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Preface

Sparse grids have gained increasing interest in recent years for the numerical
treatment of high-dimensional problems. While classical numerical discretization
schemes fail in more than three or four dimensions, sparse grids make it possible to
overcome the “curse of dimensionality” to some degree—extending the number of
dimensions that can be dealt with.

The second Workshop on Sparse Grids and Applications (SGA2012), which
took place from July 2 to 6 in 2012, demonstrated once again the importance
of this numerical discretization scheme. Organized by Hans-Joachim Bungartz,
Jochen Garcke, Michael Griebel, Markus Hegland and Dirk Pfliiger, more than 40
researchers from 11 different countries have presented and discussed the current
state of the art of sparse grids and their applications. Thirty-three talks covered their
numerical analysis as well as efficient data structures, and the range of applications
extended to uncertainty quantification settings and clustering, to name but a few
examples. This volume of LNCSE collects selected contributions from attendees of
the workshop.

More than 20 years after the term “sparse grids” was coined by Christoph
Zenger in Munich, the SGA was hosted by his former institution, the Department of
Informatics of the Technische Universitit Miinchen, together with the new Institute
for Advanced Study (IAS). Financial support of the IAS is kindly acknowledged.
We especially thank Christoph Kowitz and Valeriy Khakhutskyy for their effort and
enthusiasm in the local organization of the workshop, and the IAS staff, especially
Stefanie Hofmann and Sigrid Wagner, for their assistance.

Bonn, Germany Jochen Garcke
Stuttgart, Germany Dirk Pfliiger
December 2013






Contents

Efficient Pseudorecursive Evaluation Schemes
for Non-adaptive Sparse Grids ...........................oooiiL L. 1
Gerrit Buse, Dirk Pfliiger, and Riko Jacob

Stochastic Collocation for Elliptic PDEs with Random Data:
The Lognormal Case. ... 29
Oliver G. Ernst and Bjorn Sprungk

On the Convergence of the Combination Technique ......................... 55
Michael Griebel and Helmut Harbrecht

Fast Discrete Fourier Transform on Generalized Sparse Grids ............ 75
Michael Griebel and Jan Hamaekers

Dimension-Adaptive Sparse Grid Quadrature for Integrals
with Boundary Singularities ......................o 109
Michael Griebel and Jens Oettershagen

An Adaptive Wavelet Stochastic Collocation Method

for Irregular Solutions of Partial Differential Equations

with Random Input Data..................... i 137
Max Gunzburger, Clayton G. Webster, and Guannan Zhang

Robust Solutions to PDEs with Multiple Grids ............................... 171
Brendan Harding and Markus Hegland

Efficient Regular Sparse Grid Hierarchization by a Dynamic
Memory Layout ... 195
Riko Jacob

Alternating Direction Method of Multipliers for Hierarchical
Basis Approximators.................ooiiiiii e 221
Valeriy Khakhutskyy and Dirk Pfliiger

vii



viii Contents

An Opticom Method for Computing Eigenpairs ............................. 239
Christoph Kowitz and Markus Hegland

Classification with Probability Density Estimation on Sparse Grids....... 255
Benjamin Peherstorfer, Fabian Franzelin, Dirk Pfliiger,
and Hans-Joachim Bungartz

Adjoint Error Estimation for Stochastic Collocation Methods ............. 271
Bettina Schieche and Jens Lang

POD-Galerkin Modeling and Sparse-Grid Collocation

for a Natural Convection Problem with Stochastic Boundary

Conditions. ...t 295
Sebastian Ullmann and Jens Lang

Opticom and the Iterative Combination Technique for Convex
Minimisation......... ..o 317
Matthias Wong and Markus Hegland



Efficient Pseudorecursive Evaluation Schemes
for Non-adaptive Sparse Grids

Gerrit Buse, Dirk Pfliiger, and Riko Jacob

Abstract In this work we propose novel algorithms for storing and evaluating
sparse grid functions, operating on regular (not spatially adaptive), yet potentially
dimensionally adaptive grid types. Besides regular sparse grids our approach
includes truncated grids, both with and without boundary grid points. Similar to the
implicit data structures proposed in Feuersidnger (Diinngitterverfahren fiir hochdi-
mensionale elliptische partielle Differntialgleichungen. Diploma Thesis, Institut fiir
Numerische Simulation, Universitidt Bonn, 2005) and Murarasu et al. (Proceedings
of the 16th ACM Symposium on Principles and Practice of Parallel Programming.
Cambridge University Press, New York, 2011, pp. 25-34) we also define a bijective
mapping from the multi-dimensional space of grid points to a contiguous index,
such that the grid data can be stored in a simple array without overhead. Our
approach is especially well-suited to exploit all levels of current commodity
hardware, including cache-levels and vector extensions. Furthermore, this kind
of data structure is extremely attractive for today’s real-time applications, as it
gives direct access to the hierarchical structure of the grids, while outperforming
other common sparse grid structures (hash maps, etc.) which do not match with
modern compute platforms that well. For dimensionality d < 10 we achieve good
speedups on a 12 core Intel Westmere-EP NUMA platform compared to the results
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2 G. Buse et al.

presented in Murarasu et al. (Proceedings of the International Conference on
Computational Science—ICCS 2012. Procedia Computer Science, 2012). As we
show, this also holds for the results obtained on Nvidia Fermi GPUs, for which we
observe speedups over our own CPU implementation of up to 4.5 when dealing
with moderate dimensionality. In high-dimensional settings, in the order of tens to
hundreds of dimensions, our sparse grid evaluation kernels on the CPU outperform
any other known implementation.

1 Introduction

Sparse grids, as introduced in [19] for the solution of high-dimensional partial
differential equations, are widely used to tackle problems that are hard or impossible
to solve with conventional discretizations because of the curse of dimensionality.
In contrast to full isotropic grids that require O(N?) sampling points to discretize
a d-dimensional domain with mesh-width 1/N, the number of sparse grid points
has a much weaker dependency on the dimensionality d. For sufficiently smooth
functions only O(N - (log N)?~') grid points are necessary to obtain a similar
approximation quality as for full grids. The trade-off are complicated hierarchical
data structures and algorithms which are difficult to match with modern compute
platforms, and since the gap between existing implementations’ requirements and
future hardware features seems to widen, there is constant need for improvement.
Where real-time requirements meet the need for incremental algorithms in high-
dimensional settings, efficient and hardware-aware algorithms and data structures
become crucial. Just consider applications in the context of computational steering
or other parameter-dependent simulation tasks that require to store whole vector
fields (e.g., a 3-D pressure field) for each grid point in the parameter space [4].

The settings that triggered our work were such real-time applications with
the need for incremental algorithms and the minimization of storage space. The
corresponding core algorithms (evaluation, hierarchization, dehierarchization, etc.)
have been developed and optimized for the most general case of spatial adaptivity
[18]. As a consequence, the underlying data structures are designed for flexibility
and performance in arbitrary settings, but make no use of any regularity in the grids.
In contrast, the closely related combination technique as introduced in [10] is widely
used to tackle similar problems, though with a completely different algorithmic
approach. It does not require complex data structures in its direct form, but where
large vector fields have to be stored for each grid point either a large memory
overhead has to be invested, or one is back to less efficient data structures. Besides
the loss of the inherently incremental representation this is another reason to restrict
ourselves to the use of direct sparse grids.

A comparison of the characteristics of both approaches in our setting yields, that
often spatial adaptivity is not crucial, and dimensional adaptivity as used with the
combination technique [7] leads to good results. We therefore focus on so-called
truncated sparse grids [1, 15], a special form of dimensionally adaptive grids, for
which storage efficient data structures exist. We propose a slim, array-based data
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structure that preserves the intrinsic recursive property of sparse grids, and we
show how evaluation, one of the sparse grid core algorithms, can perfectly take
advantage of this. Our goal is to achieve maximum performance for our specifically
designed evaluation kernels on modern multicore architectures as well as Nvidia
Fermi GPUs. Comparisons with similar approaches are presented that demonstrate
how a pseudorecursive implementation is superior to both a sophisticated spatially
adaptive and thus recursive implementation and the most optimized implementation
known to us that has been designed for our setting.

An overview of related work (Sect.2) and a brief introduction of the notation
we use (Sect. 3) are followed by the description of our array-based data structure
in Sect. 4. Section 5 motivates the term pseudorecursive, and it is shown why these
algorithmic variants are superior to current state-of-the-art implementations. Results
for all sparse grid bases introduced in Sect.3 are presented in Sect. 6. Finally, the
paper is summarized and concluded in Sect. 7.

2 Related Work

Examples of applications that depend on the performance of the function evaluation
can be found, e.g., in interpolation, classification or regression settings. In [11],
classification and regression are performed with spatially adaptive sparse grids with
tens of thousands of grid points in moderate dimensionalities but for large data sets.
There, evaluation is the hot spot, and in order to avoid recursive algorithms and
data structures, the authors rely on a brute force approach instead of investing in
algorithmic optimizations and complex data structures. Performance is drawn from
the massive parallelism of a hybrid compute environment, consisting of several
CPUs and accelerators. The authors observe, that it does not hurt to carry out
unnecessary computations as long as the code is tailored to the specific platform
and a high degree of parallelism is maintained at all times.

The authors of [12] try to achieve a performance boost for evaluation in adaptive
tensor approximation spaces through the use of multi-dimensional segment trees.
As will become clear when discussing our compact data structure in Sect.4,
such memory intensive support constructs are not required here, and thus bear no
advantage for our setting.

In other applications, spatial adaptivity is not generally required. The inter-
polation problem of the astrophysics scenario described in [6] could be solved
with competitive quality of results for both regular and spatially adaptive sparse
grids. In [9], dimensionally adaptive sparse grids had been employed for numerical
quadrature as a more generalized form of regular sparse grids with the combination
technique. The combination technique (see [10]), which is bound to work with
grids of a regular nature, has successfully been employed on the same kind of grid
structure in classification and machine learning [7].

From these settings and applications we draw our motivation to use truncated
sparse grids as described in [1, 15]. For example, truncation can be very helpful in
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Fig. 1 Illustration of a truncated sparse grid in 2-D for level n = 4 and truncation vector ¢ =
[2,4]". Left: the subspace table and indicated constraints n and c. Right: the resulting truncated
sparse grid with omitted grid points grayed out. Note that dimension 1 is not truncated since ¢; =
4=n

settings where high-dimensional singularities violate the smoothness assumptions
such as for option pricing in finance. These grids also allow for anisotropic grid
resolution; they are, however, more restrictive than general dimensionally adaptive
grids. Figure 1 gives an idea of a truncated sparse grid for d = 2, for which a
truncation vector ¢ = [2,4]” was specified (for more details see Sect.3). From
an algorithmic point of view these grids are extremely attractive for us. While
they provide a higher degree of flexibility than regular sparse grids, the a priori
known structure enables one to optimize algorithms and data structures with respect
to certain data access patterns. Truncated sparse grids also resemble anisotropic
sparse grids as introduced in [8], for which the sparse-grid-typical hyperplane-cut
[1li = n + d — 1 at the diagonal of the subspace tableau can be tilted to allow for
arbitrary cutting planes. With truncated sparse grids on the other hand, up to d axis-
aligned hyperplanes can be introduced in addition to the diagonal cut, such that grid
refinement can be truncated in each dimension separately.

A fully implicit data structure for regular sparse grids is based on a linear array
and an enumeration of the grid points and was first suggested in [5]. The idea of
such a no-overhead data structure had been adapted in similar, hardware-aware
implementations in [3,14,15], where the sparse grid core algorithms hierarchization
and evaluation were optimized for commodity hardware.

The idea we follow here builds upon these two approaches. We also design a
slim sparse grid data structure requiring only a linear coefficient array and a small
lookup table to compute the unique location of each grid point’s coefficient in
the data array. We additionally optimize for data locality, the use of caches, and
the vectorization capability of the algorithms and data structure, which is urgently
necessary on modern commodity computers. Sections 4 and 5 provide a thorough
comparison of state-of-the-art implementations and our approach. Note that in the
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simultaneous publication [13], the author shows that a variation of the implicit data
structure presented in this paper is also suitable for an efficient implementation of
the hierarchization algorithm.

3 Notation and Sparse Grid Bases

In the following, we assume that the concept of sparse grids and hierarchical bases
is known and refer for further reading to [2]. Therefore, this section does not contain
an extensive introduction to sparse grids, but merely a brief summary of the notation
we adopt from [2,18]. We will consider three different hierarchical bases commonly
used with sparse grids, all of which were implemented and benchmarked for this
work and are briefly described in this section. More information on the whys and
hows of these bases and the results of the experiments are found in Sect. 6.

3.1 The Piecewise Linear Hat Function Basis

Our domain is the d-dimensional hypercube without and with boundaries, and it is
denoted by

2 =1[0;1]%. (1)

A common choice of one-dimensional basis functions is the linear hat function
basis. It builds upon the “mother function of all hat functions”

x+1 for—-1<x<0,
p(x)=491—x for0<x<1, 2)
0 else .

The hierarchical basis functions ¢;; (x) on levels / € N with supports [(i — 1)/2/,
(i + 1)/2'] and grid points located at x;; = i/2' are then obtained by scaling and
translation according to

$ri(x) = Q' -x—i). i€, 3)
where Z; is the hierarchical index set given as
I)={ieN:1<i<2 —1,i odd}. 4)

This leads to a multi-level subspace splitting of the space of piecewise linear
functions V;, on a full grid with mesh width &,, := 27"
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Fig. 2 Left: the piecewise linear hat function basis in 1-D. Center: the piecewise polynomial basis
in 1-D. Right: the extended hat function basis with boundary grid points

V. = EPw, (5)

I<n

with hierarchical increments or subspaces W,
W, = spanf{¢y;(x) : i € I;}. (6)

The first three levels of the one-dimensional hat function basis can be seen in the
left part of Fig. 2.

For d dimensions the level-index notation /, i is extended to multi-variate indices
1= (lo,....,la=1), i = (io,...,ig—1) and index sets ) = {i | i; € I;;, j = 0,
...,d — 1}. The d-dimensional basis functions are defined via a tensor product
construction as

d—1

¢ = [ 1, (x)) (7)
j=0

and accordingly span the d -dimensional subspaces Wi = span{ ¢; |i € 7, }.
The approximation space of a regular sparse grid of level n is then obtained via

o=@ w ®)

N <n+d—1
and in the case of a truncated sparse grid with truncation vector ¢ € {1,...,n}¢ by
Vie= @ wm ©)

M <n+d—1ll=<c

withl <1 1) <1;,0<j <d.
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3.2 The Piecewise Polynomial Basis

The piecewise polynomial basis functions are introduced in [2] as a generalization
of the piecewise linear hat functions. Following the tensor product approach, the

d-dimensional basis functions ¢;; ® (x) are defined as

P (x) = H ¢,"1) (x)) (10)

where p = (po, ..., pi—1) denotes the respective polynomial degree of the one-
dimensional functions qb(p D As before, they have supports [(i; — 1)/2", (i; + 1)/
2%] and grid points at xlj,ij =i;/2l.

Each one-dimensional qb(p ) is a hierarchical Lagrangian basis polynomial
uniquely constructed with roots at the locations of its ancestors’ grid points. One
typically starts with a quadratic function on level one (first two roots at x = 0 and
x = 1), and increases the polynomial degree with every level / such that p =1 + 1

holds. Of course, the maximum degree can be limited. Figure 2 (center) shows the
first three levels of the one-dimensional basis functions.

3.3 The Piecewise Linear Hat Function Basis with Boundaries

To account for the case of non-zero boundaries, the two hierarchical bases can be
extended by two linear basis functions ¢ and ¢ that are associated with grid
points on the boundaries:

$oo(x) = 1—x,
$oa(x) = x . (11

In Fig.?2 (right), these functions are included for the piecewise linear hat basis on
the first level [ = 0.
3.4 Sparse Grid Evaluation

The sparse grid interpolant uj, : £2 — R of level n is defined as

wm® = > > o). (12)

Ny <n+d—1 i€
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Evaluating u;, at a point x € 2 corresponds to the task of collecting all non-zero
contributions of basis functions ¢j; at position x. Because of the disjoint supports
of basis functions of the same subspace W, at most one basis function in W has a
non-zero contribution at position x. This property can be exploited in an efficient
implementation of sparse grid evaluation.

4 Data Structures for Regular Sparse Grids

This section provides an overview of common sparse grid data structures and
explains in detail the data layout used in our implicit array-based data structure.
Special focus is also set on the comparison with the data structure described in
[14,15], as results later are given in terms of speedup over results obtained for that
data structure.

4.1 Common Data Structures for Hierarchical Bases

In the world of spatially adaptive sparse grids, hash maps are currently the domi-
nating data structure [18]. Level and index vectors can be used as hash keys which
allows programmers to stick close to the mathematical notation when implementing
complex algorithms. But one has to pay for this convenience by giving up control.
The hash map fully takes care of the data storage. This guarantees good mean
performance for random data access but barely leaves space for algorithm- or cache-
specific optimizations in the case that data access patterns are known. As a result,
even compute-intensive algorithms may happen to be memory latency bound.

In [14,15], the authors employ an implicit data structure for regular and truncated
sparse grids, which facilitates the use of a plain array to efficiently store the grid’s
coefficients. Its storage overhead is negligible, as it merely requires a small lookup
table to efficiently calculate a bijective mapping between the grid’s points and
a range of unique integer indices. The mapping relies on the enumeration of all
subspaces in the grid, treating each subspace as a small- to medium-sized full grid,
which is why we will refer to it as the subspace-based data structure from now on.
One can also think of the subspace tableau, for which an efficient iterator exists. The
subspace-based data structure shares many properties of our pseudorecursive data
structure and was shown to be able to store the same kinds of sparse grids. It was
also previously employed in a similar setting like ours, which renders it a perfect
object for comparisons. A more detailed discussion of its characteristics follows in
the next subsection.

For completeness, pointer-based tree structures need to be mentioned as a good
fit for settings requiring spatial adaptivity, even though the hash map variant is
nowadays generally preferred over them. The major downsides of the trees are
a large memory footprint (2d pointers per node typically reflect parent-children
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/S -/ 61 : 6t
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Fig. 3 Left: a regular sparse grid in 2-D is composed of a 1-D sparse grid of the same level, and
two 2-D sparse grids of lower level (which are in turn composed of three smaller grids of lower
level resp. dimensionality). Middle and right: the recursive application of the decomposition rule is
indicated for sparse grids in 3-D and 2-D, eventually leading to a sequence of 1-D grids (depicted
as rows of points in the image on the right)

relationships) and lack of support for random data access. Furthermore, the exper-
iments on pointer-based variants of sparse grids done in [14] have already shown
their inferiority to the implicit data structures in the context of regular grids.

4.2 A Recursive Data Layout

The recurrent patterns and formulas that are inherent to sparse grids have already
been addressed in [2]. A d-dimensional regular sparse grid of level n can be
decomposed into one (d — 1)-dimensional sparse grid of the same level and two
d-dimensional sparse grids of level n — 1. For the 2-D case this decomposition is
illustrated in the left part of Fig. 3. The center and the right hand side of Fig. 3 show
how a 3-D grid (set of planes in the center image) can thus be decomposed into
a sequence of 1-D grids (rows of points in the image to the right). Using a level-
wise enumeration scheme like indicated in the binary trees in Fig.3 rather than
recursive in-place expansion of subgrids leads to a sequence of one-dimensional
grids, which reminds of a multi-dimensional breadth first traversal of the resulting
tree-like structure. Figure 4 depicts this for the case of d = 4 dimensions and sparse
grid level n = 3. Transforming the 4-D grid into a sequence of 1-D grids leads
to a serialized representation in which each grid point can be assigned a unique
index from a set of contiguous integer indices. Note how the four subgrids on the
right are listed after the two “parent” grids in the center, following the level-wise
approach. It is also exactly these four subgrids that would be cut off from the 4-D
grid, if a truncation vector ¢ = [3,3,3, 2]T were defined. This is because these
subgrids contain grid points that are on level 3 with respect to the 4th dimension.
As a general rule, specifying truncation corresponds to omitting subgrids in the
recursive representation. Since this changes other subgrids’ sizes, the lookup table
used to calculate grid point indices needs to be adjusted accordingly.

Finally, we provide yet another graphical representation to illustrate how the
order of the stored coefficients aligns with the geometrical order of the grid points.
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denote where 2-D subgrids start and end. Colored boxes frame the 3-D subgrids. Vertical lines
(in rows) further mark the levels of the sparse grid. The offset before each row allows to match
sizes of subgrids with the numbers of grid points in the lookup table (right bottom). Note how
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Fig. 5 The positions of coefficients of a regular sparse grid are compared (d = 2,n = 4) for our
recursive data layout (left) and the subspace-based data layout (right)

Figure 5 compares the new recursive layout and a classical data layout motivated
by the subspace-wise treatment of coefficients. The latter one is the subspace-based
layout proposed in [14]. It is a level-wise enumeration of all subspaces in the grid,
each of them stored as a full grid. The numbers in front of the rows (left image) and
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next to the subspaces (right image) denote the offset of the respective sequence of
coefficients in its corresponding data structure.

The example of the four marked grid points (or coefficients, respectively) shows
how in both layouts sequences of these coefficients are aligned with respect to the
Xxo (first) dimension. This property proves advantageous when implementing fast
transformations between both layouts. We have already accomplished this in an
efficient parallel implementation, but the discussion of the resulting permutation is
not part of this work.

S Recursive and Pseudorecursive Algorithms and Traversals

This section revolves around one of the classical prototypes of sparse grid algo-
rithms: the evaluation of a sparse grid function uy (12), which is implemented based
on our implicit pseudorecursive data structure. First, a closer look at the properties
of our data structure points out its main advantages. This is the basis for the novel
algorithms. We then sketch recursive and pseudorecursive algorithms for efficient
grid traversal and explain why the pseudorecursive approach leads to better results,
especially in high-dimensional settings. A separate discussion of algorithms for
truncated grids is not contained in this section, as the presented algorithms for
regular sparse grids only need to be modified in a single line to support these grids
as well.

5.1 Data Access Patterns

The red-colored squares in Fig. 6 correspond to the trace of our algorithm for sparse
grid evaluation at a certain point. We call coefficients that correspond to basis
functions which are affected by the evaluation relevant or affected coefficients. We
refer to a basis function as being affected, if the evaluation point either lies within
the interior of its support or on its left boundary.

The underlying grid in Fig. 6 is a regular three-dimensional sparse grid of level
n = 4. While most of the rows do not contain red squares at all and thus need
not to be visited, those rows which do often contain more than one square. This is
due to the hierarchical structure of the sparse grid basis: Each row contains a one-
dimensional subgrid in level-wise representation. If the root node of such a grid is
affected (potentially non-zero) by the evaluation, so will be exactly one child on
each level below it. This leads to a clustering of affected coefficients, which is very
desirable from the perspective of computer caches and will be advantageous for the
pseudorecursive evaluation algorithm. Consequently, large chunks of coefficients
can be skipped between such clusters, as there are possibly large sub-structures of
the sparse grid that do not contribute to the result.
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Fig. 7 Affected coefficients of a regular sparse grid (d = 3,n = 3) in the recursive data layout
extended for boundary grid points. Relevant coefficients are marked as red squares for a run of
evaluation at point x = [0.35,0.15,0.8]7. From left to right, the framed boxes contain the two
projected 2-D grids of level 3 on the boundaries, the 2-D grid of level 3 at z = 0.5, the two grids
of level 2 at z = 0.25 and z = 0.75 as well as the four grids of level 1 sitting in between the other
grids

Another observation is that the pattern of relevant coefficients within each
affected row is the same. This is because the recursive descent in each of the
one-dimensional subgrids depends on the same coordinate xy. As a very effective
optimization, the offsets per row as well as the evaluated one-dimensional basis
functions ¢y ; (xo) (bold in the formula in Fig. 6) can be precomputed and stored in
stencil form. A function EVAL1D can then be defined to compute this simple sum,
and it can be applied to each of the affected rows efficiently. How these partial
results are in turn combined to the global result in an efficient manner is the topic of
Sect. 5.4.

Figure 7 shows how the layout presented in Sect. 4 is extended in a consistent way
to support boundary grid points. Just as in Fig. 6, the trace of a run of evaluation
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Algorithm 1 Recursive sparse grid traversal for evaluation. Result computations are
stripped from the algorithm for readability and generality. The output is a sequence
of offsets of visited rows in the grid, e.g., “0, 15, 29, 42, 66, 73, 79, 98, 101, 109”
for the setup in Fig. 6

function RECDIM(offset, d, [, ref,1)

if d = 0 then
print(offser) arrived at affected row,
return do work (e.g., EVALID)
end if
subgrid <— gridSize(d, )
recDim(offset + i * subgrid, d — 1, 1, 0, 0) }recursive descent into dimension
if / > 1 then
if liesLeftOfGridPoint(x,) then
f < 2%i
else “refine” in this dimension,
<= 2xi+1 turn left or right
end if
recDim(offset + 27  subgrid, d, | — 1, ref + 1, 1)
end if

end function

recDim(0, dim — 1, level, 0, 0) }top level function call

is again highlighted, clearly showing that affected coefficients form even larger
clusters when compared to the case of no boundaries. Data locality is thus even
better. Note that what we see here are what we call “trapezoidal grids” (boundary
grid points are only introduced at the positions of projections of inner grid points,
see [18]), for which we just need to extend the recursive description by a prepended
level O consisting of two boundary functions.

5.2 A Recursive Algorithm

Algorithm 1 uses the classical recursive scheme for sparse grid traversal that couples
a recursive descent in the dimension with a recursive traversal of the sparse grid’s
levels. We will refer to the latter part as refining. The algorithm reflects the recursive
grid construction (see Sect. 4.2), but due to the evaluation only one of the (d — 1)-
dimensional subgrids is affected. The respective sizes of all lower-dimensional
subgrids can be precomputed and stored in a small lookup table (cf. Fig.4). In the
given algorithm this table is accessed via the function gridSize.

Note that in order to reduce code complexity as much as possible, the code only
covers the case of no-boundary grids (extension to grids with boundaries is however
straightforward). Furthermore, all statements specific to the accumulation of the
result have been stripped from the code, and instead a sequence of row offsets is
printed out, belonging to those rows relevant to the evaluation.
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The formal parameter d of the recursive function RECDIM marks the currently
focused dimension. It defines the context of parameter ref, which counts the steps of
recursive refinement in dimension d, and parameter i, which encodes the path taken
during refining. While parameter offset intuitively logs the current index position in
the grid structure, parameter / globally tracks how many higher sparse grid levels
still exist for the current position in the grid.

The algorithm is already quite efficient, but it still bears the downside that the
recursive call stack needs to be almost fully discarded for changes in the slow
dimensions d (e.g., d = dim — 1), which then requires an immediate rebuilt. The
pseudorecursive solution presented in the following section manages to circumvent
this problem.

5.3 A Pseudorecursive Formulation

Algorithm 2 can be seen as an iterative version of Algorithm 1. The formal param-
eters of function RECDIM that used to lie on the recursive call stack are mapped
almost one-to-one to variables on an actual stack s. Traversal order and output of
both algorithms are exactly the same, however, there is a significant difference in
the runtime complexity.

Obviously, the number of visited rows is identical when both algorithms are
executed on the same grid. But the cost of a jump from one affected row to the
next differs. The pseudorecursive variant in Algorithm 2 manages to compute this
jump in constant time. For the variant relying on actual recursion the cost of the
jump is defined by the depth of the call stack of function RECDIM. In the worst case
this depth is limited by the number of dimensions d, and so the complexity of this
jump is O(d). Since the amortized cost is lower than that, there is barely a notable
difference in the runtime for smaller grids. This changes for higher dimensional-
ity d, and the lower runtime complexity of the pseudorecursive variant leads to a
considerable speedup over the recursive variant, as the empirical results will show.

5.4 Efficient Calculation of the Tensor Product

The clustering of affected coefficients is only one beneficial property of the recursive
data layout. Additionally, algorithms descending recursively into the dimension
offer the opportunity to successively combine the d one-dimensional basis functions
#1,i;» 0 < j < d to the final tensor product (7).

Figure 8 demonstrates a function evaluation of our implementation (left) and
of the subspace-based implementation (right) at the example of a small three-
dimensional sparse grid. Our procedure resembles Horner’s method, where the
computational effort is kept to a minimum. In the given example, only 9 instead
of 20 multiplications need to be computed. But more importantly, we achieve a
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Algorithm 2 Pseudorecursive sparse grid traversal for evaluation. Result computa-
tions are stripped from the algorithm for readability and generality. The output is a
sequence of offsets of visited rows in the grid, e.g., “0, 15, 29, 42, 66, 73, 79, 98,
101, 109” for the setup in Fig. 6

function PSEUDOREC(dim, level)
s.push(offset =0, d =dim—1, | = level, i = 0)
finished <— false
while ! finished do

offSetney <— s.offset + s.i * gridSize(s.d, s.l) ved at affected
print(offset,e,) } arrived at affected row,

dyory < 0 do work (e.g., EVALID)
if s.[ = 1 then
dypow < 5.d + 1
s.pop() § return from “refining”
offsetnen, <— s.offset + s.i * gridSize(s.d, s.l)
end if

if s.d # d,,, then . .
s.push(offset = offsetyey, d = dyer, | = 5.1, i = 0) recursive descent into
end if dimension
if d,0,, # dim — 1 then
if liesLeftOfGridPoint(x ) then

1< 2x%s.0
else

< 2%si+1 “refine” in this dimen-
end if sion, turn left or right
si<i (s.1(2) is 2nd
ref < 5.1(2) — 5.l element from top)
s.offset < s.offset + 2" * gridSize(dye, + 1, s.0)
sd<sl—1

else

finished <— true } finished
end if

end while
end function

bééudoRec(d . n) } top level function call

considerable reduction of the number of 1-D basis function evaluations (19 vs. 30),
which can be rather expensive. Numerically this makes sense, too, as partial results
of expectedly similar size are combined additively, reducing the risk of cancellation
and floating point errors.

An implementation of this approach requires to manage additional stacks for
partial products and results, which are eventually merged into a global result. For
piecewise linear and polynomial bases it is possible to seamlessly integrate these
computations into both traversal algorithms presented in the previous subsections.
In the case of these two bases, 2 resp. 3 more stacks are required compared to the
algorithm shown above, and the low runtime complexity of the pseudorecursive
variant can be preserved.
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Fig. 8 Scheme of tensor product calculation during the evaluation of a regular sparse grid (d = 3,
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5.5 A Pseudorecursive Variant for GPUs

Evaluation is typically not executed for a single data point, but rather for a large
number of sampling points or training data. A high degree of parallelism is therefore
desirable which makes GPUs an adequate choice.

The subspace-based approach has led to good results for evaluation on Nvidia’s
Tesla C1070 [14]. While the on-chip resources like registers and fast scratchpad
memory were too scarce to run complex traversals like Algorithm 2 on the C1070,
devices from Nvidia’s Fermi generation ship with an increased amount of fast
scratchpad memory (48 or 16kB, depending on the execution mode) and 32k
registers per streaming processor. Targeting “full occupancy” of the Fermi device,
i.e. the optimum of 1,536 active threads on each streaming processor, this still leaves
merely 21 registers and 32 bytes of scratchpad memory to each thread, which poses
a challenge to the pseudorecursive variant of our algorithm. Even for the case of
d = 3, with an unmodified algorithm we already need to store at least 48 bytes
for the evaluation point x and the d-, [- and i-stacks from Algorithm 2. Note that
even though recursion is generally supported on Fermi, explicit control over the
recursive stack is still our only chance to achieve good performance, which renders
the pseudorecursive variant our only option.

To account for the shifted constraints of an efficient GPU implementation,
we devised a Fermi-tailored variant of the pseudorecursive traversal algorithm
using Nvidia OpenCL [17]. Note that in the beginning, we used Nvidia’s CUDA
framework [16], but our decision for OpenCL was then mainly motivated by the JIT
compiler’s capabilities, which helps saving scarce resources (e.g., registers, scratch-
pad memory) by allowing source code modifications at application runtime. In our
explanations we stick to OpenCL terminology rather than CUDA terminology, as
no Nvidia-specific extensions to the OpenCL API are used.
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Table 1 The table shows how certain constructs from Algorithm 2 were mapped to more GPU-
friendly ones

CPU Fermi GPU

Construct Required space Required space Construct

X d - sizeof (float) d - sizeof (float) x: unchanged

evalld.offset n - sizeof (int) 1 int register pathld: binary tree path
encoded in bits

evalld.phi n - sizeof (float) - -

s.d min(d, n) - sizeof (int) - -

s.i min(d, n) - sizeof (int) 1 int register i array entries dynamically
encoded in bits

s.1 min(d, n) - sizeof (int) d - sizeof (int) /32  1: level vector shared across a
warp

s.offset min(d,n) - sizeof (int64) 1 int register offset: simple offset counter

2 stacks for tensor  2d - sizeof (float) 1 float register phigp: keeps ]_[7;12 &0, (x;)

product

Each thread must not exceed the usage of 21 registers and 32 bytes of shared memory, otherwise
full occupancy is not possible and performance breaks down

5.5.1 Optimizing Storage Consumption

Table 1 yields a comparison of variables and arrays used in the original implemen-
tation of Algorithm 2 and the GPU-adjusted one, for which optimization of memory
consumption was the top design goal. The most important changes are that

1. bitwise encoding is used to get rid of integer arrays,
2. the two stencil arrays for EVAL1D are replaced by one integer, and
3. we ceased to rely on stacks.

The actual OpenCL source code with its explicit thread and memory management
is too technical and lengthy to be included here. We therefore focus on giving
remarks on the implications of the changes listed in Table 1.

Evaluating a sparse grid function means traversing a multi-dimensional tree on
a complex path. On this traversal the current position is typically encoded in a
level-index-vector-pair (I,1) or a similar construct like the set of stacks we use in
our pseudorecursive algorithm. For our GPU implementation we go back to actual
vectors, because it gives us the opportunity to compress the index vector i into a
single integer i;,, as described in Fig. 9. The image shows that we can encode i into
a sequence of Z?;(l)(lj — 1) = n —1 bits, and so an integer of 32 bits is big enough
for a sparse grid of level n = 33. But we can also decrease memory consumption
for the level vector 1 by taking advantage of the GPU’s threading model. On Fermi,
a streaming processor has one instruction unit for simultaneous control of 32 scalar
processors. In OpenCL, the threads running on these processors are called work
items, and the 32 work items of a streaming processor make up a warp. With the
work items of a warp being perfectly synchronized, the level vector 1 can be made a
shared resource, reducing its memory footprint by a factor of 32.
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Fig. 9 Left and center: The previously introduced enumeration of grid points (cf. Fig.3) can be
translated to a level-index-like one. A pair (/, i) describes each point’s respective level / and its
index i on this level. i is given as bit sequence to show how it encodes the path to a point like in
a bitwise trie, giving access to all its parents via subtraction and bit shifts. Right: a whole index
vector i is encoded into one integer #;,,. The level vector 1 is needed to decode i;,, again, as the
number of bits used to encode i; into i;, is given by /; — 1, respectively

Algorithm 3 GPU implementation of EVAL1D, using integer pathld to reconstruct
the 1-D evaluation
function EVAL1D(offset, [, pathld, x)
result <— 0
for1 <!’ <ldo
idx < "=V = 1) + (pathld >> (I —1"))
i< 2% (pathld >> (I —1")) + 1
¢ < max(0,1— 2" - x — i)
result <— result + ¢ * afoffset + idx]
end for
return result
end function

However, replacing the stacks of the original algorithm by vectors brings us back
to the complexity of the recursive algorithm 1. It requires adding an inner loop
(maximum loop size d) to the main loop. In this loop the vector pair (1,i) and the
offset in the coefficient array need to be updated. In order to avoid full computation
of the tensor product, we introduce a variable phi;, = ]_[;1;12 &1, .;(x;) as indicated
in Table 1. We treat it as a one-element-stack, and as it only needs to be recomputed
when ¢;; ;; (x;) changes for one of the “slow” dimensions with index j > 2, we
save quite a lot of floating point operations.

Finally, we cannot afford to store the two stencil arrays for the EVAL 1 D-function
on the GPU, so we use the technique from Fig.9 to encode the path of the 1-D
evaluation into an integer pathld. Algorithm 3 shows how EVALID can still be
computed efficiently, totally avoiding conditional branches. To evaluate a 1-D grid
along the path highlighted in the left part of Fig. 9, we need to call EVAL1D with the
parameters / = 3 and pathld = 2. Obviously, the direct application of the stencils is
faster; however, we now have practically no related storage consumption any more.

5.5.2 Coalesced Memory Access

Since memory access is a performance critical factor in a GPU implementation,
we choose a particular layout of the work items. Each warp of 32 work items
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Fig. 10 Left: a warp is mapped to an array of 8 X 4 work items, each of which is in charge of one
sparse grid evaluation, while groups of four (rows) act as coworkers. Right: in qualitatively depicted
linear storage, levels 1-4 of a 1-D grid are shown to reside in lines of 15 floats. Regardless of the
1-D evaluation path (note pathld values on the very right), at most 2 memory transactions are thus
necessary to access a 1-D grid’s affected coefficients via coalesced load. The access strategy is
indicated by matching patterns for work items and coefficients

is structured as 8 groups of 4 coworkers as seen in the left part of Fig. 10. The
coworkers of each group simultaneously access the first 4 coefficients of each 1-D
grid of level / > 4, taking advantage of coalesced memory access and reducing the
overall number of memory transactions. This is done explicitly, as we do not want to
heavily rely on the small L1 cache of the Fermi architecture, which is shared among
1,536 concurrent threads. The group size of 4 is derived from the size of memory
transactions, which is 128 bytes on Fermi. The first 4 levels of a 1-D grid comprise
15 coefficients (summing up to 60 bytes), and so chances are high that the first 4
affected coefficients of a 1-D evaluation can be loaded in one memory transaction.

The maximum runtime reduction due to this optimization was 44 %, and it was
observed for the case of a regular 7-D sparse grid of level 9. In average and over
a whole range of levels and dimensionalities we were still measuring a runtime
improvement of around 10 %, even though this included plenty of small grids. And
they do not benefit greatly from this optimization, as they do not contain many
subgrids of higher level. pseudoRec

6 Results

To demonstrate the advantages of the implementation of our novel data structures,
algorithms and optimizations, we present performance comparisons with other
highly optimized, state-of-the-art implementations of sparse grid evaluation. The
complexity of all algorithms depends on the level n and the dimensionality d,
which is why we provide all results in the form of speedups measured over this
two-dimensional parameter space. First, our implementation competes with highly
optimized algorithms operating on hash maps. These results are followed by an
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Fig. 11 Left: the speedup of our evaluation over the parallelized, recursive SGT implementa-
tion. Right: the speedup of our evaluation over the parallelized and vectorized brute force evaluation
scheme implemented in SGT+

extensive comparison of our implementation with the subspace-based one. Finally,
the suitability of GPUs for our purpose of fast sparse grid evaluation is shown.

All speedup measurements have been obtained on a dual socket hexacore Intel
Xeon X5690 Westmere-EP system clocked at 3.46 GHz (Intel Hyper Threading and
Turbo disabled) and equipped with 96 GB DDR3 memory (1333 MHz, no ECC).
The operating system is Scientific Linux 6 (kernel 2.6.32-71.29.1.e16.x86_64),
and the compiler used is GNU’s g4+ version 4.4.4. Note that for vectorization
we used Intel’s SSE, SSE2 and SSSE3 instruction sets instead of relying on the
compiler’s auto-vectorization capabilities, which are known to be quite limited. We
parallelize our algorithms with OpenMP and account for the parallel environments’
comparatively long setup times, by ensuring that benchmarked times never drop
below about 2 s. This is consistently done for all variations in grid dimensionality
and level, which leads to cardinalities from a few thousands to hundreds of
thousands of evaluation points. The interpretation of the presented speedup results
does not require these numbers, so we do not include them here to avoid unnecessary
complexity and confusion. For each run, a new set of random evaluation points x; €
[0; l]d was created, which was then used to time and compare all implementations
under identical conditions. Lastly, for each test case a series of ten runs has been
executed to account for system-specific performance oscillations.

6.1 Comparison with a Hash-Map-Based Data Structure

The SG™ ™ toolbox provides programmers with a broad range of tools and interfaces
to use spatially adaptive sparse grids to tackle various high-dimensional tasks
(e.g., interpolation, quadrature, classification) [18]. Most algorithms in the toolbox
have been optimized and parallelized to achieve best performance on modern
multi-core systems. In Fig. 11 we compare our pseudorecursive evaluation kernel
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with two different kernels provided by SG*, which are both parallelized via

OpenMP. The first one (left image) is the default evaluation kernel, relying on an
optimized recursive grid traversal to visit only the affected basis functions. The
second one (right image) achieves its performance by avoiding conditional branches
and complex traversals. In a brute force fashion all basis functions are evaluated
(also those not affected), which allows for a perfect static load balancing scheme
and makes vectorization straightforward. The approach has been employed very
successfully for classification tasks [11], especially when grids do not grow too big.
Note that it is targeted at fully, spatially adaptive sparse grids.

It can be seen at first glance, that our implementation outperforms both imple-
mentations from SG* in our setting of truncated and regular sparse grids. For
smaller grids, the ratio between affected and not affected basis functions is rather
large, a fact from which the brute force variant benefits. However, the larger the
grids grow, the more important become algorithmic optimizations, and so we see
speedups of up to 95 over the brute force variant, but “only” 63 over the recursive
variant.

It needs to be mentioned that the primary floating point type in the SG** toolbox
is the 64 bit double, for which we have not implemented a vectorized version
yet. Using SSE-vectorization we thus might expect an additional speedup for our
implementation of about 1.2 or even more.

6.2 Comparison with the Subspace-Based Data Structure

The subspace-based implementation is the only other implementation known to us
that is specifically optimized for regular sparse grids. It is also the implementation
that so far performs best for evaluation of these grids. We have therefore chosen
the three types of basis functions presented in Sect.3 (linear no-boundary, linear
with trapezoidal boundary, polynomial no-boundary), to analyze the performance
gain of our algorithms over the subspace-based ones in detail. We start however
by investigating the cache behavior of both approaches. Because of the context of
related results for the linear hat function basis, we also include the comparison of
our recursive and pseudorecursive algorithms in this part.

We only had access to a sequential implementation of the subspace-based
approach that works with single precision floats. Therefore, the speedups presented
in this subsection have all been measured for non-parallel and non-vectorized
implementations of the pseudorecursive and the subspace-based approach.

6.2.1 Memory Access

The heterogeneous structure of our pseudorecursive algorithm makes it difficult to
decide whether they are bound by memory latency or computation, or whether the
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Table 2 Statistics for L1 and L2 data cache misses (DCL1 and DCL2) for the pseudorecursive
and the subspace-based variant

Regular grid without boundaries Regular grid with boundaries

Pseudorecursive Subspace-based Pseudorecursive Subspace-based
dim DCL1 DCL2 DCL1 DCL2 DCL1 DCL2 DCL1 DCL2
2 0.003 0.001 0.09 0.009 0.033 0.012 0.019 0.012
3 0.052 0.003 0.226 0.012 1.727 0.053 2.753 0.043
4 1.164 0.072 2.286 0.029 10.45 3.43 22.44 10.65
5 3.4 0.254 7.57 1.5 47.2 243 116.7 76.4
6 7.6 2.7 17.1 9.5 207.9 95 569.7 423.6
7 14.3 5.8 344 27.3 881 356 2,666 2,109
8 25.6 10.3 65.2 55.7 3,670 1,283 12,072 9,440

Each number in the table denotes the cache misses in millions, measured for 10,000 sequential
evaluations of a level 8 sparse grid of the respective dimensionality

conditional statements in the main loop induce branch mispredictions and pipeline
stalls that might hinder performance. In this analysis, we want to demonstrate
that our recursive data layout generally improves memory access as compared
to the subspace-based data layout. Therefore, we employ PAPI' to examine the
cache behavior of the respective evaluation algorithms more closely. PAPI gives
programmatic access to modern CPUs’ performance monitoring units (PMU), and
we use the interface to read out the PMU counters for L1 and L2 data cache misses.
As an exception, these measurements are not obtained on our Westmere-EP test
platform, but on an Intel Ivy Bridge i5-3320M CPU, which supports an extended
set of performance counters. We perform our tests for the hat function basis with
and without boundary extension. The results are listed in Table 2 and they clearly
show two tendencies:

1. The pseudorecursive algorithm and data structure generally lead to a consider-
ably lower absolute number of L1 data cache misses.

2. For the subspace-based variant it is much more likely that an L1 cache miss leads
to an L2 cache miss.

Both algorithmic variants have been tested under exactly the same conditions, and
for each of the grid types both variants need to load exactly the same number of
affected coefficients.

Keeping in mind that even with the array-based data structures evaluating a
sparse grid function introduces scattered data access to the coefficient array, these
results are very satisfying. We manage to considerably decrease the load on the
deeper layers of the memory hierarchy, thus weakening the dependency on the
component that is slowest in the pipeline and has the highest power consumption.

