Y that allow for
efficient solutions of the resulting truncation problem. In Sect. 4, we derive explicit
convergence rates for Smolyak’s algorithm in common examples of such spaces.
Finally, in Sect. 5, we discuss how various previous results can be deduced within
the framework presented here.

2 Decomposition

Smolyak’s algorithm is based on a decomposition of 7, that is maybe most simply
presented in the continuous setting. Here, Fubini’s theorem and the fundamental
theorem of calculus show that any function f: RZ := [0, 0c0)" — Y with f =0on
oRZ satisfies -

f(x):/ 01...0,f(s)ds VxeRl, (5)
" [0.x;] -

questions of integrability and differentiability aside. Moreover, if f converges to a
limit foo € Y as min;lexj — 00, then

foo = lim / 01...0,f(s)ds = / Omix f () ds, (6)
[T}-110.x)] R%

- )
min’_; x;—00

where we introduced the shorthand 0nix for the mixed derivative 9; ...d,. The
crucial observation is now that an approximation of f», can be achieved not only
by rectangular truncation of the integral in Eq. (6), which according to Eq. (5) is
equivalent to a simple evaluation of f at a single point, but also by truncation
to more complicated domains. These domains should ideally correspond to large
values of dnix f in order to minimize the truncation error, but also have to take into
consideration the associated computational work.
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To transfer the decomposition in Eq.(6) to the discrete setting, we denote by
YN .= {7 : N* — Y} the space of all functions from N” into the Banach space Y.
Next, we define the discrete unidirectional difference and sum operators

A YNy

K, kn) = Kkt k= 1 kjrs e kg)  iTkj >0,

(Aj.a)(k) ::{
o (ki, ..., k,) else,

ALl N N
=477V Sy
ki

J
(T k) ==Y ki, k1,8, kjat oo k),
s=0

Finally, we introduce their compositions, the mixed difference operator
Amix = Ay o---0 Ay YN 5 ¥V

and the rectangular sum operator
Yri=X10---03%,: YN - vV,

which replace the mixed derivative and integral operators that map f: R" — Y to
f > Omixf and x — fl—[n_ [10.5,1 f (8) ds. respectively.
J=117)
The discrete analogue of Eq. (5) is now a matter of simple algebra.

Proposition 1

(i) Wehave ©g = A~L that is

mix’

k1 kn
k)= Y Apie (s1,....50) Yk eN.
s1=0 sp=0

(ii) We have A,i = Zee{(),l}" (=)l S, where Se is the shift operator defined by

(Se) (k) = {f(k -9, fk-eelV

else

Proof Part (i) follows directly from the commutativity of the operators {X /}7:1'
Part (ii) follows from plugging the representation A; = Id —Se;, where e; is the jth
standard basis vector in N”, into the definition Apjx = Ajo---0A4,, and subsequent
expansion.
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Part (i) of the previous proposition shows that, ignoring questions of convergence,
discrete functions <7 : N" — Y with limit o7, satisfy

oo =Y Amix (k) (7
keN"

in analogy to Eq. (6). In the next section, we define spaces of discrete functions for
which this sum converges absolutely and can be efficiently truncated. We conclude
this section by the observation that a necessary condition for the sum in Eq.(7)
to converge absolutely is that the unidirectional limits <7 (ky, ..., 00, ..., k,) =
limkj%OQ ki, ... kj, ..., ky) exist. Indeed, by part (i) of the previous proposi-
tion, these limits correspond to summation of Apix? over hyperrectangles that are
growing in direction of the jth coordinate axis and fixed in all other directions. For
instance, in the context of time-dependent partial differential equations this implies
stability requirements for the underlying numerical solver, prohibiting explicit time-
stepping schemes that diverge when the space-discretization is refined while the
time-discretization is fixed.

3 Truncation

For any index set .# C N", we may define Smolyak’s algorithm as the approxima-
tion of o7 that is obtained by truncation of the infinite decomposition in Eq. (7)

to .Z,

()= Amix (k). ®)
ke s

By definition of Apix%7, the approximation . # (/) is a linear combination of the
values o7 (k), k € N" (see Sect. 3.2 for explicit coefficients). This is the reason for
the name combination technique that was given to approximations of this form in the
context of the numerical approximation of partial differential equations [11]. When
one talks about the Smolyak algorithm, or the combination technique, a particular
truncation is usually implied. The general idea here is to include those indices for
which the ratio between contribution (measured in the norm of Y') and required work
of the corresponding decomposition term is large. To formalize this idea, we require
decay of the norms of the decomposition terms and bounds on the work required for
their evaluation. To express the former, we define for strictly decreasing functions
ej: N— R, :=(0,00), j € {1,...,n} the spaces

ey (V) = {a/: N" > ¥ : 3Ky > 0¥k € N" | Anix () |y < K [Teikp}-
j=1
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Proposition 2

(i) If
n
> 1eitkp < oo. ©)
keN" j=1
then any o/ € é”(ej);gzl(Y) has a limit 9o = 1immin;l-=1kj*>00 o (k).

Furthermore, the decomposition in Eq. (7) holds and converges absolutely.

(ii) The spaces éo(ej);’-:l (Y) are linear subspaces of YN,

(iii) (Error expansions) Assume that the ratios ej(k)/e;j(k + 1) are uniformly
bounded above fork €e Nand j € {1,...,n}. Fork e N*and J C {1, ..., n}
letky = (kj)jes € NV, I the approximation error can be written as

(k) — oo = Z dyky) VkeN'

with functions <7y NVl vy, JC {1,..., n} that satisfy

Ity kp)lly < [ eitkp)
jelJ

then
o € g("j);;] (Y).

(iv) (Multilinearity [20]) Assume (Y;)7_, and Y are Banach spaces and
A T1iL, Yi — Y is a continuous multilinear map. If

cQ{[ E(o@( ny+-+n; (le) Vie{l,...,m},

€5) jmny oty 41
then
M, ..., ) € g(ej);:l(Y),
wheren :=ny + --- + n,, and
M, ..., D) k) = M (A (k1), ..., Dpkn) YVk=(ki,... k) €N

Proof Since Y is a Banach space, the assumption in part (i) shows that for any
o € @@(L,j)r;:l (Y) the infinite sum in Eq. (7) converges absolutely to some limit o7

Since rectangular truncations of this sum yield point values 27 (k), k € N" by part
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(i) of Proposition 1, the limit .o/, = limmin?:l kj— 00 7 (k) exists and equals .o/ .
Part (ii) follows from the triangle inequality.

For part (iii), observe that by part (ii) it suffices to show .27 € éa(e.i)Ln (Y) for
all J C {1,...,n}, where we consider <7; as functions on N" depending only on

the parameters indexed by J. Since Apix = Al imix © Aéux, where Aéﬁx denotes the

mixed difference operator acting on the parameters in J, we then obtain

Al oAy (ky) ifVjedCikj=0

0 else.

Amixﬂj (k) = !

Hence, it suffices to consider J = {1,...,n}. In this case, the assumption
N k)lly < Cn/eJ ej(kj) is equ1valent to AleJZ{J € 5@ "y (Y). Thus, it
remains to show that Anix preserves 5@ ) (Y). This holds by part (ii) of this

proposition together with part (ii) of Proposrtlon 1 and the fact that shift operators
preserve @@(‘j)'}=1 (Y), which itself follows from the assumption that the functions

ej(-)/e;(- + 1) are uniformly bounded.
Finally, for part (iv) observe that by multilinearity of .# we have
Amix (A, . .., ) = M AL .. A™ o7,

mix mix

where the mixed difference operator on the left hand side actsonn =ny+---+ny,
coordinates, whereas those on the right hand side only act on the n; coordinates of
&7 . By continuity of .# we have

O ki),

mix

LA (A A, ... A ) By < CH 1A

mix le
i=1

for some C > 0, from which the claim follows.

Parts (iii) and (iv) of the previous proposition provide sufficient conditions to verify
o € g(e/')’j’-zl (Y) without analyzing mixed differences directly.

Example 1

(i) After an exponential reparametrization, the assumptions in Egs. (1) and (2)
become

o (k) — olly < K1 ) exp(—Bjk;) Vk € N"
j=1
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and

Work(«/ (k) = Ka [ [ exp(yjk;) Vk e N,
j=1

respectively. If we slightly strengthen the first and assume that

A (k) — oo = Zﬂ,(kj) Vk € N
j=1

with functions .«7; that satisty
l<jkplly < Cexp(—Bjkj), Vk;j €N
forsome C > Oand 8; > 0, j € {1,...,n}, then
o € g(e/')’j’-zl with e (k;) := exp(—B;k;),

by part (iii) of Proposition 2. Theorem 1 below then shows that Smolyak’s
algorithm applied to .7 requires only the work € maxj_, {y;/Bs)
logarithmic factors, to achieve the accuracy € > 0.

Assume we want to approximate the integral of a function f: [0, 1] — R but
are only able to evaluate approximations f,, ko € N of f with increasing cost
as kp — oo. Given a sequence Sg,, k1 € N of linear quadrature formulas, the
straightforward approach would be to fix sufficiently large values of & and
k> and then approximate the integral of fi, with the quadrature formula S, .
Formally, this can be written as

, up to possible

o (ki, k2) := S, fis-

To show decay of the mixed differences Apix.o7, observe that the application
of quadrature formulas to functions is linear in both arguments, which means
that we may write

o (ki, ko) = M (Sk,, fi,) = A (A1 (k1), 5 (k2))

where o7 (k1) = Sk, @5(ka) = fi,, and # is the application of linear
functionals to functions on [0, 1]. Assume, for example, that the functions f;,
converge to f in some Banach space B of functions on [0, 1] as kp — oo,
and that the quadrature formulas S, converge to the integral operator | in the
continuous dual space B* as ki — oo. The decay of the mixed differences
Amix? (k1, kp) then follows from part (iv) of Proposition 2, since .# is a
continuous bilinear map from B* x B to R. We will see in Sect.5.3 below
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that the application of Smolyak’s algorithm in this example yields so called
multilevel quadrature formulas. This connection between Smolyak’s algorithm
and multilevel formulas was observed in [14].

(iii) Assume that we are given approximation methods «7;: N — Y;, j € {1,...n}
that converge at the rates |7 (k) — P, jlly; < €j(k;) to limits o ; € Y},
where e : N — R. are strictly decreasing functions. Define the tensor product
algorithm

I N SV :=Y1Q® -QY,,
(k) == (k1) ® -+ ® (k).

If the algebraic tensor product Y is equipped with a norm that satisfies ||y} ®
- ®@ynlly = lyillyy - - llynlly,, then o € & yr_ (Y). Indeed, 7 € &, (Y})
by part (iii) of Proposition 2, thus &7 € @@(ej)r}:l (Y) by part (iv) of the same
proposition.
Similar to the product type decay assumption on the norms || Amix<? (k)||y, which
we expressed in the spaces é"(ej)?:l , we assume in the remainder that

n
Work(Amix? (k)) < K» ]_[ wjk;) VkeN' (10)
j=1
for some K> > O and increasing functions w;j: N — R.. By part (ii) of

Proposition 1, such a bound follows from the same bound on the evaluations <7 (k)
themselves.

3.1 Knapsack Problem

The goal of this subsection is to describe quasi-optimal truncations of the decom-
position in Eq. (7) for functions <7 € @@(L,j)r;:l (Y) that satisfy Eq. (10). Given a work
budget W > 0, a quasi-optimal index set solves the knapsack problem

max |7, = K Z ]_[ej(kj)

S N ke s j=I
(11)

n
subjectto |7 |y 1= K> Z l—[ wj(k;) < W.
ke.s j=1
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The term that is maximized here is motivated by

175 () — doolly = | Y Amix ®lly = Y | Anmix By ~ |71,
ke g¢ ke gc

Proposition 3 below shows that for any W > 0 the knapsack problem has an
optimal value. However, finding corresponding optimal sets is NP-hard [19, Section
1.3]. As a practical alternative one can use Dantzig’s approximation algorithm [19,
Section 2.2.1], which selects indices for which the ratio between contribution and
work is above some threshold §(W) > 0,

Iy =f{k e N Inej(kj)/wj(kj)>8(w)}s (12)
j=1

where § (W) is chosen minimally such that | Zy |, < W.
Proposition 3

(i) The knapsack problem in Eq. (11) has a (not necessarily unique) solution, in
the sense that a maximal value of |.¥ |, is attained. We denote this maximal
value by E*(W).

(ii) Anyset .9* forwhich ||, = E*(W) is finite and downward closed: Ifk € 9*
and k € N" satisfies k<k componentwise, then k € 7*. The same holds for
the set Sy from Eq. (12).

(iii) The set Py from Eq. (12) satisfies

|jW|e - |jW|w

> E*(W).

This means that if Sw uses all of the available work budget, | Yw|y = W,
then it is a solution to the knapsack problem. In particular, Dantzig’s solutions
are optimal for the work |y |y, they require, but not necessarily for the work

W they were designed for.

Proof There is an upper bound N on the cardinality of admissible sets in Eq. (11)
since the functions w; are increasing and strictly positive. Furthermore, replacing
an element k of an admissible set by k with k < k decreases |- |w and increases |- |-
This proves parts (i) and (ii), as there are only finitely many downward closed sets
of cardinality less than N (for example, all such sets are subsets of {0, ..., N — 1}").
Part (iii) follows directly from the inequality | Zw|e/|- 2w |w = |-Z*|e/]|7*|w, where
#* is a set that attains the maximal value E*(W).

Even in cases where no bounding functions e; and w; are available, parts (ii) and
(iii) of the previous proposition serve as motivation for adaptive algorithms that
progressively build a downward closed set .# by adding at each step a multi-index
that maximizes a gain-to-work estimate [6, 15].
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3.2 Combination Rule

Part (ii) of Proposition 1 provides a way to express the approximations . 4 (<)
in a succinct way as linear combinations of different values of <. This yields the
combination rule, which in its general form says that

S d) =) cudl (k)
kes

with

=y, (=Dl (13)

ec{0,1}:k+ec s
for any downward closed set .#. It is noteworthy that ¢, = 0 for all k with k +
(1,...,1) € #, because for such k the sum in Eq. (13) is simply the expansion of
1-Dn"
When .7 is a standard simplex, .# = {k € N" : |k|; < L}, the following explicit
formula holds [25]:

L—|k -1 :
Ck::(—l) M8 HL—n+1<kh <L

0 else.

4 Convergence Analysis

4.1 Finite-Dimensional Case

We consider an approximation method o7 € éa(ef)’}=1 (Y) with

ej(kj) = Kj1exp(—pkj)(k; + 1) Vje(l,....n) (14)
and assume that
n
Work (4 (k)) < l_[ Kj2exp(yik;)(k; + 1) Vk e N (15)
j=1

withK;1 >0,K;2>0,8; >0,y; >0,s; >0,¢; > 0. The required calculations
with § = ¢t = 0 were previously done in various specific contexts, see for example
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[13]. According to Proposition 3, quasi-optimal index sets are given by

Kj1exp(—Bjk;j)(kj+ 1)%

S5 1= {k e N*': l_[ K2 exp(y;k)(k; + 1)1 > }

j=1

K - _—
—[keN": Kl exp(—(B +y) - k) [ [tk + D57 > 5}
j=1

for § > 0, where K| := ]_[?=1 Kj1, Ky := ]_[?=1 Kja and B := (Bi1,...,Bn),
y = (¥1, ..., ¥n). For the analysis in this section, we use the slightly simplified
sets

L=k e N texp(B+y) k) <expL)} = [keN": (B+y) -k <L},

with L — oo, where, by abuse notation, we distinguish the two families of sets by
the subscript letter.
The work required by .77 (&) := .74, (&) satisfies

Work (.7 (#)) < Z 1_[ Kjrexp(yjk;)(kj+ DY =K, Z exp(y -k)(k+ 1’
ke j=1 (B+y)k=L

with (k + 1)! := ]_[;'.:1(16 j + D' Similarly, the approximation error satisfies

1) —olly < D [ [ Kjnexp(=Bikpk] =Ki Y exp(=B-k)(k+1)°.

kes} j=1 (B+y)k>L
(16)

The exponential sums appearing in the work and residual bounds above are
estimated in the appendix of this work, with the results

Work(71.()) = K2C(y, t,m exp( | _f L)(L + 1"+ (17)
0
and

1 N -
|-71() = oclly < KiC(B, 5, m) exp(— | +pL)(L N DL (18)

where p = max’}:1 vi/Bj, J = {j e {l,....n} : yj/B; = p}, n* = |J|,
s* =) ey 8j, 1" = X jcytj. We may now formulate the main result of this

section by rewriting the bound in Eq. (17) in terms of the right-hand side of Eq. (18).
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Theorem 1 Under the previously stated assumptions on <7 and for small enough
€ > 0, we may choose L > 0 such that

|-SL(A) — Aoolly < €
and
Work(1(7)) < K/ K2C(B, p, s, t,n)e | loge|™ ~DUFo o™+, O

This means that we have eliminated the sum in the exponent of the bound in Eq. (4),
as announced in Sect. 1. The additional logarithmic factors in Theorem 1 vanish if
the worst ratio of work and convergence exponents, p, is attained only for a single
index jmax € {1,...,n}andif¢;  =s; . =0.

Remark 1 If y = 0 and B = 0, that is when both work and residual depend
algebraically on all parameters, then an exponential reparametrization, exp(ic) =k,
takes us back to the situation considered above. The preimage of .#; = {k :
s+1¢- k < L} under this reparametrization is {k : ]_[?=1 kj.j+tj < exp(L)},
whence the name hyperbolic cross approximation [5].

Remark 2 When the terms Anix/ (k), k € N" are orthogonal to each other, we
may substitute the Pythagorean theorem for the triangle inequality in Eq. (16). As a
result, the exponent of the logarithmic factor in Theorem 1 reduces to (n* — 1)(1 +
p/2) + ps* +t*.

4.2 Infinite-Dimensional Case

The theory of the previous sections can be extended to the case n = co. In this case
the decomposition in Eq. (7) becomes

oo =Y Amix (k), (19)
keN®

where N2° are the sequences with finite support, and Apix.a7 (k) is defined as Ag o
-+ -0 Ap @ (k), Where npayx is a bound on the support of k. In particular, every term
in Eq. (19) is a linear combination of values of .« with only finitely many nonzero
discretization parameters.

We consider the case &7 € é"(ej)r;:l (Y) for

e]'(kj) = Kj,lexp(—,Bjkj)(kj + 1)s Vj>1

ands > 0, Ky := ]_[721 Kj1 < o0os > 0, and we assume constant computational
work for the evaluation of the mixed differences Ay,ix/ (k),i.e. w; = C in Eq. (10)
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for all j > 1. Similarly to the finite-dimensional case, we consider sets

[ee)
I = {keNZ: ) Bikj <L}
j=1

and the associated Smolyak algorithm

L) =Y Amin (k).
I

The following theorem is composed of results from [10] on interpolation and
integration of analytic functions; the calculations there transfer directly to the
general setting.

Theorem 2 Let L > 0 and define N := |91 | = Work(SL()).
(i) Assume s = Q.
* [10, Theorem 3.2] If there exists fo > 1 such that M := M (B, (,Bj)?‘;l) =

00 1
271 exp(py /o)1 < OO then

K
”yL(JZ{) - JZ{OQHY < ﬁ; eXp(,BoM)N_(/SO_l),

which implies
Work(.7, (7)) < C(K, o, M)e "/ Fo=D

fore == Iﬁ((; exp(BoM)N~Po—D),
e [10, Theorem 3.4]If Bj > Boj for Bo > 0, j > 1, then

|71 () N1+}1ﬁ0*§/30(10gN)1/2.

— o <
el = g Jlog N

(ii) Assume s > Q.

e [10, Corollary 4.2 (i)] If there exist By > 1 and § > 0 such that M (Bo, ((1 —
5),3]-)7‘;1) < 00, then

|72 () — nolly < C(K1,8, Bo, M, (B}) jen, s)N~Fo~D,
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which implies
Work(S(4/)) < C(K1,38, Bo. M, (B}) jen. s)e1/(Fo=D

fore .= C(K1,8, Bo, M, (B) jen, s)N~Fo=D),

» [10, Corollary 4.2 (ii)] If B; = Boj for Bo > O, then for every BO < Po we
have

C(ﬁ()s M, b) N1+€0 *;Bo(lOgN)l/z‘
J/log N

Remark 3 For alternative approaches to infinite-dimensional problems, which
allow even for exponential type work bounds, w;(k;) = K2 exp(y;k;), consider
for example [4, 22, 23].