Thttp://icl.cs.utk.edu/papi.
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Fig. 12 Left: the speedup of our pseudorecursive evaluation scheme over the subspace-based
one for the hat function basis. Right: the speedup of the pseudorecursive scheme over the actual
recursive scheme, also for the hat function basis. Mind the different color scales

6.2.2 The Hat Function Basis

Evaluating these basis functions does generally not require much computational
effort. As detailed before, our implementation optimizes the tensor product cal-
culation and causes a lot less cache misses as compared to the subspace-based
implementation which is compute bound due to the repeated computation of the
tensor product (7).

Figure 12 shows that we achieve good speedups over the subspace-based
implementation. They monotonically increase for higher level or dimensionality.
For the largest test case (d = 31,n = 10) our implementation is about 18 times
faster. Note that this behavior continues: tests with d = 100 and n = 6 even lead to
speedups around 70.

For the comparison of our recursive and pseudorecursive algorithms we have
chosen the same setting (linear hat functions without boundaries). Both algorithms
operate on our recursive data layout, but the speedup plot in the right part of Fig. 12
shows the indicated asymptotic influence of the higher runtime complexity of the
recursive variant. While for d = 3 it is almost at level with the pseudorecursive
variant, we can see that it is two to six times slower for d = 30.

6.2.3 The Piecewise Polynomial Function Basis

We picked this basis for the benchmark to have a test case which is computationally
more expensive, but structurally identical to that of the hat function basis. For the
subspace-based variant this poses a challenge, as the increasing polynomial degree
p causes the cost of directly calculating the full tensor product to grow from O(d)
to O(d + p) for each of the affected basis functions. At the same time, for our
pseudorecursive solution the runtime complexity of the algorithm does not change
at all.
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Fig. 13 Left: the speedup of our implementation over the subspace-based one for the polynomial
basis functions. Right: the speedup of our implementation over the subspace-based one for the
extended hat function basis with boundary basis functions. Mind the different parameter ranges
and color scales

Note the speedups in Fig. 13 (left), which are already greater for moderate
dimensionality d as compared to the previous case of the computationally cheaper
hat function basis (cf. left part of Fig. 12). Since the locations of the affected basis
functions and thus the traversal of the grid do not change when switching from one
basis to the other, the difference must stem from a reduced number of arithmetic
floating point operations. Besides, the increasing asymptotic dependency on the
level n becomes obvious, as it takes a direct influence on the polynomial degree p.

6.2.4 The Extended Linear Basis with Boundary Functions

The special characteristic we want to put to test with this scenario is not related to the
complexity of the basis functions. Instead, we will show that our data structures and
algorithms are well suited to handle a well-known problem of sparse grids: With the
introduction of boundary grid points the total number of grid points explodes already
for small d, such that the boundaries become predominant for computations.

As pointed out in the discussion of the recursive data layout in Sect.5.1, the
extension to boundaries even leads to an improved clustering of affected coefficients
during the evaluation. Moreover, we can easily extend the stencils used in the
EVAL1D-function of our pseudorecursive variant to also cover the two affected
points on the boundary of the 1-D subgrids. The subspace-based layout on the
other hand does not benefit from the extension. Affected coefficients associated with
boundary grid points are scattered evenly all over the coefficient array, each being
contained in its own subspace.

And indeed, even for the smallest grids we immediately observe speedups of at
least 4 in Fig. 13 (right). The number of arithmetic operations is as low as for the
original hat function basis, thus the reason lies in the data locality shown by our
extended data structure.
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6.3 Performance Comparison for CPU and GPU

In this last analysis, the single precision performance of our OpenCL implemen-
tation for the GPU is measured against the single precision performance of our
parallelized and vectorized pseudorecursive CPU implementation. On the one side
we use an Nvidia GTX 580 with 1.5GB main memory, on the other side it is
again the dual socket Westmere-EP platform, using 12 OpenMP threads and SSE
vectorization. We choose the hat function basis without boundary extension as the
test scenario.

The CPU implementation uses an optimized function for multiple evaluations,
which only allocates the stacks once during initialization. A general limitation of the
GPU implementation is given by the hardware constraints mentioned in Sect. 5.5,
which make it less flexible. This can be seen in the speedup graph in Fig. 14, where
the speedup of the GPU version decreases for increasing d. It has to be mentioned
that while working perfectly for lower dimensionality, the implementation is not
stable for d > 10, as OpenCL seems to show incorrect behavior when swapping
registers and shared memory contents into the GPUs main memory. Still, the GPU
achieves a speedup of 2 and more for grids of reasonable size, which is beneficial,
be it only for the financial aspect.

7 Conclusions

The need for fast algorithms on sparse grids arises in various settings. Here, and
motivated by our setting, we focused exemplarily on evaluation, achieving the best
possible performance for regular and truncated sparse grids, both with and without
boundary grid points. It has been shown before, that specialized data structures for
these kinds of grids are indispensable when trying to exploit the full potential of
modern compute platforms. We therefore proposed a compact, array-based data
layout, that preserves some of the intrinsic recursive properties of sparse grids.
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We have shown how these properties are beneficial for data access, as they enhance
the use of caches during sparse grid evaluation. Motivated by the particular data
layout, we have formulated a set of recursive and pseudorecursive algorithms. With
the latter kind we have managed to overcome shortcomings of the recursive variant,
lowering the runtime (complexity) and offering a suitable, non-recursive solution
for Nvidia GPUs. In a broad range of tests, covering different implementations of
sparse grid basis functions as well as grids with explicit boundary representation,
we have demonstrated the flexibility of our approach and have achieved impressive
speedups over the fastest other implementations of sparse grid evaluation we know
about.

Our next endeavor is, most of all, the integration of our approach into the actual
application that motivated our work. On the technical side, we will refine the
vectorized version of our algorithm for Intel’s Haswell generation of processors.
With the corresponding AVX2 instruction set, a more consistent API for mixed
floating point and integer arithmetic will be provided with access to vector registers
of the same width for both data types.
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Stochastic Collocation for Elliptic PDEs
with Random Data: The Lognormal Case

Oliver G. Ernst and Bjorn Sprungk

Abstract We investigate the stochastic collocation method for parametric, elliptic
partial differential equations (PDEs) with lognormally distributed random parame-
ters in mixed formulation. Such problems arise, e.g., in uncertainty quantification
studies for flow in porous media with random conductivity. We show the analytic
dependence of the solution of the PDE w.r.t. the parameters and use this to show
convergence of the sparse grid stochastic collocation method. This work fills some
remaining theoretical gaps for the application of stochastic collocation in case of
elliptic PDEs where the diffusion coefficient is not strictly bounded away from
zero w.r.t. the parameters. We illustrate our results for a simple groundwater flow
problem.

1 Introduction

The elliptic boundary value problem

-V -(@Xx w)Vpx,w)) = f(x,w) in D, P-a.s., (la)
px,w) = g(x) on dD, P-a.s., (1b)

with random coefficient a and random source f, resp. its weak form, is of particular
interest for studies on uncertainty quantification (UQ) methods. It is a rather simple
mathematical model to study and, at the same time, of practical relevance, e.g.,
in groundwater flow modelling. There, the conductivity coefficient a is typically
uncertain and therefore modeled as a random field, in particular, a lognormal random
field [11].
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Recent methods for solving random PDEs such as stochastic collocation or
Galerkin methods use a truncated Karhunen-Logve expansion of the random fields a
and f in order to separate the deterministic and random parts of the problem (1) as
well as reduce the randomness to a finite or countable number of random variables.
This truncation leads to high-dimensional parametric problems, and approximation
methods which are suited for higher dimensions, such as sparse grid collocation,
have been successfully applied to this problem [2, 3, 18, 19]. In these works one
often finds the assumption that the coefficient a is uniformly bounded away from
zero, i.e., there exists a constant ¢ > 0 such that a(x, w) > ¢ P-a.s. forall x € D.
While this assumption simplifies the analysis, it fails to cover the important case
where a has a (multivariate) lognormal distribution. For instance, in [2, 18, 19] the
authors ensure uniform positivity by taking a to be the sum of a lognormal field
and a positive constant api,. In [6] the analysis of full tensor-product collocation
given in [2] is extended to the case of non-uniformly bounded coefficients a,
but for deterministic sources f and homogeneous Dirichlet boundary conditions.
Moreover, many works consider only the primal form (1) of the diffusion equation,
but for many applications the numerical simulation of system (1) in mixed form

a'(x,w)u(x,0) — Vp(x,w) =0 inD, (2a)
V-ux,w) = —f(x,0) in D, (2b)
p(x,w) = g(x) onaD, (2¢)

P-almost surely, is more appropriate. This is the case, for instance, if the flux u is of
particular interest, see [12] for numerical examples. In [4] a first study of stochastic
Galerkin methods for mixed problems was given, but again the assumptions on a
made there do not apply to lognormal or non-uniformly bounded random fields.

In this work, we fill the remaining gaps and present a convergence analysis of
sparse grid collocation for (2) without assuming the existence of a deterministic
Amin > 0 such that a(X, w) > any,. Therefore, we introduce in Sect. 2 the parametric
variational problem under consideration and prove in Sect. 3 a regularity result for
its solution. In Sect.4 we then conduct the proof of convergence of sparse grid
stochastic collocation in unbounded parameter domains for approximating smooth
functions. Section 5 illustrates the theoretical results for a simple elliptic boundary
value problem in mixed form and Sect. 6 closes with concluding remarks.

2 The Parametric Variational Problem

In this section we briefly recall how the elliptic boundary value problem (BVP) (1)
with random diffusion coefficient a(x, w) is transformed into a BVP containing
a high-dimensional parameter. We shall restrict our considerations to the mixed
formulation (2).
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2.1 Finite-Dimensional Noise via Karhunen-Loeve Expansion

Given a probability space (£2,.4,P) we denote by L?(£2, A, P;R) the space of
second-order real-valued random variables. We make the finite-dimensional noise
assumption whereby the randomness in the coefficient a(x, w) and right hand side
f (X, w) can be completely described by a finite set of M Gaussian random variables

S],...,SM ELZ(Q,A,P;R).

Assumption 1. There exist measurable functions @ : RM — L%(D) and f :
RM L2(D) and M independent Gaussian random variables &, ...,Ey €
L*(£2, A, P;R), such that

aX,w) =ax.§1(®).....5u(@) and f(x,0) = f&§(@).....Eu(®)

hold P-almost surely almost everywhere in D.

We shall identify a with a and f with f in the following. Such finite-dimensional
noise arises, e.g., when a random field is approximated by its truncated Karhunen-
Loeve expansion (KLE) [13].

Example 1 (KLE for lognormal random field). For a lognormal random field a, it
is convenient to truncate the KLE of its logarithm log a, yielding

M
a(x, ) ~ ay(x, ) 1= exp (Vfo(x) + \/Ex/fm(x)sm@)) )

m=1

where ¥o(x) := E[loga(x,-)] and {(A, ¥m)}m>0 denotes the sequence of eigen-
pairs of the covariance operator C associated with loga,

(CY)(x) = /D c(x,y)¥(y)dy, wherec(x,y) = Cov (loga(x,-),loga(y,-)),
“4)

and where the {£,, },,>0 are i.i.d. standard normally distributed random variables. For
a discussion on approximating a directly by a (generalized) truncated polynomial
chaos expansion see [10]. For an analysis of the effect of truncating the KLE see [6].
We neglect any truncation error in the following and identify a ), with a resp. a.

2.2 The Parametric Elliptic Problem in Mixed Variational
Form

We set & := (&,...,&y) and denote by p(§) = ]_[f:f:l m\/%/z) the joint prob-

ability density function (pdf) of the i.i.d standard normally distributed &;,...,&y.
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We rewrite the random mixed elliptic problem (2) as the parametric mixed elliptic
problem

a ' (x. &) u(x.§) - Vp(x.§) =0 in D, (5)
V-ux, &) = —f(x,€) in D, (5b)
p(x,§) = g(x) on dD, (5¢)

where the equations are taken to hold pd&-almost everywhere.
To state the weak mixed form of (5), we assume g € H'/?(dD) and introduce
the space

H(div; D) = {ve L*(D) : V-v € L*(D)} (6)
with norm ||v||§1(div;D) = ||V||iz(D) + V~V||iz(D) as well as the bilinear and linear
forms

Ag(u,v) = / a l(x, &)u(x) - v(x) dx, @)
D
B.) =~ [ 4t Vv ox ®)
(@) == [ f0awax ©
=~ [ v nwx (10)
)

for u,v € H(div; D) and ¢ € L*(D), where in the last line n denotes the unit
outward normal vector along the boundary dD and the integral is understood as a
linear functional on H'/?(dD), see [9, Appendix B.3]. The weak form of (5) then
reads

Ag((-, &), v) + B(v, p(-. &) = L(v) Vv e H(div; D), (11a)
B(u(.§).q9) =he(q)  ¥q € L*D), (11b)

pd&-almost everywhere. Hence, setting S := L*(RM, B(RM), pd&), where B
denotes the o-algebra of Borel sets, and V := L?(D) x H(div; D), we are thus
seeking a solution (p,u) € S ® V which satisfies (11) pd&-a.e. That such a solution
exists and is unique will be shown in Sect. 3.

Remark 1. Note that, due to Assumption 1 and the continuous (hence measurable)
dependence of the solution (p,u) of a variational problem such as (11) on the
coefficient a and the source term f, we can deduce by means of the Doob-Dynkin
lemma [17, Lemma 1.13, p. 7] that the solution of (11) may be identified with the
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weak solution of (2) by way of

(p(@).u(@)) = (pE).u®). & =E§),

IP-almost surely as functions in L?(D) and H (div; D), respectively.

3 Analytic Dependence on the Parameter

Subsequently, we denote by (-,-) the inner product in L?(D), where for vector-
valued functions we set (u, v) := | p W(x) - v(x) dx.

In this section we prove existence and analytic dependence of the solution
(p(&),u(&)) of the mixed problem (11) on the parameter &. In particular, we will
prove analyticity of (p(-),u(-)) in a subdomain of C¥. To this end, we consider
problem (11) with the parameter vector & extended to complex values{ = &€ +in €
CM, &,y € RM along with suitable extensions of the functions a(x,-) and f(x,-).
To ensure well-posedness of (11) for this complex extension

Ae(u,v) = /D a”'(x, &) Vu(x) - Vv(x) dx,

of Ag, and he(q) = — [, f(x,§) g(x) dx, we restrict the complex parameter ¢ to
the domain

Ti={{ eC” amn(@) >0 and amu(§) < +00} .
where

amax(§) := esssupyep Rea(x,$), amin(§) := essinfyep Rea(x, ¢).

For a general Banach space W, we denote by Li(RM; W) the Bochner space
LI@RM BRM), pd&;: W) of W-valued functions of & and make the following
assumptions for proving the existence of a solution to (11) for real-valued parame-
ters £ € RM:

Assumption 2. The data a, | and g defining problem (11) satisfy

(1) g € H'2(3D),

(2) a € Ly(RM; L>®(D)) forall q € [1,00),

(3) amin(§) > 0 forall & € RM and 1 /amin € LH(RM;Ry) forall g € [1, 00),
(4) f e LY (RM;L>(D)) for some q* > 2.

Note that, under Assumption 2, we have RM c X. We can now state

Lemma 1 (cf. [4, Lemma 2.3]). Let Assumption 2 be satisfied. Then there exists a
unique solution (p,u) € S ® V of (11).
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Lemma 1 will be proven together with the following existence and continuity
result for the solution to (11) for complex parameters { € CM . In order to state this
result, we introduce the spaces

Co(X; W) :={v: XY — W continuous, strongly measurable and

Ivlle, = grlea;G(ReC)llv(C)llw < oof,

where 0 : RM — R, is an arbitrary nonnegative weight function and W a Banach
space.

Assumption 3. Foro : RM — R, there holds

(5) f € Co(Z:LA(D)) and a € C,(X: L®(D)),
(6) dmax € Co(Z:R) and 1/amn € Cy(Z:R).

Lemma 2. Let Assumptions 2 and 3 be satisfied. Then for each § € X there exists
a unique (p(&),u(§)) which solves (11) with (p,u) € C,4(X; V).

Proof (of Lemmas 1 and 2). We first observe that, for u,v € H(div; D) and g €
L?*(D), we obtain

1
sl = (@' @ v)| = oo

IB(v.q)| = 1(q, V-V)| = llgll2p) IVl Heaiv: Dy
W) = IVl a@iv;p) 18l 120Dy

lhe (@] = 1), D = 1 FE)l2p) gl 2p)-

||“||H(div;D) ||V||H(div;D),

Moreover, A; is coercive on

V ={ve H(iv;D): B(v,q) = —(¢q, V-v) =0 Vg € L*(D)}
={ve H(div:D) : | V-V|.2(p) = 0},

since for v € V there holds

_ . - V17 aiv: o
Re A¢(v,v) = Re (a L), v) > essinfyep Re (a (x, I;)) ||V||2LZ(D) > a+(§’))
max

According to [5, p. 136], for any ¢ € L?(D) there exists v, € V such that

[V-vg —qlli2py =0 and  |[vgllu@ivp) < ColigliL2pys

with a constant Cp depending only on the domain D. Thus, the inf-sup-condition
follows since, for any g € L?(D),
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2
sup B(v,q) - (g, V-vg) g1z p) ||61||L2(D)
ver@iv:y IVlla@voy — IVellw@vioy — IVgllm@vioy —  Cbp
Therefore, by applying [5, Theorem II.1.1], resp. its generalization to variational
problems in complex Hilbert spaces (hereby applying the complex version of the

Lax-Milgram-lemma), we obtain for each { € X a unique solution (p(¢),u(¢)) to
the associated deterministic variational problem. Moreover, there holds

max (C)

@it = e lizamy s )+ 20 SISl
1P@ 1y < 2Co lgleom, "::g)) L 20, “:g)) 17N 20-

Further, we observe that p : R¥ — L2(D) and u : R¥ — H(div; D) are
measurable, since they are continuous functions of a, f and g.

By applying the Holder inequality for the exponents r = ¢*/2 and g > 0
(such that 1/r + 1/q = 1) and by taking into account the above estimate and
the assumptions, we easily obtain that p € S ® L>(D) andu € S ® H(div; D),
which yields (p,u) € S ® V. Uniqueness follows immediately. The continuity of
(p(&),u(¢)) wrt. ¢ € X follows from our assumptions on the continuity of a, f
w.rt. §. Finally, p € C,4(X; L*(D)) and u € C,4(X; H(div; D)) follow again
directly from the estimates above and the assumptions. This completes the proof.

|

In an analogous way to [8, Lemma 2.2] we can show the analyticity of the
parameter-to-solution map & — (p($),u(f)).

Lemma 3. Let Assumptions 2 and 3 be satisfied and let the functions a™'
Y — L®D)and f : ¥ — L*(D) be analytic. Then also the mapping
¢ = (p(8),u()) is analytic in X.

Proof. We prove the statement by showing the existence of each partial complex
derivative 9,,(p(¢),u(¢)), m = 1,..., M. A deep theorem by Hartogs [14] then
yields analyticity as a function of all M complex variables. Therefore, we fix m €
{1,..., M}, denote by e, the m-th coordinate in R™ and set for z € C\{0}

(p. W + zem) — (p.WE)

Z

(qz: V) (§) =

Note, that X' is an open set due to the continuity of am.x and api,. Therefore, for
each §{ € X, there exists €; such that, for |z| < €, the solution (p, u)(¢ + ze,,) and
thus also the quotient above are well defined.

To simplify the presentation, we rewrite the variational problem (11) as a
coupled linear system in the corresponding dual spaces, denoting again by A :
H(div; D) — H(div; D)* the linear mapping [A;u](V) = (a7 '({)u,v), by
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B : L*(D) — H(div; D)* the linear map [Bp](v) := (p,V -v) and by BT :
H(div; D) — L*(D)* the map [B "u](¢) := (¢, V - u). Moreover, by £ and he we
denote the linear functionals corresponding to the right hand side of (11). Thus, the
variational problem (11) reads

Acu+Bp\ [ {
(*3")= () @

Hence, by denoting §, = § + ze,, we have

i.e., the pair (g, v;) solves the linear system (12) for the right hand side

[ (—(A;I - A;)U(CZ))
oz he, — hg '

We now show that

L,— Ly:= (_a”éA;:(;)) asz — 0,

where [0,y Agu](v) := (3,a”' (§)u, v) and d,n/1¢ () := (3 f(§), q). Note first that
there holds

h§+zem B h; -9 hC
Z

lim
h—0

=0,
LZ(D)*

which can be easily seen by applying the Cauchy-Schwarz inequality and the
assumption about the analyticity of f. Moreover, we have

<

g - s

Ag, — Ag
— || () —ul®) | #iv;p)
H(div;D)* <

A, — A
st

w()l z(div; D) -
There holds

lim ||u(¢ + ze,) —u(&)] =0,

z—)O

since u(¢) depends continuously on ¢ as shown before. Furthermore, there holds
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—1 _,—1
‘fDa (AR <;>u_vdx‘

a’'(¢)—a”'(§)

Z

= - ||3ma_1(§)||L°°(D)

Lo (D)

Il fr¢aiv; 0y 1V || Freaivs 2
as z — 0 due to the analyticity of a'. Thus, we have

I(As, = A9)/zl = @™ @) —a™' (€)/zllLoepy = 19ma™ (§)llLo=(p)

as z — 0. By linearity we obtain with the same argument

a”'(¢)—a'Q)

Z

—0
Le°(D)

e ™' @)

— OnAg| <
-t <

as z — 0, which finally yields L, — L as z — 0. Again, by the continuous
dependence of the solution of (12) on the right hand side, we conclude

(gz,v:) = (0mp(8),0u()) asz—0,

where (0, p(¢), 9,u(8)) solves (12) for the right hand side L,. We have thus
established that (p(&),u($)) possesses the partial derivative (0,, p(£), du (<)) in
the m-th (complex) direction, which completes the proof. O

Example 2 (lognormal diffusion coefficient). We consider a coefficient

M
a(x.£) = exp <¢0(X) +3 ¢m(x)§m)

m=1

with (real-valued) ¢, € L°°(D) form = 0,..., M. Let p be the M -dimensional
standard normal probability density function. Setting b,;, := ||| Loo(p) for m =
0,...,M,then forall { € X with

M
zz{cecM:meumsz%} (13)

m=1

there holds
M M
amin($) > exp ( — by — Z bm|§m|) cos ( Z bm|nm|) > 0,
m=1 m=1

amax(§) < exp (bo + 5 bulén ).

m=1
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where { = & + in. Furthermore, a then satisfies the assumptions of Lemma 3 for
XY as given in (13) and the weighting function o(§) = o1(§))---on(En), wWhere
om(En) :exp(—b |§m|) m=1,...,M.

Remark 2. Note that if, in Example 2, the expansion functions {¢m} _, in addition
have disjoint supports, then a satisfies the assumptions of Lemma 3 for the larger
domain

Y={eCM:b,|Imé,| <m/2},

since then

S

Rea(x, &) = exp (¢0(X) + i ¢m(X)§m) cos ( Z (X)Um)

m=1 m=

> exp (= by — (maxbulgn])) cos ((maxbylnal).

4 Sparse Grid Collocation

Stochastic collocation in the context of UQ or parametric problems can be described
roughly as a method for approximating a function u : RM — W with values
in, say, a separable Banach space W from the span of n linearly independent
functions {u; : RM — W};’,=1 given only the values of u at certain distinct
points in the parameter domain RY . Suitable finite-dimensional function spaces
are determined by the smoothness of u as a function of the parameter. Since the
solution of (11) depends smoothly on &, as was shown in the previous section,
we consider approximations by global interpolating polynomials as done in, e.g.,
[2,3,6,18,19,23].

Therefore, let yx = {&k1,...,&un ), kK = 1,2,..., be a given sequence of node
sets in R and

ng

(Zkv) (§) == > v (Eej) e (6)

=1

be the associated Lagrange interpolation operator with the Lagrange basis
polynomials £; ;. We further define the difference operators Ay = Zp — Zy—;
for k > 1, where Zy := 0. Then the (Smolyak) sparse grid stochastic collocation
operator is defined as

A=Y 8,8 Q@Ai, = Y  cuiIT, ®®L,. (14)
lil<g+M q+1=lil<q+M
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where [|i| :== i) 4+ ...+ iy and

o et [ M~
o) = (~1)" (q h M_m),

cf. [22]. The sparse grid associated with A, 3 consists of the points

Hom = | J x> x iy CRM™. (15)
g+1=<lil<q+M

One may choose X to be the roots of the nj-th Hermite polynomial (w.r.t. to the
weight p,, (£) = e¢ ’/2 /~/27), since these nodal points yield maximally convergent
interpolations (cf. [21]) and this choice also simplifies the computation of moments
of Ay pu w.rt. the weight p =[], om-

For bounded parameter domains and constant density p, = const, popular
sequences of nodal sets are Gauss-Legendre and Clenshaw-Curtis nodes. For sparse
grid collocation based on these sequences a convergence analysis is given in [19],
where it is indicated that a similar analysis applies to Gauss-Hermite nodes. We
carry out this analysis in the following.

Assumption 4. There exist constants ¢ > 0 and e,, >0, m = 1,..., M, such that
exp(—é,f,/ 2) 2 2
m(Em) = ————==— < cexp(—emé;;,)0,,(En), m=1,...,.M, (16)
om(Em) Ner P(—&m&,)0,, (Em)
and the weighting function has the product structure o (§) = ]_[21/1:1 om(En).

Note that Assumption 4 implies that C,(RY; W) is continuously embedded in
Lo (RM; W), since for v € C,(RM; W) there holds

p(§)
AM (@)% p(&) d& < VI3, @) /RM st

M
2 2
< clol, o T [, expeniy g <o
m=1 m

The same is true of the restrictions of functionsin C, (X; W), since RMcxccM
due to Assumption 2.

Theorem 1 (cf. [19, Theorem 3.18]). Let W be a separable Banach space, let u :
RM — W admit an analytic extension to the domain

pI :{§E(CM:|Im§'m|§rm,m:1,...,M}, T=(11,...,Tm),
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and, in addition, u € Cy(X;; W), i.e.,

maxoRe ) ful@)fw < +o0,

where p(&) = [1,, pm(Em) and 6 (&) = [1,, om(Em) satisfy Assumption 4. Then the
error of the sparse grid collocation approximation Ay pru based on Gauss-Hermite
nodes yy where

1 k=1,

el =ne =3
k=141, k> 1,

can be bounded by
M+1 g2 (Re 1 if0 <g < M
N Ay gl o < S —Cr JOPATARRA 7)) F0=4q =02,
u—Agmullp2 < ———
i Ly C—1 exp —R% 24/M 4 %logZ), otherwise,
a7
where C, = C(2 + /8n/r/log2) and
r:= min T,, R:= Y/t -1y
m=1,...,
In particular, for 0 < g < % there holds
~ log?2 eR
- <C ,R,M N_Vl, e ———— __1 ,
Ju— Agsl ;= €. R, M) n=sor e (5 1)
(18)
where N = |H, | and C (r, R, M) = C(r) 11—_0(221)‘4 V2eR/V2=1,
Conversely, for g > % there holds
CrM+1 —Cr ]V2 — R N2 10g2

V2 V)

M—A ulljp < ——mm —= e
lu— Agwully < =" 4 ,

T 2MQ21+1logM)’
(19)

Proof. The proof follows closely the procedure for showing convergence of A, y
w.r.t. Clenshaw-Curtis nodes given in [19]. Since only certain steps need to be
modified we only mention these here and refer to [19] for further details.
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Step 1: Show [lu — A, ul 2 < S R(q. k).
According to the proof of [19, Lemma 3.4], there holds

M . M M
I—Agm =) |:R(q,k) X 1} +(I-An) Q1.
k=2 m=k-+1 m=2
where

Rg.k)= Y E{lmim ® (z_z;k)

jeNF—1 m=1
lil<qg+k—1

and iy = 1 + q— an_:ll (im — 1). Further, the term R(q, k) can bounded using the
results given in the Appendix:

k—1
IR@.Kulz < D |Q A, & -T)u
ieNk—1 m=1 L2
lil <q+k—1 ’
k— im 41, i k=1
< Z ck ( /9 ) e_%(Zm:l] T V/2im + k\/2k+1) l_[ ( [Dim 1)
jeNk—L m=1
lil=q+k—1
= Ck Z exp (—%h(i, k)) .
ieNk
lil=q+k

where h(i, k) = an:l T v/ 2im—(log 2)i,,. Moreover, we obtain by applying results
from [2, Sect. 4]

(I = Aga) ulliz = (I =T, ull,z < € («/zqu) exp (—%\/24_+1)

= ¥ o (v2)en(-25v7).
.Zl ( ) "\"»2
ieN
lil=q+1
Therefore, setting
1
R(q, k) :=C* ——h@, k)],
(@.k) ) exp( Jh ))

ieN
lil=g+k

we arrive at the bound || (1 — Aga) uf ,, < Sl R(g. k).
o
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Step 2: Estimate R(g, k).
Computing the minimum of (-, k) on the set {x € R¥ : x| + - 4+ x4 = ¢ + k}
yields the optimal point i* = (i}, ...,i}) with

k
. 2
i*=14q/k + EZlogz(tn/tm), m=1,....k.

n=1

Moreover, expanding A(-, k) at i* up to second order yields for any i € N¥ with
il =q+k

h(i,k) = h(i*. k) + Vh@i*. k) - (i —i*)7 +%(i —i*) - V2 k) - (i—i%)T

=0

log?2
= k20020 H Ym— (log2)(q+k) + » Z m(Og Y ol i~ 12

m=1

> f2latk)/ 2k l_[ Yty — (log2)(q + k) +r (log2)” g Z(m_ In)™s

m=1
where t,, € [min(iy,, i), max(iy, i) form =1,..., M.
Without loss of generality we may assume that 7y > 1, > ... > 157. Thus, we

have foranyk = 1,..., M
k M
and there holds furthermore

k
R(q.k) = C* eXP( log2 —k [2(q+k)/(2k) S 11 o7 1022 2/8(im—i)?
m=1

jeNk
lil=q+k

q+1

k
l—[ Zerlog 2/8(i—i%)?
m=1

i=1

91092 — VT 2<q+k>/<2k>

log2 — k 2(11+k)/(2k)

NS

|
s |
oo |
= )

log2 — k 2(11+k)/(2k)

SIS
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where we have used {i € N¥ : [i| = ¢ + k} C {i € N* : |i| < g + k} in the second
and [19, Lemma A.1] in the next-to-last last line.

Step 3: Combine Previous Steps
The remaining steps are analogous to the proof of [19, Theorem 3.7] and [19, The-
orem 3.10], respectively, using the bound for N = |H, »| from [19, Lemma 3.17]

log N

_ O8N < <log(N/M —1).
2.1+ logM =4 = log(N/ )

|

Remark 3. Note that Theorem 1 states algebraic convergence of A,y u w.r.t. the
number of collocation nodes N in the regime ¢ < 2M/log?2 and subexponential
convergence in the regime ¢ > 2M/ log2. Typically, in applications with M > 3 a
level ¢ > 2M/log?2 is seldom feasible.

Remark 4. Note, that our proof takes into account different widths 7, of the strips
of analyticity for different dimensions &,, in contrast to the corresponding proofs of
[19, Lemmas 3.4 and 3.16]. Moreover, we would like to mention that the proofs in
[19], in particular the estimates of the term || R(q, k)u|| 2 given there, require also

that u# possesses an analytic continuation to a product subdomain ]_[,I:LI Xy of CM,
Yy C C. This condition is, however, never explicitly assumed or shown to hold in
[19]. Rather, the authors only state one-dimensional regularity results, i.e., results on
the domain of analytic continuation of u w.r.t. each {,,, m = 1,..., M, separately,
with the remaining coordinates &, € R, n # m, kept fixed and real. However,
this type of one-dimensional regularity is not sufficient for concluding analyticity
of u in a product domain in CY. As we have seen in the proof of Lemma 3, the
results on the one-dimensional complex domain of analytic continuation of u w.r.t.
Cmym =1,..., M, need to hold for all fixed, complex coordinates ¢, € Xy, n # m.

Combining the result above with our investigations of the previous section, we
conclude

Corollary 1 (Convergence in Case of Lognormal Diffusion). Let a problem (11)
with a diffusion coefficient of the form

M
a(x.§) = exp (¢0(X) +3 ¢n (x)sm)
m=1

be given and let the assumption of Lemma 3 be satisfied. Then there holds for 0 <
qg =< 1%,242 and N = |Hg m|

- _ log?2 (i—l)
Ju— Aganalz = € R, My N (5
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where C (r, R, M) is according to Theorem I and where

T —¢
R >

~2M (g1 llLooy -+ lldmll oo p))

M

forany e > 0.

Proof. Given the statement of Theorem 1 and the observations made in Example 2,
we simply maximize */t;---t) under the constraint

U T—e
Z Tnl|@mll Loo (D) = >

m=1
for an arbitrary ¢ > 0. This yields the optimal point

. T—¢
= m=1,....M,
2M |||l Loo (D)
and, furthermore, %/t -7} = (r — &)/ QM (|11l oo (p) -+ ldmr | Loop)) /™).
O

S Numerical Example

We illustrate the theoretical results of the previous sections for a simple elliptic
boundary value problem in mixed form as arises, e.g., in groundwater flow modeled
by Darcy’s law. In addition, we examine how the convergence of stochastic collo-
cation is affected by properties of the lognormal diffusion coefficient a. Although
the results given in the previous section are valid for a general random field with
a representation of the form given in (3), we wish to relate common properties of
Gaussian random fields such as their mean, variance etc. to the convergence of the
stochastic collocation method.

The Gaussian random field loga is uniquely determined by its mean and
covariance functions. The mean ¢y of loga does not affect the convergence of
the stochastic collocation approximation as Corollary 1 shows, but the covariance
plays a more important role, since it determines the representation (3). Generally
speaking, covariance functions are characterized by a variance parameter, correla-
tion length and its degree of smoothness. The latter may also be expressed in terms
of a parameter, as is the case for the Matérn family of covariance functions (see,
e.g., [7]). However, since the smoothness of the covariance function controls the
asymptotic decay of the eigenvalues of the associated covariance operator and the
correlation length determines the length of a preasymptotic plateau preceding the
asymptotic decay, both will affect the length M of a truncated Karhunen-Log¢ve
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expansion with sufficiently small truncation error. Hence, by relating the smooth-
ness and the correlation length to M, we will illustrate the effect of increasing M
and increasing o on the convergence of the stochastic collocation approximations in
the following.

A Simple Groundwater Flow Model

The PDE under consideration is of the form (1) with source term f = 0, boundary
data g(x1,x2) = 3(xf + (1 - xz)z)l/z, and lognormal coefficient @ on the unit
square D = [0, 1]? in R2. In particular, we assume for the Gaussian random field
log a amean ¢(x) = 1 and a stationary and isotropic two-point covariance function
given by

Cov (loga(x).loga(y)) = o”exp (—[x — y|*).

Thus, the approximation log a s (X, &) is the truncated KLE of this Gaussian random
field, i.e.,

M
ay(x, &) =exp (1 + Z Om(X) Sm) , (20)

m=1

(in order of decreasing eigenvalues) of
W= [ e ix-y) vmay

Figure 1 displays the exponential decay of the eigenvalues A, and the norms
| || Loo(p) of the corresponding lognormal diffusion coefficient.

Remark 5. Note that, in geophysical applications such as hydrogeology, one usually
encounters “rougher” random fields with a covariance function, e.g., of Matérn
type, see [7]. However, the above model for loga is sufficient for our purpose of
illustrating how the convergence of stochastic collocation depends on M and o as
explained above.

Note that, as the variance parameter o of the random field log a increases, so does
the L°°-norm of the expansion functions ¢,,, and therefore the rate of convergence
for the stochastic collocation should decrease according to Corollary 1. We will
demonstrate this in the following.

For the spatial discretization we use Raviart-Thomas finite elements of lowest
order [5] for the flux and piecewise constants for the head variable. Thus, p(-, §)
is approximated as a piecewise constant and u(-, ) as a piecewise linear function.
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Decay of eigenvalues A, Decay of L”-norm of ¢,

10° 10°
g 107 107
2 £
g 2
@ 8!
2 -
® 10 10

107 107°

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
m m

Fig. 1 Left: decay of the eigenvalues of the covariance operators associated with loga. Right:
decay of the L°°(D)-norm of the ¢, in (20)

Moreover, the domain D is decomposed into 4,206 triangles resulting in 10,595
spatial degrees of freedom. Hence, the space V = L?(D) x H(div; D) is replaced
by the cartesian product V;, C V of the finite dimensional approximation spaces
and the continuous solution pair (p, u) by the semidiscrete pair (ps, u;). Note that
this does not influence the analysis of the previous sections, we merely apply the
statements of Lemma 3 and Theorem 1 to the finite-dimensional subspaces. The
full—i.e., collocation and finite element approximation—error can be obtained by
appealing to standard finite element approximation theory, (cf. e.g., [1,20]).

Solution and Convergence

In Fig. 2 we show for illustration the computational domain D, the triangular mesh
and the mean head (left) and streamlines of the mean flux (right) of the solution
obtained by sparse grid collocation with level ¢ = 5 for a truncated KLE containing
M = 9 terms.

We observe (at least algebraic) convergence of the stochastic collocation approx-
imation for head and flux in the left plot in Fig.3. Here and in the following
we estimate the L2(RM; W)-error of the stochastic collocation approximations by
a sparse quadrature method applied to the error || p,(§) — Aym pn(&)|12(p) and
lw,(§) — Ay mun (&) miv;p), respectively. We have chosen the sparse Smolyak
quadrature operator corresponding to a stochastic collocation approximation of a
high level ¢*, i.e.,

E[llpn = Al | > 20 willpaC& ) = Agst & DI,

E‘/ qu*.M
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Mean of pressure

Streamlines of mean of flux

%

0.9 0.9
0.8 35 0.8
0.7 3 0.7
0.6 25 0.6
< 05 > XN 05
0.4 0.4
15
0.3 0.3
0.2 1 0.2
0.1 0.5 0.1
0
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
X X

1 1

Fig. 2 Left: the mean of the pressure head approximation As ¢ pj; right: streamlines of the mean
of the flux approximation A5 ouy,

Relative errors for head and flux Hermite coefficients w.rt.&,

10 10
107" 10°
i\
\\
-
2 R
10 = s
5 o 10
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3 “w
10° hS 107 ¢
<
N
R s
. = 0= ‘head S
B ~ -15
10 —— flux \\G 10 ¢
10° 102 . . . .
10° 10’ 10° 10° 10* 0 5 10 15 20 25
#nodes k

Fig. 3 Left: relative errors for head and flux for M = 9 and ¢ = O, ..., 4. Right: estimated
Hermite coefficients of p;, and uy, for the first 25 Hermite polynomials w.r.t. &

where {w; : §; € Hyxm} are the weights of the sparse quadrature operator
associated with A,« »r. For the results shown in Fig. 3 we used ¢* = 5. Note that
we have also applied a Monte Carlo integration for the error estimation above for
comparison which showed no substantial difference to the quadrature procedure
above. The error estimation for A, yu;, was obtained in the same way. We observe
that the relative error for the flux does not immediately decay at the asymptotic rate.
This is due to a preasymptotic phase of slower decay of the Hermite coefficients of
u;,. We display the Hermite coefficients for the first 25 Hermite polynomials in &;
for py and uy, on the right hand side of Fig. 3. The preasymptotic slow decay of the
coefficients in case of the flux is clearly visible. However, both errors apparently
decay at a much greater rate than the estimate in Corollary 1 would suggest.
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rel. L2~error of head rel. L2—error of flux

10° 10 10 10 10 10° 10 10
#nodes #nodes

Fig. 4 Estimated relative L2(R™ ; W) errors of the sparse grid stochastic collocation approxima-
tions for pressure head pj, and flux u;, for M = 5 but different values of o. The level g of A, 5
varies from 0 to 5

Influence of the Input Variance o

We fix M = 5 and vary the variance parameter 0 € {1/2, 1, 2}. For all three values
of o we choose a quadrature level of ¢* = 6 for the error estimation. The results
are shown in Fig. 4. We observe the expected behaviour that for increased o the
convergence rate is reduced.

Influence of the Parameter Dimension M

Weset o = 1 and let M € {3,6,9}. As quadrature levels for the error estimation
we choose ¢* = 8for M = 3,¢* = 7for M = 6,and ¢* = 6 for M = 9. The
results are shown in Fig. 5. Again, the results are according to the conjecture that for
increased dimension M the convergence rate decreases.

Remark 6. In view of the decelerating effect of large variance o and roughness of
arandom field a (requiring large M for small truncation error) on the convergence
rate of stochastic collocation, certain advanced Monte Carlo methods (such as quasi-
or multilevel Monte Carlo) might be preferable for certain applications in subsurface
physics where such rough random fields of high variance are common. We refer to
the results in [7] for a comparison of the Monte Carlo and stochastic collocation
method in case of a real-world subsurface flow problem. However, while efficient for
estimating moments, probabilities or other statistical properties (so-called quantities
of interest), Monte Carlo methods do not yield an approximate solution function of
the PDE problem with random data as does stochastic collocation, which may serve
as a cheap, sufficiently accurate surrogate model in many situations.
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rel. L2 error of flux rel. L2 error of flux

10 10 10
#nodes #nodes

Fig. 5 Estimated relative L2(R™ ; W) errors of the sparse grid stochastic collocation approxima-
tions for pressure head p;, and flux u;, for o = 1 but different values of M. The level g of A, »
varies from 0 to 7 for M = 3, from 0 to 6 for M = 6 and from O to 5 for M = 9

6 Conclusions

In this paper we have filled some remaining theoretical gaps for the application
of sparse grid stochastic collocation to diffusion equations with a random, log-
normally distributed diffusion coefficient. In particular, we have shown the smooth
dependence of the solution of the associated parametric variational problems on the
parameter under natural assumptions. This extends previous work [4] on random
mixed elliptic problems to a broader and practically relevant class of diffusion
coefficients. In addition, we have given a complete convergence proof for sparse
grid stochastic collocation using basic random variables with unbounded supports,
which was previously only hinted at in the literature as a remark [19]. Both results
combine to form the theoretical foundation for applying stochastic collocation to
interesting real world problems [7, 12] which we have illustrated for a simple
groundwater flow model. The qualitative behavior of the approximation bounds
indicate the limitations of stochastic collocation when applied to problems with
diffusion coefficients displaying roughness or short correlation length.

Acknowledgements The authors gratefully acknowledge financial support from the DFG Priority
Programme 1324 as well as helpful discussions with Lorenzo Tamellini, Fabio Nobile and Alexei
Bespalov.

Appendix

We will here prove some auxiliary results used in the previous sections. In par-
ticular, we want to generalize some results from [2, Sect. 4] to multi-dimensional
interpolation. The first concerns the uniform boundedness of the operator
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Ty ® - @Iiy - CoRYM: W) — LIRY: W),

where o and p are according to (16). It can be shown by an obvious generalization
of [2, Lemma 4.2] that

1Zk, ® -+ ® Tk, U||L§(RM;W) < C(p,0) vllc, ®M:w)

where the constant C(p, o) is independent of kK = (ky, ..., kp ). In the following,
let P, denote the space of all univariate polynomials up to degree n. We state

Lemma 4 (cf. [2, Lemma 4.3]). For every function v € C, (RM 1 W) there holds

v — Agv oy < CM inf vV—w .
[ Kk ”L%(RM,W) = wera oW [ e, ®m;w)

where Ay = A, ® -+ ® Aky, and Poy_; = Py, @ -+ @ Py, -

In particular, there holds

<CM  inf v—w M-
- = WPy, ®W I ||CJ(R R/)
2(RM;

M—1
v— &) Ar, ® (I = i, v
m=1

Proof. We consider a separable function v(§) = v; (&) --- vy (Epr) € Co(RM; W).
Note that the set of separable functions is dense in C, (RM ; W). Further, let w €
Pn_, ® W be arbitrary. There holds Zy_jw = w and

1=

2 _ 2
lv— Akv“L/Z](RM;W) = v, — Ay, Um“L%m (R; W)

3
I

IA
1=

2 2
2(||vm_Zk,,,vm||L2 R;W) ”Um _Ik,,,—lvm”Lz (]R;W))
Pm Pm

3
I

1A
1=

2 2
4(||Um - Wm”L%m (R;W) + ”ka (vm — Wm)”L/%m(]R;W)

3
I

2 2
+ llvm — W’””L%m(R;W) + 12k, 1 (v — W’”)”L%m(R;W))

M
M 2 2
<4 l—[ C ”vm - Wm”Cam (R;W)

m=1
M 2
= CM v~ w2, -

The statement follows by density. O
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Lemma 5 ([16]). Let v({) be an analytic function in the strip ¥, = {{ € C :
|[Im¢| < 7 + €}, € > 0. A necessary and sufficient condition that the Fourier-
Hermite series

v(0) =;vnhn(z>, v = /R 0(E)y () dE.

where hy(£) = e8> H,(£) and H,(£) = J%;n!efza" (e, converge, is that

forevery B € [0, T + €) there exists C(fB) such that

[v(E + )| = CBYETEVFT ye R, [n < B
In this case the Fourier coefficients satisfy
v, <C eIV,
Following the proofs in [15, 16], it is clear that if a multivariate function v :
RM — W admits an analytic extension to the domain X, = {¢{ € CM : |Im¢,| <

tw+e,m=1,...,M}, e > 0, and satisfies

v +in,.... 6 +inuy)l

p— M —
E C(ﬁls---sﬁM)e Zm:] ‘Smlvﬁsz n'%’, gm GR, |77m| Eﬁm’ vm’

forall B,, € [0, 7], m = 1,..., M, then we have

M M
v@) =Y va [ [ hna@n). va= [R &) [T, @) ds.
n m=1 m=1

forall £ € X, and, in particular,

M
vy < C exp (— Z T 20, + 1) .
m=1
Thus, we can generalize [2, Lemma 4.6] by an obvious modification to
Lemma 6 ( cf. [2, Lemma 4.6]). Let v : RM — W admit an analytic extension to
Y. ={zeC” : |Im¢y| <tp+em=1,...,M},
€ > 0, and satisfy

?éfga(ReC)llv(C)llw < +o0.
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Then there holds

WEPy £eRM

M
min max |[v(§) —w(&)we 15| < COm)exp —%Zrmm ,
m=1

where @(m) = C(t)(ny ---ny) "%
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On the Convergence of the Combination
Technique

Michael Griebel and Helmut Harbrecht

Abstract Sparse tensor product spaces provide an efficient tool to discretize
higher dimensional operator equations. The direct Galerkin method in such ansatz
spaces may employ hierarchical bases, interpolets, wavelets or multilevel frames.
Besides, an alternative approach is provided by the so-called combination technique.
It properly combines the Galerkin solutions of the underlying problem on certain full
(but small) tensor product spaces. So far, however, the combination technique has
been analyzed only for special model problems. In the present paper, we provide
now the analysis of the combination technique for quite general operator equations
in sparse tensor product spaces. We prove that the combination technique produces
the same order of convergence as the Galerkin approximation with respect to the
sparse tensor product space. Furthermore, the order of the cost complexity is the
same as for the Galerkin approach in the sparse tensor product space. Our theoretical
findings are validated by numerical experiments.

1 Introduction

The discretization in sparse tensor product spaces yields efficient numerical methods
to solve higher dimensional operator equations. Nevertheless, a Galerkin discretiza-
tion in these sparse tensor product spaces requires hierarchical bases, interpolets,
wavelets, multilevel frames, or other types of multilevel systems [9, 12, 17] which
make a direct Galerkin discretization in sparse tensor product spaces quite involved
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and cumbersome in practical applications. To avoid these issues of the Galerkin
discretization, the combination technique has been introduced in [14]. There, only
the Galerkin discretizations and solutions in appropriately chosen, full, but small,
tensor product spaces need to be computed and combined.

In [8, 18, 19], it has been shown that, in the special case of operator equations
which involve a tensor product operator, the approximation produced by the
combination technique indeed coincides exactly with the Galerkin solution in the
sparse tensor product space. However, for non-tensor product operators, this is no
longer the case. Nevertheless, it is observed in practice that the approximation error
is of the same order. But theoretical convergence results are only available for
specific applications, see for example [3, 14,21-23, 25]. Moreover, a general proof
of convergence is so far still missing for the combination technique.

In the present paper, we prove optimal convergence rates of the combination
technique for elliptic operators acting on arbitrary Gelfand triples. The convergence
analysis is based on two compact lemmas (Lemmas 1 and 2) which have basically
been proven in [22,25]. In contrast to these papers, besides considering abstract
Gelfand triples, we deal here with the combination technique for the so-called
generalized sparse tensor product spaces which have been introduced in [10].
Lemma 1 involves a special stability condition for the Galerkin projection (cf. (18))
which, however, holds for certain regularity assumptions on the operator under
consideration (see Remark 1).

To keep the notation and the proofs simple, we restrict ourselves to the case
of operator equations which are defined on a twofold product domain £2; x £25.
However, we allow the domains £2; C R"! and £2, C R”"2 to be of different spatial
dimensions. Our proofs can be generalized without further difficulties to arbitrary
L-fold product domains £2; x £2, x --- x §£2; by employing the techniques from
[11,25].

The remainder of this paper is organized as follows. We first present the
operator equations under consideration in Sect. 2. Then, in Sect. 3, we specify the
requirements of the multiscale hierarchies on each individual subdomain. In Sect. 4,
we define the generalized sparse tensor product spaces and recall their basic
properties. The combination technique is introduced in Sect. 5 and its convergence is
proven in Sect. 6. Section 7 is dedicated to numerical experiments. They are in good
agreement with the presented theory. Finally, in Sect. 8, we give some concluding
remarks.

Throughout this paper, the notion “essential” in the context of complexity
estimates means “up to logarithmic terms”. Moreover, to avoid the repeated use
of generic but unspecified constants, we signify by C < D that C is bounded
by a multiple of D independently of parameters which C and D may depend on.
Obviously, C 2 D isdefinedas D < C,andC ~DasC S DandC Z D.
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2 Operator Equations

We consider two sufficiently smooth, bounded domains §2; € R"' and £2, € R,
where ny,n, € N. Moreover, on the product domain §2; x £2,, let the Hilbert space
‘H be given such that

H C L*(2, x §£,) C H’

forms a Gelfand triple. Thus, the inner product
o) = [ [ uxyey axdy
2 J2

in L?(£2, x £2,) can continuously be extended to H x H’. For sake of simplicity of
presentation, we write (4, V) 2(g, x,) also in the case u € H and v € H'.

Now, let A : H — H’ denote a differential or pseudo-differential operator. It is
assumed that it maps the Hilbert space H continuously and bijectively onto its dual
H, i.e.,

| Aul|7¢ ~ [lull for all u € H.

The Hilbert space H is thus the energy space of the operator under consideration.
For the sake of simplicity, we further assume that A is H-elliptic. Consequently, the
resulting bilinear form

a(u,v) := (Au,v) 2 x2,) - HXH —R
is continuous
a(u,v) < |lullxllv]x forallu,v e H
and elliptic
a(u,u) Z ||u||§{ forall u € ‘H.

In the following, for given f € H’, we want to efficiently solve the operator
equation Au = f or, equivalently, the variational formulation:

find u € 'H such that a(u, v) = (f.v)2(2,xe,) forall v € H. (1)

Of course, since we like to focus on conformal Galerkin discretizations, we should
tacitly assume that, for all j;, j» > 0, the tensor product Vj(ll) ® Vj(zz) of the ansatz

spaces Vj(ll) and Vj(zz) is contained in the energy space H. Moreover, for the solution
u € H of (1), we will need a stronger regularity to hold for obtaining decent
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convergence rates. Therefore, for 51,5, > 0, we introduce the following Sobolev

spaces of dominant mixed derivatives with respect to the underlying space 'H

B Ly
de b

mix

H2 = %f eH:

fH < oo forall |e| < sy and |B| < s5¢ .
H

We shall illustrate our setting by the following specific examples.

Example 1. A first simple example is the operator A : L?(£21x$2,) — L?(§2;x£2,)
which underlies the bilinear form

a(u,v) = /Q /Q a(x, Y)u(x, y)v(x, y) dxdy,

where the coefficient function « satisfies
0<a<oa(xy) <aforall (x,y) € £, X £2,. 2)

Here, it holds H = L?*(£2, x £2,). Moreover, our spaces Hf,ii’)‘:z of assumed
stronger regularity coincide with the standard Sobolev spaces of dominant mixed
derivatives, i.e.,

ot = Hy2 (20 x ) = H" (1) ® H™(2,).
Example 2. Stationary heat conduction in the product domain £2; x §2, yields the
bilinear form

alu, v) = /Q /Q (%, Y Vatt(x, Y)Vxv(x,¥) + Vyu(x, ) Vyo(x, y)} dxdy.

If the coefficient o satisfies (2), then the associated operator A is known to be
continuous and elliptic with respect to the space H = H| (£2; x §2,). Moreover,
our spaces M, of assumed stronger regularity now coincide with ;.

HL (21 x 25) N HIEY2(2) x 25) 0 HV2 (92 % 27).

mix mix

Example 3. Another example appears in two-scale homogenization. Unfolding [4]
gives raise to the product of the macroscopic physical domain §2; and the periodic
microscopic domain §2, of the cell problem, see [20]. Then, for the first order
corrector, one arrives at the bilinear form

a(u,v):/Q /9 a(x,y)Vyu(x, y)Vyv(x,y) dx dy.

The underlying operator A is continuous and elliptic as a operator in the related
energy space H = L2(£2)) ® H,(£2,) provided that the coefficient « satisfies
again (2). Furthermore, our spaces H,'> of assumed stronger regularity coincide

with 1122 = (L2(21) ® H] (22)) N HL2 (21 x 22).

mix mix
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3 Approximation on the Individual Subdomains
On each domain £2;, we consider a nested sequence
v e coc v coc LA(S) (3)
of finite dimensional spaces
I/j(") = span{fp;’;,i 1k e Ay)}

(the set A;i) denotes a suitable index set) of piecewise polynomial ansatz functions,
such that dim I/j(i) ~ 2" and

2 _ @)
L@y=Jv".
Jj€Np

We will use the spaces Vj(i) for the approximation of functions. To this end, we
assume that the approximation property

inf_ ||u — Uj”]—]q(gi) < hj,_q”uHHA(Qi), ue HS(,Q,-), “4)
U‘/'EVj(I)
holds for ¢ < y;, ¢ < s < r; uniformly in j. Here we set h; := 27/ ie., hj

corresponds to the width of the mesh associated with the subspace Vj(i) on £2;. The
parameter y; > O refers to the regularity of the functions which are contained in
v ie

jor e

yi ==sup{s e R: V]-(i) C H*($2)}.

The integer r; > 0 refers to the polynomial exactness, that is the maximal order of
polynomials which are locally contained in the space Vj(') .

Now, let Q;i) D L2(2;) — Vj(i ) denote the L?($2;)-orthogonal projection onto
the finite element space Vj(i) . Due to the orthogonality, we have (Qy))* = Q;.i) .

Moreover, our regularity assumptions on the ansatz spaces Vj(i) imply the continuity
of the related projections relative to the Sobolev space H7(£2;) for all |¢| < y;, i.e.,
it holds

109 ull 1o,y < Nullmacans  lal < v, 5)

uniformly in j > O provided that u € HY9(£2;).
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By setting Q(_’; := 0, we can define for all j > 0 the complementary spaces
(@) . (@) (@) (@)
W= (07 — 01 L*(2) c V.
They satisfy
@ _ @) (@) (@) (0 _
Vii=Vvihie W V4 n Wi ={0),

which recursively yields
v =Ppw. 6)
j=0

A given function f € HY($2;), where |¢| < y;, admits the unique multiscale
decomposition

o0
=3 fwith fy = (0 = 0fL)) f e W,
j=0
One now has the well-known norm equivalence
= 2
2 2j (i) (@)
L Waragan ~ 227025 = Q5L) fll o,y lal < i
j=0

see [S]. Finally, for any f € H*(£2;) and |g| < y;, the approximation property (4)
induces the estimate

109 = 0% f ooy <27 VN f s g <5 <1

4 Generalized Sparse Tensor Product Spaces

The canonical approximation method in the Hilbert space H is the approximation
in full tensor product spaces’

1) 2) _ 1) (2)
VJ/U®VJU - @ I/le ®VVJ'2 :
Jjio<J
J2/o=J

'Here and in the following, the summation limits are in general no natural numbers and must of
course be rounded properly. We leave this to the reader to avoid cumbersome floor/ceil-notations.
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Here, 0 > 0 is a given parameter which can be tuned to optimize the cost
complexity. There are 2%1/9 . 27129 degrees of freedom in the space V](}(), & V(z).

Moreover, for f € (21 % £2) N H2 (21 % 2:) and f := (Q), ® 00 f €

mix mix

VJ(}(); VJ(G) , an error estimate of the type

1 = frllae 27 MO F] oy 0 ™

holdsforall0 < s; < p;and 0 < 5, < p,. Note that the upper bounds p; and p, are
the largest values such that H?." € H'1"2(2) x £2,) and HO.P> © HIL'2(82) x £2,),
respectively.

Alternatively, based on the multiscale decompositions (6) on each individual
subdomain, one can define the so-called generalized sparse tensor product space,
see [2,10],

> 1 2 1 2
e @ wiewi- Y Wert
J1o+j2/0<] J1o+jpfo=J

Thus, a function f € H is represented by the Boolean sum

fr= Z Jljzf evy ©)

Jio+jp/o=<]
where, for all jj, j» > 0, the detail projections A9 71,/ are given by

A% =00 -0 he -0 ). (10)

For further details on sparse grids we refer the reader to the survey [2] and the
references therein.

The dimension of the generalized sparse tensor product space 17;’ is essentially
equal to the dimension of the finest univariate finite element spaces which enter its
construction, i.e., it is essentially equal to the value of max { dim Vj(ll, dim V(z)}
Nevertheless, by considering smoothness in terms of mixed Sobolev spaces, its
approximation power is essentially the same as in the full tensor product space.

To be precise, we have

Theorem 1 ([10]). The generalized sparse tensor product space I}]” possesses

2Jmax{nl/tf,nzl7}7 ifl’ll/U 75 npo,

dim V9 ~
mr 2/m/o g, ifni /o = nyo,

51,52

degrees of freedom. Moreover, for a given function f € H,.> and its

L?-orthonormal projection fj S 171" defined by (9), where 0 < s; < p; and
0 < §o < po, there holds the error estimate
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2—7 min{sl/(ﬂssz}”f||H51‘,52, if s1/0 # 5,0,
mix

— <
”f fJ “H ~ 2—151/0\/7”](”7_{;152, ifs1/0 = $,0.

The optimal choice of the parameter o has been discussed in [10]. It turns out
that the best cost complexity rate among all possible values of sy, 5, is obtained for
the choice 0 = /n;/n,. This choice induces an equilibration of the degrees of
freedom in the extremal spaces VJ(/I()T and VJ(?.

We shall consider the Galerkin discretization of (1) in the generalized sparse
tensor product space 171", that is we want to

finduy; € 17}’ such that a(uy,vy) = (f,v1) 120 xs,) forallv; € 17}’ (11)

In view of Theorem 1, we arrive at the following error estimate due to Céa’s lemma.

Corollary 1. The Galerkin solution (11) satisfies the error estimate

A 2—./ mil’l{Sl/U,SZU} ||u||H.\'1..A2 s l:fS]/O— 7é §20,
=yl S lluw—itslln <9, B
277N T Nl ifsi/o = 80,
mix

forall 0 < 51 < p1and 0 < s, < p, provided that u € H:* (21 x $2,).

mix

Nevertheless, for the discretization of (11), hierarchical bases, interpolets,
wavelets, multilevel frames, or other types of multilevel systems [2,9, 12, 13, 15—
17,24,26] are required which make a direct Galerkin discretization in sparse tensor
product spaces quite involved and cumbersome in practical applications.

5 Combination Technique

The combination technique is a different approach for the discretization in sparse
tensor product spaces. It avoids the explicit need of hierarchical bases, interpolets,
wavelets or frames for the discretization of (11). In fact, one only has to compute
the Galerkin solutions with respect to certain full tensor product spaces Vj(ll) ® Vj(zz)
and to appropriately combine them afterwards. The related Galerkin solutions u, ;,
are given by

find uj, ;, € Vj(ll) ® Vj(zz) such that
W01 = (F0j.1) forall v, ;, € Vi © v
a\Ujy.jr» Vjr,ja » Ujija) L2(92)x2,) TOr all Uy j, J1 2 -
This introduces the Galerkin projection

. 1) (2 —
Pj j  H — le ® ij o Pjjui=ug g
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which especially satisfies the Galerkin orthogonality
a(u— P, ju,vj,j,) = 0forall vy, j, e VIV @ V2.

The Galerkin projection P;, ;, is well defined for all ji, j» > 0 due to the
ellipticity of the bilinear form a(-,-). Moreover, as in (7), we conclude the error
estimate

u— P, jullr S Ju—(Q%) ® 0D)ullpy 5 27 ™t y|| 0

OHO .52

forall0 < sy < p;and 0 < s, < p, provided that u € H’" 0N 102 In particular,

mix mix *
for fixed ji > 0 and j, — oo, we obtain the Galerkin projection P;, o, onto the

space Vj, o0 1= (Q(l) ® I)H C 'H. It satisfies the error estimate

lu = Pjrooullze < llu = (Q5 ® Dull < 277 ull .0 (12)

forall 0 < 51 < p;. Likewise, for fixed j, > O and j; — oo, we obtain the Galerkin
projection P j, onto the space Vo j, 1= (I ® Q;?)H C 'H. Analogously to (12),
we find

lu = Poopullze < llu = (1 ® QP )ullie < 2772 ul o (13)

forall 0 < s, < po».
With the help of the Galerkin projections, we can define

AL ui= (P = Pji1jy = Pjyjp1 + Pji1jp—)u (14)

where we especially set P; — := 0, Py ;, := 0, and P_;—; := 0. Then, the
combination technique is expressed as the Boolean sum (cf. [6-8])

N P _ P
uyp = Z A]l pH=u Z AJI J2 (15)
J1o+j2/0<] J1o+j2/0>J

Straightforward calculation shows

[J/o]
MJ - Z( j1.[Jo—ji102] — le 1,[Jo— 1162])’4 (16)
J1=0
if j1 < j»0?, and
[Jo]
ity = Y (Pijomipjorjo = Plijo—pso?) 1) 17
J2=0

if j; > j,02. A visualization of the formula (17) is found in Fig. 1.
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JG'\

Q@
/
0](¢2)
/
Qo
/
Qo
/

&
O
9\@ J1

J/c

Fig. 1 The combination technique in I?}’ combines all the indicated solutions P;, j,u with positive
sign (“@”) and negative sign (“©”)

Our goal is now to show that the error ||u — @t |7, converges as good as the error
of the true sparse tensor product Galerkin solution given in Corollary 1.

6 Proof of Convergence

To prove the desired error estimate for the combination technique (16) and (17),
respectively, we shall prove first the following two helpful lemmata.

Lemma 1. Forall 0 < s1 < p;and 0 < sy < p,, it holds
I(Pji.jo = Pji—1j)ullre < 277 lul, i 0,
mix
I(Pjijo = Pji.jp=0ullne < 2772 ull, 0,
mix

provided that u is sufficiently smooth and provided that the Galerkin projection
satisfies

Proof. We shall prove only the first estimate, the second one follows in complete
analogy. To this end, we split

(P = Ph—1)ulln < (P j, = Poo,j)ullm + [(Poo,jy — Pji—1, o)l

Due to V},—1,. Vi, C Veo,j,, the associated Galerkin projections satisfy the
identities P;, ;, = P;, j, Poo j, and P; 1 j, = P; 1 j, P, j,- Hence, we obtain

1P = Pji—1)ulln = |(Pjyjy = 1) Poo jptll + 1T = Pji—1.j2) Poo jpttll 7
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By employing now the fact that the Galerkin projections Pj,—; j,u and P}, ;,u are

quasi-optimal, i.e., |(/ — Pj, pulln < (I — Q(l) ® Q(z))uHH and likewise for
Pj 1 j,u, we arrive at

(P, = Pi—1j)ulln

SO & QF — 1) Pos jyull + (1 = Q%) ® 0F) Poc 1.

The combination of Q(l) ® Q(z) = (Q(l) RIU Q Q(z)) and (I ® Q(z))Poo 5 =
Py j, yields the operator 1dent1ty

(05 ® 07 P jo = (25, ® 1) Poc .

and likewise

(Q(l) . ® Q(Z))Poo (Q(l) X ® 1) o072

Hence, we conclude

(P j» — Pji—1,5)ulln
S =05 @ 1) Poo ]y, + [ (1 = QFL) @ 1) Poc o],

<27/ ”POOJZMHH‘;L{:)’

Using the condition (18) implies finally the desired estimate. |

Remark 1. Condition (18) holds if A : H — H’ is also continuous and bijective
as a mapping 4 : H)\ 0 - (H): O forall 0 < s, < p1 and also as a mapping

A H?m‘j — (H' )OS2 for all 0 < s, < p», respectively. Then, in view of the

continuity (5) of the projections Q(l) and Q(i), the Galerkin projections
Poojy = (I ® 0)AU ® 00)) (1 ® 09) i H — Voo, C I
Pioo = (2} @ DA} @ D) Q) ® 1) : H = V00 C H,
are also continuous as mappings

Poojy i M = Vo sy CHIY Pjo i HEZ 5 Vi oo ©HO2

mix mix ’ mix mix

which implies (18).
Lemma 2. [fu € H,\\2, then it holds

mix

[Af s, = AT ully < 277722 ullye
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forall0 < s; < pyand 0 < sy < p, where A2 s given by (10) and A?

given by (14), respectively.

J1.J2 Jt ]2

Proof. Due to Pj,, ]Z(Q(l) ® Q(Z)) = Q(l) ® Q(Z) forall ji, j» > 0, we obtain

1 2 1 2
AD A8 =Py (- 0W e 0P~ Pyl - 00 0D

Pj jp—1(I = Q(l) ® Qg)—l) + Pioyj—1 (1 — Q(l) 1 ® Qg) V-
19)

We shall now make use of the identity

Q(l) Q(Z)—I®I Q(l) Q(Z)
=1 -0 +U-0Mel-U-0")eU-0P).

Inserting this identity into (19) and reordering the terms yields
Ai J2 A% 2= (Pjij = le—lqu)(l ® (- Q(Z)))
—(Pjjo—1 — Pj—1jp-) (I ® (I — Qﬁ)_l))
+ (Pjijs = Prp-)(( = Q5 ® 1)
—(Pjy—1jy — Pji—1p-D (U — Q;})_l) ® 1)
Pip( =23 ® (1 = 0F)))
+ P (= 051D ® (1 = 0)))
+ P (=05 ® (1= 0% )
—Pj—1p (= Q5L ) @ (1 - 00))).
The combination of the error estimates
1Pz = il S 270 ull o,
1P = Pl S 277 ull
cf. Lemma 1, and
[(7® (= @5N)ul 0 < 27 lulygn

(1 =0y & D, p0 S 277 ullp g2,

| | 0.5
Hmix
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leads to

H( g — le_l,jz)(l ® - Q(Z)))MHH < p—J1s1— ’2‘2||u|| o,

[P = Pa (0 = O ® Dl 255 .
Similarly, from the continuity
1Py jpullr < Ml
and
[((2 =0y ® (1 = @))ully, < 2775722l
we deduce
|2 (1 = Q5 & (I = O )ully S 27722 Jullpe. (21)

With (20) and (21) at hand, we can estimate each of the eight different terms which
yields the desired error estimate

|At = A9 D, S 27972 ], o

Ji.J2 Ji.J2

Now, we arrive at our main result which proves optimal convergence rates.

Theorem 2. The solution (16) and (17), respectively, of the combination technique
satisfies the error estimate

2 2 s, if51/0 # 520,
mix

lu—isll# <
2—Js1/o /] ||u||HA1‘,A2 , ifSl/CT = 5,0,
mix

forall0 < s; < pyand 0 < s, < p provided that u € H,) .

Proof. In view of (15), we have

2. Al

Jj1o+j/o>J

~ 2
llu = itsll7 =

H

The Galerkin orthogonality implies the relation

2

Z ” A]l jzu“i(‘

H Jj1o+j2/o>J

2. Al

Jjio+ja2/o>J
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Thus, we arrive at

~ 2 2
le—islhes D0 Jafuul+ 20 MAf, =A% uly
Jio+ja/o>J jio+jpfo>J

We bound the first sum on the right hand side in complete analogy to [10] from
above by

2 Coiis1—2i )
DI LV AR FERD D
Jjio+jfo>J jio+jajo>T

_ [ s /o # 520,
mix

T 27 T 2 ifs1/0 = s20.
Hmix

Likewise, with the help of Lemma 2, the second sum on the right hand side is
bounded from above by

P 0 2 .
Z H (Ajl,jz - Ajlﬁjz)“”H < Z 27 12‘2”“”7{
jio+jafo>J Jj1o+j/o>J

51,52
mix

2-2J min{SI/a,sz(T}||u||§{\v1“\,2’ if s1/0 # 5,0,

mix

2_2“1/"J||u||§{51,52, if 1 /0 = s,0,
mix

which, altogether, yields the desired error estimate. |

7 Numerical Results

We now validate our theoretical findings by numerical experiments. Specifically, we
will apply the combination technique for the three examples which were mentioned
in Sect. 2. To this end, we consider the most simple case and choose 2| = §2, =
(0,1),i.e,, n; = np, = 1. The ansatz spaces Vj(l) and Vj(z) consist of continuous,
piecewise linear ansatz functions on an equidistant subdivision of the interval (0, 1)
into 2/ subintervals. This yields the polynomial exactnesses r; = r, = 2. For the
sake of notational convenience, we set (1 = (0, 1) x (0, 1).

Example 1. First, we solve the variational problem
find u € L?(0) such that a(u, v) = £(v) for all v € L*(0J)

where

a(u,v) = /D a(x. y)ulx, y)u(x. y) dex. y)
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and
() = /D FGe v y) A, ). 22)

The underlying operator A is the multiplication operator

(Au)(x, y) = a(x, y)u(x, y)

which is of the order 0. Hence, we have the energy space H = L?(J) and the related
spaces of assumed stronger regularity are H,' "> = H)'**(0). If the multiplier
a(x, y) is a smooth function, then A arbitrarily shifts through the Sobolev scales
which implies the condition (18) due to Remark 1.

Let the solution u be a smooth function such that u € an‘i’f for given 51, 52 > 0,
which holds if the right hand side f is sufficiently regular. Then, the best possible
approximation rate for the present discretization with piecewise linear ansatz
functions is obtained for s; = r; = 2 and s, = r, = 2, i.e., for H;2 = H>*(0).

mix mix
Thus, the regular sparse tensor product space

(1) 2 _ (1) ®)
@ le ® sz - Z le ® ij ' (23)
it j2=<J itj=J

(cf. (8)) is optimal for the discretization, see [10] for a detailed derivation. In
particular, with Theorem 2, the combination technique yields the error estimate

la—iisll 2y 477V T lull 22
For our numerical tests, we choose

a(x,y) = 1+(x+y)>  fx.y)=alx yux.y), u(x,y)= sin(rx)sin(ry).

The resulting convergence history is plotted as the red curve in Fig.2. As can be

seen there, the convergence rate 4=7 /], indicated by the dashed red line, is indeed

obtained in the numerical experiments.

Example 2. This example concerns the stationary heat conduction in the domain .
In its weak form, it is given by the variational problem

find u € Hy (O) such that a(u, v) = £(v) forall v € H, (O)

where

a(uav)Z/Da(x,y){ (x, y) ()C y)+ (x y) ()C y)g dx,y)
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Fig. 2 Convergence rates in Convergence rates
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and £(v) as in (22). The underlying operator A is the elliptic second order
differential operator

(A“)(x’ y) = - div(x,y) (oc(x, y)v(x,y)u(x7 y))

and maps the energy space H = H_ (O) bijectively onto its dual H' = H~'(0O).
Recall that now the spaces of assumed stronger regularity are H,*> = HJ (0) N
Hy @) n HyR o).

Since the domain [ is convex, the second order boundary value problem under
consideration is H 2-regular, which implies that A : H}(O) N HZ(D) — LZ(E]) is
also bijective. By interpolation arguments, we thus find that A4 : Hm - (M )
continuous and bijective since

mix

LX@) c (K c H7'(@) and H (@)n H2@) c K2 c HY(D).

mix

Likewise, A4 : ngi - (H )mw is continuous and bijective. Hence, the condition (18)
holds again due to Remark 1 and Lemma 1 applies.

Again, the regular sparse tensor product space (23) is optimal for the present
discretization with piecewise linear ansatz functions. Consequently, Theorem 2

implies as the best possible convergence estimate
- -J
||M —uy ”Hl(D) <2 \/7||“||H’i;xl(|j)m1-1"11f((|j)

provided that u € H 1(I:|) nH: 2(D) Here, we exploited that Hmlx HO1 @n

mix mix

H*'@) n H'2(O). Nevertheless, in general, we only have u € H?*(O) ¢

nmix mix

H>N(O) n H2(@). Thus, due to H/>*(0) n H/>3>@) ¢ H*(O), one can

mix mix mix mix
only expect the reduced convergence rate
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lu=aslm@ 22772Vl
In our particular numerical computations, we use
oz(x, y=1+x+ y)2, u(x, y) = sin(zx) sin(wy),

flx,y) = (x y) (x y) + (x y) (x y) —a(x, y)Au(x, y).

Therefore, due to u € H>: 1(D) nH: 2([]), we should observe the convergence

rate 2~/ +/J . The computational approximation errors are plotted as the blue graph
in Fig.2. The dashed blue line corresponds to 277 +/J and clearly validates the
predicted convergence rate. We even observe the shghtly better rate 27/ which can
be explained by the fact that the solution u is evenin H (D) see [1] for the details.

mix

Example 3. We shall finally consider the variational problem
findu € L*(0,1) ® H, (0, 1) such that a(u, v) = £(v) forall v € L*(0,1) ® H, (0, 1)

where
a(u,v) = / (e, ) o “, e (5, )

and {(v) is again given as in (22). The underlying operator A is the elliptic
differential operator

0 0
(Au)(x,y) = —@(a(x, y)gu(x, y))-

Its energy space is H = L2(0, 1)® H, (0,1) € H';\(O) with dual H' = L*(0,1)®
H~1(0,1). Here, the spaces of assumed stronger regularity coincide with H,'.”> =
(L0, 1) ® H}(0, 1)) N K> HH(D).

The operator A shifts as a operator an‘l)fZH — (H' )f,iwfﬁ'l for arbitrary sq, 5 >
0 provided that the coefficient « is smooth enough. Thus, Theorem 2 holds and
predicts the best possible convergence estimate for our underlying discretization
with piecewise linear ansatz functions if u lies in the space Hjj([]).

According to the theory presented in [10], the optimal cost complexity with
respect to the generalized sparse tensor product spaces V7 is obtained for the choice

ni r
o€ [\/n:z /rz_1 = [1,V2].

In order to be able to compare the convergence rates instead of the cost complexities
for different choices of o, we have to consider the generalized sparse tensor product
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Fig. 3 Convergence rates in Convergence rates
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spaces Vj", where J := oJ. Then, for all the above choices of o, we essentially

expect the convergence rate

—7, —J
277 Null o2 @y ~ 27 Nl 22

”“ - MTHH,B‘;(D) <
while the degrees of freedom of VJE essentially scale like 27/7 ~ 27 This setting is
employed in our numerical tests, where we further set

a(x,y) =1+ (x + )%, u(x,y) = sin(zx)sin(xy),
0 0 92
flx.y) = %(m)%(x,y) —a(x,y)gbzt(x,y).

We apply the combination technique for the particular choices

* o0 = 1, which yields an equilibration of the unknowns in all the extremal tensor

o (2)
product spaces W~ ® W

J—j10%’
* 0 = /2, which yields an equilibration of the approximation in all the extremal
tensor product spaces Wj(ll) ® W7(2_)j1,72’ and

* 0 = ,/3/2, which results in an equilibrated cost-benefit rate, see [2, 10] for the
details.

The computed approximation errors are found in Fig.3, where the red curve
corresponds to o = 1, the black curve corresponds to ¢ = +/2, and the blue
curve corresponds to o0 = \/3/_2 In the cases 0 = 1 and 0 = +/2, we achieve
the predicted convergence rate 2~/ which is indicated by the dashed black line.
In the case 0 = +/2 the predicted convergence rate is only 277 +/J which is also
confirmed by Fig. 3.
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8 Conclusion

In the present paper, we proved the convergence of the combination technique in
a rather general set-up. Especially, we considered the combination technique in
generalized sparse tensor product spaces. We restricted ourselves here to the case of
twofold tensor product domains. Nevertheless, all our results can straightforwardly
be extended to the case of generalized L-fold sparse tensor product spaces by
applying the techniques from [11, 25]. Then, of course, the constants hidden by
the “~”-notation will depend on the given dimension L.
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Fast Discrete Fourier Transform on Generalized
Sparse Grids

Michael Griebel and Jan Hamaekers

Abstract In this paper, we present an algorithm for trigonometric interpolation
of multivariate functions on generalized sparse grids and study its application for
the approximation of functions in periodic Sobolev spaces of dominating mixed
smoothness. In particular, we derive estimates for the error and the cost. We
construct interpolants with a computational cost complexity which is substantially
lower than for the standard full grid case. The associated generalized sparse grid
interpolants have the same approximation order as the standard full grid inter-
polants, provided that certain additional regularity assumptions on the considered
functions are fulfilled. Numerical results validate our theoretical findings.

1 Introduction

In many application areas of numerical simulation, like e.g. physics, chemistry,
finance and statistics, high-dimensional approximation problems arise. Here, a
conventional numerical approach encounters the so-called curse of dimensionality
[4], i.e. the rate of convergence with respect to the number of degrees of freedom
deteriorates exponentially with the dimension n. For example a conventional
discretization on uniform grids with O(2%) points in each direction would involve
M = O(2"F) degrees of freedom. Moreover, only a convergence rate of the type
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G _s=r
Lf = fLCler <c- M7 || f e

can be achieved, where || - || is the usual Sobolev norm in H", s denotes the
isotropic smoothness of f and ¢ is a constant which may depend on n and the
underlying domain §2 but not on the discretization parameter L.

So-called sparse grid based approaches have emerged as useful techniques
to tackle higher dimensional problems, since they open the possibility to break
the curse of dimensionality under certain conditions. They date back to [47].
For example, if f is in a Sobolev space of bounded mixed smoothness H! . (£2),
i.e. if the #-th mixed derivatives of f are bounded, and £2 is a product domain, an
error estimate of the type

1f = £ < e 27CPEL Y fllyge
can be achieved using so-called regular sparse grids where O(2F L") degrees of
freedom are involved.! Here, the rate of convergence with respect to the number
of degrees of freedom does no longer exponentially deteriorate with the number n
of dimensions, except for the logarithmic terms L"~!. Moreover, in specific cases,
the use of so-called energy-norm based sparse grids [6] may even result in an error
estimate of type

1f = fE e < ¢ 2708 fllpge
where only O(2F) degrees of freedom are involved. Hence, compared to the regular
sparse grid case even the logarithmic terms L"~! are eliminated.’

For the discretization with sparse grids, Galerkin type methods, finite difference
approaches and the so-called combination technique have been developed over the
last two decades [6]. Furthermore, these approaches were used in the context of
moderate higher-dimensional elliptic, parabolic and hyperbolic differential equa-
tions. In addition, sparse grid techniques were successfully applied for the solution
of integral equations [25], for quadrature [14], for regression [12] and for time series
prediction [5]. Moreover, the sparse grid method was supplemented with adaptive
refinement schemes [5, 14,22], was used for the construction of anisotropic sparse
tensor product spaces [20,21] and was applied in the context of weighted mixed
spaces [19,22]. Sparse grid based collocation schemes were for example discussed
in [2, 26,29, 30, 33,39]. They recently found widespread use in the important field
of uncertainty quantification [38]. On a theoretical level, sparse grids are closely

'Here, in case of the best linear approximation, estimates of type [|f — fClw =
2_(’_")’“L(”_1)/2||f||H:mx and even of type || f — f3C||»r S 270N | £ 1l ¢, could be achieved
for certain types of basis sets [25, 34, 49]. This holds, e.g. for wavelets and the Fourier basis,
respectively.

2The constants in the cost and accuracy estimates still depend on 7, though.
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related to ANOVA-like decompositions [11, 16, 27] which are well-known from
statistics. A detailed survey on sparse grids is for example given in [6].

Note that the adaption of the sparse grid techniques to Fourier based methods
is done by means of Fourier polynomials from the hyperbolic cross and hence
sparse grid methods are also known under the name hyperbolic cross approximation
[43,48]. The properties of such approximations of functions in Sobolev spaces on
the n-dimensional torus T" have been studied by several authors [7,9,15,31,32,34,
36,41,44,45,48]. In particular, spaces of generalized mixed Sobolev smoothness

HET (T = {f : Z l_[(l + ka ) (1 + Koo | Al < OO§

kezZ" d=1

and a specific generalization of the regular sparse grid spaces based on Fourier
polynomials e’ K'x with frequencies k from the generalized hyperbolic cross

n

keZ': [ +ka) (1+[Kloo) = LD
d=1

rl .=

were introduced in [34], further discussed in [23, 24,27, 35] and a generalization
to Banach spaces is given in [8]. Here, T € [—o0, 1) is an additional parameter
that controls the mixture of isotropic and mixed smoothness: The case T = 0
corresponds to the conventional hyperbolic cross (or regular sparse grid). In that case
for example the H"-error of the best linear approximate f//C in the conventional
hyperbolic cross discretization space of a function in a periodic Sobolev space
of dominated mixed smoothness H'" (T") is of order O(27F), where O(2F L")
frequencies are involved. Furthermore, the case T = —oo corresponds to the full
grid, the case T — 1 corresponds to a latin hypercube and the case 0 < 7' < 1
resembles energy-norm based sparse grids where the order of the amount of
included frequencies does not depend on the number of dimensions 7, i.e. it is
O(2%). But let us note here that it is in general not clear, if the approximation
error of an interpolant exhibits the same convergence rates as that of the best linear
approximation.

In this paper, we now mainly deal with trigonometric interpolation on generalized
sparse grids and its application for the approximation of multivariate functions in
certain periodic Sobolev spaces of bounded mixed smoothness. For functions on the
torus, regular sparse grid interpolation methods based on the fast Fourier transform
were for example introduced by Hallatschek in [26] and also discussed in [3, 15, 30,
31,36, 44]. For example, for a function in a Korobov space of mixed smoothness
t > 1 it is proved in [26] that the approximation error in the maximum norm of
its regular sparse grid interpolant is of the order O(2~L¢=DL"=1) and in [15] a
(suboptimal) upper bound estimate of the same order is shown for the approximation
error in the £2 norm. Here, the involved degrees of freedom are of the order
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O L") and the computational cost complexity is of the order® O(2- L"). Based
on the results of [48] it was furthermore shown in [36, 37] that the approximation
error in the H"-norm of the interpolant associated with a regular sparse grid is of
the order O(2~0~"L L"=1) if the function is in a periodic Sobolev space H' . with
r> 1.

In this work, we present an extension of the algorithm of Hallatschek given
in [26] to the case of interpolation on the generalized sparse grids as introduced
in [23]. We will further study its best linear approximation error and will give
cost complexity estimates for functions in different variants of periodic Sobolev
spaces of dominating mixed smoothness. Moreover, for functions of mixed Sobolev
smoothness H! . , we will show estimates for the approximation error of the
interpolant in the H"-norm. To our knowledge this has been done so far only
for the regular sparse grid case T = 0, but not yet for the case of generalized
sparse grids with 0 < T < 1, which resemble the energy-norm based sparse
grids. Note further that the behavior of the approximation error of the interpolant
versus the computational complexity of the interpolant is of practical interest. This
holds especially with possible applications in the field of uncertainty quantification
in mind. Therefore, we give also estimates for its computational complexity.
Altogether, it turns out that under specific conditions the order rates of the error
complexity and computational complexity are independent of the dimension n of
the function. For example, let f € Hﬁlix (T") and let us measure the approximation
error in the H'-norm, where T” denotes the n-dimensional torus. Then, an error
of the order O(27%) and a computational complexity of the order O(2" L) can be
achieved* for interpolants corresponding to a generalized sparse grid with0 < T < %
for any dimension 7.

The remainder of this paper is organized as follows: In Sect. 2 we introduce the
fast Fourier transform on general sparse grids with hierarchical bases. In particular,
we will recall the conventional Fourier basis representation of periodic functions
in Sect. 2.1 and the so-called hierarchical Fourier basis representation in Sect.2.2.
Furthermore, in Sect.2.3, we will present generalized sparse grids and discuss
the construction and application of associated trigonometric interpolation operators
and computational complexities. In Sect. 3 we will introduce different variants of
periodic Sobolev spaces and will discuss their associated best linear approximation
error in Sect. 3.2, the approximation error of the trigonometric general sparse grid
interpolants in Sect. 3.3 and its overall complexities in Sect. 3.4. Then, in Sect. 3.5,
we will give some short remarks on further generalizations of sparse grids like,
e.g. periodic Sobolev spaces with finite-order weights and dimension-adaptive
approaches. In Sect.4 we will apply our approach to some test cases. Finally we
give some concluding remarks in Sect. 5.

3We here do not have O (2% L") but we have O(2X L") since one L stems from the computational
complexity of the one-dimensional FFT involved.

“4Here, also the L stems from the involved FFT algorithm.
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2 Fourier Transform on General Sparse Grids
with Hierarchical Bases

To construct a trigonometric interpolation operator for generalized sparse grids,
we will follow the approach of Hallatschek [26]. To this end, we will first recall
the conventional Fourier basis and then introduce the so-called hierarchical Fourier
basis and its use in the construction of a generalized sparse grid interpolant.

2.1 Fourier Basis Representation

First, let us shortly recall the usual Fourier basis representation of periodic functions.
To this end, let T" be the n-torus, which is the n-dimensional cube T C R”,
T = [0,2n], where opposite sides are identified. We then have n-dimensional

coordinates x := (xi,...,Xx,), where x; € T. We define the basis function
associated with a multi index k = (ky,...,k,) € Z" by
w(x) = (®wkd) ®) = [ 0w (xa).  ox(x) =" (1)
d=1 d=1

The set {wy tkez» is a complete orthogonal system of the space £2(T") and hence
every f € L£2(T") has the unique expansion

f® =Y fin(®), 2)

kezZ"

where the Fourier coefficients are given by

A

1 *
foim G /T oy /(9 dx. 3)

Note that it is common to characterize the smoothness classes of a function f by
the decay properties of its Fourier coefficients [28]. In this way, we introduce the
periodic Sobolev space of isotropic smoothness as

HT) o= ) f) = fren® © [l = \/Z(l+|k|oo>2r|fk|2<oo

keZn

forr e R.
Let us now define finite-dimensional subspaces of the space £2(T") = H°(T")
for discretization purposes. To this end, we set
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6 No>Z: 1> —j/2 if j is even, @
(j+1)/2 ifj isodd.

For [ € Ny we introduce the one-dimensional nodal basis

Bi:={¢;}o<j<—1 With ;= w5 (5)
and the corresponding spaces V; := span{85;}. For a multi index 1 € Njj we define
finite-dimensional spaces by a tensor product construction, i.e. Vi := @), V,.

Finally, we introduce the space’

V=YW

leN”

In the following we will shortly recall the common one-dimensional trigonomet-
ric interpolation. Let the Fourier series ), <, froy be pointwise convergent to f .
Then, for interpolation points S; := {mzz—’,r m=0,...,2 — 1} of level [ € N,
the interpolation operator can be defined by

1:V—>V,:f»—>],f:=2fj(”¢j

J€GI
with indices G; := {0, ... ol — 1} and discrete nodal Fourier coefficients
l B
f=273" f0dr ). 6)

XES;
This way, the 2/ interpolation conditions
fx)=1If(x) forallx €&

are fulfilled. In particular, from (6) and (2) one can deduce the well-known aliasing
formula

(I) kaz Za)g(])(x)wk(x) Zﬁr(j)+m2" %

k€Z X€ES; me7Z

Next, let us cpnsider the case of multivariate functions. To this end, let the Fourier
series ) <z fkwk be pointwise convergent to f. Then, according to the tensor

SExcept for the completion with respect to a chosen Sobolev norm, V is just the associated Sobolev
space.
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product structure of the n-dimensional spaces, we introduce the n-dimensional
interpolation operator on full grids as

hi=1,®®IL,:V->W:fenhf=) Y%

i€
with
Gi:= Gy x---x G, C N
and multi-dimensional discrete nodal Fourier coefficients
fV =273 fm)er (%), ®)

XES]

where
S = S/l X---XS/n c T".

Similar to (7) it holds the multi-dimensional aliasing formula

fj(l) = Z Foma- )

mezZ"

where 6 (j) := (0(j1),...,0(j,)) andm2' := (m1211, e ,mn2’").

2.2 One-Dimensional Hierarchical Fourier Basis
Representation

Now we discuss a hierarchical variant of the Fourier basis representation. Let us first
consider the one-dimensional case. To this end, we introduce an univariate Fourier
hierarchical basis function for j € Ny by

forj =0,
gy =% O (10)
¢j—y_—; for2™ < j<20-1,1>1,

and we define the one-dimensional hierarchical Fourier basis including basis
functions up to level [ € Ny by

B? = {Wj }Osjszl—l-
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Let us further introduce the difference spaces

span{Bh} forl =0,
span{B} \ B} forl > 0.