L () — oolly <

5 Applications

5.1 High-Dimensional Interpolation and Integration

Smolyak introduced the algorithm that now bears his name in [24] to obtain efficient
high-dimensional integration and interpolation formulas from univariate building
blocks. For example, assume we are given univariate interpolation formulas Sk, k €
N for functions in a Sobolev space H ([0, 1]) that are based on evaluations in 2%
points in [0, 1] and converge at the rate

1Sk = 1d 1l g6 0,17y mre(go.17) < C27FF~

for some 0 < o < B. A straightforward high-dimensional interpolation formula is
then the corresponding tensor product formula

Q) S, = HP (10, 1)®" = HP. ([0, 11") — H*([0, 1)®" =: H% (0, 1]")

mix
Jj=1

for (k1,...,k;,) € N", where we consider both tensor product spaces to be
completed with respect to the corresponding Hilbert space tensor norm [12]. This
can be interpreted as a numerical approximation method with values in a space of
linear operators,

(k) = Q) Sk, € L(HE, (10, 11"), HE, ([0, 11") =: Y,

ixX
j=1
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whose discretization parameters k = (ki,..., k,) determine the resolution of
interpolation nodes in each direction j € {1, ..., n}.
If we associate as work with .27 (k) the number of required point evaluations,

Work (< (k)) := ]_[ 2k,
j=1

then we are in the situation described in Sect. 4.1. Indeed, we have &/ € @@(ej)r}:l Y)

with e;(k;) = 27k (B=) by part (iii) of Example 1, since the operator norm of
a tensor product operator between Hilbert space tensor products factorizes into the
product of the operator norms of the constituent operators (see [12, Proposition
4.127] and [3, Section 26.7]).

In particular, the straightforward tensor product formulas <7 (k, ..., k) require
the work

e/ (B=a)

to approximate the identity operator with accuracy € > 0 in the operator norm,
whereas Smolyak’s algorithm %7 (27) with an appropriate choice of L = L(¢)
achieves the same accuracy with

WOI'k(yL (ﬂ)) S 671/(/9*01)' 10g6|(n71)(1+1/(/3,a)),

according to Theorem 1. Here and in the following, we denote by < estimates
that hold up to factors that are independent of €. As a linear combination of
tensor product operators, Smolyak’s algorithm .#} (/) is a linear interpolation
formula based on evaluations in the union of certain tensor grids. These unions are
commonly known as sparse grids [2, 7, 26].

Remark 4 Interpolation of functions in general Banach spaces, with convergence
measured in different general Banach spaces can be treated in the same manner.
However, more care has to be taken with the tensor products. Once the algebraic
tensor products of the function spaces are equipped with reasonable cross norms
[12] and completed, it has to be verified that the operator norm of linear operators
between the tensor product spaces factorizes. Unlike for Hilbert spaces, this is not
always true for general Banach spaces. However, it is true whenever the codomain
is equipped with the injective tensor norm, or when the domain is equipped with the
projective tensor norm [12, Sections 4.2.9 and 4.2.12]. For example, the L*°-norm
(and the similar C*-norms) is an injective tensor norm on the product of L*-spaces,
while the L'-norm is a projective norm on the tensor product of L!-spaces.
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5.2 Monte Carlo Path Simulation

Consider a stochastic differential equation (SDE)
dS(t) =a(t,S@))dt +b(t,St)dW(@) 0<t<T 20)
5(0) = Sy € R4,

with a Wiener process W(¢) and sufficiently regular coefficients a, b: [0, T] x
R? — R. A common goal in the numerical approximation of such SDE is to
compute expectations of the form

E[Q(S(T))].

where 0: RY — R is a Lipschitz-continuous quantity of interest of the final
state S(7"). To approach this problem numerically, we first define random variables
Sn(@),0 <t < T as the forward Euler approximations of Eq. (20) with N > 1
time steps. Next, we approximate the expectations E[Q(Sy(T))] by Monte Carlo
sampling using M > 1 independent samples S Il\,(T), cees S}\‘J/I (T) that are computed
using independent realizations of the Wiener process. Together, this gives rise to the
numerical approximation

1Y
S M. N) = YOSy (T)).
i=1

For fixed values of M and N this is a random variable that satisfies
E[(/ (M, N) — E[Q(S(T)])*] = (EL«/ (M, N)] — E[Q(S(T))])*
+ Var[«/ (M, N)]
= (E[Q(Sn(T)] — E[Q(S(T)])*
+ M~ Var[Q(Sy ()]
S N_2 + M_ls
where the last inequality holds by the weak rate of convergence of the Euler method
[17, Section 14.1] and by its L?-boundedness as N — oo. This shows that the
random variables </ (M, N) converge to the limit o/, = E[Q(S(T))], which
itself is just a deterministic real number, in the sense of probabilistic mean square
convergence as M, N — oo. To achieve a mean square error or order €2 > 0, this

straightforward approximation requires the simulation of M ~ ¢~ sample paths of
Eq. (20), each with N ~ e ! time steps, which incurs the total work

Work(«/ (M, N)) = MN =~ ¢ 3.
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Smolyak’s algorithm allows us to achieve the same accuracy with the reduced work
€2 of usual Monte Carlo integration. To apply the results of Sect. 4.1, we consider
the reparametrized algorithm <7 (k, [) with

My := Myexp(2k/3),
N; := Noexp(21/3),

for which the convergence and work parameters of Sect. 4.1 attain the values 8; =
1/3,y; =2/3,ands; =t; =0, j € {1, 2}. (Here and in the following we implicitly
round up non-integer values, which increases the required work only by a constant
factor.) Indeed, we may write

A (k1) = M (A k), (1)),

where @ (k), k € N is the operator that maps random variables to an empirical
average over M; independent samples, @A (l), [ € N is the random variable
Q(8n,(T)), and .# denotes the application of linear operators to random variables.
Since .71 (k) converges in the operator norm to the expectation operator on the space
of square integrable random variables at the usual Monte Carlo convergence rate

M, V2 sk — 00, and @ (I) converges to Q(S(T)) at the strong convergence rate

Nl_l/ 2 of the Euler method in the L2-norm [17, Section 10.2] as [ — oo, and since
A is linear in both arguments, the claimed values of the convergence parameters
Bj, j € {1, 2} hold by part (iv) of Proposition 2.

Theorem 1 now shows that choosing L = L(¢) such that

E[(S1(«/) = ELQ(S(T)])’] < €
incurs the work
Work(.7, (7)) < e ?|loge| . (21)
To link this result to the keyword multilevel approximation, we observe that,

thanks to our particular choice of parametrization, Smolyak’s algorithm from
Sect. 4.1 takes the simple form

)= Y Amin (k, D).
k+I<L
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Since Apix = Ajo Az and A = Efl we may further write

L L-I

A =Y Amin (K, 1)

=0 k=0

L
= Z Arcd (L —1,1)
=0

1 My . L 1 My ) .
=, ; O(Siy, (1)) + l; Mo ; (Q(SNI(T)) _ Q(SNH(T))),
(22)

which reveals that Smolyak’s algorithm employs a large number of samples
from the coarse approximation Sy,(7), and subsequently improves on the
resulting estimate of E[Q(S(T))] by adding approximations of the expectations
E[Q(SN(T)) — Q(Sn,_,(T)], I € {1,...,L} that are computed using less
samples.

Equation (22) is a multilevel formula of the form analyzed in [8, 16]. Alterna-
tively, this formula could also be deduced directly from the combination rule for
triangles in Sect.5.4. Compared to the analysis in [8], our presentation has two
shortcomings: First, our analysis only exploits the strong rate of the discretization
method used to approximate Eq. (20). In the situation considered above, this does
not affect the results, but for more slowly converging schemes a faster weak
convergence rate may be exploited to obtain improved convergence rates. Second,
the bound in Eq. (21) is larger than that in [8] by the factor | log €|. This factor can
be removed by using independent samples for different values of / in Eq. (22), since
we may then apply Remark 2.

5.3 Multilevel Quadrature

As in Example 1 of Sect.3, assume that we want to approximate the integral
fIO,I] f(x) dx € R using evaluations of approximations f;: [0, 1] — R,/ € N.
This is similar to the setting of the previous subsection, but with random sampling
replaced by deterministic quadrature.

As before, denote by Sk, k € N a sequence of quadrature formulas based on
evaluations in 2¥ nodes. If we assume that point evaluations of f; require the work
exp(y!) for some y > 0, that

Ifi = fllg S 274
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for some k > 0 and a Banach space B of functions on [0, 1] and that
150~ [ - dxll S exp-p0
[0,1]
for some B > 0, then o7 (k, [) := Sy f; satisfies
ISk fi — / f(x) dx| < exp(—Bk) + exp(—«l).
[0,1]

Hence, an accuracy of order € > 0 can be achieved by setting

k:= —1log(e)/B, [ :=—logy(e)/k,
which requires the work
2k exp(yl) = e V/Bv/x,
We have already shown the decay of the mixed differences,
| Amix? (k. D] S exp(—ph)27,

in Example 1. Thus, Theorem 1 immediately shows that we can choose L = L(¢)
such that Smolyak’s algorithm satisfies

Sty — / ) dxl <e.
[0.1]
with
Work (7 (7)) < e~ MaxU/BY /Y 1og |

for somer = r(B, y,x) > 0.

As in Sect.5.2, we may rewrite Smolyak’s algorithm .7 (<) in a multilevel
form, which reveals that a Smolyak’s algorithm employs a large number of evalua-
tions of fy, and subsequently improves on the resulting integral approximation by
adding estimates of the integrals f[o, 1 fi(x) — fi—1(x) dx, 1 > 0, that are computed
using less quadrature nodes.

5.4 Partial Differential Equations

The original Smolyak algorithm inspired two approaches to the numerical solu-
tion of partial differential equations (PDEs). The intrusive approach is to solve
discretizations of the PDE that are built on sparse grids. The non-intrusive approach,
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which we describe here, instead applies the general Smolyak algorithm to product
type discretizations whose resolution in the jth direction is described by the
parameter k; [9, 26].

We discuss here how the non-intrusive approach can be analyzed using error
expansions of finite difference approximations. For example, the work [11], which
introduced the name combination technique, exploited the fact that for the Poisson
equation with sufficiently smooth data on [0, 1]%, finite difference approximations
Uk, ko € L([0, 11%) with meshwidths 1; = 27X/ in the directions j € {1, 2} satisfy

U — Uk ky = W1(h1) +wa(h2) +wi2(h1, h2), (23)

where u is the exact solution and wi (h1), wa(h2), wi 2(h1, h2) € L*([0, 1]2) are
error terms that converge to zero in L° at the rates ﬁ(h%), ﬁ(h%), and ﬁ(h%h%),
respectively. Since the work required for the computation of <7 (ky, k2) := ug, ,
usually satisfies

Work( (k1, k2)) ~ (h1hy)™

for some y > 1 depending on the employed solver, an error bound of size € > 0
could be achieved with the straightforward choice k| := k2 := —(log, €)/2, which
would require the work

Work (a7 (k1, k2)) ~ €7

Since Eq.(23) in combination with part (iii) of Proposition 2 shows that &7 €

& with e (k) = 27%j, we may deduce from Theorem 1 that Smolyak’s

()31
algorithm applied to < requires only the work

e 72| loge|! /2

to achieve the same accuracy. The advantage of Smolyak’s algorithm becomes
even more significant in higher dimensions. All that is required to generalize the

analysis presented here to high-dimensional problems, as well as to different PDE
and different discretization methods, are error expansions such as Eq. (23).