Note that it holds the relation V; = span{l3;} = span{B}“} for all I € Ny.
Thus, we have the direct sum decomposition V; = @5_0 W;. Now, let I € Ny
and u € V;. Then, one can easily switch from the hierarchical representation
U= <j<oi—s ;¥ tothe nodal representation u = » y_; yi_; u;¢; by alinear
transform. For example for [ = 0, 1,2, 3, the corresponding de-hierarchization
matrices read as

—_
—_
—_

1-1 0 -1

1-1 01 —10
OF (01)’ 1o |

00
00 0 1

—_
—_

coocococoo~
cooccoo~|
cocococo~lo
cooco~ocol
coo~lococo
-
co—~ocoloco
-
o—~ocococolo
—~ococcoool

respectively. For all | € Ny the de-hierarchization matrix can be easily inverted and
its determinant is equal to one. Here, the corresponding hierarchization matrices
read as

1111 01100110

oo (). [oarel [ |
01 0010 00000100
0001 000008067

for I = 0,1,2,3 respectively. Simple algorithms with cost complexity O(2') for
hierarchization and de-hierarchization are given in [26].
Let us now define an operator

L= —1—):V—>W,,forl >0,

where we set /_; = 0. Note that the image of fg is a subspace of W;. Hence,
we define the corresponding hierarchical Fourier coefficients f; by the unique
representation

L= Y "= "N+ ;=3 fiv;  an

o<v<l j€Ty JE€T JETI

with
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7= {0} forv =0, (12)
! 20— 1y forv > 1.

Moreover, we can write the interpolation operator associated with a level [ in
the form

Lf=U—-ha+hy—=Lh+1lo— 1) f
=i+ + 1o f

=Y > fivi= Y. fiv;

0=<v=l jedy 0<j<2/—1
In particular, let us note that the following interpolation relation holds:

I f(x) = f(x) forallx € S

and
Lf(x)=0 forallx €S,
where
Slh =8\ S-1.
with S_; := 0.

For [ € Ny it follows by the definitions (10) and (11) the equation

=T+ Y == 3 Y feai+ Y fids

o<v<l j€Ty JET o<v<l j€Ty JET

and with it for j € J; that the hierarchical Fourier coefficient fj is equal to the

discrete nodal Fourier coefficient fj(l) associated with level /. Hence in the case
| € Ny, j € J; we obtain the relation

== foirim (13)

meZ

with the help of the aliasing formula (7).

Let us remark that the one-dimensional standard Fourier basis representation is
sufficient to define multi-dimensional full grids, but the hierarchical Fourier basis
representation is indeed necessary for the definition of sparse grids.
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2.3 Generalized Sparse Grids

Now we consider the case of multivariate functions. Here, we use a tensor product
ansatz to construct n-dimensional basis functions as well as spaces. This way, we
set ¥ 1= @l—, Vj, and Wi := Q/;_, W, forl € NI. In particular, we have the
direct sum decomposition

V= m.

leN"

Moreover, we define Wz = @leIWl for an index set 7 C Nf. For the
general sparse grid construction, we restrict ourselves to index sets, which obey
the following condition [14,26]: An index set 7 C Nj is called admissible if it
holds the relation

(veNy :v<l}CZ, (14)

for all 1 € 7. Here, the inequality v < w is to be understood componentwise, i.e.
v<w:& v <wyforalll <d < n. Now, for an admissible index set Z, we
define generalized sparse grid spaces by

Vri=Y Vi=@ W =W (15)

leZ leZ

Due to property (14) of Z we are able to introduce the corresponding general sparse
grid trigonometric interpolation operator by

II::Zfl V= Vg, whereﬂ:: i11®"'®iln V- M.
leT

This way, the associated set of interpolation points is given by

Sre=Js.

leZ

where
Sh.=8h «x...x 8,
1 I I

Let us note that this general sparse grid construction includes generalized sparse
grids as introduced in [23], i.e. we may employ for Z the index set

L =0 : N, -TNle<(1-T)L}, T <1. (16)



Fast Discrete Fourier Transform on Generalized Sparse Grids 85

Hence also full grids, i.e. Z;*° = {l : |llooc < L} and conventional sparse grids,
ie.Zp =120 = {1l : I]; < L} of level L € Ny are covered as special cases.
For a function f with a pointwise convergent Fourier series, the multi-dimensional
hierarchical coefficients f; are given by the unique representation

Lf =Y fivi
JEN

where
Hhi=T, x--xT,.

In particular, the hierarchical Fourier series

Y3 A (17)

1eN! je i

converges pointwise to f on all grids Sj, 1 € Njj. Furthermore, with the help of
the multi-dimensional aliasing formula (9) a relation similar to (13) can easily be
deduced, that is, for1 € Njj and j € 4, it holds

f;m _ fj(l) -y - (18)

mezZ"

According to definition (15) of the general sparse grid space V7, we can estimate
its number of degrees of freedom by

Vz ) 2l (19)

leZ

Starting from relation (19) the following complexity estimate is shown in the case
of the general index sets ZLT of (16) in [23,24]:

Lemma 1. Let L € Noand T < 1. The number of degrees of freedom of the general
sparse grid spaces sz with respect to the discretization parameter L is

2L forO<T <1,
2L =1 T =0,
)VIT S Z 2l < L T=L for (20)
L 2571 forT <0
1z’ ’
2Ln for T = —oo0.

Furthermore, analogously to the well-known case of a multi-dimensional discrete
Fourier transform, we can utilize the tensor product structure of the underlying
spaces and operators to efficiently compute the general sparse grid interpolant
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Algorithm 1 A procedure analog to [26] to apply the general sparse grid interpo-
lation operator /7 for a given admissible index set Z and given interpolation values
{uj € C}jez1er associated to the general sparse grid interpolation points Sz. The
algorithm works in-place on the given input coefficients, where we use an additional
temporary array to perform the involved one-dimensional FFTs

ford = 1ton do
for alll € M, do
forall j€ 7, X+ X Ty, X Jo X Tjyyy X0+ X T, do

One-dimensional FFT for (uj1~»<»~jd—l~01fd+l ,,,, Jar e Ui a2l =1 g g j”)
Hierarchization for (i, ... j,_,.0.jyt1ojns -+ Wi a1 24 =1, Jaet o
end for
end for
end for

/1 At this stage, the hierarchical Fourier coefficients are given in {;}je 71e7-
ford =ntoldo
for alll € M, do
forall je 7 X+ X Jp,_; X Jo X Jjyyy X+ X T, do
De-hierarchization for (u;,
end for
end for
end for
// Finally, the non-hierarchical sparse grid Fourier coefficients are given in {u;j}je 7 1cz-

----- Jd—=1.0,jd 415w s =+ + Mjl..“.jd_l.zld—l,jd+1,4.4,j,,)

Iz f for a f € V. Here, the multi-dimensional transformation is expressed in
terms of one-dimensional discrete Fourier transforms, hierarchizations and de-
hierarchizations of different size, cf. [26] and Algorithm 1. Note that the application
of a fast Fourier transform algorithm for the computation of a one-dimensional
discrete Fourier transform of length 2! results in a computational complexity
of order O(I2'). Note furthermore that the complexity for a one-dimensional
hierarchization or de-hierarchization of length 2/ is of linear order O(2'). In
this way, one can give an upper estimate of the order O(2"1 |1|;) for the overall
computational complexity in the case of a full grid ).

In Algorithm 1 we give a procedure to apply the general sparse grid interpolation
operator I7 associated to an admissible index set Z, where we define for d €
{l,...,n} the set

My@):={1€Z :14+e; ¢1},

with the d-th unit vector e;. Now, an upper estimate for the resulting overall
computational complexity 7 [I7] of Algorithm 1 can be easily deduced in the form

T[lz]si > Zldldzml_leZ > 2'”110,<Zlmx 3 ot

d=11eM,(T) d=11e M (T) le My (T)

nlmaxzzmls (21)

leZ

IA
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where /inax := maxez |l|o. Note that the inverse operator 1 ! can easily computed
by performing the algorithm in a reverse way [26]. In the case of the general
sparse grid index sets Z! , relation (21) and Lemma 1 lead directly to the following
computational complexity estimate:

Lemma2. Let L € Ny and T < 1. An upper estimate for the computational
complexity of the general sparse grid interpolation operator IIZ with respect to
the discretization parameter L is given by

L2k for0<T <1,
L2L 1 forT =0,
LY for T <0,
L2tn for T = —o0.

TlzlsLy 2"s

T
1e7]

Let us remark that the case 7 = 0 is already presented in [26], i.e. T[I7,] =
O(L"2%). Note in particular that both, the asymptotic number of degrees of
freedom of VLT in Lemma 1 and the asymptotic computational complexity of IILT
in Lemma 2, are not exponentially dependent on the dimension » in the case
0 < T < 1 (see footnote 2).

Let us finally note that, alternatively, the interpolation operator /7 can be applied
using the so-called combination technique or the blending scheme [3,13,34]. For an
admissible index set Z it holds

If =) rzLf, (22)

leZ

where

rr® = Y (=D yxzA+v),

ve{0,1}"

with the characteristic function

1 forleZ,
xz() == ]
0 otherwise.

The computational complexity of the combination technique (22) can be esti-
mated by

Tl < ), 2"

1€Z.r7()#£0
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3 Approximation Estimates

In this section, we first define different variants of (periodic) Sobolev spaces on
the torus via Fourier series, i.e. we classify functions via the decay of their Fourier
coefficients and hence by their smoothness. Then, we give approximation estimates
for these spaces. Here, we will first discuss the best linear approximation error and
then the approximation error of the interpolant. Based on the derived estimates we
further study the resulting error and cost complexities.

3.1 Periodic Sobolev Spaces

As already noted in Sect. 2.1 we characterize the smoothness classes of a function f
by the decay properties of its Fourier coefficients [28]. To thisend, letw : Z" — R
be a continuous and positive weight. Then we define

Ho(T) = 0 = 3 fox® : 1 f]l = /ZW(k)zlﬁlz<w}. (23)
keZ" keZm

Here, e.g. for r, ¢ € R the weights
w(k) = Ai50(K)",  where  Aio(K) := 1 + |K|o,
and
n
w(k) = Anix(K)',  where A (K) = 1_[(1 + |kal),
d=1

result in the conventional isotropic Sobolev spaces H" [1] and in the standard
Sobolev spaces with dominating mixed smoothness /. [42], respectively. A fur-
ther example is the multiplicative combination of these weights, i.e.

W(k) = Aiso(k)rlmix(k)ty
which leads to generalized Sobolev spaces of dominating mixed smoothness [23]

M (T") 2= {f(x) Y fen(x) :

keZ"

1 e = | Qi (0 Aiso (0)) [ A2 < 00 . (24)

kezZ"
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In particular, these spaces include the conventional spaces as special cases, i.e.

H’ (Tn ) = mlx (Tn ) and Hfmx (Tn ) = le (Tn )

respectively. Hence, the parameter r from Eq.(24) governs the isotropic smooth-
ness, whereas ¢ governs the mixed smoothness. The spaces H'”. give us a quite
flexible framework for the study of problems in Sobolev spaces.

Moreover, the spaces Hmlx (T™) can be generalized to the case of n-dimensional
smoothness parameters t,r € R” with r > 0 [24]. To this end, for t,r € R" with
r> 0 we set wk) = 1 (k)2 (k), where

mix 180

mix

Ao ) = [T+ kgD and = AL (K) := D (1 + [ka])™
d=1 d=1

and introduce the spaces

mlx(Tn) {f(X) = Z ﬁ(wk(x) :

kezZ"

2 A
e = |3 (18.004%00) |fk|z<oo}. @5

keZ"

In this way, for r > 0 the spaces Hmlx are up to norm equivalency® special cases of
ie. Hi = HUD D) We use the short form HT := H™F and

le ’ mix mix

the spaces H"*
HE. = H

mix

Furthermore following [46, 50], for a set of weights I" := {y.}ucqi...
» > 0 and a weight function w we introduce a weighted periodic Sobolev space by

M) = f0) = Y fuon(x) :

kezn
1f Nl = Z Z Y w2 o> < oop, (26)
uc{l,..., “lew, jeqn
where
SFor r > 0 we could also use the weight ]_[2_1(1 lkal) (O-h— (1 + lkg|)") instead of

=1 (14 lka])' (1 + |K|oo)" to define the space HmlX This weight is equal to the special case
Al ')(k))t """ ") (k) and hence also the associated spaces H" and LD ould be equal.

mix 150 mix mix
However, many of the given proofs would get more technical and thus for reasons of simplicity we

restrict ourselves to the definition (24)
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2, ={eNj:1l;=0foralld €{l,...,n}\u}.

Let us remark that the orthogonal decomposition

f = Z fus with fu = Z Z ﬁf(j)wd(j) (27)

uC{l,...n} leQ, jen

is well-known in statistics under the name ANOVA (analysis of variance) [10],
where f, in particular depends on the coordinates {x,}sec, only. Note that for
f € HI the weight y, prescribes the importance of the term f, and hence the
importance of different dimensions and of correlations between dimensions. In
particular for a weight y, — 0 the norm || f,||#,, is forced to be zero. If the size
of terms || |, decays fast with e.g. |u|, then a proper restriction onto certain
lower dimensional functions results in a substantial reduction in computational
complexity. For example a set of weights I, := {yu}ucq...ny With y, = 0 for
allu C {1,...,n}, |u| > ¢ results in a periodic Sobolev space of finite-order ¢,
cf. [46, 50, 51]. Thus, all terms f, with |u| > ¢ are either not present at all or
can be neglected due to the decay with |u|. Then, the problem of approximating
a n-dimensional function reduces to the problem of approximating g-dimensional
functions.

Note further that the introduced periodic Sobolev spaces, i.e. H;‘SX(T”),
H® (T") and H., can be straightforward generalized to the case of many-particle

mix w?

spaces [17-19,27].

3.2 Best Linear Approximation Error

In the following, we will consider the error of the best linear approximation in
finite-dimensional general sparse grid discretization spaces. Here, we will restrict
ourselves to some specific Sobolev spaces of dominating mixed smoothness.

For 1 € N} we define an approximation operator Q; with respect to the £?-norm
by

01:=0,®...8 0, : LXT") - W,

where

Qi :LXM) =V i f> > fajdy.

0<j=<2/—1

For an admissible index set Z, as introduced in Sect. 2.3, we define a general sparse
grid approximation operator Q7 : £L>(T") — V7 by

0zf = Z Z foiy@o ().

1€ jed
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Now let us consider two weight functions w and w with associated Sobolev
spaces H,, and Hy and norms || f |3, and || f |, respectively. It should hold
H,, C H; C L£? and thus w(k) < w(k). Then, let us consider f € H,,(T") C £>(T")
with the unique representation f = ﬁwk. Now, if maxjezn\ 7 je s 325—83;2 < 00, We
obtain for the best linear approximation in V7 the estimate

inf If = Fl3e <If=0zf 3 =1 > . fotrwei e,

fevz 1eZ\T jedi

37w o

1€Z"\Z J€EN

o
=y MO e e

1€Z"\T j€N W(G(']))Z

~ . 2 n
( max M) S Y ey

1ez\Zjesi w(o(§))* 1eZ\T jeJi

PPN A
= (IEZ'III\lg,)j(ejl XEZE;;) Z Z If‘f(.i)|zw(o(j))2

1€2" je

=( max W(C’—(‘”z) 112, (28)

1ez\T jesi w(o (j))?

I/\

IA

This general result allows us to derive error estimates for a wide range of situations.

We shortly consider two specific cases, namely the pairings (Hfm; ,HEE ) and
(H", Hiniy)-

First, for the linear approximation in general sparse grid spaces sz with the

index ILT set given in (16) the following error estimate for functions in optimized
Sobolev spaces of dominating mixed smoothness Hmlx can be derived:

L (T it

mix

Lemma3. For L e No, T < 1,/ +r' <t +r,t —t' >0and f € H_
holds:

. _ ~ < _
AN = gy <0 =0z f gy
L

L =)= (=" + (T (1~ ~(' =) =) ||f||H” for T > =t '—r

l‘t/’

2HED=ED f g forT <=

mix

Proof. According to (28), the estimation of
i@ G) Ao (0G))”
1€2\Zjedi Amix(0(J)) Aiso (0 ()"
leads to the desired result, see also [24,27]. O




92 M. Griebel and J. Hamaekers

Second, for t > 1 we can define an anisotropic admissible index set by
n
L ={1eNp : thld <L},
d=1

see also [20, 21]. Then, the following error estimate can be derived analogously to
Lemma 3:

Lemmad. For L € No,t>0, f € Hrtnix’ [t|min —1 > 0 and witht' := |t|t' , where
|t|min = mil’lg:l tq, it holds:

nf L f = Flle < 1f = Qqe fllpg, S 270 £l
Jev, 1 mix mix
Note that, for e.g. t; = [t|in < 12 < ... < 1, the number of degrees of freedom
IVI‘L'| is of order O(2%), which then results in an overall complexity rate which is
independent of the number of dimensions 7.

So far we have considered the best linear approximation of a function. However,
its coefficients are given by Fourier integrals (3), which can only be evaluated
by analytic formulae in special cases. In practice, one possibility to compute an
approximation to the best linear approximation, is the numerical calculation of the
interpolant of the function. Here, however, it is in general not clear if the associated
approximation error exhibits the same convergence rate as that of the best linear
approximation. This issue will be discussed in the next section.

3.3 Approximation Error of Interpolant

In the following we will consider the error of the approximation by trigonometric
interpolation. To this end, let us first recall the following two lemmata:

Lemma 5. For L €Ny, f € H', s > % and 0 < r < s it holds:

1f = Lzpoe [l S 2778 flles (29)

Lemma 6. For L € No, f € Ml t > 5 and 0 <r <t it holds:

mix’

1S = Igo fllre <27 f e, (30)
Let us remark that analogous lemmata are given in [36, 37] based on the works of
[40,48], respectively. We give proofs based on the estimation of the aliasing error in
the appendix.
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Next, we will extend Lemma 6 to the case of general sparse grids. To this end,
we will estimate the hierarchical surplus. Let f € H,, obey a pointwise convergent
(hierarchical) Fourier series. Then, the relation

Lf =TIz f e = 1D Avi— D> fivila

1eNG J€N I€T jeo

YD vl

1IENJ\Z JET

< > fivillg

IENJ\Z €N
holds. By definition of the hierarchical basis we obtain

1D Avillse =1 > f.®¢ﬂd(muﬂ

jedq jedivelo, ) d=1

=3 > AP ()

JEN ve{0,1}" 1—v=>0

=) 2

JEN ve{0,1}" 1—v>0

=) 2

JEN ve{0,1}" 1—v=>0

2

(o (1 (1))

Z fo(j)-f—m 21

mezZ"

w(o(j) + m ')
m%ﬂ Fotyema w(o(j) + m2))

w(o 1y ()

where i (j) = J.

—1 if/ <0,

|y
mi(j) =
: {21—1—1' if1> 1,

= (uil.....uy ) and ¢_; = 0. With Cauchy-Schwarz it follows

w(o () + m2')
mgz; Foirma—— = woG) + mah)

g(z

mezZ"

Sosman () + '“2'>\2) (Z w(o () + mz')_z) (31)

mezZ”"

and hence it holds
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SoG)+m2!

DIFAAED DY (Z

€N JEN ve{0,1}" 1—v>0 \meZ"

’ Iw(o ) + mz')|2) x

x ( > woG) +m 2‘)—2) (o ()

meZ"

Now, let us assume that there is a function g : Nj — R such that it holds

ot Y W) +m2h| 7 < c2g0) (32)

meZ"

forallj € Jandv € {0,1}",1 — v > 0 with a constant C independent of j and v.
Then, with |[{0, 1}""| = 2", we have

1S vl <2'Ce® [ 323 1/ emalPw(o () + m2!)?

JE€A jET mezZ"
< g f I,
and hence
If =1z flln; Z g f I, (33)
1eN/\T

Let us now consider the approximation error in the H"-norm for approximating
f € H.,, inthe sparse grid space VIZ by interpolation. To this end, let us first recall

the following upper bound:
Lemma 7. For Le Ny, T <1,r <tandt > 0it holds:

—(=r)+Tt=r)2=L)L 7 n—1
Z oyt +rliles < )2 =D+ @=DIZ) L=t for T > L
2708 £ g forT < %.

mix

T
1eN\Z7

Proof. A proof is given in Theorem 4 in [34]. a
Now, we can give the following lemma:

Lemma38. Let L €¢ No, T < 1, r <t,t > % and f € H!. with a pointwise
convergent Fourier series. Then it holds:

2—((r—r)+(Tt—r);:})LLn—l a ”H'  forT >
27| £l forT <

mix

If = Izr flloe < { [N
-
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Proof. Fort > %,j € Jrand v € {0, 1}" with 1 — v > 0 it follows the relation

ST +100G) +ma2ep= < 3 T @41+ mah) ™

mezZ" d=1 mezZ" d=1
n
<272 TTa+ ma)™
mezZ" d=1
< o2l
and hence

A+ lo(uy@oo)™ D [T +10() + mag2le ™ <27 htrilee.
meZ" d=1

According to (32) and (33) this yields

If =1z fllae S ) 27 Moo £l

mix
n T
1eN/\T]

and with Lemma 7 we obtain the desired result. O

Let us remark that for regular sparse grids, i.e. T = 0, there is a difference
in the error behavior between the best approximation and the approximation by
interpolation. That is, in the £2-norm error estimate for the interpolant resulting
from Lemma 8 with ¢t > %, r =0and T = 0, there is a logarithmic factor present,
i.e. L"! In contrast, for the best linear approximation error in the L£2-norm, there is
no logarithmic term L"~! involved according to Lemma 3 with ¢ > 0, #'=r'=r=0

and T = 0.

3.4 Convergence Rates with Respect to the Cost

Now, we cast the estimates on the degrees of freedom and the associated error of
approximation by interpolation into a form which measures the error with respect
to the involved degrees of freedom. In the following, we will restrict ourselves to
special cases, where the rates are independent of the dimension:

Lemma 9. LetLeN0,0<r<t,t>%,O<T<’t—',andfeH’ with a

mix
pointwise convergent Fourier series. Then it holds:

Lf = Iz7 [l £ M7 S Dl

L
mix

with respect to the involved number of degrees of freedom M := |VILT l.
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Proof. This is a simple consequence of the Lemmata 1 and 8. First, we use the
relation (20), that is

M = V| <ci(n)-2"

for0 < T < ?, which results in 2% < ¢;(n)M ~'. We now plug this into (34), i.e.
into the relation

Lf = Iz7 [l < e2(n) - 275077 | £l

and arrive at the desired result with the order constant C(n) = ¢1(n)' ™" - ca(n). O

Analogously, we can measure the error with respect to the computational complex-
ity, which results in the following upper estimate:

Lemma10. For0 <r <t,t > 3,0 < T < %, and f € H' . with a pointwise

2’ 1’ mix
convergent Fourier series, it holds:

If = Lz f o < R 1og(RY (£ e,

with respect to the involved computational costs R := T[IZLT].

Proof. This is a simple consequence of the Lemmata 2 and 8. Analogously to the
proof of Lemma 9 the relation || f — IIer||Hr < R I/ Nl . can been
shown, which yields the desired result. O

Note that in [18] a result analogous to Lemma 9 is shown in the case of measuring
the best linear approximation error with respect to the involved degrees of freedom.

Finally, let us discuss shortly two cases of regular sparse grids with involved
logarithmic terms. First, again a simple consequence of the Lemmata 2 and 8 is that
for L € No,z > 1 and f € !, witha pointwise convergent Fourier series it holds
the relation

If = Tpo fllez < ML £l < M Tog(M) DD £l

mix

Second, for the case % < t — 1 the relation

1f =Tz flla € MCDLEDED) £l <MD og (M) D) £l

(36)
can be derived.

3.5 Further Generalizations of Sparse Grids

In the following we will give some brief remarks on periodic Sobolev spaces with
finite-order weights and dimension-adaptive approaches.
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3.5.1 Finite-Order Spaces

First, we consider so-called periodic Sobolev spaces with finite-order weights.
These spaces are a special case of the weighted periodic Sobolev space 1, which
we introduced in Sect.3.1 by Definition (26). Let us recall from Sect. 3.1 that a
set of weights I, = {Vu}uc{1,..n} is denoted to be of finite order ¢ € Ny, if it
holds y, = 0 for all y, € I" with |u| > g. Note that there are (Z) < n? possible
subsets u C 1,...,n of order q. Therefore, the problem of the approximation of a
n-dimensional function f € HVI;” (T™) is reduced to the problem of the approx-
imation of O(n?) functions of dimension ¢. Hence, in that case the curse of
dimensionality can be broken and in particular for w(k) = Aiso(K)" Amix(K)’ the
previous lemmata can be straightforwardly adapted, compare also [27].

3.5.2 Dimension-Adaptive Approach

So far we considered admissible index sets I% and their associated generalized
sparse grid spaces VI%, which are chosen such that the corresponding a-priori
estimated approximation error for all functions in a specific function class of
dominating mixed smoothness is as small as possible for a given amount of degrees
of freedom [6]. The goal of a so-called dimension-adaptive approach is to find an
admissible index set such that the corresponding approximation error for a single
given function is as small as possible for a prescribed amount of degrees of freedom.
To this end, a scheme similar to that given in [14] for dimension-adaptive quadrature
could be applied.

Such a scheme starts with an a-priori chosen small admissible index set, e.g.
T = {0}. The idea is to extend the index set successively such that the index
sets remain admissible and that an error reduction as large as possible is achieved.
To this end, a so called error indicator is computed for each index 1 € Njj and
its associated subspace W). In the case of approximation by interpolation we use
the hierarchical surplus to derive an error indicator [29], e.g. m = |} jc 5 f}llljl
with appropriate norm. For further details of the dimension-adaptive sparse grid
approximation algorithm we refer to [5, 14,29].

Let us note furthermore that in [16] a relation between the dimension-adaptive
sparse grid algorithm and the concept of ANOVA-like decompositions was estab-
lished. There, it was also shown that general sparse grids correspond to just a
hierarchical approximation of the single terms in the ANOVA decomposition (27)
see also [11,22,38].

Note finally that various locally adaptive sparse grid approaches exist [6, 12,29]
which are based on hierarchical multilevel sparse grid techniques. But, together with
fast discrete Fourier transforms, they are not easy to apply at all.
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4 Numerical Experiments and Results

We implemented the generalized sparse grid trigonometric interpolation operator /7
for general admissible index sets 7 C Njj according to Algorithm 1 in a software
library called HCFFT. This library also includes the functionality for the application
of dimension-adaptive approaches. In addition to the fast discrete Fourier transform,
which we deal with in this paper, it includes actually the following variants: fast
discrete sine transform, fast discrete cosine transform and fast discrete Chebyshev
transform.

In the following, we present the results of some numerical calculations performed
by the HCFFT library. We restrict ourselves to the case of the FFT based application
of the interpolation operator ILT. Here, we in particular study the dependence of the
convergence rates on the number of dimensions for the regular sparse grid case
T = 0 and the energy-norm like sparse grid case 7" > 0. To this end, we consider
the approximation by interpolation of functions in the periodic Sobolev spaces of

dominating mixed smoothness . ; (T"). As test cases we use the functions

Gp,:T" —>R:xn—>®gp(xd)
d=1

with
gp:T—-R:x+— N, (24 sgn(x — ) -sin(x)”)

for p =1, 2,3, 4. Here, sgn denotes the sign function, i.e.

-1 x<0,
sgn(x) ;=30 x =0,

1 x>0

and N, denotes a normalization constant such that ||g, || .2 = 1. Note that for e > 0
1yp—e
2

we have g, € H2+t7~¢(T) and thus G, € H2 " “(T"). In particular, the £2- and
H'-error can be computed by analytic formulae and the relative £>-error is equal
to the absolute £>-error, i.e. |G, — IZLer||£z/||Gp||£z = |G, — ILer||£z. Let
us note these test functions are of simple product form, but the decay behavior of
its Fourier coefficients reflects that of the considered Sobolev spaces of dominating
mixed smoothness. The numerical results for more complicated functions of non-
product structure from these Sobolev spaces were basically the same.

For validation we first performed numerical calculations in the one dimensional
case for G, with p = 1,2,3,4. We show the measured error versus the number
of degrees of freedom in Fig. 1. To estimate the respective convergence rates, we
computed a linear least square fit to the results of the three largest levels. This
way, we obtained rates of values about 1.50, 2.50, 3.51 and 4.40, respectively,
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Fig. 2 Convergence behavior for approximating the function G, € H,fmé by trigonometric
interpolation on regular spare grids. Left: case of relative/absolute £2-error, i.e. |G, — Iz Gyl z2.

Right: case of relative H!-error, i.e. |G, — 179 Gallyo /G2 llpe

which coincide with the theoretically expected rates in the one-dimensional case,
cf. Lemmata 1 and 8. Then, we performed calculations for the three dimensional
case. The values p = 1,2, 3,4 result in numerically measured convergence rates
of about 1.25, 1.87, 2.83 and 3.90, respectively. Moreover, for the approximation
of the test functions G, for up to six dimensions by trigonometric interpolation on
regular sparse grids, we observe that the rates indeed decrease with the number of
dimensions, see Fig.2. For example in case of the £2-error the rates deteriorate
from a value of 2.50 for n = 1 to a value of 1.56 for n = 6. All calculated rates
are given in Table 1. Note that this decrease in the rates with respect to the number
of dimensions is to be expected from theory, since the cost and error estimates in
Lemmata 1 and 8 involve dimension-dependent logarithmic terms for the regular
sparse grid case, i.e. for T = 0. We additionally give in Table 1 the computed rates
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Table 1 Numerically measured convergence rates with respect to the number of degrees of

freedom according to the relative £2-norm error and the relative 7'-norm for the approximation
of the function G, € an/iiﬂ by trigonometric interpolation on regular spare grids, i.e. T = 0

n=1 n=2 n=3 n==4 n=>5 n==o6

£2-norm 2.50 2.17 1.87 1.73 1.60 1.56
5

£2norm / L2 DD 2.50 2.55 2.49 2.55 2.60 2.76

H!'-norm 1.50 1.38 1.30 1.23 1.19 1.15
5

H!'norm / L2 7DE—D 1.50 1.57 1.51 1.48 1.55 1.44

In addition, we present the rates according to the relative error divided by the respective logarithmic
term versus the number of degrees of freedom, see also estimates (35) and (36)
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. . S . 5/2—
Fig. 3 Convergence behavior for approximating the function G, € Hm/ix ¢ by the general sparse

grid interpolation operator [ 7 with respect to the relative H'-error. Left: case of T = é Right:
caseof T = }‘

associated to the relative errors divided by the respective logarithmic term versus
the number of degrees of freedom. Here, the derived values fit quite well to the rates
which could be expected from theory, that is, 2.5 and 1.5 for the error measured in
the £2-norm and the H'-norm, respectively.

Note that according to Lemma 9, we can get rid of the logarithmic terms in
some special cases. For example, if we measure the error of the approximation of

G, by the general sparse grid interpolant IZLT G, in the H'-norm, then Lemma 9

leads with r = 1,1 = % — € to a convergence rate of % —efor0 < T < %
€

Hence, we performed numerical calculations for the generalized sparse grids with
T = % and T = %. The obtained errors are plotted in Fig. 3. The results show
that the rates are substantially improved compared to the regular sparse grid case.
We give all measured rates in Table 2. Note that we still observe a slight decrease
of the rates with the number of dimensions. This is surely a consequence of the
fact that we are still in the pre-asymptotic regime for the higher-dimensional cases.
Note furthermore that the constant involved in the complexity estimate in Lemma 9
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Table 2 Numerically measured convergence rates with respect to the number of degrees of
freedom for the approximation of the function G, € an/iife

by trigonometric interpolation on
generalized spare grids with0 < T < %

Error T n=1 n=>2 n=3 n=4 n=>5 n==6
H! 3 1.50 1.44 1.39 1.29 1.28 1.27
H! i 1.50 1.41 1.36 1.39 1.37 1.49

Table 3 Numerically measured convergence rates with respect to the number of degrees of

3/2—e

freedom of the approximation of the function G; € H,;; by trigonometric interpolation on

regular and generalized spare grids

Error T n=3 n==4
H! 0.0 0.45 0.42
H! 3 0.47 0.44
H! : 0.49 0.47
—+—T=0,n=3
“x-T=1n=3
‘"0'"T:%,n:3
5 v T=0,n=4
5 ~e-T=1n=4
::‘: A Tz%,n:4
o
i
=
e
10* 10° 10° 107 108 10°
degrees of freedom
3/2—e

Fig. 4 Convergence behavior for the approximation of the function G| € H,;; ~ by trigonometric
interpolation on generalized spare grids, i.e. ||G; — 171G |l z2 versus |VILT |, where the error is
measured in the relative H!-error, i.e. |G| — 171G, [l /11G1 |l 3¢1

probably depends exponentially on the number n of dimensions. This explains the
offset of the convergence with rising » in Fig. 3.

In [34] it is noted that the involved order constant in the convergence rate estimate
for the case 0 < T < 1 is typically increasing with n and 7" and it is in particular
larger than in the case of regular sparse grids with 7" = 0. In contrast, under certain
assumptions, the convergence rate is superior in the case 0 < 7' < 1 to that of the
regular sparse grid with 7" = 0. Hence, in the pre-asymptotic regime, the effects of
constants and order rates counterbalance each other a bit in practice. For example,
let us consider the H!-error of the interpolant I;-rG; for T = 0, %, % and n = 3, 4.
The associated computed rates are given in Table 3. Here, a break-even point can be
seen from our numerical results depicted in Fig. 4, i.e. for n = 4 the computed H!-
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error is slightly smaller in the case T = % than in the cases T = O0and T = é for
a number of involved degrees of freedom greater than about |VZ[| ~ 10°. A similar

effect is also present, albeit barely visible, for n = 3 and |VILT| ~ 10°. Nevertheless,
in any case, the various rates are nearly the same anyway and these differences are
quite small.

5 Concluding Remarks

In this article, we discussed several variants of periodic Sobolev spaces of domi-
nating mixed smoothness and we constructed the general sparse grid discretization
spaces VZT We gave estimates for their number of degrees of freedom and the best

linear approximation error for multivariate functions in Hmlx (T") and H', (T"). In
addition, we presented an algorithm for the general sparse grid interpolation based
on the fast discrete Fourier transform and showed its computational cost and the
resulting error estimates for the general sparse grid interpolant [/ 77 of functions in

H. . (T"). Specifically, we identified smoothness assumptions that make it possible
to choose IZ[ in such a way that the number of degrees of freedom is O(2F)

compared to O(2LL""1) and O(2"F) for the regular sparse grid and full grid
spaces, respectively, while keeping the optimal order of approximation. For this
case, we also showed that the asymprotic computational cost complexities rates are
independent of the number of dimensions. The constants involved in the O-notation
may still depend exponentially on n however.

Let us finally note that we mainly discussed the sparse grid interpolation operator
IIr in the present paper. However, our implemented software library HCFFT allows
us to deal with discretization spaces associated with arbitrary admissible index sets
and in particular also features dimension-adaptive methods. Furthermore, discrete
cosine, discrete sine and discrete Chebyshev based interpolation can be applied. We
presently work on its extension to polynomial families which are commonly used in
the area of uncertainty quantification [38]. We will discuss these approaches and its
applications in a forthcoming paper.

Acknowledgements This work was supported in part by the Collaborative Research Centre 1060
of the Deutsche Forschungsgemeinschaft.

Appendix

In the following, we will give proofs for Lemmata 5 and 6 based on the estimation
of the aliasing error.

Let f € H, obey a pointwise convergent Fourier series. Then, it holds the
relation
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If =1z fllr = If —Izf + Qzf — Q1 flln;

(37)
<Nf=0Qzflln; + Iz f — Q1 [l

For the first term of the right hand side, an upper bound can be obtained according
to (28). For the second term, it holds with (22) the relation’

Hzf = Oz fllwy = 11> rzMIf = Q1 f sy = 1| D rzMh— Q) flln;

leZ leZ

S ) =00 Sl

1€Z.r7(1)#0

With the help of the aliasing formula (9) and the Cauchy-Schwarz inequality, we
obtain for 1 € Nj the relation

187 = 01f I, = I 3" = foa)dillie,
JEN
=Y 1AV = fogy Pio(a ()
JEN
=31 Y fogemal@()?
JEN meZr\{0}
(o ()

=X > ﬁ<j>+m»w(00>+“‘2')'2m

JEN meZ"\{0}

<D D egamalw(oG) +m2Y? | x

J€EN \meZr\{0}
| >0 we@+m2)[7 i@’ (38
meZ"\{0}

Let us assume that there is a function F : Nj — R such that it holds

o)’ Y Iwel) +m2) 7 < cFQ)’ (39)

meZ"\{0}

for all j € Jj with a constant ¢ independent of j. Then, (38) yields

"Note that analogously to (22) for Iz, itholds Q7 f = Y ez rz )01 f .
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I =00 f 13, <cFOPY | Y | fgemalw(o() + m2Y

JESN \meZ"\{0}
S FW?) £ 115, -

and altogether we obtain

Hrf = Qzflws s Y. FOIfln.

1€Z,rz ()40
(40)
< F( 1 .
~(le£?f€.§¢o ()) S 1|l

1€Z.r7(1)#0

Let us now consider the approximation error in the H"-norm for interpolating
Jf € H', s > 3 in the full grid space Vz;o and 0 < r < s. According to (39), we
may estimate

Y (4 1o() +m2Y) o) g 27 MmN (1 4 Imlog) ™

meZ"\{0} mezZ"\{0}
5 2—2S\l|min Z((mn _ (m _ 1)n)|m|—2s
meN
s 2_25“|min Z m—25+n—l
meN
< 2= 25lmin

for all j € J;. With (37), Lemma 3 and (40) we finally obtain

Moo f = fllwer 2778 fllses (41)

which proves Lemma 5.
Now, we consider the approximation error in the H"-norm for interpolating f €
1

inix, >3 in the sparse grid space Vz, and 0 < r < ¢. Here, according to (39),

we may estimate

Yo JTa+l0Ga) +ma2ip= g272M 3= [T+ |mah)™

meZ"\{0} d=1 meZ"\{0} d=1

< 22t

With (37), Lemma 3, the identity



Fast Discrete Fourier Transform on Generalized Sparse Grids 105

an

n—1
Iz, = Y (=1 ”;1 > o
d=0

Ni=L—d

d (40), we finally obtain

Mz f = Floe ST f g, | 2 1

1€T; .1z, (D#0

S27EEL Y f e (42)

mix

which proves Lemma 6. This is in particular a special case of Lemma 8. Let us
finally remark that the estimates (41) and (42) are also shown in [36,37] based on
the works of [40] and [48], respectively.
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Dimension-Adaptive Sparse Grid Quadrature
for Integrals with Boundary Singularities

Michael Griebel and Jens Oettershagen

Abstract Classical Gaussian quadrature rules achieve exponential convergence
for univariate functions that are infinitely smooth and where all derivatives are
uniformly bounded. The aim of this paper is to construct generalized Gaussian
quadrature rules based on non-polynomial basis functions, which yield exponential
convergence even for integrands with (integrable) boundary singularities whose
exact type is not a-priori known. Moreover, we use sparse tensor-products of these
new formulae to compute d-dimensional integrands with boundary singularities
by means of a dimension-adaptive approach. As application, we consider, besides
standard model problems, the approximation of multivariate normal probabilities
using the Genz-algorithm.

1 Introduction

The approximation of an integral of a function f : 2@ — R, Q@ < R?
using point-evaluations is an important task in numerical analysis. It is part of
numerous methods and algorithms in almost every scientific area where computers
are employed. Such a quadrature rule takes the general form

[, 1omaxs Y o). n
i=1

where » : 24 — R7 is a positive weight-function, the x; € 2 are the
quadrature nodes and the w; € R are the quadrature weights. The quality of such
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an approximation depends on the regularity of f and the specific choice of the
nodes and weights of the quadrature formula. Most quadrature rules are constructed
in such a way that they are exact on a certain finite-dimensional subspace of
L1(2@, w), e.g., on the polynomials up to a certain degree.

In this paper we will consider integration over the open unit cube £2? = (0, 1)¢
with respect to the uniform Lebesgue measure @ = 1. We treat integrands that might
possess integrable boundary singularities, whose exact type is not a priori known.!

A common approach to deal with boundary singularities in the univariate setting
are variable transformations t : R D 2 - (0, 1), such that

1
/ Fx) dx = / Fot()-T() dy.
0 2

If 7 is properly chosen, the transformed integrand f (y) = foz(y)- ()
is no longer singular, but decays to zero as y approaches the boundary of 2.
Popular examples are the tanh [44] and double exponentlal [32, 45] transforms,
where a truncated trapezoidal rule is applied to f on £2 = R. Other examples are
the so-called periodization transforms [27, 37, 39, 40], which use a mapping to
Q2 = (0,1) that makes the resulting integrand periodic. Eventhough these
approaches work very well in the univariate setting, their multivariate versions
suffer from an exponential blowup of the norm of the transformed integrand f , as
it was pointed out in [27] for the case of periodizing transformations in the context
of lattice rules. Thus it takes exponentially long (in d), until the good asymptotic
convergence rate kicks in, which makes these approaches very costly for practical
problems in higher dimensions.

For this reason we are not going to apply a trapezoidal rule to the transformed
integrand f , but rather use a suitable Gaussian rule tailored to the weight function
7/(y) on £2 and then map back the associated Gaussian quadrature nodes to the unit
interval (0, 1). This approach results in a so-called generalized Gaussian quadrature
rule on (0, 1) that is exact not on a space of polynomials as are conventional
Gaussian rules, but on a 2n-dimensional subspace of univariate singular functions
from L;(0,1). Its basis functions are given by powers of certain monotonous
singular functions. We will prove exponential convergence for integrands with
arbitrary algebraic boundary singularities. Moreover, we explicitly compute error
constants for quadrature on (0, 1) in the Hardy space of functions that are analytic
in the unit disc. In contrast to Gauss-Legendre quadrature, which only achieves an
algebraic rate of convergence, our approach shows an exponential decay of the error.
For the higher dimensional case we then employ these univariate quadrature rules
within a sparse tensor product construction which also exhibits a certain degree of
exactness on tensor products of the univariate singular functions. We give numerical

'Otherwise one could reformulate the problem to integration with respect to a weight function @
that resembles the singularity.
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evidence that, for singular problems in the unit cube, our approach significantly
outperforms the conventional sparse grid quadrature methods which are based
on the Gauss-Legendre or Clenshaw-Curtis rules, respectively. Furthermore, we
use our new method in combination with dimension-adaptive sparse grids for
various standard model problems and for the computation of multivariate normal
probabilities by the Genz-algorithm [12].

The remainder of this article is organized as follows: In Sect.2 we will
shortly revise the classical (univariate) Gaussian quadrature and its generalization
to Tschebyscheff-systems. Then we introduce certain classes of Tschebyscheft-
systems, whose associated Gaussian quadrature formulae can be described in terms
of classical Gaussian formulae on an unbounded domain £2 and a mapping back
to (0,1). This allows for an easy construction of the new generalized Gaussian
quadrature. We give a few examples for this approach and prove error bounds for
a special case which is related to the classical Gauss-Laguerre formula. In Sect. 3
we will introduce sparse tensor products of the new univariate quadrature to deal
with multivariate problems. Here, we specifically employ the dimension-adaptive
approach from [17]. In Sect.4 we give the results of our numerical experiments.
First, we demonstrate the quality of our generalized Gaussian quadrature formula
in the univariate case for singular problems and quadrature in the Hardy space.
Then we apply it within the dimension-adaptive sparse grid algorithm to several
model problems and to the computation of multivariate normal probabilities using
the algorithm of Genz. We close with some remarks in Sect. 5.

2 A Generalized Gaussian Quadrature Approach

In this section we will introduce a class of generalized Gaussian quadrature rules
that are exact on a certain 2n-dimensional subspace of singular functions on (0, 1).
First, we shortly recall the basic properties of classical Gaussian quadrature in
the univariate case. Then we generalize it to Tschebyscheff-systems on (0, 1) and
introduce a framework for which the generalized Gaussian quadrature formula can
be described by a classical Gaussian formula with respect to a certain weight
function on (0, co) together with a map to (0, 1). We give examples and an error
estimate for a class of integrands with algebraic singularities at the boundary.

2.1 Classical Gaussian Quadrature

Given an interval 2 C R and a positive weight function @ : 2 — R™ the classical
n-point Gaussian rule is the standard approach to approximate

[ 1@ ar~ Y w f)

i=1
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for smooth functions f € C?"(£2). Classical Gaussian quadrature rules are defined
by the property that polynomials up to degree 2n — 1 are integrated exactly (with
respect to the weight function w) with only n quadrature points, i.e.

| P06 ax = Yt @

i=1

forall p € span{xk, k =0,...,2n — 1}. It is well known that there can not exist a
quadrature rule that yields a higher degree of polynomial exactness, thus Gaussian
quadrature is optimal in this sense.

Note that (2) is a nonlinear system of 2n equations which defines the nodes
x; and weights w; of the Gaussian quadrature rule. In general, the direct solution
of a nonlinear system is a difficult task. But here one can resort to orthogonal
polynomials and then use their recurrence relation to compute the nodes and weights
of Gaussian quadrature formulae. To this end, we consider the set of polynomials
which are orthogonal with respect to the weighted L, inner product

(P q) 2w =/Qp(x)q(x)w(x)dx.

It is known that for any domain §2 and weight function w there exists a polynomial
pn of degree n that fulfills

/ ¥ pu(¥)w(x) dx =0 forallk =0,1,....n—1.
Q

We call p, the n-th degree orthogonal polynomial (with respect to §2 and w).
Note that the set of all po, p1,... is a complete orthogonal system of L,(£2, w).
Moreover, p, has exactly n distinct simple roots x, ..., x, € §2, which turn out to
be the quadrature nodes of the Gaussian formula. This is important because, for any
given weight-function @ on a domain £2 C R, there exists a sequence of orthogonal
polynomials and thus there exists a uniquely determined corresponding Gaussian
quadrature rule. If one knows the coefficients of p,(x) := a,x" + Ap_yx" 1
+ ...+ ap and its zeros xi, ..., X, it is easy to compute the corresponding weights
by the formula

an (Pn—1, Pn—1)2.0
w; = > 0. 3)
an—1 Pp(Xi) pu—1(x;)

In order to obtain the coefficients and roots of such orthogonal polynomials one
usually employs their recurrence formula to assemble a so-called companion matrix,
whose eigenvalues are the roots of p,. For details see [7, 11].

Now we consider error bounds for classical Gaussian quadrature. First we define
the n-th error functional as

Ri(f)i= [ F0@ydx =Y ). @

i=1
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Because of the Weierstrass approximation theorem and the positivity of the
quadrature weights w;, Gaussian quadrature rules converge for any continuous
function, i.e.

feC2)= lim R,(f)=0. (5)

For integrands which possess at least 2n continuous derivatives there is the well-
known error-bound

@)

az(2n)!

|Ri ()] = for some £ € £2. (6)

Thus, if for all n € Nitholds | f?(x)| < M,(f) Vx € £2 where M';—(/) is bounded

by a polynomial, the quantity | R, ( )| converges even exponentially {0 zero.

On the other hand, if the derivatives of f are unbounded on £2 the bound (6) is
useless. For example, for £2 = (—1, 1) and w(x) = 1 one obtains the well-known
Gauss-Legendre rule, for which the bound (6) takes the form [7]

(n))*

< (2n) .
[Ra ()] = f7(8) @ D@

£e(=1,1).

Now consider f(x) = (1 — x)™,a > 0, which is unbounded on 2 as are all
of its derivatives. In [9, 28] it was shown that the rate of convergence substantially
deteriorates with «, i.e.

[Ru(f)] = O(™'")

and we only obtain an algebraic convergence rate of (1 — «) for ¢ < 1, while
for « > 1 the integral does not exist anyway. This simple example shows that
classical Gaussian rules lose their nice convergence properties when it comes to
singular integrands. To deal with such integration problems efficiently, the Gaussian
approach must be properly generalized.

2.2 Generalized Gaussian Quadrature

The aim of this section is to find quadrature rules that achieve a maximum degree
of exactness for systems of functions that are not polynomials, but inherently
possess integrable singularities. To this end, we will use the notion of so-called
Tschebyscheff systems (T-systems) [25].

For n+1 functions ¢y, . . ., ¢, and n+1 pairwise distinct points o, . .., t, € [a, b]
we define the generalized Vandermonde determinant as
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@o(to) @o(t1) ... @o(ty)

@1(to) @1(t1) ... 1(ty)
D(@o, -« Gnilos s 1n) 1= : .

(pn(IO) (pn(tl) cee ﬁon(tn)

Definition 1. A set of continuous functions ¢, ¢1, ..., @, is called T-system over a
compact interval [a, b] iff

D(@Os(plv--'s(pn;l()s[lv---7tn)>0

for all pairwise distinct fp < t) < ... <1, € [a,b].

This generalizes the concept of polynomials in the sense that it allows unique
interpolation by cardinal functions and thus every linear combination Y _ ¢; ¢; (x)
has at most n zeros.

Examples for sets of functions that form a T-system on their respective domains
are of course polynomials {I,x,x2 x3, ..., x"}, fractional polynomials like
{1, J/x, x, x/x,x%, x2/x, ..., x"/?} or certain radial basis functions like, e.g.,
{exp(—(c";—zx)z), . ,exp(—(c”a_—zx)z)} for pairwise distinct ¢; € R.

We are now in the position to define the concept of generalized Gaussian

quadrature.

Definition 2 (Generalized Gaussian Quadrature Rule). Let @ ={¢y, ..., ¢2,—1}
be a set of integrable functions on a compact interval [a, b], i.e. fab @i w(x)dx < oo.

A generalized Gaussian quadrature rule on [a, b] is a n-point rule that is exact on
P, ie.

n b
Zw,-<pj(x,-)=/ @j(x)dx, forallj =0,...,2n—1. )

i=1
We have the following result from [25].

Theorem 1. Let @ = {¢q, ..., pu—1} be a T-system of integrable functions on the
bounded interval [a,b] & R. Then there exists a generalized Gaussian quadrature
rule with n nodes xi, ..., x, € (a,b) and non-negative weights wy, ..., w,.

This result was generalized in [29] to the case of (semi-)open intervals.

Theorem 2. [f @ constitutes a T-system on any closed interval [a, 5] C (a,b) C R,
then we call @ a T-system on (a, b) and there exist n nodes xi, . ..,x, € (a,b) and
non-negative weights wy, . .., wy, such that (8) holds.

Moreover, it is also known [19] that generalized Gaussian quadrature formulae are
unique. The determination of a specific generalized Gaussian quadrature formula
involves the problem of finding n nodes (x1, . .., x,) and weights (wy, ..., w,) such
that (8) holds. This is a system of 2n equations in both w € R” and x € (a, b)",
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which is highly non-linear in xi,...,x,. Once more, its solution is in general
a difficult task which is addressed in [29]. To avoid this issue, we will restrict
ourselves in the following to a certain class of T-systems which involves powers
of singular functions. This will allow us to resort to orthogonal polynomials again.

2.3 A Certain Class of Singular Tschebyscheff-Systems

In the following we will restrict ourselves to £2 = (a,b) = (0, 1) for the sake of
simplicity. But all results easily translate to arbitrary finite intervals (a, b) by affine
linear dilation and translation.

We propose the following T-system on §2 = (0, 1), which (as we will see)
possesses a structure that reduces the solution of (8) to a certain classical Gaussian
quadrature rule on Q= (0, 00).

To this end, let ¥ be a C!(0, 1) function that fulfills the following conditions:

1. ¥(0) = 0 and lim,—; ¥ (x) = oc.

2. [ ¥(x)! dx < oo, forall j € No.

3. ¥ is strictly monotonous increasing, i.e. ' > 0.

Remark 1. From the conditions (1)—(3) the following results can be derived:

¥ :[0,1) < [0,00) is a C!-bijection.

o limyLee v 1(y) = 1.

Jov @ty dy = 1.

* 1 is the inverse of a cumulative distribution function whose underlying distribu-
tion has finite moments on [0, 00).

Since polynomials form a T-system over any subset of R, the following lemma
proves, that

pj(x)=vy(x), j=012,... )

is a complete T-system over (0, 1), if y fulfills the conditions (1)—(3)

Lemma 1. If ¢y, ..., @y is a T-system on some domain R CRandy: 2 < 2 is
a bijection between §2 C R and 2, then the set

pj=¢joy: >R, j=01,...,n

is a T-system on §2.

Proof. Suppose that there exist pairwise distinct points ty, ..., t, € S2, such that
D(go, ... @usto,....tx) =< 0 holds. Because of the bijectivity of ¥ there are
points i; = Y(t;) € $2, such that D(Qo, ..., Pnilo,. .. 1n) < O, which is a

contradiction to the assumption that @y, . . ., ¢, is a T-system on §2. O
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Next we will describe the relationship between the generalized Gaussian quadrature
with respect to the system @ = {y/(-)/ }?":0 on 2 = (0, 1) and classical Gaussian

quadrature on the unbounded domain Q= (0, 00). To this end, we set

4 1
w(y) = dyw ) IO

which is non-negative on £2. We know that there exists a sequence of polynomials
Do, D1, P2, - .. on §2 which are orthogonal with respect to w, i.e. (pi. pj)ga, = ;-

Remark 2. The orthogonality of the p; translates to the set of functions
qj : (0, 1) —- R

qj(x):=pjoy(x), j=0,12,...,
i.e.
1 o]
| a0 ax = [ piin o) 001y =5,
0 0

Analogously, the n distinct zeros y; € 2 of Dn carry over to the zeros x; € (0,1)
of g, as

xj =y ), (10)

since qn(xj) = pn(yj) =0.
We finally arrive at the following result:

Theorem 3. With 2 = (0,1) and 2 = (0.00) let ¥ : 2 — $2 fulfill the
conditions (1)~(3), and let y; € 2, w; € RY (j = 1,...,n) be the nodes and
weights of the classical Gaussian quadrature rule on 2 with respect to the weight
function w(y) = diyw_l (y). Then the quadrature rule

Qu(f) =Y w; f(x;), wherex; =y (y;) € (0,1), (11)

=1

is exact on the span of @ = {@y, ..., @au—1} defined in (9), i.e.
1
On(p)) = /o pj(x)dx, forj=0,...,2n—1.

Proof. Because of o (x;) = yj? and

n 00 1
Y ik :/ y"w(y)dy=/ @i (x) dx
= 0 0
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it holds fork = 0,...,2n — 1 that
n 1
0,0 = Yo wiwir) = [ o) a, 0
j=1

By now we have shown that the generalized n-point Gaussian quadrature with
respect to the set of singular functions ¢, ¢, . .., ¢2,—1 from (9) can simply be
computed by mapping the nodes of a certain classical Gaussian quadrature in (0, co)
back to (0, 1). Moreover, because of (5) the quadrature rule (11) converges for any
continuous function on (0, 1). This kind of quadrature rule is especially suited for
integrands on (0, 1) with a boundary singularity located at x = 1. It is possible to
extend this approach to integrands with singularities at both endpoints of the domain

-1L1).
Remark 3. If we change the first and second condition to

1. limy— 4 ¥ (x) = Foo.
2. 1 ¥(x)/ dx < oo, forall j € Ny,

we obtain a T-system of functions which have singularities at both x = —1 and
x = +1. Moreover, it follows that

¥ (=1,1) <> (=00, 00) is a C! bijection.

e limy—4oo 1//_1(x) = +1.

Lo V'@ ) dy = 2.

* ¢ is the inverse of a cumulative distribution function whose underlying distribu-
tion has finite moments on (—o00, 00).

All previous statements also hold true for this case, with obvious modifications in
their proofs.

2.4 Examples

We now give three examples for the choice of the function ¥, where the first
one relates to the classical Gauss-Laguerre quadrature on (0, 00) with respect
to the weight-function w(y) = e~ and the second one to a non-classical rule
with respect to w(y) = cosh(y) - cosh(sinh(y))~2 on (0, 00) as well. The third
example refers to Remark 3 and is related to the classical Gauss-Hermite quadrature
on the double-infinite interval (—oo,00) with respect to the weight function

w(y) = exp(=y?).
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2.4.1 Powers of Logarithms

Our first example involves the classical Gauss-Laguerre quadrature rule, which is
well-known and its nodes and weights are available from numerous libraries.
We choose ¢ : (0, 1) — (0, o0) as

Iplog(x) = —log (I —x).
With (9), this results in the T-system defined by
or(x) == (—log(1—=x)*, k=01.2,.... (12)

The inverse is given as ' (y) = 1 — exp(—y) and its derivative is

d
w(y): d—yw”m = exp(—). (13)

Because of fol (—log (1 — x))k = k! all ¢ are integrable. Thus the conditions
(1)—(3) are fulfilled and Theorem 3 relates to the well-known Laguerre polynomials
which define the Gauss-Laguerre quadrature rules on (0, co) with respect to the
weight-function w(y) = e™”. Let w; and y; denote the n quadrature weights and
nodes of the Gauss-Laguerre formula on (0, o). Then, by mapping the Gaussian
nodes y; back to (0, 1), we obtain the quadrature rule

1 n
/ f(x) dx ~ Zw;f (x;), withx; =1 —exp(—y;) (14)
0

i=1

which is exact for g, ¢, . . ., ¢2,—1 defined in (12) on the interval (0, 1). Moreover,
one can prove that the generalized Gaussian quadrature (11) on (0,1) with ¢;
given by (12) achieves basically exponential convergence for certain integrands with
algebraic singularities.

Theorem 4. Let f(x) = (1 — x)™ with o < 1. Then, the generalized Gaussian
formula with respect to the T-system (12) converges faster than any polynomial, i.e.

1 n
‘/0 0 dx =3 w £ ()

i=1

< cqpn*,

where cq k is a constant depending on both « and k, but not on n.

Proof. By Theorem I from [30] the quadrature error of the Gauss-Laguerre formula
for a k-times continuous differentiable function g is bounded by

o0
_ k _
<en k'/ g O)le dy.  (15)
0

i=1

‘ /0 e e dy—S wig()
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Mapping this result to the unit interval yields

1 n
’ [ e ax = wipn

i=1

= /oo fa —e_y)e_ydy—i:wif(l —e )
0

i=1

o) n
/ e e Vdy— E wie®i
0

i=1

(as) k-
< cn_k-ozk/ |lyze®|e™ dy
0

k k
(1—a)2tt \2

which holds forany k = 1,2,.... O

Recall that for this class of integrands the Gauss-Legendre quadrature only achieves
an algebraic rate of convergence of n~ 1%,

2.4.2 Powers of Inverse Hyperbolic Functions

Next, we consider a choice for ¥ that consists of certain hyperbolic functions. It is
given by

VYhyp(x) = arc sinh (%arc tanh(x)) , x€(0,1), (16)

which is inspired by the so-called double exponential (DE) quadrature [32, 45]
that has gained substantial interest within the last years. It leads to the problem
of constructing a Gaussian quadrature rule for the weight function

cosh(y)

@) = cosh(5 sinh(y))?

on the infinite interval (0, co). For this purpose we use the algorithm proposed in

[11] and map the resulting Gaussian nodes y1, ..., y, back to (0, 1). This results in
the quadrature formula

/01 f(x) dx ~ Zn:wif(x,-), with x; = tanh (% sinh(yi)) 17

i=1

which is exact on the T-system

2 k
¢k (x) = arc sinh (—arc tanh(x)) , k=0,1,...2n—1.
T
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Note that the predecessor of the DE-rule was the Tanh-quadrature which was
introduced in [44]. In our setting it relates to

¥ (x) = arc tanh(x)

which also fulfills the conditions (1)—(3) and leads to orthogonal polynomials with
respect to

w(y) = cosh(y) ™.

Remark 4. Both the double exponential and the tanh approach rely on the quick
decay of f o ¥~!'(y)- DY ~'(y) as y — =00, which allows for an exponential
rate of convergence for the trapezoidal rule. This approach does not work well in
a multivariate setting, because the factor ]_[;{:1 Dy~ (y ;) exponentially blows up
the norm of the transformed integrand [27]. Our approach is different in the sense
that we do not apply a trapezoidal rule directly to f o ¥~!(y)- Dy ~!(y) but use a
Gaussian rule tailored to Dy ~!, which is applied to f o ¥~ only.

2.4.3 Powers of the Inverse Error Function

Our third example illustrates Remark 3 and relates to Gauss-Hermite quadrature on
the whole R. We choose ¥ : (—1,1) — (—00, 00) as

Vet (x) 1= erf ™ (x),

where erf(x) denotes the error-function.? This leads to the T-system of functions
o (x) = (erf ' (x))", k=0.1,2,... (18)

which have singularities at both x = —1 and x = 1. Since ¥ (x)* is integrable on
(=1,1) for all k = 0,1,..., the conditions (1")—=(3) are fulfilled and Theorem 3
relates to the well-known Hermite polynomials which define the Gauss-Hermite
quadrature rules on (—oo, 0co0) with respect to w(y) = %e‘y * . Then, if w; and Vi
denote the weights and nodes of the n-point Gauss-Hermite quadrature on R, the
resulting quadrature rule on (—1, 1) with respect to the T-system (18) is given by

/1 f(x) dx ~ Zwif(x,-), with x; = erf(y;).
-1

i=1

Note that it is possible to derive an analogous error bound as in Theorem 4 by an
estimate for Gauss-Hermite quadrature which is given in [30].

X g2

2The error-function erf : R — (—1, 1) is defined as erf(x) = %; fo e " dr.
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3 Dimension-Adaptive Sparse Grids

In this section we recall the sparse grid method for the integration of multivariate
functions. Sparse grid quadrature formulae are constructed using certain combina-
tions of tensor products of one-dimensional quadrature rules, see, e.g., [6, 15,16,20,
21,36,43,46]. This way, sparse grid methods can exploit the mixed smoothness of f,
if present, and may overcome the curse of dimension to a certain extent. Moreover,
they can be employed in a dimension-adaptive fashion.

3.1 Classical Construction

For a continuous univariate function g : (0,1) — R let

ng
Ong =Y Wik gXix)

i=1

denote a sequence of univariate quadrature rules with ny4; > ng, Qo f = 0 and
0.8 — fol g(x) dx for k — oo. Using the difference quadrature formulae

A = an - an,l

one has

) 1
> Ag :/ g(x) dx.
k=1 0

Then, for a d-variate function f : (0, l)d — R, its integral can be represented by
the infinite telescoping series

/ gx)dx =Y Af (19)
©.n¢ keNd

which collects the products of each possible combination of the univariate difference
formula. Here, k € N denotes a multi-index with k ; > 0and

A f = (Akl ®...®Akd)f.

For a given level / € N and the choice n; = 2% —1 the classical sparse grid method,’
see, e.g., [16,36,43], is then defined by

30ften denoted as Smolyak’s method, see [43].
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SGif = > MSf (20)

k| <l+d—1

where k|| := Z’j:l k ;. Here, from the set of all possible indices k € N9, only
those are considered whose | - |;-norm is smaller than a certain value. Note that the
product integration rule is recovered if the norm | - |00 ;= max{k; : j =1,...,d}

is used for the selection of indices instead of the | - |;-norm in (20).

3.2 Generalized Sparse Grids

The sparse grid construction can be tailored to certain classes of integrands if
some information on the importance of the dimensions or the importance of the
interactions between the dimensions is a priori known. This is achieved by choosing
appropriate finite index sets Z C N¢ in the representation (19) such that a given
accuracy is attained with as few as possible function evaluations.

To ensure the validity of the hierarchical expansion the index set Z has to satisfy
the admissibility condition

keZandl<k=1e7.

In this way, the generalized sparse grid method

SGrf =Y Mf 1)

keZ

is defined, see, e.g., [16]. Note that the product rule, the classical sparse grid
construction (20), sparse grids with delayed basis sequences [38] or nonisotropic

sparse grids based on the weighted norms [K|; 5 := Z?:l ajk; with weight factor

ac Rf{_ for the different coordinate directions [16,21] are just special cases of this
general approach.

3.3 Dimension-Adaptive Sparse Grids

In practice, usually no a priori information on the dimension structure of the inte-
grand is available. In this case algorithms are required which can construct appro-
priate index sets Z automatically during the actual computation. Such algorithms
were presented in [17,23] where the index sets are found in a dimension-adaptive
way by the use of suitable error indicators. The adaptive methods start with the
smallest index set Z = {(1,...,1)}. Then, step-by-step the index k from the
set of all admissible indices is added which has the largest value |Ag f| and is
therefore expected to provide the largest error reduction, see [15, 17,21, 33] for
details. Altogether, the algorithm allows for an adaptive detection of the important
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Algorithm 1 Dimension-adaptive construction of the index set 7

Initialize:

1. set of active indices: Z = (1,...,1).
2.s=Au.nf.

repeat

1. Determine the set of admissible indices A ={Z + ¢ :i =1,..., d}.
2. For allk € A compute A f.

3. Determine (some) k= arg maxge 4 Ax f

4. Add the index k to 7.

5. Update the sum s = s + Ag f.

until |A; f| <&

Output: SGz f = s.

dimensions and heuristically constructs optimal index sets Z in the sense of [5,22]
which is closely related to best N -term approximation [8].

For the sake of completeness, we give a simplified version* of the dimension-
adaptive algorithm from [17,21] in Algorithm 1. In our numerical experiments of
Sect.4 we will use this approach with the three generalized Gaussian quadrature
rules from Sect. 2.4.

Note finally that, besides the dimension-wise adaption, also a purely local
adaptivity based on the trapezoidal rule or higher order composite Newton-Cotes
formulae is possible [2, 4], which leads to algebraic convergence. However, since
our aim in this paper is to explicitly deal with boundary singularities by means of a
special generalized Gaussian approach that allows for exponential convergence, we
will stick to the dimension-adaptive approach here.

3.4 Degree of Exactness

Now we have a look at the degree of exactness of the sparse grid method. As before,
let @ = {g; };?';0 be a complete Tschebyscheff-system on (0,1) and let the
univariate quadrature rule, on which a particular sparse grid algorithm is based,
have a certain degree of exactness deg(rn) with respectto @, i.e.

1
On @) :/ @;j(x) dx, forall j =0,..., deg(ng).
0

“4The original algorithm from [17] which we employed in our computations in Sect. 4 uses a more
sophisticated error criterion than the one described in Algorithm 1.
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If one defines P = span{gy, ..., Qdacg(n;)}» the sparse grid algorithm SG7 is exact
on the space

{Pr, ®...Q P, : kel}

This is similar to a result from [36]. There it was shown that a regular Clenshaw-
Curtis sparse grid (i.e. Z, = {k € Ni 1 |k|; <d + £ —1})is exact on

{Pe,®...0 P, : |kKl1 =d +£—1},

where the ¢; are polynomials of degree i and deg(n;) = nj. In our case, we have
deg(ny) = 2n — 1 since we are in a (generalized) Gaussian setting.

4 Numerical Results

In this section we give results for several numerical experiments. First, we study
the behaviour of our generalized Gaussian quadrature formulae in the univariate
case for both, smooth and singular integrands, as well as the worst-case error in
the Hardy space. Then, we deal with the higher-dimensional case where we employ
the dimension-adaptive sparse grid approach that is based on our new univariate
approach and compare it with dimension-adaptive sparse grids based on classical
univariate rules like Gauss-Legendre or Clenshaw-Curtis quadrature. For the sake
of completeness, we also compare with plain Monte Carlo and the Quasi-Monte
Carlo method that is based on the Sobol sequence. Note that in all experiments the
term V. refers to the generalized Gaussian quadrature-formula with (12), while
Ynyp refers to the construction with (16). Ve refers to the construction from (18)
with the additional linear transformation to the unit-interval (0, 1).

Note that, because of fol f(x) dx = fol f(1—x) dx, it is advantageous to trans-
form integrands f(x) with a singularity located at x = +1 to f(1 — x), which has
the same singularity at x = 0. Since double floating point arithmetic is more precise
in a neighbourhood of 0 than in a neighbourhood of +1 it is possible to resolve the
singularity up to a higher precision, after this transformation is employed. Of course
the quadrature nodes have to undergo the same transformation, i.e. x; — 1 — Xx;.

4.1 Univariate Results

As our first univariate test case we consider functions with algebraic singularity of
the order 0 < o < 1 at x = 1, i.e. we consider the problem

S|
/0 (l——x)“ dx, (22)
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Fig. 1 Convergence behaviour for the singular integrand f(x) = (I — x)~'/2 (a) and smooth
integrand f(x) = exp(x) (b)

for various values of 0 < @ < 1. As can be seen in Fig. 1, the generalized Gaussian
approaches achieve exponential convergence not only for the smooth example with
f(x) = exp(x) but also for the singular integrand (22) with « = 1/2. Furthermore
it can be observed that the rate of convergence for the trapezoidal, the Clenshaw-
Curtis and the classical Gauss-Legendre quadrature are only algebraic. We clearly
see that the Gauss-Legendre rule loses its exponential convergence when it comes
to the treatment of singular functions. This is however not the case for our new
generalized Gaussian approach which exhibits exponential convergence for both,
the smooth and the singular test function.

Next, we consider how the type of singularity of the integrand (22) affects the
convergence. In Fig.2 one can see the performance of the univariate generalized
Gaussian approach based on Yo = —log(1 — x) for several values of @ € (0, 1).
The convergence is always exponential, even though it takes longer to reach the
asymptotic exponential regime for big values of «. Note that the integrands are
not in L2(0, 1) anymore for & > 1/2. For the actual computation of the results
displayed in Fig. 2 we used long double’ floating point arithmetic for the evaluation
of the integrand. We stress that the quadrature nodes and weights were only stored
in standard double® precision.

Another example concerns the quadrature error in a Hardy space. It consists of
functions that are analytic in the unit-circle D = {z € C : |z| < 1} and is given by

H?={f D> C:||flI}, <00}, where | f7, = /D | f()I* | dzl.

364 bit significant precision and 14 bit exponent precision.
653 bit significant precision and 10 bit exponent precision.
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Fig. 2 Convergence
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Gaussian quadrature w.r.t. 10-1 |
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algebraic singularities for
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Since H? is a reproducing kernel Hilbert space with kernel K(x, y) = ——, see

1—x
e.g. [47], the quadrature error in this space can be estimated by standard funcytional

analysis as

< Ru(x, W) - [ f 12,

1 n
' [ 7o ar=Yw

i=1

where R, (x, W) is the so-called worst-case error which depends on the nodes x and
weights w. It is explicitly given by

R,,(x,w)2=/ / K(s,t) dsdf — ZZW,/ K(t,x;) dt

i=1

non
+ ZZW,’W]'K(X,',X]')

i=1j=1

:—+22n: —10g(1—X, ZZW,WJI o
M

i=l1 i=1j=1

In Fig.3 one can see that all three new methods, i.e. the generalized Gaussian
quadrature with respect to Yiog, Yhyp and Yy, significantly outperform polynomial-
based methods like Gauss-Legendre as well as Clenshaw-Curtis and the trapezoidal
rule in the Hardy space.
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4.2 Multivariate Results for Standard Test Cases

Now we consider simple higher-dimensional model problems with a certain
multiplicative and additive structure. To this end, let

f(x) = Z yu]"[ m (23)

uc{l,..., i€u

where the so-called product-weights y,, [42,46] are defined by

Yu = H%‘-

i€u

Here, the sequence y; > y» > ... > y; > 0 moderates the contribution of the
different coordinate directions to the value of the integral.

For the special case y; = 277, the resulting convergence behaviour can be seen in
Fig. 4 for conventional integration methods like MC and QMC and the dimension-
adaptive sparse grid approach based on both, the classical Clenshaw-Curtis and
Gauss-Legendre formulae and our new quadrature formula with 05 chosen as (12)
and Yy, chosen as (16), respectively. We clearly see again that the conventional
methods only possess an algebraic rate of convergence, whereas our new approach
with V15 and Yy, indeed shows exponential convergence. We furthermore see that,
for this particular model problem, we obtain somewhat better results for v/, than
for Ynyp. For higher dimensions this exponential behaviour gets less prominent.
This stems from a delay in the onset of the asymptotic regime due to the dimension-
dependent constants involved here [34]. But the superiority over the conventional
methods still can be seen clearly.

As another example we will now deal with multivariate functions that can be
represented as a superposition of g-dimensional functions. They are just a special
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Fig. 4 Convergence behaviour for the test function with product-weights (23) with y; = 2~ for
dimensions d = 2,4, 8,16

case of the above framework where all y,, = 0 for sets u with cardinality bigger
than ¢, i.e. [u| > g. This type of weights is often referred to as finite-order weights,

see e.g. [41]. Here, we consider the test-function

Jag®) =)

uCD
lul<q

1

Y e —x)

(24)

The results are displayed in Fig.5. We basically observe a similar convergence
behaviour as in the previous example. Now, however, vy, is slightly superior to
Yog- Moreover, the offset of the asymptotic convergence behaviour with respect to
the dimension is more specific. The number of function evaluations, needed until the
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Fig. 5 Convergence behaviour of the finite-order test function (24) withg = 2andd = 2,4,8,16

convergence rate for the dimension-adaptive sparse grid methods kicks in, depends
quadratically on d. This is due to the fact that for ¢ = 2 the sum in (24) consists of

(4) parts.

4.3 Computing Multivariate Normal Probabilities
by the Genz-Algorithm

As a final example we consider the evaluation of multivariate normal probabilities
which is an important part of many numerical methods in statistics [14], financial
engineering [15], physics [31] and econometrics [1,24]. It is defined by the integral
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F(b) (25)

= ;/bl /bd ex (—lx’E_lx) dx
T e Jw )T\ T2

where ¥ € R?*? is a covariance matrix which depends on the specific problem
under consideration.

For (25) it is common to use a sequence of variable transformations to obtain
an integration problem that is defined on the open unit cube. This approach was
independently developed by Genz [12], Geweke and Hajivassiliou [3, 18] and
Keane [26]. In statistics, this method is often referred to as Genz-algorithm, while
in econometrics it is called GHK-simulator. Regular sparse grids based on the
Gauss-Legendre quadrature were utilized in [24] for the first time in this setting.
In the following we will demonstrate that the sparse grid approach can benefit from
our new univariate quadrature formulae. We remark that this approach can also be
applied to the computation of other probabilities, e.g. the t-distribution [14].

The Genz-algorithm [12] consists of several transformations and finally leads to
the integral

d

F(b) = b, /
(O,I)d_l i

1

bi(wi, ..., wi1) dw (26)
2

where the Z;i are recursively given by

i—1
l;,'(Wl,...,Wi_l) =¢ C,-;l . bi — ZCi’j . q§_l(wj -l;j(wl,...,wj_l)

Jj=1

Here, the matrix C € R?*? denotes a Cholesky factor’ of the covariance-matrix, i.e.
CCT=X,and® :R — (0, 1) is the cumulative Gaussian distribution function.

The main advantage of the Genz-algorithm in a dimension-adaptive sparse grid
setting stems from the fact that it enforces a priority ordering onto the variables
Wi, ..., wg—1, where w; contributes the most and w;_; contributes the fewest to the
value of F(b). Furthermore, the dimensionality of the original integration problem
is reduced by one. A disadvantage is of course the increased cost for the evaluation
of the transformed integrand in formula (26). Moreover, while the original integrand
was analytic in the whole complex plane, the new integrand is only analytic within
the opendisc {z € C : |z— %| < %} This is due to the inverse cumulative distribution
function @~ that introduces a singularity at the origin and in some dimensions a
fast growth of the integrand for arguments close to one. This is the reason why we
now also included the .,s method in our experiments for the Genz-integrand.

Cholesky factorization is here only unique modulo row and column permutation.
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Fig. 6 Convergence behaviour for the Genz-integrand with pg = 0.1 and b; = %

In our numerical experiments we will consider a special covariance structure for
which the integral in (25) has a closed form solution [10, 12]. Namely we assume that
the covariance matrix X' has constant variance X; ;=1 and covariance X; ;=v; - v;
fori # j, where v; € (—1,1),i = 1,...,d. We remark that the normalization
of the variance to one is not a restriction because it is always possible to shift the
variance via a diagonal transformation to the boundaries of integration by, ..., b,.

In our first example we choose constant correlation X; ; = pp = 0.1 and all
b = % In Fig. 6 it can be observed that the dimension-adaptive sparse grid approach
is superior to (Q)MC for small values of d. Especially if it is based on the new
generalized Gaussian formulae (11) with Y1g, Yhyp and Ve, it performs very well
and even achieves exponential convergence for small d. For higher dimensions the
convergence should still be exponential, but it takes quite long until this asymptotic
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Fig. 7 Convergence behaviour of the Genz-integrand with py = 0.25 and b; = —1 + 1’—'0

rate sets in. Thus exponential convergence is not visible in the case d = 16. This
situation is common for sparse grids, as pointed out in [34,35].

In our second example we use different values for the boundaries, namely
by = -1+ % and a bigger, but still constant correlation X; ; = py = 0.25.
The convergence behaviour is similar to the first example, as can be seen from
Fig.7. This demonstrates that our new approach indeed allows to deal with varying
boundary values as it is needed in most practical applications.

In the third example we look at a truly high-dimensional example with d up
to 256. Here we set X;; = 270*) and b; = —1 + %. This enforces an
exponential decay of the correlation coefficients which weakens the interaction
between the coordinates of the underlying integrand. Albeit involving a somewhat
strong restriction, such situations appear often in practical problems with high
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nominal but low intrinsic dimensions, where measured data are involved, like for
example in the panel probit models in econometrics [24], in density estimation in
statistics [13] or in the pricing of various instruments in financial engineering [15].

It can be observed in Fig. 8 that the dimension-adaptive sparse grid algorithm
has now no trouble with nominally high dimensions and is able to correctly detect
the important intrinsic coordinate directions. Moreover our new approach with .,
VYnyp and Yo clearly outperforms all other methods in the case d = 256, even
though exponential convergence, as in Fig. 6, is not apparent yet. Still, to achieve
a relative accuracy of 107 it needs less than 10° function evaluations whereas
QMC and the Clenshaw-Curtis or Gauss-Legendre based sparse grids would need
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about 10® function evaluations and plain Monte Carlo would even involve about
10" function values.

5 Conclusion

In the present paper we constructed a new univariate generalized Gaussian quadra-
ture rule for bounded domains, which is related to classical Gaussian quadrature
on unbounded domains with respect to a certain weight function. Special cases
involve the Gauss-Laguerre and Gauss-Hermite rules and thus allow for an easy
construction of the new generalized Gaussian quadrature by building onto existing
implementations. Another example, which is related to the double exponential
quadrature approach, was also presented.

Moreover, we used sparse tensor-products of this new univariate approach
to cover multivariate problems. As application we considered a variant of the
Genz-algorithm in which the multivariate integrals are evaluated by a dimension-
adaptive sparse grid approach that was based on the new generalized Gaussian
quadrature formulae. We demonstrated that our new method is able to significantly
outperform dimension-adaptive sparse grid methods based on Gauss-Legendre
or Clenshaw-Curtis quadrature as well as Monte Carlo and Quasi-Monte Carlo
methods in moderate dimensions up to 16 and for special cases also in a truly high-
dimensional setting with dimensions of d = 256.
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An Adaptive Wavelet Stochastic Collocation
Method for Irregular Solutions of Partial
Differential Equations with Random Input Data

Max Gunzburger, Clayton G. Webster, and Guannan Zhang

Abstract A novel multi-dimensional multi-resolution adaptive wavelet stochastic
collocation method (AWSCM) for solving partial differential equations with random
input data is proposed. The uncertainty in the input data is assumed to depend
on a finite number of random variables. In case the dimension of this stochastic
domain becomes moderately large, we show that utilizing a hierarchical sparse-
grid AWSCM (sg-AWSCM) not only combats the curse of dimensionality but, in
contrast to the standard sg-SCMs built from global Lagrange-type interpolating
polynomials, maintains fast convergence without requiring sufficiently regular
stochastic solutions. Instead, our non-intrusive approach extends the sparse-grid
adaptive linear stochastic collocation method (sg-ALSCM) by employing a com-
pactly supported wavelet approximation, with the desirable multi-scale stability of
the hierarchical coefficients guaranteed as a result of the wavelet basis having the
Riesz property. This property provides an additional lower bound estimate for the
wavelet coefficients that are used to guide the adaptive grid refinement, resulting in
the sg-AWSCM requiring a significantly reduced number of deterministic simula-
tions for both smooth and irregular stochastic solutions. Second-generation wavelets
constructed from a lifting scheme allows us to preserve the framework of the multi-
resolution analysis, compact support, as well as the necessary interpolatory and
Riesz property of the hierarchical basis. Several numerical examples are given
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to demonstrate the improved convergence of our numerical scheme and show the
increased efficiency when compared to the sg-ALSCM method.

1 Introduction

Many applications in engineering and science are affected by uncertainty in input
data, including model coefficients, forcing terms, boundary condition data, media
properties, source and interaction terms, as well as geometry. For example, highly
heterogeneous materials may have properties that vary over small length scales
so that these properties have to be often determined, e.g., by interpolating or
extrapolating measurements obtained at a few locations. These types of uncertainties
are known as epistemic because they are related to incomplete knowledge. In other
situations, referred to as aleatoric, uncertainty is due to intrinsic variability in the
system, e.g., fluctuations in turbulent flow fields. In practice, it is necessary to
quantify both types of uncertainties, a process which is naturally referred to as
uncertainty quantification (UQ).

The presence of random input uncertainties can be incorporated into a system
of partial differential equations (PDEs) by formulating the governing equations as
PDEs with random inputs. In practice, such PDEs may depend on a set of distinct
random parameters with the uncertainties represented by a given joint probability
distribution. In other situations, the input data varies randomly from one point of
the physical domain to another and/or from one time instant to another; in these
cases, uncertainties in the inputs are instead described in terms of random fields
that can be expressed as an expansion containing an infinite number of random
variables. For example, for correlated random fields, one has Karhunen-Loeve (KL)
expansions [37, 38], Fourier-Karhunen-Lo¢ve expansions [36], or expansions in
terms of global orthogonal polynomials [26,57,59]. However, in a large number of
applications, it is reasonable to limit the analysis to just a finite number of random
variables, either because the problem input itself can be described in that way (e.g.,
the random parameter case) or because the input random field can be approximated
by truncating an infinite expansion [24] (e.g., the correlated random field case).

Currently, there are several numerical methods available for solving PDEs with
random input data. Monte Carlo methods (MCMs) (see, e.g., [22]) are the classical
and most popular approaches for approximating expected values and other statistical
moments of quantities of interest that depend on the solution of PDEs with random
inputs. MCMs are very flexible and trivial to implement and parallelize using
existing deterministic PDE solvers, but they feature very slow convergence because
they do not exploit any regularity the solution may possess with respect to the input
stochastic parameters. On the other hand, the convergence rates of MCMs have mild
dependence on the number of random variables so that for problems involving a
large number of random parameters, MCMs remain the methods of choice.

Several numerical approaches have been proposed that often feature much
faster convergence rates. These include quasi MCMs [31, 32], multilevel MCMs
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[4-6, 10] stochastic Galerkin methods (SGMs) [1, 2, 26, 42] and stochastic collo-
cation methods (SCMs) [3, 41,45, 46, 58]. All approaches transform the original
stochastic problem into a deterministic one with a large number of parameters,
however, the SGMs and the SCMs are stochastic polynomial methods and differ in
the choice of the polynomial bases used and the resulting approximating spaces.
To achieve increased rates of convergence relative to MCMs, both approaches
are typically based on global polynomial approximations that take advantage of
smooth behavior of the solution in the multi-dimensional parameter space. SGMs
are based on orthogonal polynomials which lead to a coupling of the probabilistic
and space/time degrees of freedom; for this reason, SGMs are referred to as being
intrusive. On the other hand, SCMs are based on interpolatory polynomials so
that, when implemented, they result in ensemble-based non-intrusive approaches
for which the probabilistic and space/time degrees of freedom are uncoupled.

We emphasize that the better convergence behavior of SGMs and SCMs relative
to MCMs requires high regularity with respect to the random variables. However,
often in scientific and engineering problems there are irregular dependences, e.g.,
steep gradients, sharp transitions, bifurcations, or finite jump discontinuities, of a
quantity of interest (Qol) with respect to the random variables. In such cases, global
polynomial-based approximations such as SGMs and SCMs seriously deteriorate to
the point that they converge very slowly or may even fail to converge. Indeed, for
such applications, the use of SGMs and SCMs often result in no improvements over
MCMs. As a result, one turns to local approximation methods. To be effective, such
approximations have to be implemented using refinement strategies that focus on
regions of irregular behavior; otherwise, there would be an explosion in the required
computational effort as the number of random variables increases, a phenomenon
commonly referred to as the curse of dimensionality.

Not surprisingly, there have been many proposed methods that attempt to control
the curse, i.e., to put off its inevitable fatal effect to higher dimensions. Several
techniques involve domain decomposition approaches using h-type finite element
basis functions, similar to those constructed in the physical spatial domain. A
multi-element approach utilized in [23] decomposes each parameter dimension into
sub-domains and then uses tensor products to reconstruct the entire parameter space.
This method has successfully been applied to moderate dimension problems, but the
tensor-product decomposition inevitably re-introduces the curse of dimensionality.
Similarly, [34, 35] presents a tensor product-based multi-resolution approximation
based on a Galerkin projection onto a Wiener-Haar basis. This approach provides
significant improvements over global orthogonal approximation approaches. How-
ever, in terms of robustness, dimension scaling is not possible due to the resulting
dense coupled system and the lack of any rigorous criteria for triggering refinement.

It is recognized that any refinement strategy employed must be guided by
an accurate estimation of both local and global errors. In [39, 40], an adaptive
sparse-grid stochastic collocation strategy is applied that uses piecewise multi-linear
hierarchical basis functions developed in [25, 27, 30]. This approach utilizes the
hierarchical surplus as an error indicator to automatically detect the regions of
importance (e.g., discontinuities) in stochastic parameter space and to adaptively
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refine the collocation points in this region. The adaptation process is continued until
a prescribed global error tolerance is achieved. This goal, however, might be reached
by using more collocation points than necessary due to the instability of the multi-
scale basis used; see Sect. 3.3 for a complete description of the properties of such
multi-scale sparse grid approximations using hierarchical subspace splitting and see
Sect. 4 for the additional properties required to construct a stable and efficient multi-
dimensional multi-resolution approximation.

In Sect. 4, we propose an adaptive wavelet stochastic collocation method that
possesses the additional properties. The intent of our approach is to combat the curse
of dimensionality while maintaining the increased convergence rates of standard
SCM approaches by utilizing compactly supported wavelet basis functions. The
construction principles of such functions are highly developed; see, e.g., [11, 12,
17,18, 28] and the references therein. Such bases are in ubiquitous use in signal
processing and other applications. They have also been rigorously shown to
result in optimal approximations of PDEs (see, e.g., [13-15, 19, 20, 43, 49, 50])
and of PDE constrained optimal control problems (see, e.g., [16, 28]), when
compared with traditional finite element approximations. In this paper, due to their
general applicability to arbitrary domains, we consider second-generation wavelets
constructed from a lifting scheme [53-55]. Moreover, in addition to maintaining
compact support and the interpolatory properties of nodal bases, the beauty of the
second-generation wavelets is that they also form a Riesz basis, a property that
guarantees the stability of the hierarchical basis and allows one to construct a multi-
resolution approximation that utilizes significantly fewer collocation points.

The outline of the paper is as follows. In Sect. 2, we introduce the mathematical
description of a general stochastic initial-boundary problem and the main notation
used throughout the paper. In Sect. 3, we briefly recall the stochastic collocation
method and adaptive strategies using both global as well as piecewise linear hier-
archical polynomials. In Sect. 4, we propose our novel adaptive wavelet stochastic
collocation method and the properties of the second-generation wavelets we employ.
In Sect. 5, several numerical examples are given to demonstrate the effectiveness and
efficiency of our method compared with classic approaches.

2 Problem Setting

We follow the notation in [3,45,46] and begin by letting D denote a bounded domain
inRY, d € {1,2,3}, and (£2, F, P) denote a complete probability space. Here, £2
denotes the set of outcomes, F C 2% the o-algebra of events, and P : F — [0, 1] a
probability measure. We are interested in the following stochastic initial-boundary
value problem: find u: 2 x D x [0, T] — R” such that P-almost everywhere in £2

L@ (w) = f inDx0,T] )
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subject to the boundary and initial conditions

B)(u) =g ondD x[0,T] 2)

u=ug on D x {t =0}
Here, £ denotes a differential operator (linear or non-linear) depending on the
coefficient(s) a(w, x,t) with (w,x,t) € 2 x D x [0,T]; B denotes a boundary
operator depending on the coefficient(s) b(w, x, t) with (w, x,t) € £2x9dD x[0, T].
Similarly, the right-hand sides f(w, x,t), g(w, x,t), and up(w, x) can be assumed
to be random fields as well. Note that, in general, a, b, f, g, and uy belong to
different probability spaces, but for economy of notation, we simply denote the
stochastic dependences of these random data as if all belong to the same probability
space. We denote by W(D) a Banach space and assume the underlying stochastic
input data are chosen so that the corresponding stochastic system (1)—(2) is well-
posed so that it has an unique solution u(w,x,t) € L3%(2) ® L*(W(D);0,T),
where the space

L%; (2) @ LXAW(D);0,T) := {u : 2xDx[0,T] - R™ |uis strongly measurable

T
and/ /||u||%V(D)dP(w)dr< —I—oo}
0 2
(3)

consists of Banach-space valued functions that have finite second moments. Finally,
we note that in this setting the solution u can either be a scalar or vector-valued
function depending on the system of interest.

An example problem posed in this setting is given as follows.

Example 2.1 (Linear Parabolic PDE with Random Inputs). Consider the initial-
boundary value problem [60]: find a random field u : £2 x D x [0, T] — R such that
P -almost surely

oyu(w, x,t) — V- Ja(w,x)Vu(w, x,t)] = f(w,x,t) in £2xD x[0,T]
u(w,x,t) =0 on £ xdD x[0,T]
u(w, x,0) = up(w, x) on £2xD,

“

where V denotes the gradient operator with respect to the spatial variable x € D. To
guarantee the well-posedness of the solution of (4) in L3, (22) ® L>(H'(D);0,T),
one assumes that almost surely the coefficient a(x, ®) is positive and uniformly
bounded, i.e.,

P(a) €2 amn <a(w,x) <damx Vx€ 5) =1 with @min, dmax € (0,00) (5)
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and that the right-hand side satisfies
T T
/ / E[f?|dxdt := / / / fHw, x,t)dP(w)dxdt < +o0.
o Jp o JpJa

2.1 Finite Dimensional Noise

In many applications, the source of randomness can be approximated using just
a finite number of uncorrelated, or even independent, random variables. As such,
similar to [3, 45, 46], we make the following assumptions regarding the stochastic
input data, i.e., the random coefficients @ and b in £ and B and the right-hand sides

f, g, and ug in (1)—(2).