5.5 Uncertainty Quantification

A common goal in uncertainty quantification [1, 13, 18] is the approximation of
response surfaces

I'syr— f(y):=0(uy) €R.
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Here, y € I' C R™ represents parameters in a PDE and Q(uy) is a real-
valued quantity of interest of the corresponding solution uy. For example, a
thoroughly studied problem is the parametric linear elliptic second order equation
with coefficients a: U x I" — R,

—V, - (a(x, y)Vyuy(x)) = g(x) inU cR?
uy(x) =0 onaU,

whose solution for any fixed y € I" is a functionuy: U — R.

Approximations of response surfaces may be used for optimization, for worst-
case analysis, or to compute statistical quantities such as mean and variance in
the case where I is equipped with a probability distribution. The non-intrusive
approach to compute such approximations, which is known as stochastic collocation
in the case where I" is equipped with a probability distribution, is to compute the
values of f for finitely many values of y and then interpolate. For example, if we
assume for simplicity that I' = ]_[’}Ll[O, 1], then we may use, as in Sect.5.1,
a sequence of interpolation operators Sy : HP ([0,1) — H%(]0, 1]) based on
evaluations in (yk,,')l-zi 1 C [0, 1]. However, unlike in Sect. 5.1, we cannot compute
values of f exactly but have to rely on a numerical PDE solver. If we assume
that this solver has discretization parameters I = (I1,...,l7) € N? and returns
approximations uy ; such that the functions

fi: ' - R
Yy fi(y) == Quy,p)

are elements of Hrﬁix([o, 1]™), then we may define the numerical approximation
method

o N" x N — H% ([0,1]") =: Y

A (k1) = (é Sk; ) fi
j=1

with n := m + d discretization parameters.

At this point the reader should already be convinced that straightforward
approximation is a bad idea. We therefore omit this part of the analysis, and directly
move on to the application of Smolyak’s algorithm. To do so, we need to identify
functions ¢;: N — R such that &/ € g(e/');’-zl (Y). For this purpose, we write .o as

o (k1) = A (A (k), 1)),
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where

A K) = Q) Sk, € Z(Hb, (10, 11): By ([0, 11M) =t i Vk € N"

j=1
() = fie HE ([0, 11" =Y, VI eN
and
MY xYr—>Y

is the application of linear operators in Y7 to functions in Y». Since .# is continuous
and multilinear, we may apply part (iv) of Proposition 2 to reduce our task to the
study of 71 and 7. The first part can be done exactly as in Sect.5.1. The second
part can be done similarly to Sect. 5.4. However, we now have to verify not only that
the approximations u ; converge to the exact solutions u , for each fixed value of y
as min?:1 lj — o0, but that this convergence holds in some uniform sense over the
parameter space.

More specifically, let us denote by Afrllgx the mixed difference operator with
respect to the parameters / and let us assume that

d d
1 2
||Afnixﬁ||H£ix([O’“m) S [Texp(—xjtpy =[] vren.
j=1 Jj=1

For example, such bounds are proven in [13, 14]. If the interpolation operators
satisfy as before

1Sk = 1d 1l g g0, 1 — He (10,17) S 27K — M (k) VEkeN,
then the results of Sect. 5.1 together with part (iv) of Proposition 2 shows that
'Q{ € éa(e(l));(l=lu(e;2))f;=l (Y)
If we further assume that the work required by the PDE solver with discretization
parameters [ is bounded by exp(y?) - I) for some y € RZ, then we may assign as
total work to the algorithm ¢ (k, I) the value

Work(« (k, 1)) := 2KV exp(y - I),

which is the number of required samples, 2/¥1 | times the bound on the work per
sample, exp(y -I). Thus, by Theorem 1, Smolyak’s algorithm achieves the accuracy

I7L() = flly S €



224 R. Tempone and S. Wolfers
with
Work(.77, (7)) < €| logel",

where p := max{1/(8 — a), max{yj//cj}‘;zl} and r > 0 as in Sect. 4.1.

6 Conclusion

We showed how various existing efficient numerical methods for integration, Monte
Carlo simulations, interpolation, the solution of partial differential equations, and
uncertainty quantification can be derived from two common underlying principles:
decomposition and efficient truncation. The analysis of these methods was divided
into proving decay of mixed differences by means of Proposition 2 and then
applying general bounds on exponential sums in form of Theorem 1.

Besides simplifying and streamlining the analysis of existing methods, we hope
that the framework provided in this work encourages novel applications. Finally,
we believe that the general version of Smolyak’s algorithm presented here may
be helpful in designing flexible and reusable software implementations that can be
applied to future problems without modification.

Appendix
Lemmal Lety; >0, 8; >0,andt; > O0for j €(1,...,n}. Then

> epr bk + D' = Crtmyexp(uL)(L+ D" T
(B+y)-k<L

where p i= maxi_, y;/Bj, woi= \§, T =) € {L...on} 2 vi/Bj = p),
n* = \|J|, t* = Zje] tj, and (k + 1)! := ]_[’j?:l(kj + )4,

Proof First, we assume without loss of generality that the dimensions are ordered
according to whether they belong to J or J¢ := {1, ...,n} \ J. To avoid cluttered
notation we then separate dimensions by plus or minus signs in the subscripts; for
example, we write t = (¢, jc) =: (¢4, t_).

Next, we may replace the sum by an integral over {(f + y) - x < L}. Indeed, by
monotonicity we may do so if we replace L by L + |8+ y |1, but looking at the final
result we observe that a shift of L only affects the constant C(y, ¢, n).
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Finally, using a change of variables y; := (8; + y;)x; and the shorthand p :=
y /(B + y) (with componentwise division) we obtain

/ exp(y - x)(x + 1) dx
(B+y)x<L
< Cf exp(n - )(y+ 1) dy
[yh=L
= C/ exp(uy -y )y + 1 Dl
lysh =L
x f exp(p_ -y )(y_+1D"~dy_dy,
ly_lhi=L—lys+h
<c / exp(lys 1) (s + D
lysh=L
<[ exp(u_ly_IDG— + 1 dy_ dy, = (3.
ly_li=L—|ys+h

where the last equality holds by definition of ;4 = max{u} and u_ := max{u_}.
We use the letter C here and in the following to denote quantities that depend only

on y, t and n but may change value from line to line. Using (y, + 1)+ < (Iysli+
D+ and (y_ 4+ 1) < (Jy_|1 + DI and the linear change of variables y

(I¥l1, ¥2, ..., yn) in both integrals, we obtain
) < C/ exp(my+|1)(\y+|1+1>‘t+'1/ exp(uly_ID(y_i+ D dy_dy,
lysh <L ly_h=<L—ly;+h

L L—u
< C/ exp(uu)(u + 1)"*"14”‘_1 / exp(u—v)(v + 1)‘”*“UUC|_1 dv du
0 0
L . L—u
< C(L 4 Dlt+lipli=1 / exp(uu) (L — u) + DI — )l 11 / exp(u_v) dv du
0 0
L .
< C(L+ D= / exp(uu)(L — u+ DL — ) 1= exp(u_ (L — w)) du
0

L
=C(L+ 1)'”“"’”"1 exp(uL)/ exp(—(u — p—)w)(w + 1)‘”*“11)”6‘_1 dw
0
< C(L + DI+l exp(uL),

where we used supremum bounds for both integrals for the third inequality, the
change of variables w := L — u for the penultimate equality, and the fact that
w > u— for the last inequality.
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Lemma2 Lety; >0, 8; >0,ands; > 0forje{l,...,n}. Then

Z exp(—B - k)(k +1)* < C(B, s, n)exp(—vL)(L + 1)" 71+,
(B+y)-k>L

where p = max?zlyj/ﬂj, Vo= lep, J ={j e {l,....n} : y;j/Bj = p},
n* = |J|, s* = Zje] tj, and (k +1)° := ]_[;%:1(/(/ + 1)%.

Proof First, we assume without loss of generality that the dimensions are ordered
according to whether they belong to J or J¢. To avoid cluttered notation we then
separate dimensions by plus or minus signs in the subscripts; for example, we write
s =(87,8jc) =: (§4+,8-).

Next, we may replace the sum by an integral over {(8 + ) - x > L}. Indeed, by
monotonicity we may do so if we replace L by L — |8+ y |1, but looking at the final

result we observe that a shift of L only affects the constant C(8, s, n).
Finally, using a change of variables y; := (8; + y;)x; and the shorthand v :=
B/(B + y) (with componentwise division) we obtain

/ exp(—=B - x)(x +1)* dx < C/ exp(—=v - y)(y + D dy
(B+y)x>L yli>L

= C/ exp(—vy -y )y + D% / exp(—v_ -y )(y_ + 1D’ dy_dy,
[y4h>L [y_li>(L—=]yslD*

< C/ exp(—vyLID(y4 + DT / exp(—v_|y_[D(y_ + D' ~dy_dy,
[y+h>L ly_li>L~ly Dt
=: (%),
where the last equality holds by definition of v = max{v.} and v_ := max{v_}.

We use the letter C here and in the following to denote quantities that depend only
on B, s and n but may change value from line to line. Using (y, +1)** < (Jy |1 +
DS+ and (y_ 4+ 1)~ < (ly_|1 + 1)!*-I' and the linear change of variables y >
(I¥l1, ¥2, - .., yn) in both integrals, we obtain

(*)EC/ exp(—v|y+\1)(|y+\1+1)‘S+'I/ exp(—v—|y_|D(y_h+D"*ldy_dy,
[y4l1>0 [y_li>L—ly Dt

o0 ) .
§C/ exp(—vu) (u + 1)ls+g V1= / exp(—v_v)(v + D171 gy gy
0 (L

—u)t

L o)
:C/ exp(—vu)(u + DS+ +I=1 / exp(—v_v)(v + D=1 gy gy
0 L

—u

[oe] [oe] N
+c/ exp(—vu)(u + 1)'S+‘l+“'*1/ exp(—v_v)(v + DI gy gy
L 0

= (&%) + (x x %).
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To bound (xx), we estimate the inner integral using the inequality faoo exp(—bv)(v+
1)¢dv < Cexp(—ba)(a+ 1)¢ [21, (8.11.2)], which is valid for all positive a, b, c:

L
(3%) < c/ exp(—vu)(u + DIV exp(—v_ (L — u))(L — u + 1)Is-1+1=1 gy
0

L ~
< C(L + Dls+h+l/1=1 f exp(—v(L — w)) exp(—v_w)(w + D=1+ I=1 gy,
0

L -
= C(L + 1)ls+h+I=1 exp(—vL)/ exp(—(v_ — vw)(w + DI gy
0

< C(L + 1S+t =l exp(—vL),

where we used a supremum bound and the change of variables w := L — u for the
second inequality, and the fact that v_ > v for the last inequality. Finally, to bound
(* % x), we observe that the inner integral is independent of L, and bound the outer
integral in the same way we previously bounded the inner integral. This shows

(*x % %) < Cexp(—vL)(L + Dls+htl/I=1,
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Fundamental Splines on Sparse Grids )
and Their Application to Gradient-Based <
Optimization

Julian Valentin and Dirk Pfliiger

Abstract Most types of hierarchical basis functions for sparse grids are not
continuously differentiable. This can lead to problems, for example, when using
gradient-based optimization methods on sparse grid functions. B-splines represent
an interesting alternative to conventional basis types since they have displayed
promising results for regression and optimization problems. However, their over-
lapping support impedes the task of hierarchization (computing the interpolant), as,
in general, the solution of a linear system is required. To cope with this problem,
we propose three general basis transformations. They leave the spanned function
space on dimensionally adaptive sparse grids or full grids unchanged, but result
in triangular linear systems. One of the transformations, when applied to the B-
spline basis, yields the well-known fundamental splines. We suggest a modification
of the resulting sparse grid basis to enable nearly linear extrapolation towards the
domain’s boundary without the need to spend boundary points. Finally, we apply
the hierarchical modified fundamental spline basis to gradient-based optimization
with sparse grid surrogates.

1 Introduction

When dealing with real-valued functions f: [0, 1] — R on higher-dimensional
domains (such as interpolation and optimization), one must consider the curse of
dimensionality. The curse states that the number of discretization points needed for
a uniform sampling of [0, 1]¢ depends exponentially on d. As a result, conventional
approaches are typically ruled out even for moderate dimensionalities, where d > 4.
To tackle the curse, sparse grids have been used successfully for discretization [2, 4,
19].
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Sparse grids can be used with different types of hierarchical bases. Common
types include the piecewise linear [22] and the piecewise polynomial functions of
Bungartz [1]. All these 1D bases are continuous on [0, 1], but not continuously dif-
ferentiable. This leads to problems when using sparse grid surrogates in applications
that depend on derivatives, such as gradient-based optimization. Using hierarchical
B-splines on sparse grids is a promising approach to overcome this problem. Their
smoothness can be adjusted by their degree p, and their compact support and piece-
wise polynomial structure facilitate their handling both analytically and numerically.
Moreover, the piecewise linear functions are a special case of B-splines, obtained by
setting p = 1. B-spline sparse grid interpolants have been employed successfully
for gradient-based optimization and topology optimization [19].

The main drawback of B-splines is their non-local support (even though compact)
in the sense that a B-spline does not necessarily vanish at neighboring grid
points. This greatly complicates the process of hierarchization (i.e., computing the
interpolant): For basis functions with local support (i.e., supp ¢;,; = [x1,; —hy, x1,i +
hi] with x;; = ihy, by = 2’1), hierarchization can be done efficiently via the
unidirectional principle, which works for spatially adaptive grids in which direct
ancestors exist in every coordinate direction (see [11, 12]). For B-splines, however, a
linear system must be solved to perform hierarchization. The corresponding system
matrix is generally non-symmetric (in contrast to regression tasks [11]) and may be
either sparsely or densely populated. Consequently, considerable time and system
memory are required to solve the linear system.

In this paper, we propose three transformations that convert a general hierarchical
basis into another hierarchical basis that satisfies a specific fundamental property.
The resulting transformed bases lead to easily solvable triangular hierarchization
systems. One transformation leaves the spanned sparse grid space invariant, while
the other two leave the spanned nodal spaces invariant. If we apply the third trans-
formation to the hierarchical B-spline space, we obtain the hierarchical fundamental
spline basis, whose analytical approximation quality on sparse grids has been pre-
viously studied [17]. We propose modifying the fundamental splines, analogously
to the modified B-spline basis [11], to attain meaningful boundary values without
having to “spend” sparse grid points on the boundary itself. We compare the quality
of the hierarchical modified fundamental splines with the modified B-spline basis
in an application-based setting. Here, we choose the gradient-based optimization
of the corresponding sparse grid surrogates since optimization is one area in which
B-splines have shown good results [19].

The paper is structured as follows: First, we introduce our notation of hierarchical
B-splines on sparse grids in Sect.2 and state the hierarchization problem. In
Sect. 3, we study the behavior of general hierarchical basis functions which fulfill
the fundamental property. We give definitions of the different transformations to
transform an existing sparse grid basis into one that satisfies the fundamental
property in Sect.4. As already mentioned, one of them leads to the well-known
fundamental splines, which we discuss in Sect. 5. We compare the performance of
the fundamental splines versus the B-spline basis (both modified) in gradient-based
optimization in Sect. 6. Finally, we conclude in Sect. 7.
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2 B-Splines on Sparse Grids

In this section, we first repeat the definition of B-splines on sparse grids [11, 19]
and then state the problems which arise for typical algorithms at the example of
hierarchization.

2.1 Definition and Properties

Let p € Ny. The cardinal B-spline b? : R — R of degree p is defined by

1
b0(x) = xj0.y(x) , bP (x) 2=/0 bP(x — y)dy.

Equivalently (cf. [5, 6]), b” can be defined by the recursion

p+1l-

bP(x) = ;b”_l(x)—i- ol — 1),

which can be used to prove simple properties such as boundedness (0 < b? < 1)
and compact support (supp b” = [0, p+1]). b? is indeed a spline of degree p, i.e.,a
piecewise polynomial of degree < p and (p — 1) times continuously differentiable.
The pieces are the so-called knot intervals [k,k + 1), k = 0,..., p, whereas
the points k = 0, ..., p + 1 are called knots (places where the pth derivative is
discontinuous). The translates {b? (- — k) | k € Z} form a basis of the spline space
of degree p (all functions on R that are, for every k € Z, polynomials of degree < p
on [k, k + 1) and at least (p — 1) times continuously differentiable at x = k).
Hierarchical B-splines ‘/’1[,71: [0,1] = R oflevell € N and indexi € I} :=

(1,3,5,...,2" — 1} are defined by

. X p+1 . . I
(p;,)i(x)'sz<hl+ 5 —l), hy:=27".

We will consider only odd degree p (covers the common cases p € {l,3}), as
otherwise grid points x;; = ih; and knots do not coincide. This leads to non-
nested nodal spaces and prevents their necessary decomposition into hierarchical
subspaces.

Multivariate hierarchical B-splines are defined by the usual tensor product
approach, i.e., cpfi: [0, 1]d — R forp € Ng,l e N je h=1, x--x1
and

d’

d
o0 = [ ol ) -

=1
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Nodal and hierarchical subspaces are defined by
V]p = span{(pfi [1<ic< p - 1}, Wlp = span{(pfi l[ie h},

where “1 < i < 2! — 17 is to be read coordinate-wise. The basis functions that
span these subspaces are shown in Fig. 1. The corresponding grid points are given

by x1; := (X11.iy, - - - » X1,,i;)- If we restrict the domain of all functions to
1 1
DP =Dl x-xDP, D= | P T P
1 d t 2 2

we can infer

p — p
14 |D}’_@Wl’ pP’
r<i !
where both sides coincide with the spline space of degree p corresponding to the
full grid of level 1, as we have shown in [19]. The sparse grid space V** of level
n € N can now be constructed as usual by

= @ wh.
iy <n+d—1
Here and in the following, the superscript “s” denotes “sparse grid” (in contrast to
full grids). Note that the well-known piecewise linear sparse grid space is a special
case forp = 1.

The basis functions of the common hierarchical bases (such as piecewise linear
or piecewise polynomial ones) of level 1 > 1 vanish on the boundary of the domain
[0, 1]¢. As a result, interpolants f of a function f will vanish there, too. Even though
not all B-splines vanish on the boundary, interpolants decay unnaturally towards it,
as necessary degrees of freedom are missing near the boundary.

One approach to represent functions with non-zero boundary values is to use
sparse grids with boundary points, i.e., an additional 1D level / = 0 is introduced
together with two basis functions (i € {0, 1}). However, especially in higher
dimensions, disproportionately many points (and, thus, function evaluations) have
to be spent on the boundary. This severely limits the number of dimensions that can
be dealt with.

An alternative approach is instead to modify the basis to extrapolate towards the
boundary [11]: The 1D basis function of level 1 is set to the constant 1, while on
higher levels /, the left-most and right-most basis functions (with index i = 1 or
i=2 - 1) are modified such that the basis function is linear or almost linear at the
boundary. This mimics linear extrapolation. Starting from the linear case p = 1, in
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1,mod

which this is achieved by ¢, " := ¢ | +2¢] jand ¢
modification can be generalized for B-splines [11]:

I,mod . 1 1 :
1oi_1 "= @iy 29 5 this

1 ifl=1,i =1,
p . . [(p+1)/2]
.mod ¥ (x) ifl >1,i =1,
of ;") = l,, . o vl = Y Kkt gl
Y (l—x) ifl>1,i=2" -1, =0
(plp ; () otherwise,

One can prove with Marsden’s identity [6] that for 1 < p <4, w{’ is linear near the
boundary:

X 5—-p
For higher degrees p, the deviation from 2 — x/h; is very small [11]. Multivariate
modified basis functions are formed via the tensor product approach. The one-
dimensional modification is shown in Fig. 1 (right).

21 27
p.mod
» 1
1T P 148 | -
0 X1,1 1 0 X1,1 1
2T 2 p,mod p.mod e
~ o . (/_)2.1 (P2.3 . ’
P P P S w? p-7
1t P21 ?2.2 P23 174 w1+ Par Px3
X2,1 X2 xX23 X2,1 3
2T 2 t\\ qDérv,lmod (P£’7m0d ///
14 P 14 14 14 4 14 PN 14 P p’
11+ P31 9329033034035 P5697 V=W 11+ P P35 P P
%% %% %N NCNENEN

X3,1 X32 X33 X34 X35 X36 X37 X3.1 X33 X35 X3,7

Fig. 1 Left: Nodal cubic B-splines, spanning le . Right: Hierarchical cubic B-splines, spanning

Wlp . On Dlp (thick), the span of @5,:1 WII,) equals le (here, I = 3). For reasonable boundary
values, use the modified cubic B-splines (dashed)
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2.2 Hierarchization with B-Splines

Hierarchical B-splines can be used for interpolation on sparse grids. In the follow-
ing, we assume §2° C [0, 119, N := |2%] < oo, to be a spatially adaptive sparse
grid, i.e., consisting of grid points xj ; which have at least one ancestor point:

U +1,2i 1) ifr=r,

@, otherwise.