(A1) The stochastic input coefficient a satisfies (5) and the other stochastic input
data are bounded from above and below with probability 1, e.g., for the right-
hand side f(w, x,t), there exists fun > —00 and fm.x < 00 such that

P(a)E.Q © foin < f(@,%,1) < fmax VYX €D, VZE[O,T])zl (6)

and similarly for all remaining inputs.
(Az) The stochastic input data have the form

a(w, x,t) = a(ya(), x,1), flw,x,1) = f(ys(w),x,t) on 2xD x[0,T]
b(w,x,t) = b(yp(w), x,t), g(w,x,t) = g(yg(w),x,t) on £ x 9D x[0,T]

uo(w, x) = up(Yuy. x) on £2 x D.

(N

where N, € Ny and y,(0) = (Ya1(®), ... Yan,(®)) is a vector of uncor-
related real-valued random variables and likewise for Ny, Ny, Ny, N,, €
Ny andy, = (yp1(@).... 5, (@), Y5 = (Vr1(@), ... ysn, (@), Yo =
(g1 (@), ... yen, (@) and Yu; = (Yug1 (@), - - - Yug.N,, (@), respectively.

(A3) The random functions a(y,(w), x,t), b(yp(@), x,1), f(yr (@), x. 1), g(y¢ (w),
x,t) and up(y,,(w), x,t) are assumed to be o -measurable with respect to y,,
Yo, Y, Y andy,,, respectively.

In many applications, the stochastic input data may have a simple piecewise
random representation whereas, in other applications, the coefficients a and b in
(1) and the right-hand sides f, g, and uo in (2) may have spatial variation that
can be modeled as a correlated random field, making them amenable to description
by a Karhunen-Loeve (KL) expansion [37, 38]. In practice, one has to truncate
such expansions according to the degree of correlation and the desired accuracy
of the simulation. Examples of both types of random input data, each satisfying
assumptions A;—As3, are given next. Without lost of generality, we only consider the
coefficient a(w, x, t) in the examples.
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Example 2.2 (Piecewise Constant Random Field). We assume the spatial domain
D is the union of non-overlapping subdomains D;, j = 1,...,J, and the time
interval (0, T) is the union of disjoint subintervals (T;—1, T¢), k = 1, ..., K. Then,
we consider the coefficient a(w, x,t) is piecewise constant and random on each
space-time subdomain D; x (T, Tx), i.e.,

Nq
a(w,x,t) =09 + Zyu,n(w)an1Djx(Tk_1,Tk)(xat) for n=j+ (k—-1)J,
n=1
where 0,, n = 0,..., N, denote constants, 1 D x(Te—1.T¢) denotes the indicator

function of the set D; x (Ty—1, Tx) C D x [0, T'], and the random variables y, ,(w)
are bounded and independent. Note that assumption A requires restrictions on the
constants o, and the bounds on the random variables y, ,(w); in practice, such
restrictions would be deduced from the physics of the problem.

Example 2.3 (Karhunen-Loéve Expansion). Any second-order correlated random
field a(w, x, t) with continuous covariance function Cov[a](X;, X;), where X; =
(x1,11) and X, = (xp,1) are space-time coordinates, can be represented as an
infinite sum of random variables by means of, e.g., a KL expansion. For X = (x,¢),
we define the operator F : L2(D) x L*(0,T) — L*(D) x L*(0,T) by

T
Fu (%) ::/0 /DCov[a]()Zl,fc)v(fcl)dil Yve LX(D)x L*0,T). (8)

Because of the symmetry and non-negativity properties of covariance functions, the
operator F has real, non-negative eigenvalues {1, } >, that may be arranged in non-
increasing order and corresponding real orthonormal eigenfunctions {a,(%)}n—,.
For simplicity of the exposition, we assume that the eigenvalues are positive.
Furthermore, if we define mutually uncorrelated real random variables by

1

with zero mean and variance Var[y,] = +/A,, then a(w, x,t) can be represented
by the truncated N -term KL expansion, i.e.

T
/ / (a(w,X) —ela](X)) a,(X)dX, n=12,...
o Jp

Na
a(@.x.1) = Ela](x.1) + > vy (x.0)yon ().
n=1

Finally, note that if the process is Gaussian, then the random variables {y, , }°2 , are
standard independent identically distributed random variables.

We remark that assumption A, and the Doob-Dynkin lemma guarantee that
a(yq(w), x,t) is a Borel-measurable function of the random vector y, and likewise
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for b, f, g, uo, with respect to y,, ¥», Y7, Y¢ and y,,. As discussed in [60],
the random fields a, b, f, g, uo are independent because of their physical
properties, so that y,, ¥5, Y7, Yg» Yu, are independent random vectors. Thus, we
relabel the elements of the five random vectors and define y = (y1,...,yn) =
(Ya. Y5, Y75 Ye>Yu,) Where N = N, + Ny + Ny + N, + N,,. By definition, the
random variables {y, };]1\,:1 are mappings from the sample space §2 to the real space
RY, so we denote by I}, = y,(£2) C R the image of the random variable y,, and
set [' = 1—[’11v=1 I, where N € N. If the distribution measure of y(w) is absolutely
continuous with respect to Lebesgue measure, there exists a joint probability density
function (PDF) for {y,}"_, denoted by

oly): I' = Ry with p(y) € L®°(I).

Thus, based on the assumption A,, the probability space (§2, F, P) is mapped to
(I, B(I'), p(y)dy), where B(I") is the Borel g-algebra on I" and p(y)dy is the
finite measure.

Finally, we are in position to restate the random input data in terms of y as
follows:

a(w,x,t) =a(y(w),x,t), fw,x,t) = f(y(w),x,t) for (y(w),x,t) e I' x D x[0,T]
b(w,x,t) =b(y(w), x,t), glw,x,t) = g(y(w), x,t) for (y(w),x,t) € I' x ID x [0, T]
up(w, x) = up(y(w), x) for (y(w),x) € I' x D.

)

Asa Esult, the problem (1)—(2) can be restated as follows: find a function u(y, x, ¢) :
I' x D x[0,T] — R™ such that p-almost every y € I", we have that

L(a(y.x,0))(w) = f(y.x,1) inDx[0,T] (10)
subject to the boundary and initial conditions

B(b(y, x, 1)) = g(y.x,1) ondD x [0, T] an
u=uy(y,x) onD x{t=0}.

By assuming the solution u of (1) and (2) is o-measurable with respectto a, b, f, g

and uy, then, by the Doob-Dynkin lemma [47], u(w, -, -) can also be characterized

by the same random vectory, i.e.,

w(@, x,1) = u(y1(®),..., yn(@),x,1) € Ly(I) ® L*(W(D);0,T),  (12)
where L/z)([' ) is the space of square integrable functions of I" with respect to the

measure p(y)dy. As indicated in (12), the solution u(y, x, t) belongs to the function
space L/Z)(F) ® L2(W(D);0, T) that is defined by
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L%(F) ® L2 (W(D);0,T) := {u : ' xD x[0,T] = R™ |uis strongly measurable

T
and/F/O ||u||%V(D)p(y)dzdy<oo}.
(13)

We once again note that, in general, each appearance of y in (10)—(11) can be a
different vector of random variables each belonging to a different probability space
and that in the end, the solution u depends on all the different y’s which collectively
belong to the product space of the individual probability spaces. However, again to
economize notation, we do not explicitly differentiate between the different vectors
of random variables.

Thus far we have turned the possibly infinite-dimensional stochastic initial-
boundary value problem given by (1)—(2) into a finite-dimensional parametric
problem (10)-(11). Without loss of generality, we will assume the support of
the random variables y, is I, = [0,1] forn = 1,...,N and therefore the
bounded stochastic (or parameter) space is the N-dimensional unit hypercube
I = [0,1]". At this point, we can apply any stochastic approximation technique,
e.g., spectral-Galerkin, locally adaptive, etc. However, the focus of our work
involves non-intrusive approximations (such as Monte Carlo sampling or stochastic
collocation methods) in probability space for which, for any realization of the
random parameters y(wy ), solutions can be constructed using standard deterministic
approximation techniques in space-time, e.g., finite difference methods, finite
element methods, finite volume methods, etc. for spatial discretization and backward
Euler or Crank-Nicolson schemes for temporal discretization [44, 60].

3 Adaptive Stochastic Collocation Methods

To provide context and background for the new method we present in Sect.4, in
this section we discuss, in general terms, adaptive stochastic collocation methods
(SCMs). These approximations are computed via Lagrange interpolation of the
random parameter dependence of solutions of (10)—(11), described in Sect.3.1,
constructed from either globally or locally supported basis functions, described in
Sects. 3.2 and 3.3 respectively. In Sect. 3.3, we discuss in somewhat more detail
the special case of hierarchical piecewise polynomial basis functions, leading to
the hierarchical, locally adaptive, piecewise linear approximations. The latter is
the closest precursor to our new method and, naturally, we use it for comparison
purposes.

We note that the use of polynomials having the property that the interpolation
matrix is diagonal, i.e. the “delta property” (see Remark 3.1), leads to approx-
imations that some authors refer to as stochastic collocation methods (SCMs).
Others use that terminology to refer to any method for which the parameter and
spatial/temporal degrees of freedom uncouple; with this view, which is the one
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we adopt, all methods discussed below and in this section and in Sect.4 would be
referred to as being SCMs.

3.1 Lagrange Interpolation in the Probabilistic Domain

The goal is to construct a numerical approximation of the solution of (10)—(11) in
a finite-dimensional subspace P(I") ® L*(W,(D);0,T). Here, W;,(D) C W(D)
is a standard finite element space of dimension dim(W,) = M, used for spatial
discretization and P(I") C L/Z)([‘ ) is a finite-dimensional space of dimension
dim(P(I")) = M, used for approximation in parameter space. Of course, a
temporal discretization, usually via a finite difference method, is implied as well.
Interpolatory approximations in parameter space start with the selection of a set
of distinct points {yk},](‘i1 € I, in parameter space and a set of basis functions!
{Vr (y)},](‘/l=1 € P(I'). Then, we seek an approximation uy, y € PI) ®
L?>(W(D);0, T) of the solution u of the problem (10)—(11) of the form

M
g (¥, X, 1) = Y e (6, DY (Y)- (14)

k=1

The Lagrange interpolant is defined by first obtaining M realizations uy, (Y, X, t)
of the finite element approximation® of the solution u(yy,x,?) of the problem
(10)—(11), i.e., one solves for the finite element approximation for each of the
interpolation points in the set {yk},’(‘il. Then, the coefficient functions {cy (x, t)},’(‘i1
are determined by imposing the interpolation conditions

M
> el 0Ye(y) = un, (yi. x.1)  fork =1,.... M. (15)
(=1

Thus, the coefficient functions {c;(x, t)}?i , are each a linear combination of the
data functions {u, (Y, X, t)}]i”=1; the specific linear combinations are determined
in the usual manner from the entries of the inverse of the M x M interpolation
matrix K having entries Kiy = ¥¢(yx), k,£ = 1,..., M. The sparsity of K heavily
depends on the choice of basis; that choice could result in matrices that range from
fully dense to diagonal.

n general, the number of points and number of basis functions do not have to be the same, e.g.,
for Hermite interpolation. However, because here we only consider Lagrange interpolation, we let
M denote both the number of points and the dimension of the basis.

2Extensions to other methods, e.g., finite difference, finite volume, spectral or h-p, etc. are
straightforward.



An Adaptive Wavelet Stochastic Collocation Method for SPDEs 147

A main attraction of interpolatory approximations of parameter dependences
is that it effects a complete decoupling of the spatial/temporal and probabilistic
degrees of freedom. Clearly, once the interpolation points {yk},’(‘g1 are chosen,
one can solve M deterministic problems [i.e., the spatial/temporal discretization
of (10)—(11)], one for each parameter point yx, with total disregard to what basis
{V (y)}]i”=1 one choose to use. Then, the coefficients {cy (x, t)}]i”=1 defining the
approximation (14) of the solution of (10)—(11) are found from the interpolation
matrix K as discussed above; its only in this last step that the choice of basis
enters into the picture. Note that this decoupling property makes the implementation
of Lagrange interpolatory approximations of parameter dependences as trivial as
it is for Monte Carlo sampling. However, if that dependence is smooth, because
of the higher accuracy of, e.g., polynomial approximations in the space P(I"),
interpolatory approximations require substantially fewer sampling points to achieve
a desired tolerance.

Remark 3.1 (The “Delta Property”). Given a set of interpolation points, to com-
plete the setup of a Lagrange interpolation problem, one has to then choose a
basis. The simplest and most popular choice are the Lagrange polynomials, i.e.,
polynomials that have the “delta property” ¥(yx) = 0r¢, Where 8 denotes the
Kroeneker delta. In this case, the interpolating conditions (15) reduce to ¢k (x,?) =
up(yi,x,t) fork = 1,..., M,i.e., the interpolation matrix K is simply the M x M
identity matrix. In this sense, the use of Lagrange polynomial bases can be viewed
as resulting in pure sampling methods, much the same as Monte Carlo methods,
but instead of randomly sampling in the parameter space I", the sample points are
deterministically structured as, e.g., tensor product or sparse grid points.

3.2 Adaptive Global Sparse-Grid Lagrange Interpolation

When the solution is analytic with respect to the noise parameterization, the most
widely used approaches for constructing approximations of the form (14), involves
building global Lagrange interpolants [3,45,46]. This is accomplished by replacing
the polynomial space P(I") by P,(I"), defined as the span of product polynomials,
ie.,

N
Py(I) = span{ [Ty withp=(pr....pw) € T\
n=1

where the index set 7 (p) determines the type of polynomial space used. Thus,
the dimension M of P,(I") is the cardinality of the index set J(p). Two obvious
choices are tensor product spaces of one-dimensional polynomials of degree p for
which J(p) = {p € NV : max;<,<y p» < p} and total degree p spaces for which

J(p)={peNV: YN p <ph
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Both these choices are problematical even for problems having moderately large
parameter dimension N. The first choice results in M = (p + 1)V interpolation
points, a number which grows explosively with increasing N; this is perhaps the
most egregious instance of the curse of dimensionality. For the second, we have
M = (N + p)!/(N!p!) interpolation points, i.e., much slower growth than for the
tensor product case, so that the inevitable fatal effects of the curse are postponed to
higher dimensions. However, this choice requires a judicious choice of the location
of the interpolation points because arbitrary choices can result in large Lebesgue
constants which can lead to serious deterioration in accuracy. Unfortunately, good
choices of total degree interpolation points in N -dimensional cubes are not known,
even for moderate values of N.

A third choice for the interpolation abscissas are sparse-grid points, constructed
from the roots of either the nested Chebyshev (Clenshaw-Curtis) or the Gaussian
polynomials [3,45,46]. Typically, in these approaches the index set is defined using
the Smolyak method [9, 52] where

0, p=0
N

J(p) = pGNN:Zf(pn)ff(p)} with f(p) = 4 1. p=1
n=1

[logy(p)]., p=2

Other polynomial spaces have been described and considered in, e.g., [7,56].

For any choice of interpolation points, a reduction in the number of interpola-
tion points can be effected by using dimension-adaptive global polynomials. For
example, for the tensor product, total degree and Smolyak cases, one can use the
index sets J(p) = {p € NV : maxi<p<y @ pn < ttminp}, T(p) = {p € NV :

S iepn = @uaph and J(p) = {p €NV X0 00 f(pa) < i f(P),
respectively, where the weights «, > 0, n = 1,..., N, can be computed either
a priori or a posteriori; see [46].

3.3 Adaptive Hierarchical Sparse-Grid Lagrange Interpolation

None of the approaches discussed above, as well as those commonly refereed to as
polynomial chaos methods, that use global orthogonal polynomials in the parameter
space, are effective in approximating solutions u(y, x,t) of (10)-(11) that have
irregular dependence with respect to the random parameters. What is required for the
effective approximation of solutions having irregular dependence with respect to the
random parameters is an approximating space that allows for, through a judicious
choice of basis, a multi-level, multi-scale decomposition. Such an approach can
be constructed using piecewise polynomial approximations in the parameter space
with multi-level, multi-scale hierarchical bases. A step in this direction was the
development of an adaptive piecewise linear hierarchical sparse-grid approximation
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[9,27] and their utilization for solving problems with random inputs [39,40]. In this
section we discuss hierarchical sparse-grid Lagrange interpolation approaches and
also specialize to the approach [9,27,39,40]. In Sect. 4, we extend this technique
by developing a multi-dimensional multi-resolution interpolating wavelet-based
approximation.

Instead of using global polynomial interpolating spaces that attempt to achieve
greater accuracy by increasing the degree p of the polynomial space, piecewise
polynomial interpolation spaces attempt to achieve greater accuracy with a fixed
polynomial degree by refining the grid that is the underpinning of the definition of
the space. Problems having solutions with irregular behavior cannot take advantage
of increases in the degree of the polynomials used; however, through local grid
refinement in regions where the solution exhibits irregular behavior, piecewise
polynomial spaces have the potential to be effective for such problems. However,
realizing that potential for problems with even moderate parameter dimension N is
not a straightforward matter.

Piecewise polynomial spaces for Lagrange interpolation are most often imple-
mented in a standard “finite element” manner using locally supported nodal basis
functions. One advantage of this approach is that the basis functions have the “delta
property” (see Remark 3.1). However, such choices do not result in a multi-scale
basis so that defining reliable error indicators for adaptive refinement is a difficult
matter and, in fact, obtaining approximations that are efficient with respect to the
number of degrees of freedom used to achieve a desired accuracy is not possible.
We also focus the discussion on sparse-grid hierarchical polynomial interpolation
because multi-dimensional approximations based on tensor product grids are not
viable for high-dimensional parameter spaces, even for polynomial degree p = 1,
because of the large number of degrees of freedom involved.

That is, for each parameter dimensionn = 1,..., N, we define V,, := L/ZD(F,,).
Then, the desired approximation is based on a sequence of subspaces {V;,}7°_, of

V, of increasing dimension M;, ,which is dense in V,,, i.e., Uﬁf’:o Vi, = Vu. The
sequence of spaces is also required to be nested, i.e.,
VoCVlCVQC"'CVi”CV,‘K.HC"'CV,,. (16)

A set of subspaces satisfying these requirements are defined as the span of a nodal
piecewise polynomial basis of order p, i.e.,

Vi, = span{¢” (y,) | 0 < ji, < 2™}, (17)

where i, denotes the scaling level of all the basis functions ¢>;’; with compact
support, i.e., supp(¢>}’; ) = 0(27™), and ¢;’; (yn) is a polynomial of degree p. For
example, suppose M;, distinct points are selected in the interval I",, such that the
maximum distance between any two neighboring points is of order O(27"7). Then,
the simplest choice for the set {qb;’; }%’;1 are the linear “hat” functions corresponding



150 M. Gunzburger et al.

to the selected points in T ,; in this case, we indeed have that the support of each
@7 (yn) is of order O(27™).

Similarly, for an N-dimensional problem, we define ) ZARE le)([' ). Then,
a sequence of subspaces {VIN 32, of VN can be constructed using a sparse-grid
framework, i.e.,

N N
vW=J®Vv =UJ 8pan% [T 0w ‘ 0<)n< 2i’?}, (18)
il<t n=1 i<t

n=1

wherei = (iy,...,iy) € Nﬁ is a multi-index and |i| = i1 + --- + iy < [ defines
the resolution of the sparse-grid approximation in Viv . Note that full tensor-product

resolution is defined by simply replacing the index set by nllaxN in <.
n=l1,...,

Instead of using locally supported nodal bases, we construct a hierarchical
approximation at level L using a truncation Viv of the infinite expansion V. We
begin with a basis for V¥ and then, due to the nested property of {V,N 1720, We
express the finer subspaces of V[N as a direct sum V[N = Vﬁ 1 © WY, where
WY = VN /@l L VN Therefore, we have that

VW=vlew' e --ow). (19)

Then, the hierarchical sparse-grid approximation of uy, pm(y,x,t) € Vi\’ ®
L*>(W(D);0,T) in (14) is defined by

L
w9, %0 =@y, 6,0 =Y DY a0y, (20

=0 li|=I j€B;

where Iiv VIS Viv denotes the approximation operator, wji = ]_[’]1\':l qb;’; denotes
a multi-dimensional hierarchical polynomial, and B; a multi-index set defined by

0<j,<2" j,odd, 1<n<N,ifi,>0

Bi={jeNy ) (1)
Jjn=0,1, 1<n<N,ifi,=0

The approximation space P,(I") = V! and the particular basis chosen are

required to possess the following properties.

(P1)  Nested hierarchical subspaces: V)Y c V¥ c ---c V2.
(P,)  Small compact support: supp (]_[fqu ! q&;’; ) =0 (2_ Y= i'l).

(P;) Interpolatory basis: {q&;} in (17) is an interpolating basis for V;, e.g., the
“hat” functions, so that the approximation operator Z} in (20) is a multi-
dimensional interpolation operator.



An Adaptive Wavelet Stochastic Collocation Method for SPDEs 151

iy =0 ip=1 ih=2 |
I
I
| °
I
P e I [ ] [ ] [ ]
P ERR AR S ~a A [a
I ) ° ® o o e 0|
& n 1 [ ]
1
K i o0 00000
[N !
I ! [ ]
n I
. ?‘fo.n Hio e Hoo | [ ) (]
L I
T I [ ]
() |
VY, N
@ ° ° ! - -
I otr R 2
- \ h Isotropic sparse grid H3
I ! - !
& v P T 1
L TRt N N g
¢ ° ° |
1 I
Il !
I
””Ho.l I Hii ) ° °
| A 4
Y ! \
I ! PSS |
™ 1 .(,,,.\ .p. °
e | \
Ly 1 U
o \ LA S N
= e ! o, % e
73
I
'{. ! ()
I
H, I . . 772
0.2 | Adaptive sparse grid H3

Fig. 1 Nine tensor-product sub-grids (left) for level L = 0, 1,2 of which only the six sub-grids
with i; + i, < 2 are chosen to appear in the level L = 2 isotropic sparse grid H3 (right-top)
containing 17 points. With adaptivity, each point that corresponds to a large surplus, e.g., the points
in red, blue, or green, lead to 2 children points added in each direction resulting in the adaptive

sparse grid H3 (right-bottom) containing 12 points

(Ps)  Decay of the coefficients for smooth functions in L/Z](F): there exits a
constant C, independent of the level L, such that for every u(y,-,-) € L%(F )
the following holds:

L

SN el 2 < CLuls . (22)

1=0 |i|=l j€B;

Denote by H; = {yfi | j € Bi} the set of points corresponding to the basis
functions 1/fji (y) with j € Bj; then, the set of points corresponding to the subspace
W} is given by Ujjj—'H; and the set of points used by Z}' (u) is defined by

HY = | ™ (23)

lil<L

which is the sparse grid corresponding to Vﬁ' . Note that due to property P;, the
sparse grid HY is also nested, i.e., HY_, C HY.In Fig.1, we plot the structure
of alevel L = 2 sparse grid in N = 2 dimensions, without considering boundary
points. The left nine sub-grids H; correspond to the nine multi-index sets B;, where
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i< {(0,0),(0,1),(0,2),(1,0),(1,1),(1,2),(2,0),(2,1),(2,2)}.

The level L = 2 sparse grid H3 shown on the right (top) includes only six of the
nine sub-grids in black according to the criterion |i| < 2. Moreover, due to the
nested property of the hierarchical basis, H3 has only 17 points, as opposed to the
49 points of the full tensor-product grid.

Next, we explain how to compute the coefficients c; (x,1). In general, this
requires the solution of a linear system whose right-hand-side depends only on the
value of the finite element approximation of the solution u at each collocation point.
Moreover, the structure of the coefficient matrix depends on the type of hierarchical
polynomials used in (20). However, for some choices of the basis, these coefficients
can be computed explicitly.

Example 3.2 (Linear Hierarchical Piecewise Polynomials). We can take the hierar-
chical one-dimensional functions to be the standard piecewise linear finite element
basis, i.e., the basis function ¢>§ in (17) are obtained by the dilation and translation
of the function

L—|y| ifye[-11]
0 otherwise.

d(y) = (24)

This basis possesses properties P;—P4. Examples of higher-degree bases are given
in [9]. Then, Iiv (u) in (20) can be rewritten as

IV () (y. x.t) = I0_ (u)(y. x. 1) + ALY (u)(y. x. 1), (25)

where Z_,(u) is the sparse-grid approximation in VI, and AZY (u) is the
hierarchical difference interpolant corresponding to Wiv . Due to property Pj, the
set of grid points used by AZ} (u) can be denoted by AHY = HY\HY_,. Then,
due to the interpolatory property P; and the choice of the basis function (24), by
substituting y} € AHg in (25), we obtain that

C}(X, t) = Iiv(u)(y;s-xs Z) _Iiv—l (M)(y}vxv t)

. . (26)
= M(y;v X, t) - Iiv—l (M)(y;s X, Z)
as the hierarchical surplus. This is simply the difference between the solution u at
a point y} on the current level of interpolation and the interpolated value of the
previous level [30] at that point. Therefore, using the recursive formula (25), we can
compute all the coefficients c} in (20) by calculating the coefficients of AIQ’ (u) for
I=1,...,L.

According to the analysis in [30], for smooth functions described by property
Py, the hierarchical surpluses tend to zero as the interpolation level goes to infinity.
On the other hand, for irregular functions having, e.g., steep slopes or jump
discontinuities, the magnitude of the surplus is an indicator of the interpolation
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error and, as such, can be used to control the error adaptively. That is, for the sparse
grid HY, abscissas involved in each direction can be considered as a tree-like data
structure as shown in Fig. 1.

For example, on the left, we show that the red point in Hy has two children
points at level L = 1 in each of the horizontal and vertical directions; the four
children are indicated by the arrows emanating from the red point. Each of its
four children also have four children of their own at level L = 2, and so on for
subsequent levels. Suppose the magnitude of the coefficients (the surplus) associated
with the blue and green children are larger than a prescribed tolerance, but those for
the two black children of the red point are smaller than the tolerance. In this case,
refinement is effected only from the blue and green children; no refinement is done
of the black children. This is indicated by having, at level L = 2, four arrows
emanate from the blue and green points, but none from the black points. We arrive
at the adaptive space grid H,» that has 12 total collocation points, shown on the
right (bottom) of Fig. 1. The analagous (non-adaptive) isotropic sparse grid, which
has 17 collocation points, is also shown on the right (top).

In general, a grid point in a N -dimensional space has 2N children which are also
the neighbor points of the parent node. However, note that the children of a parent
point correspond to hierarchical basis functions on the next interpolation level, so
that we can build the interpolant Z2" () in (20) from level L—1 to L by adding those
points on level L whose parent has a surplus greater than our prescribed tolerance.
In this way, we can refine the sparse grid locally and end up with an adaptive sparse
grid which is a sub-grid of the corresponding isotropic sparse grid.

A sparse grid adaptive linear stochastic collocation method (sg-ALSCM) that
utilizes a locally supported linear hierarchical basis, given by (24), to approximate
random functions in the multi-dimensional hypercube I" C R were considered in
[21,29,39,40]. As mentioned in Example 3.2, the expansion coefficients c}(x, t) in
(20) are simply the hierarchical surpluses and adaptive refinement is guided by the
magnitude |ch| of those coefficients. However, this approach has a major drawback:
one cannot estimate the error from below with constants independent of the number
of hierarchical levels involved. Thus, the linear hierarchical basis does not form a
stable multi-scale splitting of the approximation space [48] and the absolute value of
a hierarchical coefficient is just a local error indicator and not a true error estimator.
As a result, one obtains sufficiently refined sparse approximations for which the
error is behaving as predicted, but in doing so, one may have used many more
grid points than needed to achieve a prescribed error tolerance for the adaptive
procedure. This scheme has no guarantee of efficiency so that some previous claims
of optimality with respect to complexity for this approach are heuristic, not provable
and, in general, not valid.

Our approach is generally similar, but uses multi-resolution wavelet approxi-
mations that possess all the properties (P;—P4) of the linear basis functions, but
also possess an additional property that guarantee stability and efficiency. We will
introduce this essential criteria in Sect.4 and more importantly, also explain the
advantages of our novel adaptive wavelet stochastic collocation method (AWSCM).
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4 Adaptive Wavelet Stochastic Collocation Method

As discussed several times in the paper, UQ for complex stochastic systems that
require the approximation and/or resolution of statistical Qols involving, e.g., steep
gradients, sharp transitions, bifurcations, or finite jump discontinuities, in possibly
high-dimensional probabilistic domains, require sophisticated multi-dimensional
multi-resolution adaptive algorithms. To be effective, however, refinement strategies
must be guided by accurate estimates of errors (both local and global) while not
expending unnecessary computational effort approximating the Qol with respect
to any random dimension. In the sg-ALSCM described in Sect.3.3, given the
hierarchical sparse-grid approximation (20) that satisfies properties P;—P;, stable
and efficient approximations of such irregular problems cannot be guaranteed. Here,
by efficiency we mean achieving a prescribed error tolerance with a reduced number
of grid points. This can result in an explosion in computational effort for high-
dimensional problems. Towards alleviating this effect, we require the following
additional property of the basis functions wji (20), namely

(P5s)  Riesz property: the basis {wj‘} in (20) is a Riesz basis so that there exists a

constant Cg > 0, independent of the level L, such that for all Z* () given by
(20) the following holds:

@

YTl = [Tl <Y Y Y

1=0 |i|=! jEB; 1=0 [i|=I j€B;

where the set of multi-indices B; is defined as in (21) and Z§(u) =
Iy @)y, ).

Unfortunately, finite element bases such as the linear hierarchical polynomials used
in the sg-ALSCM of [39,40] are not Riesz bases, so norms of such approximations
can only be bounded from above (but not from below) by sequence norms of the
corresponding coefficients. In other words, they are not L/z,-stable, as implied by
property Ps. The same can be said for the high-order hierarchical polynomial basis
in [9], the Lagrangian interpolation polynomials used in [45, 46], as well as the
orthogonal polynomials in [33,34].

On the other hand, standard Riesz bases, e.g., Fourier and orthogonal polynomi-
als, consist of functions that are globally supported. In the numerical PDE setting,
this has the disadvantage of leading to dense stiffness matrices and, in the UQ
setting, to intrusive methods. However, certain classes of hierarchical wavelet and
pre-wavelet bases are not only Riesz bases, but consist of compactly supported basis
functions. Thus, we have the best of both worlds: the compact support property
of standard finite element bases and the Riesz basis property of spectral bases.
Moreover, an interpolating wavelet basis can be utilized for the approximation
given by (20), satisfies all the properties P;—Ps, and forms a stable multi-resolution
analysis of the stochastic space L/z) as defined in [18]. Hence, for the interpolating
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wavelet basis, we obtain the two-sided estimates given by Ps. Therefore, the
magnitude of the wavelet coefficients |ch| in (20) can serve as true local error
estimators and the lower bounds provided by the Riesz basis property gives us a
rigorous indicator of the efficiency of adaptive schemes. This means a prescribed
error tolerance is reached at a significantly reduced number of points in a sparse
grid adaptation process. This results in a superior convergence rate when compared
to methods using other hierarchical multi-scale basis functions. We choose one
particular class of second-generation wavelets, namely lifted interpolating wavelets
on the bounded interval, to achieve this goal. We next provide details about such
wavelets.

4.1 Second-Generation Wavelets and the Lifting Scheme

Second-generation wavelets are a generalization of biorthogonal wavelets that are
more easily applied to functions defined on bounded domains. Second-generation
wavelets form a Riesz basis for some function space, with the wavelets being local
in both “spatial” domain (in our context, the parameter domain) and the frequency
domain and often having many vanishing polynomial moments, but they do not
possess the translation and dilation invariance of their biorthogonal cousins. The
lifting scheme [53,54] is a tool for constructing second-generation wavelets that are
no longer dilates and translates of one single scaling function. In contrast to first-
generation wavelets, which use the Fourier transform to build the wavelet basis, a
construction using lifting is performed exclusively in the “spatial” domain so that
wavelets can be custom designed for complex domains and irregularly sampled data.

The basic idea behind lifting is to start with simple multi-resolution analysis and
gradually build a multi-resolution analysis with specific, a priori defined properties.
The lifting scheme can be viewed as a process of taking an existing first-generation
wavelet and modifying it by adding linear combinations of the scaling function at the
coarse level. To explain the procedure in detail, we follow the notation in Sect. 3.3.
The approximation space V; = span{qb;» | 0 < j <2'}in (17) has a decomposition
Vi = Vi_1 & W;, where V;_; and W; are defined by

Viop =span{¢’~'0 < j <2'7'} and W =span{¢}|0 < <2', j odd}.
(28)

Here, W; is viewed as the hierarchical subspace on level i, and q&; € W, are the
first-generation interpolating wavelets. Then, the corresponding second-generation
wavelet ¢'; is constructed by “lifting” ¢'; as

2i—1

¢ =¢) + Y ol (29)
j=0

IDAS
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Fig. 2 Left-boundary wavelet (left), central wavelet (middle), right-boundary wavelet (right)

where the weights a}‘il in the linear combination are chosen in such a way that

the new wavelet ¢A>; has more vanishing moments than q&; and thus provides a
stabilization effect. If we apply this approach to the piecewise linear hierarchical
basis, i.e., to the “hat” functions, in such a way that the lifting wavelet basis has two
vanishing moments, we end up with

$;=¢;—%¢§—%¢g forl <j <2 —1, jodd

i i 3 i—1 1 i—1 .

¢ =9 _Zd)/%l - §¢,7-2|-1 forj =1 (30)
i i 1 i—1 3 i—1 . i
¢j:¢j_g¢%_z¢j7-2|-l forj =2"—1,

where the three equations define the central “mother” wavelet, the left-boundary
wavelet, and the right-boundary wavelet, respectively. We illustrate the three lifting
wavelets in Fig. 2. For additional details, see [55].

Due to the fact that our second-generation wavelets are lifted from the first-
generation wavelets, properties P;— P, are guaranteed. In addition, from the analysis
provided in [53, 54], we know that they also constitute a Riesz basis so that
property Ps is satisfied. Therefore, introduction of the lifted wavelet basis into the
hierarchical sparse-grid approximation framework results in a novel non-intrusive
sparse grid adaptive wavelet stochastic collocation method (sg-AWSCM). This
method allows us to encapsulate the advantages of the increased convergence rates
of standard SCM and polynomial chaos approaches resulting from higher-order
polynomial expansion (p-refinement) [46] with the robustness of efficient local
decompositions (h-refinement) [17] for the approximation of irregular solutions
and Qols coming from PDEs with random inputs in high-dimensional stochastic
domains.

Note that due to the interpolatory property of the wavelet basis, when computing
the wavelet coefficients in (14), we only face an interpolation problem. That is, from
the construction procedure of the lifted wavelets described above, we observe that
neighboring wavelet basis function at the same level have overlapping support such
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that the resulting interpolation matrix for our sg-AWSCM is has greater bandwidth
compared to that for sg-ALSCM. For the one-dimensional problem, the paper
[55] proposed fast algorithms for computing wavelet coefficients. We are currently
working on extending their algorithms to the multi-dimensional case, but in this
paper, we just use mature numerical libraries, e.g., LINPACK, to solve the linear
system for the interpolation coefficients.

S Numerical Examples

This section illustrates the convergence properties of the sparse grid adaptive
wavelet collocation method for solving three problems. In all examples, we use
the linear hierarchical second generation lifted wavelets described in Sect.4.1.
The first example is used to compare our sg-AWSCM with the sg-ALSCM for
approximating irregular (deterministic) functions in N = 2 parameter dimensions.
In the second example, we apply our new approach to solve: (a) the Burgers
equation with random boundary condition data and (b) the time-dependent Riemann
problem for the Burgers equation with random initial conditions. Finally, in the
third example, we investigate the ability of the sg-AWSCM to detect the important
random dimensions in a elliptic problem having a moderately high number of
random parameter inputs. As opposed to the previous dimension-adaptive approach
of [45], our new sg-AWSCM does not require a priori nor a posterori estimates
to guide adaptation. Instead, as described in Sect.4, our multi-dimension multi-
resolution adaptive approach uses only the sparse grid wavelet coefficient to guide
refinement while maintaining increased convergence. We will also use this problem
to compare the convergence of our sg-AWSCM with other ensemble-based methods
such as the isotropic sparse grid method and the sg-ALSCM and to compare all these
approaches to the best N-term sparse grid approximation.

5.1 Approximation of Irregular Deterministic Functions

Consider the two bivariate functions f;(y;, y>) on [—1,1]> and f>(y1, y2) on [0, 1]?
defined by

exp(—2(y? + y3)) if y? 4+ y3 > 0.25
fin ) = 1 TP €2V
2eXP(—§) —exp(=2(yy +y3)) ifyj +y; <0.25
1
L1, y2) = on [0,1] x[0,1]. (32)

0.15 — y? — y2| + 0.1
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Fig. 3 Results for fi(y;,y;) in [31]: (a) the target function; (b) the points used by the sg-
AWSCM for a tolerance ¢ = 1073; (¢) error decay vs. number of points; (d) error decay vs.
the tolerance &

It is easy to see that fi(y1,y2) and f>(y1, y2) represent two types of irregular
behavior. The function fi(yi, y2) has a jump in its first-order derivatives df; /9y
and 31, /0, across the circle y? + y3 = 0.5 whereas f>(y1, y2) has a steep gradient
across the curve y% + yz2 = 0.15. To construct interpolants for both fi(yi, y2)
and f>(y1, y2) using the sg-ALSCM and the sg-AWSCM, we first build a level
L = 3 isotropic sparse grid as the initial grid, then add nodes adaptively guided by
linear hierarchical surpluses or wavelet coefficients, respectively. The interpolation
results for fi(y1, y2) are shown in Fig. 3. Figure 3a displays the function fi; only
the first quadrant is shown due to the symmetries of the function. Figure 3b reveals
the resulting adaptive sparse interpolation grid constructed from the lifted wavelets
for a tolerance ¢ = 1073, In Fig. 3¢, we show the advantage of our approximation by
plotting the convergence rates for the adaptive sg-ALSCM and sg-AWSCM approx-
imations as well as for the best N-term approximations obtained by extracting the
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Table 1 For N = 2 dimensions, we compare the number of grid points required by the sg-
ALSCM, sg-AWSCM, the isotropic sparse grids (ISG) and the best N -term approximations to
compute the interpolated approximation of fi(y;, ¥2) to an accuracy smaller than the prescribed
error tolerance o, i.e., so that [|ZY (1) (y1, y2) — iy, y)ll < @

Best N-term  Best N-term  ISG ISG
Error o sg-ALSCM  sg-AWSCM  (linear) (wavelet) (linear) (wavelet)
5.0E-02 366 330 181 183 321 321
1.0E-02 366 330 240 233 849 849
5.0E-03 366 330 265 261 1,689 1,689
1.0E-03 774 623 479 482 7,169 7,169
5.0E-04 920 737 640 635 32,769 32,769
1.0E-04 1,927 1,548 1,261 1,254 147,497 147,497

N-terms with the N biggest coefficients from the non-adaptive sg-ALSCM and sg-
AWSCM approximations, respectively. We observe that the convergence behavior
of the sg-AWSCM more closely matches that of the best N-term approximation,
compared to the sg-ALSCM, which results in a reduction in the number of function
evaluations to achieve the desired accuracy ¢ = 1073. In Fig.3d, we also plot
the convergence behavior of both methods versus the tolerance £. We see that for
the same prescribed tolerance for the hierarchical surpluses, the sg-AWSCM can
achieve higher accuracy than the sg-ALSCM. Similar conclusions can be made by
examining Table 1, where we show the number of sparse grid points required by the
various interpolants to achieve a desired accuracy. In all cases the sg-AWSCM out-
performs the sg-ALSCM and more closely matches the best N -term approximation.

The same observations and conclusions can be reached for the function
f2(¥1,y2) by examining Fig.4 and Table 2. Additionally, in Fig.5, we show the
condition number of the linear system used to construct the interpolation wavelet
coefficients fi(y1, y2); we see that the interpolation matrix is well-conditioned.
Therefore, as expected, due to the additional property Ps and the well-conditioning
of the interpolation matrix for the wavelet coefficients, when approximating
functions with discontinuous derivatives, the sg-AWSCM substantially reduces
the complexity of determining an accurate interpolant compared to the sg-ALSCM.

5.2 Burgers Equation with Random Inputs

We next apply our novel sg-AWSCM to construct approximations of solutions
of two Burgers equation problems. First, we consider the steady viscous Burgers
equation with random boundary condition data:

1 0u? 0%u 0 i -1.1]
———V— = in [-1,
2 Ox dx2 (33)

u(=1) = y(w),  u)=0,
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Fig. 4 Results for f>(y,, y2) in Example 1: (a) the target function; (b) the points used by the sg-
AWSCM for a tolerance ¢ = 1072; (c) error decay vs. number of points; (d) error decay vs. the
tolerance &

Table 2 For N = 2 dimensions, we compare the number of function evaluations required by the
sg-ALSCM, sg-AWSCM, the isotropic sparse grid (ISG), and the best N -term approximation to
compute the interpolated approximation of f>(y;, ¥2) to an accuracy smaller than the prescribed
error tolerance a, i.e., so that [|ZY (/) (1, y2) — o1, y)ll < «

Best N-term Best N-term  ISG ISG
Error o sg-ALSCM sg-AWSCM (linear) (wavelet) (linear) (wavelet)
0.5E-01 120 124 74 81 145 145
1.0E-01 188 176 144 131 321 321
5.0E-02 243 238 237 222 1,689 1,689
1.0E-02 445 414 359 343 7,169 7,169
5.0E-03 638 491 431 419 32,769 32,769

1.0E-03 1,392 1,062 902 888 69,633 69,633
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where the left boundary condition data is a uniformly distributed random variable
y(w) ~ U[0.95,1.05], i.e., the parameter space I” = [0.95,1.05] and the PDF
p(y) = 10; the viscosity is set to v = 0.1.

The deterministic solver used for this problem is as a finite difference dis-
cretization of the conservative form of the equation followed by an application
of Newton’s method to solve the resulting nonlinear system. Figure 6 shows the
computed realizations of the solution u(y, -) for several values of the left boundary
value y(w). Observe that perturbing y(w) from 1 to 1.005 effects a startlingly large
perturbation to the solution u(y, -). Thus, we conclude that the solution u(y, ) is
very sensitive to y(w) near y(w) = 1. In particular, this holds for the point x( at
which the solution u changes sign. Thus, if we choose the quantity of interest to be
the point x(, we again have an instance of irregular behavior. Therefore, we focus
on quantifying the uncertainty of x, propagated from y(w) following the uniform
distribution ¢[0.95, 1.05]. To build the multi-scale interpolant using the AWSCM,
we start with a 4-level uniform grid on [0.95, 1.05] and then add points adaptively,
guided by the size of the wavelet coefficients. The tolerance ¢ is set to 107>, The
relation between x¢ and y(w) and the corresponding adaptive grid are shown in
Fig.7. We can see that x( () has a steep slope around y (@) = 1 (which accounts for
its high sensitivity near that value) and that the corresponding adaptive grid is refined
around the point y(w) = 1. The convergence rate of E[xo] is shown in Fig. 8 and
compared to that of the best N-term approximation obtained by extracting N terms
with N largest coefficients from an approximation on an non-adaptive, uniform grid.

Next, we solve a time-dependent Riemann problem for a Burgers equation with
random initial shock location [51]:

du 9 (1 ,\
o + . (Eu ) =0, (x,1)€[-1,1]x(0,+00)
1 if x<y(w) 34)

olrr, ) = { 0 if x>yw).



162 M. Gunzburger et al.

—A-y-o0s8
1 wﬁﬁ@&ﬁéﬁﬁ%&%”ﬂ - >f§=0.99 f
PR < *\+ % —© -y=0995
L ey : —g-y=1 ||
08 % )}RB}S\O b R *)\ \k Y |-e=-y=100
A

0.8 1
0.6 1

-
-
0.4 : : 1 8 : : - . : ]
00000000

6 e00 0000 s

Level

4 L3 L3 ¥ 3 ® ° ® ] e

-1 L L L L L L L L L 0 I I I I L L L L
095 096 0.97 098 0.99 1 1.01 102 1.03 1.04 1.05 095 096 0.97 098 0.99 1 1.01 102 1.03 1.04 1.05
(@) y(©)

Fig. 7 The relation between x and y(w) (left), adaptive grid with tolerance ¢ = 1073 (right) in
example (33)

The initial shock location depends on an uniform random variable y(w) ~
U[-0.1,0.1], i.e., we have the parameter space I" = [—0.1,0.1] and the PDF
p(y) = 5. A formula for the expectation E[u] and variance Var[u] of the exact
solution u can be found in [51].