Vxie2s Iy pes e, ay (i) = 2

We further assume that for every grid point Xk j € £2° some data f(xj) € R is
given. The task of computing coefficients o ; € R with

Vi je2s Fouj) = f(xxj) s f= Z al,i(pfi ,

X) €828

is called hierarchization. The coefficients are called hierarchical surpluses, a name
which stems from the piecewise linear and the piecewise polynomial functions.
Hierarchization is equivalent to solving a system of linear equations,

Aa=f, A:=(@0&)rs, @=(a)s, =), 3)

where the row and column indices r,s € {l,..., N} are linearized indices (in
arbitrary order) of the level-index pairs (k, j) and (1, i), respectively.

Unfortunately, using hierarchical B-splines as basis functions leads to linear
systems which are hard to solve, since they are in general non-symmetric and
densely populated: The matrix entry in the row corresponding to (k, j) and the
column corresponding to (1, i) vanishes if and only if

pr+1 pr+1
Xk,j ¢ SUppofpfi = Ji=1,...d Yk.j ¢ (xz,,;, -, hy,y xi,i + ) hy, ) s

where supp” denotes the interior of the support. However, for low levels 1, the mesh
width £y, is rather large in every dimension ¢, implying that only few grid points lie
outside supp” (pf ;- For general degree p, every matrix entry (pf ;{(Xk,j) can be non-
zero due to the overlapping supports of the hierarchical B-splines. In contrast to the
case p = 1 of hat functions, the value of o ; depends not only on f(x);) and the
data at the 3¢ — 1 neighboring grid points on the boundary of supp (pll’i. This makes
the use of the so-called unidirectional principle, which hierarchizes with &' (Nd)
one-dimensional basis evaluations, only possible for dimensionally adaptive sparse
grids.
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3 Fundamental Property

Much of the root of the difficulties of hierarchization lies in the overlapping support
of the B-splines, which the B-splines need for their good approximation quality.
However, it would already suffice if we had 1D basis functions qﬁfiz [0,1] - R
that satisfy

¢ (xr ) =0, k<l, jel,

. | 4)
&y (x1.j) =6ij jel.

We call the property fundamental property. The first equation in (4) makes sure
that every basis function vanishes at all grid points of coarser levels. The second
equation says that the basis functions should additionally vanish at all other grid
points of the same level. As a result, the corresponding 1D hierarchization system
matrix A = (qﬁf (xr))r.s is in lower triangular form with ones on the diagonal if
the row and column indices r and s are identically sorted by increasing level of the
corresponding grid points and basis functions.

In the multidimensional tensor product case, the arguments are very similar: We
observe that (4) implies

P £0 = Vimia [t <k) Vv (Unid =G j)] . xje 2.

&)
In other words, at a fixed grid point Xy j, only those basis functions qﬁf ; can be
non-zero which, in each dimension, have coarser levels than the grid point Xy j or
the same level-index pair. For a suitable ordering as in the 1D case (but sorting by
level sum ||-||; instead), A will be in lower triangular form, which is the statement
of the following forward substitution lemma. The following considerations hold
for arbitrary tensor product bases, which we denote with ¢y ; (as opposed to the
B-splines cpf ;)- In each dimension, we could even employ different types of basis
functions, which would enable dimensional p-adaptivity.

Lemma 1 Ler 2% C [0, 1]¢ be a spatially adaptive sparse grid with arbitrary

tensor product basis functions qS]F ; consisting of 1D functions qﬁf i which fulfill (4).
Then the hierarchical surplus of a grid point Xy j € $2° satisfies

F
ok j = f(Xkj) — Z iy (X j) -
X1 €025,
I <kl

Proof The row of the linear system (3) corresponding to the level-index pair (K, j)
is

Y i) = (%) - 6)

X) €828
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Fig. 2 Directed acyclic
graph (DAG) of the ?
two-dimensional regular
sparse grid of level 3. The
markers indicate the depth of
the grid points, i.e., their
distance from the “root” xq,1 I

Algorithm 1: BFS for hierarchization with fundamental basis functions

Input : Sparse grid £2° C [0, 119, vector f = (f (Xk,j)) (k.j) of function values
Output: Vector @ = (1,i)q,iy of hierarchical surpluses

a < f;
q < empty FIFO queue;
Push(q, X1.1); // insert root point
-QS <~ {x11} // list of processed grid points
while ¢ # ¥ do
X1i < Pop(q);
foreach {xkj € 2°\ {x1i} | Vi=1,..a (ke > 1) V ((ke, ji) = (s, 1))} do
| kj < akj— al,i‘bfi(xk,j); // update surpluses
foreach {xk j € £2° \ 2} | xx j direct child of x13} do
Push (g, Xkj);
.Qg <« .Qg U {xk,j}: // mark as processed

In the case |l|; > |Kk|1, we infer by (5) that qﬁfi(xk,j) = 0asl; > k; for some

t. If |l|l1 = |IK||1, then either 1 = Kk or [, > k; for some 7. In the latter case,
qﬁl ;(Xk j) vanishes as before, whereas in the former case, ¢l Xk j) = [, 8i,.j, by (5).
Hence, in (6), all summands with ||1||; > |k]||{ vanish and for i1 = k|1, only

ak,]qsk’j (XK j) = o j remains:

F
Z o idy (XK j) +okj = f (X j) ,
X] §€825,
H1H1<Hk\|1

which implies the assertion. O

The lemma allows the hierarchical surpluses to be calculated level by level via
a breadth-first search (BFS) in the directed acyclic graph (DAG) of £2° (see Fig. 2).
We need here that every node is reachable from the root, which is implied by (2).
Algorithm 1 shows an implementation of the BFS. Its correctness is somewhat
obvious, but can be proved formally with the aid of Lemma 1.

With Algorithm 1, the hierarchical surpluses can be calculated relatively effi-
ciently for basis functions which satisfy (4): The algorithm performs ¢(N>d) many
1D evaluations with N := |£2%], and, more importantly, only needs linear space
O(N). This is a significant gain compared to the usual space complexity &'(N?) for
directly solving general (densely populated) linear systems of dimension N.
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4 Sparse Grid Basis Transformations

We now consider the question of how to construct 1D basis functions ¢1P:i which
fulfill (4) starting from some existing sparse grid basis ¢; ;. The basis transforma-
tions are formulated for arbitrary tensor product basis functions ¢ ;, but we always
keep in mind our primary case of application, the B-splines (pl’? ;- We first restrict
ourselves to the 1D case, as the multivariate case is simply handled by the tensor
product approach.

4.1 Hierarchical Fundamental Transformation

A canonical way to construct fundamental bases is to find coefficients cf;ii, € R with

Li
G =YY el st VisiVjer ¢t (a) = 8adi (7

U'<l l./Ell/
where d)lh? is the interpolant of the data {(x;,;,d;;) | j = 1,..., 2l 1} using

the hierarchical basis of the regular grid of level /. The coefficients cé;ii, depend
on level and index of the basis function qﬁlh? and are (in general) different for each

basis function. This makes precomputation and storage of the 2/ — 1 coefficients
(which are the solution of a linear system) cumbersome. In addition, to evaluate
qﬁlhj‘ at a given x, 2! — 1 basis functions ¢ i have to be evaluated (when globally
supported). If the ¢ ;» are B-splines (pl[,j’l., of degree p, then we have to evaluate
O'(p) functions on each level I’ < [ due to their local support, leading to a level-
dependent complexity of &'(I- p). The resulting functions @ l?hft are shown in Fig. 3a.
We call the transformation ¢; ; — ¢;‘j‘ in (7) hierarchical fundamental transfor-
mation. The transition is only a change of basis, as we obtain the same interpolants
f on a regular sparse grid compared to the old basis functions ¢; ; (i.e., the regular
sparse grid spaces spanned by the bases remain unchanged). Note that using a
similar argument, the claim can be generalized to dimensionally adaptive sparse
grids.

Lemma 2 Letn € Nand let 23 := {x1; | lll1 < n+d —1,i€ L} be the set of
the grid points of the regular sparse grid of level n. Then {¢i} and {d)lh?} span the
same regular sparse grid space of level n (grid point set §2;):

span{gpi | x1i € 2} = V) = V,E‘ft’s = span{q&fift | x1i € £2} .
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Fig. 3 Hierarchical fundamental bases illustrating the general fundamental transformations for the

hierarchical cubic B-spline basis. (a) Hierarchical fund. transformation ((pl{' lfhﬁ). (b) Nodal fund.

p.tift p.fs
= )

transformation ((plp l?“ﬁ). (¢) Translation-invariant fund. transformation (¢; ;" = ¢;;

Proof Clearly, V 2 V"™ holds as ¢ € V; forall 1]y <n +d — 1,i € I:

d

d
hft __ Iy,i _ Li S Li Iy,i
P = l_[ Z Z i@ = Z Z hpPri € Ve Oy = 1_[01;,,»; :

t=11<l, i,’ell; r<ii'ely t=1

For V} C V,?ﬁ’s, it suffices to check that the dimensions of both spaces match.
We show that {q&lh? | x1; € £2;} is linearly independent. For arbitrary coefficients

a1 € R with ZXl.iE-‘?;’; al,iq&f? =0, we have

hft
VXk‘jEQZ Z alsi¢l,i (Xk,j) = 0 .

X1i€825

This is a lower triangular linear system with ones on the diagonal if we arrange rows
and columns appropriately as before. This implies regularity of the linear system and
thus oy j = O for all x;; € £2;;. Therefore, {q&lh? | x1; € £2;} is linearly independent
and dim V,,hﬁ’s = |§2}| = dim V;} (the latter equation holds as {¢ ;} is assumed to be
a sparse grid basis). Together with VS D V" this implies V$ = VM, m
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4.2 Nodal Fundamental Transformation

The hierarchical fundamental transformation has the drawback of the level-
dependent complexity for evaluations ((I - p) in the B-spline case). This is
not the case if we use the nodal basis of level / instead of the hierarchical functions
of level < [ to interpolate the same 1D data {(x;;,6; ;) | j = 1,..., 2l — 1} for
constructing the new basis function of level /:

ft ft
ot = Zc Grir St Vo oy ¢NGu) =8

.....

We call this transformation nodal fundamental transformation. The evaluation
complexity then only depends on the nodal basis support; for B-splines, only &'(p)
basis functions can be non-zero at a certain point. The resulting fundamental basis
is shown in Fig. 3b. Nevertheless, if we compare again the spaces spanned by the
original and the nodal fundamental basis, a sparse-grid-based comparison as for the
hierarchical fundamental transformation is difficult: The multivariate fundamental
functions ¢“f‘ = ]_[t_l d)“ft are tensor products of nodal 1D basis functions d)“ft
(some with even index), leadlng to linear combinations of nodal multivariate bas1s
functions, which, in general, cannot be represented by the original functions in the
sparse grid space. On full grids, however, the spanned spaces coincide.

Lemma 3 {¢;} and {(l)lnft} span the same nodal space:
span{q’)]’i 1<i<2'— 1] = V=Vt —span[¢;‘“ 1<i<2' - 1] le N .

This statement can be proved analogously to Lemma 2.

4.3 Translation-Invariant Fundamental Transformation

Both the hierarchical and the nodal fundamental transformation do not preserve the
translation invariance (¢ ;(x) = ¢(x/h; — i), i € I;, for some mother function
¢: R — R) of the original basis. From a computatlonal point of view, this is
a major disadvantage, since the coefficients Cl’ i Or C; L7 of the basis function of
level I and index i depend on /, i and would have to be recalculated for every basis
function. To tackle this problem, we use the nodal fundamental transformation for

the construction, but now allow for general integer indices:

¢t = Gupri st Vjem i) =8 . ®)

i'eZ
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This transformation is invariant under translation-invariance, i.e., if the original
basis functions have the form ¢y ;(x) = ¢ (x/h; —i’), then

i'eZ kel

where ¢'it can be obtained by setting ¢y := &4; in

P = "ap(-—k st Viez ") =38j0. ©)

keZ

We therefore call this the translation-invariant fundamental transformation. We
assume that the relevant index set

Ji=1{i' € Z| ¢irlo.11 # 0}

is finite, which implies that in each point x € [0, 1], almost all functions ¢; ;; of
a level [ vanish. This condition is satisfied for compactly supported, translation-
invariant (continuous) basis functions such as the B-splines, and this allows us to
replace the series over i’ € Z in (8) and (9) with sums over i’ € Jj, if we evaluate
¢l“lf‘ on [0, 1]. In d dimensions, we write J; := J;; x --- x Jj,. The resulting basis
when using B-splines (pll:., as ¢y ;- is shown in Fig. 3c; it will be studied in the next
section.

As for the (non-translation-invariant) nodal fundamental transformation, a com-
parison of the spanned subspaces of original and transformed basis functions can,
in general, only be made for the nodal bases. This time, we have to additionally
include exterior basis functions ¢ ; where i; < 1 ori; > 2l — 1 for some . These
are the basis functions which have supports that extend into [0, 1]¢.

Lemma 4 {¢,;} and {d)ltiiﬁ} span the same nodal space, if we include exterior basis
functions:

span{¢y |i€ f} = V' = Vltift’eXt = span{cj)lt’iift lie J]} , leN. (10

The proof is analogous to Lemmas 2 and 3.

5 Hierarchical Fundamental Splines

5.1 Definition and Properties

In the previous section, we formulated the translation-invariant fundamental trans-
formation for general hierarchical bases. In the following, we will apply the
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(b) (©)

4 —

Fig. 4 The fundamental spline @? (thick line) as a linear combination of the B-splines ¢” (- —k),
k € Z (thin lines), for degrees. (a) p =3. (b) p=5.(¢c) p=7

transformation to the case of B-splines, i.e., in the notation of Sect. 4.3,

p+1 p—1 p-1 ;o p—1
P(x) = bP CoJr=1- - 1,...,2 )
VP () (H : ) l { R v 7

Equation (9) then leads to a bi-infinite-dimensional linear system for the coefficients
c,f of pP-tft:

GO I GO WL G ) o
S G GO NGO S VAR I I Bl R IR

RN Cou S Vo)

The system matrix is a symmetric banded Toeplitz matrix, since in each row only p
entries are non-zero. The linear system has indeed a unique solution:

Theorem 1 The linear system (11) has a unique solution (C,f)kez, and the corre-
sponding mother function pP' = Y kez c,f(pp(~ — k) satisfies

3, ypert Vaek 1075 (@)| < By exp(—In(y,)lx]) .

A proof of this theorem can be found in [15]. The corresponding mother function
@P is well-known as the fundamental spline of degree p [15, 16], see Fig.4.
Fundamental splines can be used, for example, to define spline wavelets [3].

The resulting hierarchical basis for cubic degree can be seen in Fig.3c. The
common nodal space le’fs’ext (defined by applying fundamental splines to (10))
of the hierarchical B-spline and the hierarchical fundamental spline basis is, using
the notation of Sect.4.3 and [6], exactly the tensor product spline space Sg with
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Table 1 Best-approximated values of 8, and y,, for different fundamental spline degrees p

D 1 3 5 7 9 11 13 15
Bp 1 1.241 1.104 1.058 1.037 1.026 1.019 1.015
Yp e 3.732 2.322 1.868 1.645 1.512 1.425 1.363
np 1 18 29 40 52 64 77 90

np is the smallest positive integer such that Yik|zn, |c,‘f\ < 10710

knots

@

=& x---x&g,

o= G Ew= e —pohy, . mo=24p, 1=1,....d.

This is the space of all functions on [0, 1]¢ which are d-variate polynomials
of coordinate degree < p on every knot hyperrectangle [£] x,, &1 4, +1] X -+ X
[Ed.kys Edhg+1] (P < k < m — 1) and at least (p — 1) times continuously partially
differentiable at every knot (& k,, . . ., £4,x,) in the interior of [0, 14 p+1l1<k<
m—1).

Due to the stability of the B-spline basis [6], Theorem 1 implies that the
coefficients c,f of @7 observe the same exponential decay as the fundamental
spline itself, i.e.,

lc?| < Bpexp(—In(yp) lk])

with some f » > 0 independent of k. Because of this inequality, we may solve (11)
approximately if we choose a large enough n, € N, truncate the linear system to
2np, — 1 dimensions, and set c,f = O for all [k| > n,. It is an interesting fact that
the optimal decay rate y), is algebraically determined as the absolute value of the
largest root smaller than —1 of the polynomial Z,f:l b? (k)x*~! whose coefficients
are the values of the cardinal B-spline b7 at its knots, see [3, 16]. In Table 1, we
give approximations for the value of 8, and y, in addition to the truncation index
np that we use. Note that due to the local support of the B-splines, we do not have
to perform 2n, + 1 cardinal B-spline evaluations to evaluate the fundamental spline
once, but only p + 1 many.

5.2 Modified Fundamental Splines

The modifications of the basis functions in Sect.2.1 were motivated by non-zero
boundary values: Without modification and without boundary grid points, every
linear combination of the hierarchical fundamental spline basis vanishes on the
boundary of [0, 1]¢.
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As for the B-splines [11, 19], we define modified fundamental splines by
modifying the first and last basis function of each level,

1 ifl=1,i=1,
£ . .
p.fs,mod - Iﬂp *(x) ifl >1,i=1,
goll ( ) T p.fs . . l
Yl —x) ifr=1i=2—1,
wlp ,fs (x) otherwise.

Here, v;  fs is defined by

s .
vl ) =81, jeN,
f d s
yl = Z pmedgl st L PRy (1) =0,

i=1=(p+1)/2 i () .
WHVO0)y =0,  j=2,3,....(p+1)/2,

(12)

for p > 1, where (1/fp fs)” and (1/fp fs)(/) denote the second and the jth derivative,
respectively, and I/fp s 1/fl for p = 1. Note that the coefficients cp mod g,

not depend on the level I, as W’ fs(x) = W’ B8 (x/h;p). The resulting functions

are depicted in Fig.5. The modification coefficients cp -mod experience the same

exponential decay as cl and can thus be approximated as the solution of a truncated
linear system.

The choice of the conditions (12) is motivated by the cubic case p = 3 (Fig. 5a).
As the modified function 5 Will not be evaluated for x < 0, it suffices to start
the summation at the 1ndex 1 — (p + 1)/2 of the first relevant B-spline (—1 in the
cubic case). We want w * to satisfy the fundamental property at inner grid points
x1,i, which gives one condition for each B-spline (/)l,i’ i € N, resulting in exactly
two remaining degrees of freedom in the cubic case (namely i = —1 and i = 0).
With these conditions, we want to extrapolate linearly on [0, x;,1] as we did with the
modification (1) of the cubic hierarchical B-splines, which is suitable for financial

= 3 e
Xp1 o Xep o XpaoXea

14

Fig. 5 Modified fundamental spline wl‘” oo (solid line) together with its first (dotted) and second
derivative (dashed). For illustrative purposes, the first and second derivatives are scaled to ! = 0.

@p=3.Mdp=5@p=7
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applications [11], for instance. Thus, it seems natural to set the second derivative of
wlp’fs to zero in x = 0 and x = x;,1, since this leads to (wlp’fs)”(x) =0on [0, x/1]
in the cubic case as (gﬁl” ’fs)” is piecewise linear. For higher degrees p, we use the
additional degrees of freedom to increase the multiplicity of the root of (gﬁl” ’ts)/ " in

x = 0, making sure that (1//117 ’fs)’ " is “as linear as possible” near x = 0. Note that we

cannot maintain (1//117 ’fs)’ "(x) = 0 on [0, x;,1] for higher degrees. This would require

p — 1 conditions, but after taking the fundamental conditions into account, there are
only (p + 1)/2 degrees of freedom left.

6 Application to Gradient-Based Optimization

In the following, we compare the modified fundamental spline basis with the
modified B-spline basis in an application-based setting. We do not consider the
hierarchical fundamental transformation and the nodal fundamental transformation,
as the resulting bases are not translation-invariant. As the application, we choose
gradient-based, global optimization: Given an objective function f: [0,1]¢ — R,
the problem is to find Xop := arg minyo 3¢ f (X) or a good approximation xipt €
(0,114 G.e., f (xgpt) A~ f(Xopt)) with as few evaluations of f as possible. We
assume that each evaluation can trigger a lengthy simulation or a time-consuming
experiment (e.g., in inverse problems). Hence, an upper bound Ny, € N on the
number of allowed evaluations of f is given.

We solve the optimization problem as in [19] with a surrogate-based approach:
First, we generate a spatially adaptive sparse grid, in which we aim to spend more
grid points close to the global minimum while exploring the whole domain [0, 1]¢
to identify the global minimum. Then, we interpolate at the grid points using either
the modified B-spline or the modified fundamental spline basis, resulting in an
interpolant f: [0, 1]Y — R. Finally, we apply gradient-based methods to f to find
xgpt. Note that one evaluation of the surrogate f is, in most applications, orders of
magnitude cheaper than an evaluation of the objective function f. Additionally, we
can exploit the existence of gradients and Hessians of f, even though we only used
function evaluations of f.