The deterministic solver used for this problem is a weighted essentially non-
oscillatory (WENO) scheme. Here we consider the solution at time ¢ = 0.2. We
compute the approximate deterministic solution on a uniform spatial grid with 1,025
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Fig. 9 Expectation (left) and variance (middle) of the probabilistic shock profile in example (34)

points in spatial domain [—1, 1]. In Fig.9, we plot the expectation and variance
of the approximate shock profile at # = 0.2, computed with the AWSCM; also
plotted are the corresponding exact statistics. To test the adaptive wavelet procedure,
we choose our quantities of interest to be the expectations of u(y(w), x) at three
locations, namely E[u](x = 0.036,¢ = 0.2), E[u](x = 0.127,t = 0.2), and
E[u](x = 0.590,¢ = 0.2). We then build the grids using AWSCM with the tolerance
& = 0.01. At each location, we start with a two-level uniform grid on [—0.1,0.1] in
the parameter space and then add points guided by the magnitudes of the wavelet
coefficients. In Fig. 10, we plot the adaptive grids for the three cases. We can see that
the singular point of u(y(w), x,t = 0.2) with respect to y () depends on the value
of x. At the time instant ¢t = 0.2: if x € [0,0.2] such as x = 0.036 or x = 0.127,
then u(y(w), x,t = 0.2) has a singular point but its location is determined by the
value of x; on the other hand, there is no singular point in u(y(®), x,t = 0.2) for
x € [-1,0) U (0.1, 1], including for x = 0.590, so that grid refinement in parameter
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Fig. 10 Adaptive grids with ¢ = 0.01 for quantities of interest being E[u](x) at three spatial
points: x = 0.036 (left), x = 0.127 (middle), x = 0.590 (right) in example (34)

spaces is not needed; the AWSCM method recognizes this so that the two-level
initial grid is not changed by the adaptation procedure.

5.3 Elliptic PDE with Random Inputs

Similar to [45, 46], we consider an elliptic PDE in two spatial dimensions with
random inputs. As shown in the previous examples, the AWSCM and the sg-
AWSCM can accurately capture the irregular, even non-smooth regions in a low-
dimensional stochastic parameter space. If the solution depends on a moderately
large number of random variables with sufficient regularity (analytic in this case),
the major challenge of the numerical approximation is anisotropic (dimension-
adaptive) refinement. To this end, we note that global polynomial approaches, such
as the a priori and a posteriori methods developed in [46] or the quasi-optimal
techniques presented in [8], will obviously outperform our local multi-resolution
approach. However, we use this example to demonstrate the ability of the sg-
AWSCM method to also detect important dimensions when the random variables
do not “weigh equally” in the stochastic solution. The specific problem we solve is
given by

-V (a(®,x)Vu(w,x)) = cos(x;)sin(x;) in 2 x D (35)
u(w,x) =0 on §2 x dD,

where D = [0, 1]%, x; and x, denote the components of the spatial position vector

x, and V denotes the gradient operator with respect to x. The forcing term f(w, x)

is deterministic. The random diffusion coefficient a(w, x) has a one-dimensional

spatial dependence and is given by

1/2 N
log(a(w, x) —0.5) = 1 + y1() (@) + 3 Ly, (36)
n=2
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where, forn > 2,

n 2
¢y = (V7C)?exp (—%) (37)

and

sin ( LEJCJTXI ) for n even

on(x) == ! (38)

Llax
cos(LZJ 1) for n odd.
Gy

In this example, the random variables {y,(w)}72, are independent, have zero
mean and unit variance, i.e., E[y,] = 0 and E[y,yn] = um for n,m € N4, and
are uniformly distributed in the interval [—~/3, /3]. For x; € [0, 1], let C; be the
physical correlation length of the stationary covariance function

)2
Covllog(a — 0.5)](x1, x]) = exp (—(xlc—le)) : 39)
L

Then, the parameter C, in (38) is C,, = max(1,2C;) and the parameter C in (36)
and 37)is C = C;/C,p. Also, {, and ¢,, forn = 1,..., N are the eigenvalues
and eigenfunctions [given by (37) and (38) respectively] of the covariance operator
defined by substituting (39) into (8). The eigenvalues ¢, in (36) decay with
increasing n with large values of the correlation length C; corresponding to fast
decay. Thus, the parameter dimensions have decreasing influence on the solution as
their index increases and, for large C;, the influence decreases quickly. Therefore,
an approximation requires less accurate resolution of the dimensions having small
influence, compared with that for more influential dimensions so that, to achieve
maximum efficiency (e.g., the fewest sample points in parameter space) for a given
overall accuracy, one should use anisotropic, or dimension-adaptive set of sparse
grid points.

For the numerical results, we set C;, = % and retain seven terms of the
expansion (36) and treat the truncated version as the exact diffusion field. In this
case, the eigenvalues are {; = 0.665, &, = {3 = 0.692, {4 = {5 = 0.274,
{6 = ¢; = 0.059. In order to investigate convergence rates, we compare the
expected value E[u] approximated by our sg-AWSCM method with a tolerance
e = 107 to the “exact” solution determined from simulations based on 10® Monte
Carlo (MC) samples of the seven-dimensional parameter. Specifically, in Fig. 11,
for several values of the level L, we plot |E[ZV (u)] — emc[u]|, ie., the L*(D)
norm of the “error” between the expected values obtained using the sg-AWSCM
method and the densely sampled MC method. Also provided in that figure are the
corresponding errors for the isotropic sparse grid, for the sg-ALSCM, and for the
best N-term approximation defined by taking the N terms in the isotropic sparse



166 M. Gunzburger et al.
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Table 3 For N = 7 dimensions, we compare the number of function evaluations required by the
isotropic sparse grid (ISG), the sg-ALSCM, the sg-AWSCM, and the best N -term approximation
to compute the expected value of the solution to within a prescribed global error tolerance «, i.e.,
so that [ E[Z}) ()] — enc[u]ll <«

Best N-term Best N-term  ISG ISG
Error o sg-ALSCM sg-AWSCM (linear) (wavelet) (linear) (wavelet)
1.0E-05 30 25 34 35 73 73
5.0E-06 74 60 85 81 344 344
1.0E-06 476 248 772 763 2,435 2,435
5.0E-07 1,038 840 1,271 1,280 7,767 7,767
1.0E-07 7,333 3,824 2,812 2,732 85,861 85,861

grid solution with the largest coefficients. The errors are plotted against the number
of points in parameter space each method requires to achieve the desired accuracy.
As expected, due to the fast decay of the eigenvalues, the convergence, with respect
to the number of points used, of both the sg-AWSCM and the sg-ALSCM is
much faster than the approximation based on an isotropic sparse grid because
fewer points are placed along the non-important dimensions associated with small
eigenvalues. Furthermore, our new sg-AWSCM also reduces the overall complexity
when compared to the sg-ALSCM approximation, and nearly matches that for the
best N -term approximation. Further proof of this can be seen in Table 3 that shows a
reduction in the computational complexity for computing the expected value using
the sg-AWSCM, when compared to the isotropic sparse grid and sg-ALSCM, by
approximately a factor of 20 and 3 respectively, to achieve a desired accuracy of
1077, In fact, for this higher-dimensional problem, the savings incurred by the sg-
AWSCM compared to the sg-ALSCM and the isotropic sparse-grid approximation
are much more significant than for the previous low-dimensional examples. One can
expect the relative savings, compared with the isotropic sparse-grid approximation,
to increase as one further increases the parameter dimension.
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6 Conclusions

This work proposed a novel sparse-grid adaptive wavelet stochastic collocation
method for both smooth and irregular solutions of partial differential equations with
random input data. This method can be viewed as a major improvement to previous
works; isotropic and anisotropic global Lagrange-type stochastic collocation based
on tensor product approximations [3] or sparse grid approaches [45,45, 58], as well
as the hierarchical sparse-grid locally adaptive linear stochastic collocation method
[39,40].

The new technique consists of any standard deterministic approximation in the
physical space (e.g. Galerkin finite element) and an adaptive collocation in the
probability domain at sparse-grid points in the random parameter space, along with
a hierarchical multi-dimensional multi-resolution linear wavelet basis. This com-
pactly supported Riesz basis guarantees the stability of the multi-scale coefficients
and leads to more efficient hierarchical sparse grid approximations. That is, we are
able to guide adaptive refinement by the magnitude of the wavelet coefficient which
results in a minimal number of grid points to achieve a prescribed tolerance. This
alleviates the curse of dimensionality by reducing the computational complexity
for problems having high stochastic dimension. Moreover, as a consequence of the
interpolation property, guaranteed by the proposed lifting scheme, our approach
remains completely non-intrusive and naturally allows for the solution of uncoupled
deterministic problems that are trivially parallelizable, as for the Monte Carlo
method.

The numerical examples included in this work provide computational verification
of the advantage of our novel algorithm. The numerical results compare our new
approach with several classical and heavily utilized techniques for solving stochastic
problems whose solutions are both highly regular and even non-smooth with
respect to the random variables. The results show that, in particular, for moderately
large-dimensional problems, the sparse grid adaptive wavelet stochastic collocation
approach seems to be very efficient and superior to all methods it is compared to.

Future directions of this research will include a complete convergence analysis
of our new approach that will incorporate an examination of the complexity of our
algorithm with respect to the number of collocation points on the sparse grid, as the
dimension of the problem increases. However, as the computational results suggest,
we also want to use the theoretical results to fully explain the increased stability and
efficiency of these techniques when compared to previous approaches. Finally, we
want to avoid solving an interpolation matrix equation for the wavelet coefficients
and intend to develop fast algorithms for calculating the wavelet coefficients in
sparse tensor product spaces.
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Robust Solutions to PDEs with Multiple Grids

Brendan Harding and Markus Hegland

Abstract In this paper we will discuss some approaches to fault-tolerance for
solving partial differential equations. In particular we will discuss how one can
combine the solution from multiple grids using ideas related to the sparse grid
combination technique and multivariate extrapolation. By utilising the redundancy
between the solutions on different grids we will demonstrate how this approach can
be adapted for fault-tolerance. Much of this will be achieved by assuming error
expansions and examining the extrapolation of these when various solutions from
different grids are combined.

Introduction

Modern supercomputers are becoming increasingly complex having hundreds of
thousands of components all working together to complete cumbersome tasks.
As we head towards exascale computing the number of components in the fastest
machines will significantly increase. The purpose of these components vary, from
power supplies, interconnects, CPU’s, hard drives, cooling and so on. Given the
limited lifetime of each component, the probability that any one of these will fail
within a given period of time also increases. The failure of one component will likely
affect numerous neighbouring components. Of course, the origin of all these failures
is a hardware component, but numerous studies of faults indicate that software errors
can be just as, if not more, significant [§]. How we handle these failures whilst
applications are running is a challenge that must be addressed if we are to achieve
exascale computing.
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Current approaches to fault-tolerance tend to be checkpoint-restart in nature.
These methods are infeasible at exascale because they are too memory and com-
munication intensive leading to inefficient use of resources and high energy costs.
Algorithm based fault-tolerance (ABFT) has been studied for a variety of problems
and often provides a low cost solution to robustness, see for example [5, 9, 13].
Existing approaches are largely based upon the use of checksums within linear
algebra calculations.

The sparse grid combination technique was introduced by Griebel et al. [11].
By solving a given problem on many regular anisotropic grids and taking a linear
combination of the results one may approximate the so called sparse grid solution [6,
15]. In Sect. 1 we will introduce some notation and then discuss so called truncated
combinations. We will then go on to describe what one might do if a fault affects
one of the solutions making it unavailable for combination. One of the key points is
that the solution on different grids can be computed independently and hence a fault
need not affect the entire computation. Furthermore, there is a lot of redundancy
shared between the solution of different grids which can be utilised in the event of a
fault. We will demonstrate the additional errors in the solution one trades off when
using our approaches with both theoretical bounds and some numerical results.

Bungartz et al. [7] describe multivariate extrapolation and combination tech-
niques for elliptic boundary value problems. Following this, in Sect.2 we will
describe how one may compute an extrapolation when one has an assortment of
grids. In particular this will lead to different ways to form extrapolations when a
fault affects one of the solutions. We will demonstrate the effectiveness of these
extrapolations for a variety of problems.

Finally, in Sect.3 we will demonstrate how combination solutions and extrap-
olation solutions may be combined effectively making the most out of the given
solutions. Furthermore, given the fault-tolerant approaches for the combination and
extrapolation solutions it is straightforward to combine the two in a fault-tolerant
manner. We will again demonstrate the errors with some numerical results.

1 The Combination Technique

In this section we will describe the sparse grid combination technique and introduce
some notation used throughout the paper.

Leti = (i1,...,iq) € N’ be a multi-index and £2; = {0, h;,2h;,3h;, ..., 1} be
a discretisation of the unit interval where h; := 27'. We define a grid on the unit
d-cube by

.QLI: .Q,-l X.Q,-ZX"'X.Qid

Given a grid £2; we define an associated space of d-linear functions
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Vi = span{¢;; : j, =0....2" 1t =1,....d}

where ¢; ; are the usual d-linear nodal basis functions (hat functions). The
hierarchical difference spaces W; are given by

where ¢, is the unit vector along the 7-th axis. We can use this to write V, :=
»} as the direct sum of difference spaces

:é”'éWL: @ W,

=0 ig=0 lilloo=n

and of course the classical sparse grid space is given by

:@m.

lilli=n

The sparse grid combination technique [10, 11] allows one to approximate the
sparse grid solution [6] by taking linear combinations of the solution on multiple
regular anisotropic grids. Suppose f; € V; denotes the solution to a given problem
on the grid £2;, then the classical combination solution is given by

fix) = Z( 1)q( ) Y . 8

=0 lili=n—q

The combination technique can be generalised into something adaptive and
flexible, see for example [12]. Given a lattice of multi-indices Z which is a downset,
we denote a combination technique onto this space with the formula

ff@) =) cifix) eV :=PW, 2

ieT ieT

where the ¢; are the combination coefficients.

For d = 2 and d = 3 we will often use the notation f; ; and f; ; x respectively
to denote f;. Similarly for W; and V.

There are some classical results for the error of combination technique solutions.
We assume the pointwise error splitting (see [11])

f = fij = Cuh)h? + Co(h)h% + D(hi hy)h? k" 3



174 B. Harding and M. Hegland

where C; depends on h;, x and y, C, depends on %, x and y, and D depends
on h;, hj, x and y. Furthermore |C,|, |C>| and |D| are all bounded above by the
same positive constant k. We are primarily concerned with solutions with sufficient
smoothness to permit first and second order schemes to obtain a solution satisfying
the above splitting for p = 1 and p = 2 respectively.

With this assumption it is shown by Griebel et al. [11] that ford = p = 2 one
has

5
TESARTHEE T
Similarly in three-dimensions if one assumes the pointwise error splitting

€k = f = fijk = Ci(hi)h] + Ca(hj)hf + C3(h)hy
—‘r—l)l(l’l,,h])]’l’phﬁ7 + Dz(hl,]’lk)hlpl’llf 4)
+D3(hj. hi)h"hY + E(hi by he)h? 2 h?

where |C\|, |Ca|, |C3|, | D1l, |D2|, |D3| and |E| are bounded above by the same
positive constant «, then one may show for p = 2 (again see [11])

65 25
— £ <kh2(1 + —n + —=n?).
| f f,,l_Kn(+32n+32n)

These results can be easily extended to general p where h? is replaced with A} and
the constants are different.

1.1 Truncated Approximations

In the classical combination technique one can have solutions on extremely
disproportionate (strongly anisotropic) grids contributing to the solution. It has
been observed that for some problems it is better to leave some of these out of
the combination, see for example [4]. This gives rise to the so called truncated
combinations since the second sum of (1) is effectively truncated to exclude such
solutions. In two dimensions one may express truncated combinations as

t t—1

ﬁt] = Z fi+ot,j+t—a - Z fi+a,j+t—1—0t o)

a=0 a=0
and similarly for three-dimensions one has
it .\
f,‘,j,k = Za+5=o fi+a,j+/3,k+t—a—ﬂ

—1
=2 ot p=0 Jitaj+phri—1-a—p (6)
-2
+ X oip=o fita+Bhti—2-a—p



Robust Solutions to PDEs with Multiple Grids 175

S = N Wk U0
S = N Wk L

S = N W Rk U

0123456 0123456

0123456

Fig. 1 Here we illustrate three examples of combinations. On the left we have the combination

]71?3, in the middle we have the combination ]7332 and on the right we have the combination ]%5_0 =
/5. The shaded squares indicate the hierarchical spaces W; ; which contribute to the combined
solution

where by >0 . p=o W€ mean 3o Z%;“O. Some examples of these in two
dimensions are depicted in Fig. 1. _
In this paper we will consider truncated combinations of the form f, , _ and
;’_,’n_t,n_t with 2 < ¢ < n for problems with two and three spatial dimensions
respectively. Note that for ¢+ = n the truncated combination is equivalent to the
classical combination of (1). Specifically, we will discuss in detail the cases of t = 2
and 1 = 3. Our approach for dealing with faults in these examples will be indicative
of the approach for larger ¢. The first examples are the truncated combinations in
two spatial dimensions with # = 2 as given by

f:,z_z,,,_z = fon—2+ fo—tn—1+ fo—2m = Jo—tn—2— fo—2n-1 (7)

and ¢t = 3 as given by

;3—3,n—3:ﬁl,n—3+ﬁt—1,n—2+fn—2,n—1 + fosn — Joctn—3— fo—2n—2— fao-3n—1.
(8)

There are a few things to note about these combinations, first of all we note that the
approximation spaces for the combinations of (7) and (8) are given by

P W; and P 4 ©))

lilloo=<n . llilli<2n—2 lilloo=<n . llilli<2n—3

fort = 2 and ¢t = 3 respectively. Alternatively, these may be expressed as

Vin = Wan @ Wamin @ Wyn—1) ® (®|Iillm$n,||1||152n—2 VVL) s
Voo = (Bihoazi 11203 W:) @ (Bpitaazn it 2203 W)
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where we see the approximation spaces of (9) have a few difference spaces less than
the full grid space V,, ,. Second, the total number of unknowns of computing the five
component solutions for the approximation of (7) assuming periodic boundaries is

2x (2" x 2" + (2" 42 x (2 x 2" = 3% 22 42 x 22 =07

The RHS is equal to the number of unknowns in the full grid space V.
Therefore one does not save any computational resources compared to the classical
combination technique. If computing the component solutions as in (8) one saves
more but still not as much as the classical combination technique. As a result,
the approaches discussed in this paper will not extend beyond three-dimensional
problems as one runs into the curse of dimensionality. In three-dimensions we will
consider the examples with t = 2 given by

fnz—z,n_z,n_z = fun—2n—2+ foctn—tn—2+ fo—2n—1n-1

+f;1—l,n—2,n—l + fn—2,n,n—2 + f;1—2,n—2,n (10)
—2(fo—tn—2n—2+ foc2n—2n—1 + fu—2n—14-2)
+ fo2n—20—2,

and with ¢t = 3 given by
f,,3_3!,,_3’n_3: fn,n—S,n—S+fn—l,n—Z,n—S+fn—2,n—l,n—3 + fn—3,n,n—3 + fn—l,n—S,n—Z
+ fo2n—2n—2 + fozn—tn—2 + fac2n—3n—1 + fas3n—2a-1
+ fo—3n-3n — 2(fa—1n—=3n-3 + fa—2n-20-3 + fn—3n—14-3
+ fo—2n-3n—-2 + fa-3n—2n-2 + fo—30-34-1)
+ fo—3n—3n—2 + Jo—3n—20—3 + fo—2n—3.0-3 -
(1)

Again we note the number of unknowns in the ten component solutions of (10)
is close to that of the full grid space V,,, and hence one saves very little in
computational resources compared to the classical combination technique.

The advantage of these combinations is that for increasing n the solution error
decreases faster than for the usual sparse grid combination technique. This is evident
looking at the approximation spaces where one can see that only a few of the fine
difference spaces have been excluded compared to the full grid solution space V.
The following proposition which is similar to those in [11] gives a bound on the
error.

Proposition 1. Suppose that f; ; satisfies the pointwise error splitting
€ij = f — fij = Ci(h)h! + Co(h;)h? + D(h;. hj)h!hY

where |Cy|, |C| and | D| are bounded above by some positive constant k. The error
of fnt—t,n—t for some fixed t > 0 is bounded by
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|f = fpnes] < 2chE + O((hD)?).

Proof. We have

= f e = Yimo(f = fomitin—i) = Sizo(f = famitin—1-i)
=Y o(C1(hy—r27YRE_ 277 + Cy(hy— 271 )R _ 21 0P
+D (27" By 27 By 271P)
_ Zf;i)(cl (hn_tz—i)hg_tz—ip + Cz(hn_tz_t+1+i)h,1,7_t2(_t+l+i)p
+D(hn—t2_ia hn—t2_t+l+i)h,f_,h,f_,fZ(_'H)”)
= Ci(hn— 27y 277 + Colhy— 27" Y1y 277
+OQ™HIP (1))
= Ci(h)hy + Ca(hy)hy + O((hy)?)

and therefore

\f = [ ass] < |CiL(h)RE + |Ca(ha)|hE + |O((hE)?)]
< 2khl + O((hl)?).

This implies that the rate of convergence is the same as that for the solution f, ,,.
One can extend this result to the three-dimensional case with the error splitting of (4)
to find |f - fnt—t,n—t,n—tl = 3Kh7]1) + O((hg)z)

Another advantage of these combinations is that for each n the structure of the
combination is essentially the same making the analysis simpler as we begin to study
the effect of faults on the combination technique.

We also remark that such combinations may work well for problems where the
classical sparse grid approximation is poor. For example, since for increasing n
there is an increasing minimum “fineness” of the solution along each axis one may
still resolve problems with discontinuities or non-linear interactions. This minimum
“fineness” also means we can try extrapolation techniques onto the largest grid
common to those in the approximation, this will be discussed in Sect. 2.

Effectively we are approximating something very close to the full grid solution
rather than the classical sparse grid solution, however by using multiple grids in a
way similar to the combination technique we will be able to add some robustness to
our computations as we will now discuss.

1.2 Combining in the Event of Faults

Suppose we have an application running on HPC architecture using MPI for com-
munications. Generally, if a processor experiences a failure whilst the application
is running an exception will be raised by MPI and the entire application will be
aborted. This problem is often handled by periodically saving the state of the entire
application (checkpointing), if a fault occurs the application is simply restarted from
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the last successful checkpoint. This is infeasible for exascale machines because
checkpointing is too memory and communication intensive making it too costly
in terms of computational resources, time and energy costs.

Given a problem decomposed into one of the combinations described above,
we note that the computation of each solution is independent. Therefore, if a fault
affects the computation of any one of these solutions, one could avoid the global
abort and the computation of the remaining solutions can continue as usual. The
solution which has failed can be rescheduled with the computation starting from the
beginning. Since recomputation can lead to load balancing issues one may consider
doing without that solution and utilising only those which remain. This approach
raises the following question: how does one combine the grids if one of them is
missing? This question motivates the discussion throughout the remainder of this
section.

We will first consider in detail the truncated combination of (7). Given the five
solutions in this combination we will go through the alternative approximations one
may take when a failure affects any one of these solutions. For a failure affecting
the solutions f,— , or f,—»,—; one can instead compute the combination f; ,—» +
Jo—11—1 — fu—1.1—2. Effectively this gives an approximation in the space

Vinct =Wyno1 @ @ Wi

i<n,j<n—l1,i4+j<2n-2

Compared to the normal case as in (9) we see that some information from the
difference spaces W; , for i < n—2 has been lost. For large n one would expect that
these have a very small contribution to the solution and therefore the loss of these
should only have a small impact on the error.

Similarly for faults on f;, ,—» or f,—;,—> one can instead apply the combination
Jo—2n + fum1n—1 — fu—2.—1. Similar to before we are left with an approximation
in the space

Vn—l,n = Wn—l,n @ @ I/sz

i<n—1,j<n,i+j<2n-2

The last case to consider is a fault on f,—; ,—;. The simplest thing to do in this
case is to simply take f,—,, or f,,—> to be the solution. A fault affecting this
solution is a worse case scenario as we will see in Proposition 2 which bounds
the error of these alternate combinations. Figure 2 illustrates some of combinations
described when faults affect the occur during the calculation of f.7;.

Proposition 2. Suppose that f; ; satisfies the pointwise error splitting as in Propo-
sition 1. Let g, be any one of the combinations above when a fault affects one of the
component solutions from the combination in (7), that is,
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S = N Wk U

S = N Wk L

S = N Wk L

0123456 0123456

0123456

Fig. 2 Here we illustrate how a fault effects the combination f323 On the left we have the
combination when no faults occur. In the middle we have a possible combination if a fault occurs
during the calculation of f35 and/or f34. On the right we have a possible combination if a fault
occurs during the calculation of f; 4. The blue shaded squares indicate the difference spaces W; ;
which contribute to the combined solution whilst the red shaded squares indicate the difference
spaces we lose in the modified combinations

Jon—2 + facin—1— facin—2  forafaulton f,_s, or fu_oa—1
&n = Jo2m + Jocin—1 = fum2w—1  forafaulton fu, 5 or fu_1,-
Jon—2 0r fu—an Sfor a fault on fr—1 41 .

The (pointwise) error of g, is bounded by
|f — gal < k(1 +2%7) + O((h])?).
Proof. Consider the case for a fault on f,_,, or f,_»,—1, one has

S = on—2+ fumin—1 = fu—1n-2)

=(f = fan=2) + (f = fam10=1) = (f = fa—11—2)

= Cl (hn)hrlz) + CZ(hn—Z)hf_z + D(hn, hn—Z)hrlz)hf_z
+C1(hn—l)hnp_1 + CZ(hn—l)hnp_l + D(hn—lv hn—l)hg_lhg_l
—(Ci(hp—)h)_, + Co(hy—2)h!_y + D(hy—y, hy—2)h}_,h}_,)

= Ci(hy)hi} + Ca(hy—1)h?_,
+D(hnv hn—Z)hrIz)hf:_z + D(hn—la hn—l)h5_1h5_1 - D(hn—lv hn—Z)h,l,)_lhf_z

and therefore

| f — (fan—2 + fomin—1 — fam1n=2)|

< |Cy(hn) |y + |Co(hy=1)[27 Y}

Dy, hy—2) + D(y—1, hy—1) = 27 D1, hy—)|227 h"
Kkh?(1 4 27) + k(2 + 27)22Ph2P)

ichy (14 27) + O((hy)?)

IA
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The cases for faults on f, ,—» or f,—i,—> are similar. The only remaining case is a
fault on f,_1,—1. If we simply took f, ,—> as the solution then we clearly have

|f - f;l,n—zl f th(l —+ 22P) + K22phﬁp )

Hence we see that the maximum is given by «kh? (1 4+ 227) + O((h})?).

If these bounds are tight then combined with the result of Proposition 1 one may
expect that in the limit of large n one has | f — g,| < %l f—- f112—2,n—2|‘

Remark 1. We stop here to note it is possible to do a little better for some of these
cases. For example, given the case of a fault affecting the solution f,_, ,—; we note
that one can still make some use of the solution f,—,,. We must first define the
interpolation (or projection) operator /;. Given any f € V then

ILIfEVHILfEVL,

that is, /; f interpolates (projects) f to a function defined by its values on the grid
£2;. Now given an interpolation 1,5 ,—1 fu—2,, of the solution f,_, , onto the space
Vi—2.n—1, one may then add f,—», — Iy—2.n—1 fu—2.n to the combination f, ,—> +
Jo—=1n—1 — fa—1.n—2- One sees that f,_», — I,—2 ,—1 fu—2., extracts the hierarchical
components W; , with 0 < i < n — 2 from the solution f,—,,. As a result we are
effectively recovering contributions from theses hierarchical spaces. Similarly may
be done for a fault on f,_;,—, via symmetry. The other case is a fault affecting
fn—1.1—1 where one may take f,,—, as the solution and then add to it f,—,, —
Iy n—2 fu—2.n- Given an appropriate consistency property between the interpolation
operator and approximation scheme, for example || /' —1; j frilloo < Cll.f — fi,j lloo
for some positive constant C and all k > i and [ > j, then one may prove error
bounds similar to those of Proposition 2.

One may also enumerate the cases for the other combinations presented. For (8)
one has the following:

e If f,—3, and/or f,_3,—; are lost due to faults one may take the combination
Jnn=3+ fa—tn—2+ fa—20—1 — fa—1n—3 — fu—2.1—2 [compare with (7)]. Here we
lose contributions from the difference spaces W; , fori <n — 3.

e Similarly, if f, ,—3 and/or f,_; ,—3 are lost due to faults then one may take the
combination f,—3, + fu—2a—1 + fa—tn—2 — fa—3u—1 — fu—2.1—2. Here we lose
contributions from the difference spaces W, ; fori <n — 3.

e If a fault affects f,—j,—» or f,—»,—1 then one may take the combinations
Jn=3a + fa—2m—1 — Ja=34u—1 0T fun—3 + fu—1n—2 — fu—1.—3 respectively. For
a fault on f,_; ,—» we see that the new combination does not have contributions
from the difference spaces W,,—; fori <n —2and W, ; for j < n — 3. Similar
applies for a fault on f,,—5,—;.

* Finally, if a fault affects f,—,,—> then one may take combinations from the
previous case, i.€. fuu—3 + fa—1n—2 — fa—1n—3 OF fu—3n + fo—2n—1 = fu—3.n-1.

Again we have a bound on the errors for these combinations.
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Proposition 3. Suppose that f; ; satisfies the same pointwise error splitting as in
Proposition 1. Let g, be any one of the combinations above when a fault affects one
of the component solutions from the combination in (8), that is, depending on which
component the fault occurred, g, is one of the functions

f;l,n—?) + f;l—l,n—z + fn—2,n—1 - fn—l,n—3 - f;l—Z,n—Z

Ja=3a + Ja—2n—1 + fa—in—2 — fa—3n—1 — Ja—22—2

Jn=3n + Ja—2m—1 = Ja=3n—1 07 fun—3 + fu—in—2 — fa—1.a-3
Jnn=3 + Jamin—2 = Ja—1n=3 OF fu—3n + Ju—20—1— Ju—3.n—1-

&n =

The (pointwise) error of any of the four g, is bounded by
|f = gul < khE(1+2°7) + O((h})) .

Proof. The proof is similar to that of the previous proposition. It is straightforward
to show that

| f = (fan=3 + focin— + fo—on—1 — famin=3 — fo—2mn—2)|
<|Ci(hn)|hy + |Ca(hy—1) |27}
Dy, hu=3) + D(hy—r, hu—2) + D(hy—z, hy—1) |2 h5”
Dyt hu—s) + D(hu—s, hy—s) |27 12"
< kh?(1+2P) + k(3 4 20123, p2P)
= «khf (1 +27) + O((h})?)

and

|f - (fn,n—S + fn—l,n—Z - fn—l,n—S)l
< |C1 ()|l 4 |Ca(hu—r)|22P R
Dy, h—3) + D(hy—1, hy—2)| 213" + | Dy, hy—3) 2% B
< khP (1 + 22P) + k(2 + 27)23P h2P)
= /ch,’f(l + 22P) + O((h,’f)z) .

Since similar results apply to the remaining cases due to symmetry of the combina-
tions one can see that the maximal error is kA% (1 + 227) + O((h)?).

Again, if the bounds are tight then in the limit of large » one may expect to
2 ~ .
observe | f — gu| X #| f - fn2—2,n—2|‘ One can see that if a fault occurs when
using the grids of (8) then at least three of the remaining six grids can be utilised in
a combination. This is somewhat nicer than the case of (7) where in one scenario
only one of the remaining four grids can be utilised. Despite this the error bound is
the same.

Remark 2. Similar to the previous set of combinations, one may add hierarchical
components from remaining unused grids to some of the cases presented above.
For example, in the case of a fault on f,_;,—3 one may take the combination
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Jo—2n—1 + fu—sn — fu—sn—1andadd toit f, ,—3—I,—14—3 f1.n—3. In doing this one
is including contributions from the difference spaces W,,; fori < n —3. Similar can
be done for many of the remaining cases. Again one may prove error bounds similar
to those above given a consistency property between the interpolation operator /; ;
and the discrete solutions f; ;.

In order to demonstrate how similar approaches can be applied in higher
dimensions we will also enumerate the cases for the three-dimensional combination
of (10).

o If f,—2.—2. is lost one may take the combination

&n = fn,n—2,n—2 + f;1—l,n—l,n—2 + f;1—2,n—l,n—l + fn—l,n—2,n—1 + f;1—2,n,n—2
_2(fn—l,n—2,n—2 + fn—2,n—l,n—2) - fn—2,n—2,n—l + fn—2,n—2,n—2-
(12)

The information from the difference spaces W; ;, for i,j < n — 2 is lost.
Similarly for f;, y—2.,—2 and f,—2, ,—2 (one simply permutes the indices).
o If fi—2u—1.,—1 is lost one may take the combination

8n = fn,n—Z,n—Z + fn—l,n—l,n—Z + fn—2,n—2,n + fn—l,n—Z,n—l + fn—2,n,n—2
=2 fao—tn—2n-2 = fo—2m—1n—2 = Ju—2.n—2.—1.
(13)

Here we lose contributions from the difference spaces W; ,—1,— fori <n —2.
Similarly for f,—1,—2,—1 and fy,—1,—1.,—2 (again, simply permute the indices).

e If fy,—2.4—2.—1 is lost then there are many combinations that can be chosen. One
such combinations which utilises the most solutions is

8n = fn—2,n—2,n + fn—2,n,n—2 + fn,n—2,n—2 + fn—l,n—l,n—Z
(14)
— fa—tn—20—2 = fa—2m—11—2 — fn—20—221—2-

For this combination one loses contributions from the difference spaces
Win—tpn—1 fori < n—2and W,_y;,— fori < n — 2. Similar applies for
faults affecting f,—1n—2.4—2 OF fi—2n—1.n—2 (again one simply permutes the
indices).

o If f,—2.4—2.—2 is lost then again there are many options. One such is to take

8n = fn—2,n—2,n + fn—2,n,n—2 + fn,n—2,n—2 + fn—Z,n—l,n—l + fn—l,n—l,n—Z
— fa—tn—2n—2 = 2 fa—2n—1n—2 = Ju—2.n—2.—1.
(15)

One loses contributions from the difference spaces W, ,—;,—; fori < n —2in
this case. Two similar combinations can be obtained simply by permuting the
indices.

We have a bound on the error for any of these combinations.



Robust Solutions to PDEs with Multiple Grids 183

Proposition 4. Suppose that f; ;i satisfies the pointwise error splitting of (4). Let
gn be any one of the combinations above when a fault affects one of the solutions
from the combination in (10), that is, g, is equal to one of (12), (13), (14) or (15)
up to a permutation of indices. The (pointwise) error of g, is bounded by

|f = gul < kh}(2+27) + O((h})?).

Proof. The proof is very similar to those in the two-dimensional case. The maximal
error is given for the case of a fault affecting one of f,,—24—2, fa—2nn—2 OF
Jfn—2.n—2.n and is given by

S = fonan—+ fumin—tn—a + focon—in—1 + fo—in—2a—1 + fo2nn—2
—2(fu—tn—2n—2 + focon—11-2) — fo—2n—21—-1 + fo—21—2.1—2)
= Ci(h)hi + Ca(hy)hly + C3(hy—)h!_, + O((h1)?)

leading to the bound « (2 + 27)h},.

Given this result, if the bounds are tight then in the limit of large n one may expect
to observe | f —gu| S %l f— fnz—Z,n—Z,n—2|‘ We can see that this bound appears to
be much better compared to the two-dimensional case. This is due to the extra grids
which give rise to many more ways one may combine solutions. In fact, one should
note that for many of the cases of faults, the bound on error using the combinations
presented is 3kl + O((h})?), i.e. it is the same as a combination without faults for
the leading error terms. Given the flexibility from having extra grids we also note it
is often possible to obtain good solutions even when two solutions are affected by
faults.

Such results can be easily extended to the combination of (11) but we will not
enumerate these cases here.

Remark 3. PDE’s which have a derivative with respect to time can be more difficult
to handle. Many modern solvers use automatic time stepping schemes that choose
a stable time step providing results within some desired error tolerance. As a
result we will not analyse the truncation errors dependant on time stepping, we
will simply assume that the time stepping scheme is of higher order then the
spatial discretisations. Under this assumption the error from spatial truncation errors
dominates and we may apply the combinations presented above.

1.3 Results for Combinations When Faults Occur

We will demonstrate the trade off in errors for not having to recompute for a variety
of problems. In particular we will consider the scalar advection equation

af
- .Vf=0
T +a-Vf
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Fig. 3 We demonstrate the errors for 2D advection (1st order) with 5 grids
errors obtained after altering

the combination when a fault
occurs for the 2D advection
problem. Given a level n, the
five and seven grid
combinations are /};12—211—2

and f/13—3,/1—3 respectively.
The full grid we compare
with is f, , and the fault
combinations are those 6 8 10
discussed in Sect. 1.2. Errors level

are computed on the space
Vy.n in each case

—=— fullgrid
combination
+  fault comb.

[y average error

errors for 2D advection (1st order) with 7 grids

—=— fullgrid
1) . + —— combination
5 10° . +  fault comb.
5]
= oL
= 102 y
6 8 10
level

in two spatial dimensions with a = (1, 1), exact solution f(x, y,t) = sin(2mw(x —
t))sin(2m(y —1t)) in the unit square [0, 1]? and periodic boundary conditions. Given
f(x,y,0) we solve up to t = 0.5. High order Runge—Kutta methods are used for
time stepping and we experiment with first order spatial discretisations. We run the
solution to completion on each grid combining only once at the end.

We solve the same problem in three spatial dimensions with a = (1, 1, 1), exact
solution f(x, y,z,t) = sin(2w(x —t)) sin(27 (y —¢)) sin(27 (z—1)) in the unit cube
[0, 1]* and periodic boundary conditions. Again we start with the initial condition
at ¢t = 0 and solve up to = 0.5 using high order Runge—Kutta time stepping and
second order spatial discretisations.

We will also give results for the two-dimensional Laplace problem Af = 0
with the exact solution f(x,y) = sin(ny)W in the unit square [0, 1]* and
Dirichlet boundary conditions as in [11].

Each of these problems has been implemented using PETSc [1-3] to compute
each of the individual solutions and then with the combinations being done in
Python.

In Figs. 3 and 4 we demonstrate the average /; error obtained for some different
problems using many of the different combinations of solutions as discussed. In
the first figure we have some results for the two-dimensional advection problem
using the combination of (7). We compare the combination solution with the full
grid solution ( f; ,) and also plot the error for each case of a fault affecting one of
the five solutions (some of these are the same due to symmetries of the problem).
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Fig. 4 We demonstrate the errors for 3D advection (2nd order) with 10 grids
errors obtained after altering

the combination when a fault
occurs for a 3D advection 3
problem and a 2D Laplace
problem. Given a level n the
combination for the 3D
problem is f,> ,, ,, , and
the fault combinations are
those discussed in Sect. 1.2.
The error in the 3D problem
is computed on the space of
the truncated approximation.
The details for the 2D
problem are the same as those
of the seven grid advection

combination
+  fault comb.

[ average error

+

W
(@)
~
[ee}

level
errors for 2D Laplace (2nd order) with 7 grids

problem in Fig. 3 1030 * —=—  fullgrid
5 + # combination
E + F N +  fault comb.
2107 i
& + %
~ F
1077
6 8 10
level

We see that the error from the combination appears to converge towards that from
the full grid solution (i.e. f, ). Further, the combination after a fault has occurred
converges at the same rate and appears to be bounded by a constant multiple of the
error from the normal combination where that constant depends on which solution
the fault occurred. This is consistent with the results of Proposition 2.

The second plot is the error for the same PDE but using the solutions as in (8)
as the base solutions. The observations are similar. The third plot is for the three-
dimensional advection equation with second order discretisations. Here we have not
included the full grid error as it is too expensive to compute but one observes similar
bounds on the error when the combination is altered after a fault occurs. The last plot
is the two-dimensional Laplace problem using the seven solutions as in (8) which
are solved using a second order spatial discretisations. The errors in this plot after a
fault has occurred appear to be quite a bit larger but are still bounded by a constant
multiple of the errors when no faults occur.

2 Richardson Extrapolation and Related Ideas

Classical Richardson extrapolation involves taking two solutions f, , and f,+41,+1
and combining them with the formula
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27 1
ﬁln,nfn+l,n+l + mﬁln
in order to obtain a higher order solution. It is important to note that this result
requires a slightly different error estimate than the error splitting of (3). In particular
we require the pointwise multivariate asymptotic expansion

vij = f— fij = el +"Ph? + ePPhIRY + 2P OhF + &P hF + - (16)

where each e”" term depends only upon x and y. A similar error splitting applies
for three spatial dimensions. One can see the first terms are similar to those in the
previous error splitting except that the constants are independent of /; and ;. We
also assume that the interpolation operator I preserves the pth order terms of the
asymptotic expansion.

In particular we are concerned with solutions smooth enough to permit first and
second order schemes satisfying this expansion for p = 1 and p = 2 respectively.
It is well known that with suitable assumptions on regularity then the solution of a
variety of elliptic problems has such an expansion for p = 2. However, Richardson
extrapolation is computationally expensive as one must calculate the solution on
a grid four times the size in two-dimensions and eight times the size in three-
dimensions.

2.1 Multivariate Richardson Extrapolation

Multivariate extrapolation has been studied by Riide [14] and Bungartz et al. [7].
For example, given the error splitting in (16) with p = 2 we can extrapolate by
taking the combination

4 5

4
gln,nfn+l,n + gln,nfn,n-i-l - gfn,n .

It has been shown that multivariate Richardson extrapolation is much cheaper
than classical Richardson extrapolation for increasing dimension and increasing
extrapolation order [7].

In this simple two-dimensional example it is still expensive requiring two extra
grids which are twice the size. We note however that one may make additional use of
the information in these grids. Given the combination g ~ f, 41+ fa+1.0— fn.n OnE
could add the high frequency components from g to the extrapolation above. That
way one has a high order extrapolation of the solution for the coarser hierarchical
spaces as well as a low order approximation of contributions from some finer
hierarchical spaces. Assuming the contributions from these are sufficiently small
for increasing n then one should still see high order convergence with respect to n.
By doing this one can make the most out of the given solutions. This is discussed
further in Sect. 3.
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We are concerned with having solutions from combinations like those of (7). This
raises the question: what is the best way to combine these grids to obtain a similar
extrapolation? Two possible choices for p = 2 are:

4

4 5
gln—Z,n—lfn—l,n—l + gln—Z,n—lfn—Z,n - gfn—Z,n—l

or

4 4 5
_In—l,n—an,n—Z + = n—l,n—Zf;l—l,n—l - gfn—l,n—Z .

3 3
These extrapolate onto the grids £2,—,,—; and £2,-;,—, respectively. Another
option is to extrapolate onto the largest grid which is contained within all five grids.
It is easily shown that the combination

4 17 4
_5 n—2,n—2fn—2,n + _In—Z,n—an—l,n—l - §In—2,n—2fn,n—2

9
is a multivariate extrapolation onto the grid £2,,—> ,—>. There are also other possibil-
ities where one may use all of the five grids but this is convenient computationally
given it uses only 3.
In general one may obtain coefficients for such extrapolations by using the error
expansion in (16) to form the equation

ar(f + (fom2m = ) + ax(f + (fomrnr = ) +as(f + (fon—2— 1))
tas(f + (fom2n—1 = ) +as(f + (fomrn—2— )
= f +0eP? 4+ 0e"? + O((h})?)
a7
which leads to the system of equations

ai+a)+as+as+as=1
alh5_2 + azl’l’f_l + 613]’1,1,7 + a4h5_2 + ashs_l =0
alhf: + azh,f_l + a3h5_2 + a4h5_1 + ash,f_z =0.

The problem here is that the system is under determined. One can manage this

by assuming some symmetry in combination coefficients, for example a; = a3
and a4 = as. Alternatively one may attempt to extrapolate further terms in
2p,0

the error expansion, for example the e and e*2? terms. If the problem at
hand is formulated as the minimum of a functional then one could substitute the
combination formula and apply the above equations as linear constraints. Another
option is just to pick a few solutions one would like to work with and see if
there’s a suitable solution. The problem of the under determined system of equations
becomes worse for the example of (8) and worse still for the three-dimensional
examples of (10) and (11) since there are even more solutions and hence coefficients.
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It is important to note that one must be careful since whilst one may obtain
coefficients that extrapolate away the e”” and e®” terms, it may significantly
increase the constants on the higher order terms such that the result is poor unless n
is sufficiently large. It is also known that extrapolation is unstable. Despite this we
will demonstrate how extrapolation may still be applied when faults occur.