6.1 Generation of the Spatially Adaptive Grid

For the spatially adaptive grid generation, we employ the method of Novak-
Ritter [10, 19]. In each iteration, it refines exactly one grid point X« j+ of the current
sparse grid §2°. The refinement of a point xj+ + € £2° is done by augmenting the
sparse grid with 2d so-called mth order children X j which satisfy

IF+m,2mi* 1) ifr =1,

ar,if otherwise.

e,y Ay ip) = (13)
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Since, e.g., a first-order child of xp«j might already exist in the grid, m is
individually chosen for each of the 2d points as the lowest number such that the
point to be inserted is not yet in the grid. Thus, in each iteration, exactly 2d points
are inserted. We do not automatically insert the hierarchical ancestors of (2) in all
directions. Their existence is an assumption needed for the unidirectional principle
(UP [11]), but the UP only works for hat functions and piecewise polynomials, not
for B-splines in general. In addition, due to the recursive insertion of the hierarchical
ancestors, this would lead to many grid points at uninteresting places [19]. Note that
we are not interested in a low L2 error in the whole domain, but rather in a good
representation locally around the global minimum.

The point to be refined is selected as the point xj, ;, € £2° with the smallest

quality
Br = (Il +dx + 1) -1, 7

Here, ||It]|1 is the level sum of the grid point, d; is the number of previous
refinements of xj, ., rx == [{j = 1,..., N | f(Xll,-,i‘,-) < f(xy.i)}l is the rank
of x),i, in £2°%, and y € [0, 1] the adaptivity of the method. In the case y = 0,
the method always refines the point of §£2° with the best function value, without
exploring the whole domain. For y = 1, the function values have no influence on
the grid generation anymore and the method generates more or less regular sparse
grids. For a visual example of the influence of y, see Fig.6. The choice of the
adaptivity parameter is of course important, but we choose a priori a fixed adaptivity
y = 0.85 for the following experiments. In our experience, this value seems to give
areasonable trade-off between exploration and exploitation.

0.25 t\

g

0 025 05 0751 0 025 05 0751 0 025 05 07571

0

Fig. 6 Spatially adaptive sparse grids with 1000 grid points generated with Novak—Ritter’s method
for the bivariate Branin test function and different values of the adaptivity parameter (dark contour
lines correspond to large function values). The function has three global minima (see Table 2). (a)
y =0.6.(b) y =0.85.(c) y =0.95
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6.2 Optimization Procedure

After generating the spatially adaptive sparse grid £2° = {x), 5, | k = 1,..., N},
N := |£2%] < Ny, we choose the type of hierarchical basis functions (either
modified B-splines or modified fundamental splines of degree p) and perform
the hierarchization of the function values f = (f (Xlk,ik));iv: |» which are already
known from the grid generation phase. In the B-spline case, hierarchization is done
by solving the linear system (3) using various solver libraries, depending on the
sparsity structure. For fundamental splines, the system is solved more efficiently
using Algorithm 1.

The resulting hierarchical surpluses o = (ak)llc\’: | determine the spline interpolant

f: 0,119 > R, f = 211{\7:1 ok .i,» where the ¢y ;, are either the modified

B-splines wﬂ’TkOd (see [11, 19]) or the modified fundamental splines (pl‘:fii’m"d f

degree p. The interpolant f is (p — 1) times continuously partially differentiable,
hence, gradient-based optimization methods can be used to minimize f .Asin[19],
we used local methods [9] such as simple gradient descent, nonlinear conjugate
gradients [13], Newton’s method, BFGS, and Rprop [14]. Additionally, we use the
gradient-free methods Nelder—-Mead (NM [8]) and Differential Evolution (DE [18]).
All methods have additionally been implemented in a globalized version using
m := min(10d, 100) uniformly distributed random starting points in a multi-start
approach.

Like in [19], we optimize not only the spline interpolant £, but, for comparison
reasons, also the piecewise linear interpolant and the objective function directly:

(S) Apply all methods to f with yo := Xy, j,., K* := argmin; f(xy, i), as starting
point. Additionally, we apply the globalized versions of the algorithms to f.
We evaluate f at all resulting points and take the point as final result xipt with
the smallest f value, falling back to yo if we somehow managed to become
worse.

(L) Same as (S), but optimize the piecewise linear interpolant instead. The piece-
wise linear interpolant is constructed by using the same sparse grid £2° as for
the spline interpolant, but interpolating the function values with the common
hat function basis by setting p = 1. Since the piecewise linear interpolant is not
continuously partially differentiable, only the gradient-free methods NM and
DE are used for optimization.

(O) Apply the globalized NM directly to the objective function, always making sure
that the number of evaluations of f does not exceed Nyp.

6.3 Test Functions and Results

We use the set of six test functions which we used in [19] and which are mentioned
in Table 2. The domains of some of the functions were translated to make sure that
the optima do not lie in the centers of the domains, as this would give sparse-grid-
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Table 2 Test functions of two and arbitrary number of variables before scaling to [0, 1]¢

Name Domain Xopt S Xopt) Reference
Branin [=5,10] x [0, 15] | (—m, 12.275), 0.397887 [7, Branin RCOS]
(m, 2.275),
(9.42478, 2.475)
Eggholder [—512, 512)? (512, 404.2319) —959.6407 [20, F101]
Rosenbrock | [—5, 1012 (1, 1) 0 [21]
Ackley [-1, 919 0 0 [21]
Rastrigin [-2, 8¢ 0 0 [21]
Schwefel [—500, 500]¢ 420.9687 - 1 —418.9829d | [21]
—e— Mod. B-splines, p=3 - -4- Mod. fund. splines, p =3 g--- Linear interpolant
—e— Mod. B-splines, p=5 - %- Mod. fund. splines, p =5 ¢--- Objective function

102 103 10*

Fig. 7 Optimization results for two-dimensional test functions. The log-log plots depict the
difference between the optimization error in terms of the function value versus the maximal number
N of objective function evaluations. Shown are the results of (S) with modified B-splines (solid
lines) and modified fundamental splines (dashed). For comparison, the performance of the hat
function basis ((L), square markers) and of the direct optimization of the objective function ((O),
diamonds) can be seen. (a) Branin, d = 2. (b) Eggholder, d = 2. (¢) Rosenbrock, d = 2

based approaches an advantage. After scaling the domains to the unit hypercube
[0, 1]d , we perturbed all functions with a Gaussian displacement (standard deviation
0.01). All results shown are means of five passes with different perturbations. Each
plot displays three types of results. First, the results of (S), optimizing modified B-
splines and modified fundamental B-splines (each for p = 3 and p = 5). Second,
the results of (L), optimizing the piecewise linear interpolant. Third, the results of
(O), directly optimizing the objective function.

The results for the three bivariate functions can be seen in Fig.7. Clearly, for
relatively “smooth” functions such as Branin and Rosenbrock, both B-splines and
fundamental splines gain a significant advantage compared to the hat function
basis. The B-splines perform slightly better than the fundamental splines for both
functions. With its many oscillations and its optimum lying on the domain’s
boundary, the Eggholder function is much harder to optimize for all approaches
shown (cf. Fig. 7b).
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—e— Mod. B-splines, p=3 - 2- Mod. fund. splines, p =3 o--- Linear interpolant

—e— Mod. B-splines, p=5 - - Mod. fund. splines, p =5 ©--- Objective function

(a) (b)

10!
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< 107!
I
2 1072 1073
*xo
= 1073
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10 10 10
N
(d) (O]

10!

Lo+ L

f.(xépt) - f(xopt)

102 - 103 10*
N N N

Fig. 8 Optimization results for higher-dimensional test functions. See Fig.7 for details. (a)
Ackley, d = 4. (b) Rastrigin, d = 4. (c) Schwefel, d = 4. (d) Ackley, d = 6. (e) Rastrigin,
d = 6. (f) Schwefel, d = 6. (g) Ackley, d = 10. (h) Rastrigin, d = 10. (i) Schwefel, d = 10

Figure 8 shows the convergence behavior for the three d-variate test functions.
It can be said that for a moderate number of dimensions, both B-splines and
fundamental splines perform roughly equally well, while for higher dimensionalities
(d = 10), convergence slows down evidently. Note that all three d-variate test
functions Ackley, Rastrigin, and Schwefel have many local minima, which makes it
computationally hard to find the global minimum. Especially for coarse sparse grids,
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it is possible that the minima of the interpolant and the objective function coincide
by chance. This means that the error curves do not need to be strictly monotonically
decreasing, which can be clearly seen for the Rastrigin functionind = 4 ord = 6.

6.4 Comparison of Runtime and Memory Consumption

Figure 9 visualizes the runtime and memory needed by the hierarchization step for
the sparse grids which were generated for the optimization of the test functions in
Fig. 8 (averaged over all objective functions and dimensionalities), measured on a
laptop with Intel Core i5-4300U. As already mentioned in Sect. 6.2, hierarchization
was done by linear system solvers in the B-spline case and with Algorithm 1 in
the fundamental spline case. Note that the effort for degree p = 3 and p = 5 is
nearly identical such that the corresponding lines almost overlap. The runtime of
our implementation is both asymptotically and in absolute numbers much better
for fundamental splines (factor 20 for N = 20,000), although slightly worse
than the theoretical complexity of ¢’(N?). The memory consumption is of course
considerably lower for fundamental splines, since Algorithm 1 needs only a linear
amount &'(N) of memory, while the linear system solvers can allocate up to &'(N 2)
bytes, depending on the type of solver (dense/sparse). This means for N = 20,000
points already a memory usage of up to 7.2 GB, in contrast to the fundamental
splines, which merely need 25 MB.

—e— Mod. B-splines, p=3 - 4- Mod. fund. splines, p =3
—o— Mod. B-splines, p=5 - - Mod. fund. splines, p =5

o N289 7 ®) o
103 . 1010

10°
108
107

runtime [s]
memory [bytes]

102 103 104 10° 102 103 104 10°

Fig. 9 Average runtime (left) and memory consumption (right) of the hierarchization of the
spatially adaptive sparse grids used for Fig. 8 vs. the number of sparse grid points. The respectively
last two data points were extrapolated exponentially (dotted), using the mean of p =3 and p = 5.
(a) Runtime. (b) Memory consumption
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7 Conclusion

In this paper, we have treated the problem of hierarchization with hierarchical
bases which have larger supports than the usual hat functions. We have given
a simple breadth-first search (BFS) algorithm for the hierarchization of bases
which fulfill the fundamental property. Furthermore, we have studied three different
basis transformations which transform a general basis to a basis satisfying the
fundamental property. One of the transformations has led to the well-known
definition of fundamental splines, which we compared with the conventional B-
spline basis in the application of gradient-based optimization. We have seen that
in this setting, the modified fundamental spline basis exhibits comparable results
as the modified B-splines with significant improvements in runtime and memory
consumption. Thus, for practical applications, the modified fundamental splines can
be preferred over the modified B-spline basis.

Future work should try to improve the implementation of the BFS algorithm
to reduce the runtime to the theoretical complexity of ¢(N?). In addition, the
performance of the modified fundamental spline basis should be studied if applied
to the optimization of objective functions stemming from real-world problems, in
contrast to the test functions with explicit formulas, as we did in this work.
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