2.2 Fault-Tolerant Multivariate Extrapolation

The idea is that when a fault occurs affecting one of the solutions then we may
solve the set of linear equations similar to those derived from (17) using only the
solutions which remain. For the example of the solutions computed as in (7) it is
straightforward. For a fault affecting f,—;,—» or f,—2,—1 one may still use the
extrapolation —gln_z,n_zfn_z,n + 137],,_2,,,_2]’,1_1,”_1 — gln—z,n—zfn,n—z for p = 2.
In general one has

1

mln—Z,n—Z (=2 foman + Q7 + 1) fomtnm1 =27 fan—a) . (18)

If a fault affects the solution f, ,—» then we note that one may take the extrapolation

27 27 +1 2°

—In— n—1/n—2n — 5~ 1 .Jn—2n— —In— n—1/n—1n— 19
5 —qin2 1 fn—2, 2P—1f 2=t 5 T2, 1 fa—1—1 (19)

onto the space V,,—» ,—1. By symmetry a similar extrapolation can be obtained when
a fault affects f,,_,,. This leaves us with the last case of a faulton f,_; ,—;. We have

alfn—Z,n + a2fn,n—2 + a3fn—2,n—l + a4fn—l,n—2
= [ +0e” +0e”” + O((hy))?)

which we solve along with the assumption that a5 = a4 and a3 = a;. This results
in the multivariate extrapolation formula

P 402p
gpj-—lz_z (In—2,n—2fn—2,n + In—2,n—2fn,n—2)

2p
— s (In—2m-2 fu—20—1 + In—20—2fa—12-2) -

Similar extrapolation formulas may be applied where faults occur for the
solutions as in (8). In fact one can simply shift the extrapolation formula of (18)
and/or (19) in order to avoid the solution that was affected by a fault.

In three-dimensions there are many different ways one may add the solutions to
obtain an extrapolation. The simplest approach is to take the simple multivariate
extrapolation formula
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Fig. 5 We demonstrate the errors for 2D advection (1st order) with 5 grids
errors obtained after altering

the extrapolation when a fault
occurs for a 2D advection
problem. Given a level n, for
the five and seven grid plots
we form an extrapolation
onto the spaces V,,—, ,—> and
V,—3.,—3 respectively. The
solutions used in the
extrapolation are those
computed for the 6 8 10
combinations ‘/‘7”2_2‘”_2 and level

—=— fullgrid
extrapolation
+  fault extrap.
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[, average error
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S35 respectively. The errors for 2D advection (1st order) with 7 grids
full grid solution we compare
with is f, ,. The fault ——  fullgrid
extrapolations are those
described in Sect. 2.2. The
error in the extrapolation is
computed on the spaces
Vn72,n72 and ‘/1173.1173 for
the first and second plots
respectively whilst for the full N
grid the error is computed on
the space V,, , 6 3 10

_
i

extrapolation
+  fault extrap.

,_.
<
)

[, average error

_
9
W

2r 27+l 4]
Y I(Ii,j.kfi+1,j,k + Lijuc fij+rk + Lijic fijkt1) — =1

Ji.jk

and shift it to a combination which avoids the solution which was affected by a fault.

Remark 4. We remarked previously that it is difficult to consider truncation errors
dependant on the time stepping given the common use of automatic time stepping
schemes. For extrapolation we again assume that the time stepping is of an order
larger than the spatial discretisations. Optimally one would like at least order 2p
such that the extrapolation of the p order spatial errors results in an order 2p
method.

2.3 Results for Extrapolation

In Figs.5 and 6 we demonstrate the results for extrapolation using the same
examples as in Sect. 1.3. For example, in the first plot of Fig.3 we have the two-
dimensional scalar advection equation where we compare the full grid solution f,, ,
with the extrapolation of the solutions computed for the combination /2, ,_, onto
the space V,—,.,—>. We observe that the extrapolation is much better than the full
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Fig. 6 We demonstrate the errors for 3D advection (2nd order) with 10 grids
errors obtained after altering

the extrapolation when a fault 107! +
occurs for a 3D advection
problem and a 2D laplace
problem. The details for the
2D laplace problem are the
same as those for the seven
grid advection problem in
Fig. 5. For the third problem, 10°5 .
given a level n, we compute

—— extrapolation
+  fault extrap.

1073
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space V,—2 p—2.—2 ‘g 10~ extrapolation
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S
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>
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grid solution for large enough levels despite the difference in grid sizes. This is due
to the extrapolation converging at a faster rate despite being on a smaller grid. This
remains true when we alter the extrapolation after faults occur and we appear to
have some bounds on the errors again for different cases of faults. Such bounds may
be derived through a thorough analysis of the extrapolation of higher order terms in
the asymptotic expansion.

3 Combining the Two Approaches

As suggested previously one may combine the two approaches. This is particularly
straightforward for the case p = 1. We will describe this in detail for the case where
one has the five solutions as in (7).

3.1 For a Standard Case (No Faults)

Consider one has the five component solutions f,,—> », fu—1.1—1> fan—2, fn—2.1—1 and
Jfn—1.,—2 and that they satisfy the asymptotic error expansion of (16). Remember that
fnz_2 .—o denotes the combination
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Fig. 7 This is a visual representation of the combined approach as in (20) for n = 5. On the left
are the grid points which are extrapolated to a 2 p order solution whilst those in the diagram on the
right are obtained by adding some p order corrections

f;z—z,n—z = fn—Z,n + fn—l,n—l + fn,n—Z - fn—2,n—l - fn—l,n—2-

Let f,,_, denote an extrapolation of these solutions onto the space V,,— ,—2, for
example with p = 1 one can use

ne—z,n—z = _2In—2,n—2fn—2,n + 51n—2,n—2fn—l,n—l - 21n—2,n—2fn,n—2 .

Now we can use both of these results by combining according to

IIf;f—Z,n—Z + (f:12—2,n—2 - In—2,n—2ﬁ12—2,n—2) (20)

where I7 f,f_z.n_z is the bilinear interpolation of fne—z,n—z onto the sparse grid on
which f2,,_, lives, thatis f,>,, , € Vi withZ = {(i,j) e N*:i + j <2n—
2 and i, j < n}. The result is a solution consisting of a second order approximation
from the space V,—, ,—» and a first order approximation from the space

D w,le| D w-|e| P W @(EB Winet ] - 2D

j<n—2 j<n—1 i<n—=2 i<n—2

The points on the sparse grid that contribute to each of these function spaces for
n = 5 are depicted in (Fig. 7). For p > 1 similar approaches may be taken but one
needs to use a higher order interpolation (rather than the usual bilinear) to be able to
effectively utilise the order 2 p extrapolation. Future work will involve investigation
into these cases.

3.2 Fault-Tolerant Approach

Since we have already enumerated fault-tolerant approaches for the combination
and extrapolation techniques, combining the two approaches will be straightfor-
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errors for 2D advection (1st order) with 5 grids
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Fig. 8 We demonstrate the errors obtained when combining the two methods for the 2D scalar
advection problem

ward. For example, given a fault affecting one of the five solutions of (7), let
€,—2.,—o denote an extrapolation of successfully computed solutions onto the space
Vi—2n—2 and g7 € V3 denote some combination of the successfully computed
solutions, then one simply takes

IIg;—z,n—z + (g% - In—Z,n—Zg%) .

Note that in two of the cases when faults occurred with these five solutions
we extrapolated onto a larger space, e.g. V,—2,-1 and V,_;,—2, however in
our numerical results we extrapolate onto V,_,,—» for consistency and ease of
computation.

In Fig.8 we demonstrate this combined approach with the full grid solution
and the extrapolation solution for the two-dimensional scalar advection equation.
We also plot the results of the combined approach when we alter it after a fault has
occurred. The first plot uses the five solutions of (7) whilst the second plot uses the
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seven solutions from (8). The combined approach has an error slightly better than
taking only the extrapolation. After a fault has occurred the results are still very
good having error only a little larger then the normal combined approach.

Similar can be done for the combination of solutions given in (8), (10) and (11).
The results in these cases tend to be a bit better given the extra grids available.

We conclude that the numerical results look promising for these approaches to
fault-tolerance. We intend to further investigate these methods for more complex
examples and higher order approximations.
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Efficient Regular Sparse Grid Hierarchization
by a Dynamic Memory Layout

Riko Jacob

Abstract We consider a new hierarchization algorithm for sparse grids of high
dimension and low level. The algorithm is inspired by the theory of memory efficient
algorithms. It is based on a cache-friendly layout of a compact data storage, and the
idea of rearranging the data for the different phases of the algorithm. The core steps
of the algorithm can be phrased as multiplying the input vector with two sparse
matrices. A generalized counting makes it possible to create (or apply) the matrices
in constant time per row.

The algorithm is implemented as a proof of concept and first experiments show
that it performs well in comparison with the previous implementation SG++, in
particular for the case of high dimensions and low level.

1 Introduction

In many applications high dimensional models arise naturally, for example as a
function that maps the high dimensional space [0, 1]¢ to the real numbers. Such a
function can be represented using a regular grid. If we use a regular grid that has N
points in every direction, this approach leads to N¢ sample points, which can be
more than what is computationally feasible.

One approach to reduce the number of sample points are sparse grids introduced
by Zenger [11] in 1991. To see the potential for improvement, consider an axis
parallel line through a grid point. We call the sampled points that lie on such a line
a pole. In the regular grid, all poles consist of N points. Take two poles a and b in
direction e, that are shifted in direction e; by 1/N. For a smooth function f we
would expect that the restricted functions f|, and f'|, are very similar, at least for
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small 1/N. Still, the full grid samples both functions on N points. In contrast, the
sparse grid uses a different number of grid points on the two poles, say more on a
than on b, and uses the samples for f |, to increase the accuracy of the representation
of f1».

The sparse grid interpolation is based on hierarchical basis functions, as detailed
for our concrete setting in Sect.2. Each such basis functions has an axis parallel
hyperrectangle as support and the volume of this support is 2~¢, where the integer £
is the level of the basis function. Importantly, the support is not necessarily square,
i.e., the side length can change drastically with the dimension. By using only basis
functions of level up to n > £, we get some poles (actually one for each direction)
that are sampled with N = 2"*! — 1 points, whereas all other poles are sampled
with fewer points. In contrast to the corresponding full grid with its N points, the

d—1
sparse grid has only O (N ("Zil_l)) =0 (N (%) ) sample points. The

rate of convergence, i.e., how the approximation accuracy depends on increasing N,
remains comparable to that of the full grid [3,4, 11].

If we consider some examples, we see that the sparse grid with N = 7 points
on the most densely sampled poles has for d = 100 only 20,401 grid points. For
comparison, the corresponding full grid has 7! ~ 10%* grid points, more than what
is currently assumed to be the number of atoms in the universe. For N = 7and d =
10,000 there are 200 million sparse grid points and for N = 15 and d = 100 there
are 72 million. In this situation, a different asymptotic estimate is helpful, namely
10) (N ("Zil_l)) =0 (N ("+}’f_l)) =0 (N ("("TH))”) Concretely, we see that
for N = 7 the number of grid points grows with @(d?), for N = 15 with ©(d?),
and so on. Hence high dimensions might be numerically feasible for small N . In this
work, we focus as an example on one particular task, namely the hierarchization of
a sparse grid (see Sect. 2). For this particular task, there is one value per grid point
as input and output, and this number of values is referred to as degrees of freedom
(DoF). Further, hierarchization is a task of relatively small computational intensity,
i.e., in every round of the algorithm every variable gives rise to at most four floating
point operations. Hence our algorithmic ideas are related to good memory usage.
On one hand this amounts to minimizing the size of the data structures (ideally
only one variable per DoF), and on the other hand we want make sure that the data
access patterns are cache-friendly. This leads us to so called memory efficient or
1/O-efficient algorithms. While the above points are our main focus, clearly a useful
implementation must reflect other aspects of modern hardware. One noteworthy
aspect is parallelism, for example in the context of several cores of the same CPU.

Many efficient algorithms known for sparse grids are based on the unidirectional
principle [3]. It allows us to operate only on the one-dimensional sparse grids, i.e.,
the poles. More precisely, we iterate over the dimensions and for each dimension
consider each of the poles in this dimension on its own.

The question we consider in this work is how to implement the unidirectional
principle I/O-efficiently, with the example of hierarchization. Let us pictorially
describe the situation by thinking of the sparse grid as a work piece that needs to be
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drilled from many different directions. There are two standard ways of doing this:
Either you mount the working piece to the bench and move a mobile drill around
it, or you mount the drill on the bench and turn the working piece. We propose to
switch to the analogue of the latter method: Instead of adapting the one-dimensional
hierarchization procedure to the current dimension, we move the data. For the one-
dimensional hierarchization algorithm to be I/O-efficient, it would be good if each
pole we work on is stored contiguously in memory. Provided that each pole fits
into the cache, we immediately get an I/O-efficient algorithm: It loads the pole
once and efficiently because the pole is split into few cache lines. Then it performs
all operations on this pole in the cache, and writes the finished pole back to main
memory to free the cache.

Because it is impossible to have a data layout of the sparse grid that stores all
poles of all dimensions contiguously, we rearrange the layout of the sparse grid
according to the dimension in which we currently work. More precisely, we define
a rotation of the sparse grid that is a cyclic shift of the dimensions, i.e., maps
(x1,...,xq) = (x2,x3,...,%x4,x1). Using this, it is sufficient to be able to perform
the one dimensional hierarchization algorithm efficiently in one of the dimensions.
We chose for this working step to operate in dimension d.

This approach has four main advantages:

* We can choose a memory layout that makes the access pattern of the working
step cache-friendly

¢ Both phases (working and rotation) are exactly the same for all d rounds. They
can be phrased as sparse matrix multiplication. Computing these matrices once
is sufficient.

e There is no need to store position information (like level and index) together
with a variable. This role of the variable is always implied by the position of
the variable in the array representing the sparse grid. This leads to a fairly small
memory-footprint, in particular in comparison to hash-based implementations.

e The algorithm can be easily and efficiently (both computation and memory
access-wise) parallelized for multiple cores.

1.1 Algorithmic Background

The theory of I/O-efficient algorithms go back to the definition of the I/O-model [1].
It is based on the idea that the CPU can only work on a memory of size M
(the cache). Input, output and auxiliary storage are in external memory, which is
unbounded in size and organized in blocks of size B (a cache-line). The running
time of an algorithm is estimated by the number of I/O-operations that read a block
from external memory or write a block to external memory.

The differences between the I/O-model and the somewhat similar RAM or von-
Neumann model can be illustrated by considering the task of permuting. Given
a permutation w:{1,..., N} — {1,..., N}, a program for permuting takes an
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input vector (xi,...,xy) and creates the output vector (yi,..., yy) according to
Yx@Gy = X;. The naive algorithm loops over the input and writes the value to the
specified position of the output. On the RAM, this takes ®(/N) operations which
is trivially optimal. The naive algorithm can be adapted to the I/O-model where it
causes ®(N) I/O-operations. In contrast to the RAM this is not always optimal. The
alternative algorithm is to use a B/ M -way merge sort to rearrange the input array
into the output array, which takes 0(% logy g %) I/Os. If the logarithmic term is
smaller than B, this is better than the naive algorithm. When the I/O-model is used to
describe a situation where the external memory is a disk and the internal memory is
main-memory, the naive algorithm can easily be orders of magnitude slower. This is
complemented by a lower bound stating that taking the better of the two mentioned
algorithms is optimal [1]. The lower bound holds even if the algorithm can be
adapted to the permutation, but this permutation is random. In contrast, there are
also some permutations that can be performed easily, for example if the permutation
is a cyclic shift or moves the elements not too far, e.g., |7 (i) —i| < M —2B. Many
RAM algorithms have a completely unstructured memory access, similarly to the
naive algorithm for permuting. Sometimes this can be avoided by rearranging the
data [7]. One example of this technique is the I/O-efficient algorithm for multiplying
a dense vector with a sparse matrix [2]. The first phase of the algorithm is to create
all elementary products by multiplying each entry a;; of the matrix with x;. To
perform this I/O-efficiently the matrix should be stored in a column major layout
such that matrix entries of the same column are stored together and the columns are
in the same order as the input vector. In a second phase of the algorithm the output
is computed as row sums of the elementary products. For this to be I/O-efficient,
they are first rearranged into a row-major layout such that all entries belonging to
the same row are stored together. Here, the I/O-efficient way to rearrange might be
to use the sorting algorithm.

Note that even though we phrase our result here as a multiplication with a sparse
matrix and a permutation matrix, the structure of these two particular matrices
usually makes the naive algorithm I/O-efficient. Still, we use the idea of working
in phases and rearranging the date between the phases.

1.2 Related Work

Many different aspects of sparse grids have been investigated in the last years. The
presentation here follows [3,4, 10, 11].

Most of the proposed algorithms for sparse grids have been implemented, and
some of the code is publicly available.

One easily available implementation is SG++ [10] (http://wwwS5.in.tum.de/
SGpp/). Its focus is adaptive sparse grids and it provides a lot of generality in terms
of the used basis functions. Because of its availability and ease of installation, we
use this for comparison in this paper.
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The idea of using a layout of the complete sparse grid as a compact data structure
has been proposed [8], but the layout itself differs from what we consider here. The
corresponding implementation fastsg is described [9], where a recursive formula
for the size of the sparse grid is proposed, similar to the one presented here. The
code is publicly available but does not provide a hierarchization procedure for the
0-boundary case considered here.

Some of the ideas presented here (rotation, compact layout) are also the basis
for a different implementation with focus on parallelism and vectorization [5].
Optimizing for this kind of parallelism favors a different layout. That code has been
extended with a focus on evaluation [6].

2 Sparse Grids

Sparse grids have been designed to approximate functions in high dimensional
spaces with relatively few degrees of freedom. By now, there is a body of literature
discussing the mathematics of sparse grids. In contrast, this work investigates only
the computer science aspects arising in the context, actually only for one particular
task called hierarchization. Nonetheless, there is the need for a brief discussion of
the underlying mathematical concepts, at least to explain how we phrase them in
our algorithms.

In the following (0,1) C R denotes the open interval from O to 1, whereas
[0, 1] denotes the closed interval. A sparse grid space as we use it here is a finite
dimensional linear space. Its dimension is phrased as degrees of freedom (DoF) and
it is given by the size of the basis we define for the space. The elements of the basis
are specific continuous functions RY — R with support limited to (0, 1)¢, the so
called hierarchical basis functions as defined in the following. An element of the
sparse grid space is a linear combination of these basis elements, and hence also a
continuous function R — R with support (0, 1)¢.

2.1 One-Dimensional Tree Structure

In one dimension (d = 1) the hierarchical structure can be described by an
annotated complete binary tree, as exemplified in Fig. 1. Each node v is annotated
with an interval I, = (ay, b,) C (0, 1) leading to the centerpoint ¢, = % The
root is annotated with the open interval (0,1) and the centerpoint 1/2. Each node v
of the tree has two children / and r that are annotated with the intervals I; = (a,, ¢,)
and I, = (¢y, by). Note that the centerpoints are unique and can be used to identify
the node and the interval. Note further that two intervals of nodes u and v in the
tree are either disjoint or one is contained in the other. In the latter case, if I, C I,
then v is an ancestor of u, i.e., the path from u to the root passes through v. For any
node v, the endpoints a, and b, of its interval are either 0, 1, or a centerpoint of an
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Fig. 1 The one-dimensional sparse grid of level 2: the tree 7}, the associated intervals above and
the centerpoints below. The BFS-number is given inside the circle of the nodes

ancestor of v. These ancestors are called the hierarchical predecessors of v. There
can be at most two hierarchical predecessors, namely one for a, and another for b,,.
We define the level of the root node to be 0, and the level of a node v, denoted
by I(v), to be its distance to the root, i.e., the number of times one has to follow
a parent link to reach the root node. At level £ of the tree there are 2¢ nodes, all
associated intervals have length b, — a, = 2~ and they partition the interval (0, 1)
(ignoring that centerpoints of nodes with level < £ are not element of any interval).
We call the tree up to and including level £ the £-free, denoted by T;. Performing an
in-order traversal of Ty and collecting the centerpoints yields an equidistant grid in
the interval [0, 1] with spacing 2=¢*1 and 2¢*! — 1 points.

For every node v of an £-tree we define a basis element of the one-dimensional
sparse grid space. In this work, the one dimensional basis function f, of a node v
is piece-wise linear hat function with support (a,, b,) and the maximum of 1 at the
centerpoint ¢,. Observe that the nodes u with f,(c,) > 0 are precisely the ancestors
of v.

A function f in the one-dimensional sparse grid space of level £ is given by
coefficients A, one for each node of the £-tree, i.e.

f=Y 2k

veTy

Such a function f is continuous and piece-wise linear on [0, 1] with kinks at the
centerpoints of the nodes of Ty and support (0, 1), and it is an element of the one-
dimensional sparse grid space. Note that the value f(c,) at a centerpoint ¢, is in
general different from the coefficient A,,.

Definition 1 (The Task of 1-D Hierarchization).

Input Values y,, one for each node v € Tj.
Output Coefficients A, such that the represented function f = ) A, f, has the
property f(c,) = y, for each node v of the {-tree.

The coefficients A, are also called hierarchical surpluses.
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Algorithm 1: 1-D hierarchization

Input : values at the grid points, stored in y[]
Output : hierarchical surpluses, stored in A[]
for i = maxlevel downto 0 do
foreach node v of T; with [(v) =i do
Let [, be the left hierarchical predecessor of v
Let r, be the right hierarchical predecessor of v
Aol = y[ol — 0.5 (vIL] + y[r)

One dimensional hierarchization can be achieved by the pseudocode given in
Algorithm 1. To see why, we argue that y, = WT” + A, holds. Consider any
node v € Ty. Observe that for all u € Ty, u # v the basis functions f, falls in one
of the following two cases. The first case is f,(ay) = f.(cy) = fu(by) = 0, either
because the support of f, and f, does not overlap, or because u is a descendant of v,
i.e., in u is in the subtree below v. The second case is that f, is linear in the complete
interval [a,, b,], which means u is an ancestor of v. Hence, the contribution of all
other functions together will result in the linear interpolation between y; at a, and
vy at by, leading to the equation A, = y, — WT”

2.2  Higher Dimensional Case

In higher dimensions (d > 1), the sparse grid space is constructed using a tensor
product approach, and the term sparse becomes meaningful.

We generalize the index set Ty to its d -fold Cartesian product T[d =Ty x---xTy.
For a vector of d tree nodes v = (vy,...,vy) € T;’ the level of v is defined as the
sum of the levels £(v) = Z?:l [(v;). We define its d -dimensional basis function by
Fo(x1,....xg) = ]_[fl=1 Ju: (xi). The support of fy is I, x -+ x I, and its unique
centerpoint ¢y = (Cy,,...,Cy,) € (0,1)% is called a grid point. Note that the d -
dimensional volume of the support of fy is 27*("). The sparse grid of dimension d
and level £ is based on the set of sparse grid vectors I = {v € T¢ | {(v) < £}, and
the sparse grid space is the span of the corresponding basis functions F[d ={fy|
v € I}. The set of sparse grid pointsis C{ = {cy | v € I}

Note that in most of the established literature, the level of the one dimensional
functions is counted starting from 1 for what we call the root node. This leads to
the situation that the simplest d-dimensional basis function with support (0, 1)¢
has level d, whereas in our notation it has level 0. In other words, what we call
level represents directly the number of refinement steps and hence the volume of
the support, independently of the dimension of the underlying space.

With these definitions, the one dimensional hierarchization task formulated in
Definition 1 naturally generalizes to higher dimensions.
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Algorithm 2: High dimensional hierarchization

for i = d downto / do
foreach pole p of the sparse grid in dimension i do
| perform one-dimensional hierarchization on p

Definition 2 (The Task of Hierarchization).

Input: Values yy, one for each sparse grid vector v € [ [d
Output: Coefficients A, such that the represented function f = ) _ 1d Av fv has

the property f(cy) = yy foreachv e [ {d

Its algorithmic solution will be the focus of this work. The well established
algorithm follows the unidirectional principle [3], making use of the one dimen-
sional algorithm. A pole of the sparse grid in direction i containing the sparse grid
vector v = (vy,...,Vq) is the subset of sparse grid vectors that differ from v only
in dimension i. All such poles have the structure of a one dimensional sparse grid
(by projection to dimension ), even if some consist of only a single element. Fur-
ther, the poles in direction i partition the sparse grid. The hierarchization algorithm
considers the dimensions one after the other, i.e., it works in the directions i =
1,...,d. In each iteration it runs Algorithm 1 on all poles of direction i (one-
dimensional hierarchization). The pseudocode of this well established solution
is given as Algorithm 2 and we do not modify it at this level of abstraction. Beyond
this pseudocode, several important aspect need to be addressed:

e Which computation happens when.
¢ How and where the variables are stored.
¢ How the data is moved.

3 Memory Efficient Algorithm

This section describes the ideas that lead to a memory efficient algorithm for the
hierarchization of a sparse grid of high dimension and low level.

3.1 Data Layout

At the heart of the algorithm is a specific layout of the data. From this layout the
algorithm itself follows naturally.
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3.1.1 Layout in One Dimension

Given the tree structure detailed in Sect. 2.1, a breadth-first-search (BFS) traversal
of the nodes is well defined: It starts at the root, and then traverses the nodes of
the tree with increasing level and from left to right. More precisely, we assign the
BFS-number O to the root, BFS-number 1 to its left child, 2 to its right child, the
BFS-numbers 3, 4, 5, 6 to the four nodes of level 2, and so on. These BFS-numbers
are shown in Fig. 1. The BFS-number is a unique identifier of a node in the one
dimensional tree 7. This BFS-layout for a complete binary tree is well understood
(its perhaps most prominent use is in the heap-sort algorithm). For a node with
BFS-number i, its two children have the BFS-number 2(i + 1) — 1 and 2(i + 1),
and its parent has BFS-number |(i — 1)/2]. This simplicity of computing related
BFS-numbers is one of the big advantages of the BFS-layout. Note that starting the
counting at 1 would make this even simpler, but indexing the array in C-style starting
from O is not only closer to the code, but it is also more natural when working with
subarrays. Observe that the BFS-number encodes the level and the index within the
level in one number. The BES-numbers of nodes with level £ start with 2! — 1.
We define the level of a BES-number to be the level of the corresponding node
in the £-tree. Further, a tree of maximum level £ uses precisely the BFS-numbers
in {0,..., 2t 2}. We use the BFS-number as a position in the layout. A one
dimensional sparse grid (i.e. a pole) can in this way be represented as an array (with
one entry per degree of freedom).

3.1.2 Higher Dimensional Layout

Following the tensor product structure of the sparse grid, it is natural to identify
a sparse grid point (defined by a vector of tree-nodes v = (vi1,...,v4)) with a
vector b € Ng of BFS-numbers. Each such vector of a sparse grid of level n has
Z?:l £(b;) < n. We sort the vectors of BFS-numbers lexicographically, with the
significance of the positions decreasing (as is usual). This directly leads to a layout
of a higher dimensional sparse grid, as exemplified in Fig. 2 in two dimensions and
level 2. Because the first position is most significant, all elements with a O at the
first position are grouped together at the beginning, then come the elements with a 1
at the first position and so on. Within these groups the sorting bundles together the
elements with the same entry at the second position. And within these groups, the
elements with the same entry at the third position are grouped together, and so on.

At the end of this conceptual recursion we see groups of vectors that differ only in
the entry at the last position and are sorted by this entry. Hence, we see that the poles
(defined in Sect. 2.2) in dimension d form subarrays in the complete lexicographical
layout.
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Fig. 2 The two-dimensional sparse grid of level 2: on the right the grid points at their positions
in [0, 1]?, labeled with their position in the layout. On the left the lexicographical layout of the
grid points as triples layout-position:(x;, x,). Note the matrix structure of both figures: rows have
the same x; coordinate, columns the same x, coordinate. The restriction on the level-sum yields a
symmetric shape

3.2 Numerical Work: Hierarchize All Poles

The high dimensional hierarchization Algorithm 2 works pole-local in the inner
loop. In other words, when considering dimension i, there is no interaction between
variables of different poles in dimension i. Let us focus, for the moment, on the
first iteration of the outer loop of Algorithm 2, where all poles of dimension d are
hierarchized. This task fits particularly well to our layout of the sparse grid. Each
such pole is located in a subarray, starts at a certain offset and has length 2¢ — 1 for
a pole of level £. Note that some of these poles have level 0, i.e. consist of a single
element and hence require no numerical work at all.

Consider Algorithm 1 when it operates on a pole stored in BFS-layout. More
precisely, consider the j-th input pole as stored in a vector y; and the output in a
vectorh;, both with N = 2¢—1 entries. We express Algorithm 1 ash; = H,-y; for
a sparse matrix Hy. Consider a node v of the £-tree. The variables of the input and
output associated with this node are stored in the same position in the two vectors,
say at position i. Hence, on the diagonal, all entries are 1. The variables associated
with the hierarchical predecessors are stored before i. Hence, the matrix H; has at
most two non-zero entries below the diagonal, and each of them has value —1/2.
Note that Hy, is the upper left corner of H, for k < £.

We can also express the whole first iteration of Algorithm 2 as a matrix
multiplication. To this end consider all input values stored in the vector y’ and the
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result in the vector I, both according to our layout. Let us describe the matrix W,
for which we have h’ = W,;y’. The matrix Wy is a block diagonal matrix composed
of many matrices H;;, where [; is the level corresponding to the size of pole ;.
Hence, on the diagonal of W, all entries are 1, above the diagonal all entries are 0,
there are at most two entries of value —1/2 in every row and they are at distance at
most 2¢ below the diagonal for a sparse grid of level £.

By the above discussion it is clear that also the other hierarchization steps for
dimension i # d are linear, but the structure of the corresponding matrices would
be different and harder to describe. Hence, in the following, we use a rotation to
reuse Wy.

3.3 Rotation

We achieve the outermost loop of Algorithm 2 by performing rotations. In this way
the one dimensional algorithm formulated as W, in Sect.3.2 can operate on all
dimensions in turn.

Consider the shift S(ny,...,ng)=(n2,n3,...,n4,n1) working on d-
dimensional BFS-vectors. When following the movement of the corresponding
centerpoints when applying S to each grid point, geometrically we see a rotation
operating on [0, 1]?. Because we are working with a non-adaptive sparse grid, this
grid-point exists in our sparse grid as well. Observe that S¢ is the identity, and
that S’ maps the (d — i)-th position of the vector to the last position. In terms
of our algorithm, using this rotation means that we should take a variable of our
vector, understand it as a grid-point/BFS-vector, rotate it with .S, and move it to the
position in the vector associated with the rotated grid-point. We expresses this data
movement by a permutation matrix R.

With this definition of R, we can express one execution of the outer loop of
Algorithm 2 as applying the matrix RW,, and the complete algorithm as applying
(RW,4)?. In other words, to transform a vector y of function values at the grid-points
to a vector of hierarchical surpluses h (both in our layout), we can use the equation

h = (RW,)y

to express Algorithm 2.

3.4 Considerations of an Implementation

With this description of the algorithm as the alternating application of two sparse
matrices, it is quite natural to work with two vectors as in the pseudocode given in
Algorithm 3.
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Algorithm 3: Hierarchization as sparse matrix multiplication

Input : values at the grid points, stored in vector y|[]
Output : hierarchical surpluses, stored in vector y[]
Let x be a vector of same size as y

for i =1toddo
X=Wd *y
y=R*x

This code obviously relies on the definition of the matrices W; and R in a
crucial way, and these matrices are based on the correspondence between positions
in the layout, BFS-vectors, and the tree structure in the BFS-numbers. We call
the translation of a BFS-vector to the position in the layout pos, and the reverse
operation depos. They can be implemented quite efficiently in O(£ + d), but by
the nature of having a BFS-vector with d entries as input or output, they cannot take
constant time. This can be avoided by considering the BFS-vector as a data structure
that changes its state according to well defined operations, in particular changing
the BFS-vector such that the corresponding position in the layout is incremented.
More precisely, we have an abstract data type BFS-vector that stores as it state a
b = (by,...,by) and supports the following operations:

int pos(): Return p(b), the position in the layout of b.

init (): seth = (0,...,0).

increment (): Change b such that pos is incremented, i.e., for the current
state b and the new state b’ it holds p(b") = p(b) + 1.

int shift pos(): Return p(S(b)), i.e. the position of the shifted current
BFS-vector.

int last_entry(): Returnb,.

depos (x): Change the current vector such that p(b) = x. All of the above oper-
ations but depos can be implemented in O(1) time using a sparse representation
of the BFS-vector, as detailed in Sect. 4.

With this presentation of the hierarchization algorithm, there are several design
choices to be taken. Either we can implement a carefully tuned routine that has the
effect of applying W, and R, or we can explicitly represent the two sparse matrices.
Which alternative is superior depends on the circumstances and the used hardware:
If several hierarchization tasks are performed, the dimension is high, and the access
to the sparse matrices is fast enough, the time for precomputation of R and W,
can be amortized by sufficiently many multiplications with the matrices. If instead
bandwidth to the memory is much more precious than computation on the CPU,
then an on the fly computation is preferable.

Another important concern is the possibility to turn the above algorithm into a
parallel one. The multiplication steps are trivial to parallelize including the load
balancing. Also the creation of the matrices can easily be parallelized. Only the
initialization of the individual parallel threads needs some care and uses depos.
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4 Navigating the High Dimensional Layout

This section is concerned with computing the position of a BFS-vector v =
(v1, ..., vq) in the layout described in Sect. 3.1.2. It relies on knowing the size of a
sparse grid of dimension d’ and level £’ forall d’ < d and n’ < n.

4.1 The Concept of Remaining Level

In this section we work exclusively with BFS-vectors with dimension d and
level £ < n to represent the points of the sparse grid. Remember that we use /(b;) to
denote the level of the i-th digit, and that a BFS-vectors b = (by, ..., b;) belongs
to the sparse grid if and only if Z;jzl I(b;) <n.

Assuming that the first k entries of b are fixed to by, ..., b, we want to know
which values are still possible for bx41,...,bs. This is restricted by the limit on
the sum of the levels of the complete vector. Let the remaining level be defined
asr = n— Zle I(bi). If r < 0, then the initial entries do not lead to a grid
point, regardless of the remaining entries. Otherwise, the level sum of the remaining
entries has to be bounded by r for the complete BFS-vector to belong to the sparse
grid.

4.2 The Number of Grid Points v(d, {)

One important quantity is v(d,{), the number of grid points (size) of a d-
dimensional sparse grid of level £, or equivalently, the number of d-dimensional
BFS-vectors with level sum bounded by £. In the following, we use a recursive
formula for v.

For the base case, it is convenient to understand a zero-dimensional sparse grid
to consist of precisely one point, regardless of the level. Hence,

v(0,¢) =1 forall £ € Ny. 1)
The recursive case is given by
[ .
v(d.0) =) 2" -v(d—1.L-1i). 2)
i=0
Here the quantity 2/ represents the number of grid points in a BFS-tree with level
precisely i.

The validity of (2) follows, for example, from the layout proposed in Sect. 3.1.2:
The first group has a 0 in the first position, the remaining level is £, and the group is
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Algorithm 4: pos(), the position of a BES-vector in the layout

Input : the BFS-vector in b[]
Qutput : the position in p

p=0
| = maxlevel
fori=1.ddo

|_ p=p+vd—il—1level(x))

for x = 0..b[i]-1 do
I =1—1level(bli]);

a sparse grid with level £ in d — 1 dimensions. The next two groups have in the first
digit a value of level 1, which means that the remaining level is » = £ — 1 and each
of them is a grid with dimension d — 1 and level r. This argument continues with
increasing level of the first digit, finally reaching the digits of level £. These are 2°
many groups, each with a remaining level 0. This means that the remaining digits
must all be 0, which is consistent with our definition that a level O grid consists of a
single grid point.

The formulas (1) and (2) form a recursion because the right hand side depends
only on cases with smaller or equal level and one dimension less. For efficiency we
usually compute the (relatively small) table for v(d’, n") using dynamic program-
ming.

4.3 Operations on a Full Vector

4.3.1 pos: The Position in the Layout

With the help of v(d, £) we can compute for a BFS-vector b = (by,...,by) the
position in the layout p(b). This position can be computed by Algorithm 4,
where 1evel(x) denotes the level of the 1-D-tree node with BFS-number x, and
maxlevel denotes the overall level £ of the sparse grid, and the BFS-vector is
stored in the array b[] (indexed with 1,...,d).

We can think of the addition to p as jumping in the layout. To account for the
first entry by € {0,...,2"" — 2}, we jump to the group of BFS-vectors with first
entry by, namely to the position of the BFS-vector (1,0, ...,0). From this we can
continue in the same manner for the remaining vector (b, ..., by), interpreting this
vector as an element of the sparse grid with d — 1 dimensions and the remaining
level. Note that for the last entry the increments are by 1 = v(0, £).

4.3.2 depos: The BFS-Vector from a Position

Now we consider the operation depos, the inverse to pos, as formulated in
Algorithm 5. Given a position p, we want to find the BFS-vectorb = (b, ..., b,)
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Algorithm 5: depos(), the BFS-vector from the position in the layout
Input : the position in p
Output : the BFS-vector in b[]
freelevel=maxlevel
b=(0,..,0)
fori=1..ddo
w=v(dim—1i, freelevel)
while p > w do
p=p—w
blil=bli]+ 1
w=v(dim—i, freelevel — level(b[i]))

freelevel = freelevel — level(b[i])

that is mapped to p in the layout. The structure of depos is very similar to pos.
Instead of jumping to the starting position of a group, we want to find the group
in which p is located. In other words, the algorithm consists of d linear searches
for the group of dimension i (inside the group of dimension i — 1) in which p is
located.

4.3.3 increment: The Next BFS-Vector in the Layout

The functions pos and depos as explained in the last two sections are not
efficient enough to be used in the innermost loop of a hierarchization algorithm, a
problem we circumvent by an increment operation. We store the BES-vectorb =
(b1,...,by) in the array b[], and the corresponding position p in the layout in
the variable p. The increment operation has the purpose of incrementing p and
changing b in a way that preserves this correspondence. This and the direct access
to by are sufficient to create Wy (or to compute y = W, - x without a representation
of the matrix) serially. For a parallel version of this algorithm we assign each thread
the task to create the range p; : p;+1 — 1 of rows of W,;. Then the thread starts
by setting p = p; and establishing the invariant by initializing the vector using
depos(p;). From then on, depos is no longer needed.

Assume for the moment that there is an additional array of the remaining levels
rlk] = € — Zle [(b;) as defined in Sect.4.1. If r[d] > 0, the current vector does
not exhaust the maximum level, and the last entry b[d] can be incremented without
violating the constraint on the level sum. Even if r[d] = 0, it is possible that b[d]
is not the highest BFS-number of level r[d — 1], and hence the increment changes
only b[d] = b[d] + 1.

If b[d] is the highest BES-number of level r[d — 1], we know that the increment
has to change some of the entries further to the left, and the incremented vector
has b[d] = 0. The change further left is an increment operation on the d — 1
dimensional BFS-vector stored in b[1],...,b[d — 1] with level-sum £, and we can
continue in the same way. If this process would continue to the left of b[1], this
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means that the first entry b[1] is the highest allowed BFS-number (and all other
digits are 0). Then an increment is impossible because we reached the last point of
the sparse grid.

After updating the digits b[] as described (from right to left), we also update all
r[] values that might have been changed (from left to right). Note that it is actually
not necessary to work with a complete vector of r[]-values. Instead, we can have a
single variable r (Ereelevel in the code) that maintains r[d], i.e., by how much
the current vector does not exhaust the level £.

434 shift pos: The Position of the Shifted BFS-Vector

For the computation of R we can use increment, if we manage to update the
position of the shifted BFS-vector efficiently. More precisely, if our current array 5| |
represents the BFS-vector b = (b1, ..., b;), we want to compute pos(S(b)). We
use some additional arrays that need to be updated during increment.

An increment operation leaves a prefix by, ..., by of b unchanged, which means
that the prefix b,, ..., by of length k — 1 of S(b) remains unchanged. The algorithm
of pos (Sect. 4.3.1) considers the entries of the BFS-vector from left to right. Hence,
an unchanged prefix of the BFS-vector means that the initial operations of pos are
unchanged. This can be used by recording the state of the algorithm for pos(S(b))
at each entry into the body of the loops. More precisely, this gives two arrays, one
for the position p and one for the remaining level /, both two-dimensional, indexed
by i and x. It is sufficient for these arrays to be current in each dimension i up to
the position b[i].

Every increment operation increments one entry, say from by to b, = by +1, and
all entries to the left are zero, i.e., b]’C == bél = 0. Hence, we can “jumpstart”
the execution of pos(S(b)) starting from what we find as state in [k — 1, bg], the
offset implementing the shift. From there we can complete (including recording) the
execution of pos on the entries (bg+1,...,bq, by). Observe that the control-flow of
this remaining execution is always the following: There is the last iteration of the
inner loop with i = k — 1 and x = bj (creating a new entry in our arrays). For
i = k,...,d — 1 we only update our tables at [i, 0] recording the unchanged state
of position p and remaining level r. The inner loop is not executed. Only fori = d
the inner loop iterates up to by, which always results in adding b, to p. Hence, the
running time of this continuation of pos is proportional to the number of entries
consider by increment, namely d —k + 1.

4.3.5 Performance Limitations of the Full Representation

It is well known that counting with a binary representation of the number changes
amortized constant many bits per increment operation. In analogy, we might hope
for a good performance of the operations increment and shift pos in the
amortized sense. This is actually not the case. In the following example the
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amortized cost per increment operation is lower bounded by £2(d). Consider
the case of level 2 and a very high dimension d. Then, almost all BFS-vectors have
precisely two ones, and there are (g) such vectors. For such a vector the cost of an
increment is given by the distance of the last 1 to the right. Now all vectors that have
at least d /2 trailing zeros require d /2 work, and there are roughly (déz) of them,
i.e., roughly a fourth of all vectors. In this case enumerating all BFS-vectors with an
increment operation takes time cubic in d, which means that the amortized time
per increment is $2(d).

4.4 Sparse Implementation

As detailed in the previous section, the increment operation on the full BFS-vector
becomes problematic if there are many trailing zeros. This immediately suggests
to use a sparse representation of the vector. This means storing a list of pairs
(dimension, BFS-number), one for each entry that differs from zero, sorted by
dimension.

Observe that the number of pairs is not only at most the dimension d, but also at
most the level n of the sparse grid.

With this sparse representation, the increment takes only O(1) operations, as we
will argue in the following. The algorithm has to distinguish between several cases
as listed below. Observe that for each case the sparse representation allows to test if
itis applicable, and if so, to update the representation in constantly many operations,
including the remaining level of the current BFS-vector.

e If the remaining level of the current vector is > 0, the last entry b; can be
incremented. This might extends the list by the pair (d, 1).
Hence, in all other cases we can assume that the current vector has remaining
level zero.

 If the last non-zero entry can be incremented without changing the level, we do
$O.

« If the list consists of the single entry (1,2"! — 2) the increment operation is
impossible (last BFS-vector).

e If the rightmost non-zero entry is b; (in dimension i > 1 and it cannot be
incremented), and b;—; = 0, we set h; = O and bh;—_; = 1.

¢ Otherwise the rightmost two non-zero entries are b;_; and b;. In this case we set
b; = 0 and increment b;_;. This is always possible because changing b; to 0
decreases the level by at least one, whereas incrementing b; _; increases the level
by at most one.

It is easy to adjust the computation of depos, pos and its incremental version
needed for shift pos to the sparse representation. Overall this means that all
operations, but depos, of the abstract data type formulated in Sect.3.4 can be
implemented in worst case constant time.
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5 Implementation and Experiments

The described algorithms are implemented as a proof of concept and we compare
running times for the hierarchization tasks with the implementation in SG++. The
new approach presented in this paper is abbreviated as rSG (rotating Sparse Grid).
SG++ is designed to deal with adaptive refinements and cannot take advantage of
the simpler structure of a complete sparse grid. Further, as it is currently bundled,
it is not parallelized. Another candidate for comparison would be fastsg, but
its hierarchization procedure is only for sparse grids with boundary points, so it
solves a different problem and a comparison would be meaningless. As a proof of
concept, the point of the experiments is to show the potential of the new algorithmic
ideas. Hence, our focus in these experiments is to show how far we can go beyond
the current standard solution. Accordingly, the focus of the results are the sizes
of the problems that can be tackled at all and the orders of magnitude of runtime
and memory consumption. This is meant to give an indication of the strengths and
weaknesses of our new approach.

The current implementation does not (yet) use the constant time algorithm for
shift pos. With the current setup of creating the matrices W; and R once and
then applying them several times, the possible savings in runtime are not significant
enough.

5.1 Experimental Setup

The implementation is a C++ design that is parallelized with openMP, with a focus
on being able to compare the performance of different algorithmic approaches. To
this end, templates are used in many situations, whereas inheritance and in particular
virtual classes and other constructs that are resolved at runtime are avoided. The
experiments are run on a linux workstation with an Intel XEON E3-1240 V2 chip,
having four cores clocked at 3.4 GHz. The total main memory of the machine
is 32Gb. The code is compiled with gcc 4.4 .7 and the compiler flags -03
-march=native -fopenmp -D GLIBCXX PARALLEL.

The time measurements generally consider the whole execution time of the
algorithm for both SG++ and rSG, including the initialization of data structures
and setting the input vector with values. This means that in particular the phase
where the two matrices W; and R are computed (preparation phase) includes the
time for using the memory for the first time (cold cache).

The time is measured inside the programm using the system call
gettimeofday ().

The memory requirement is determined by the system utility t ime with the $M
format, stating “Maximum resident set size of the process during its lifetime.”

In this section, we describe the problem instances not only by their dimension
and level but also by their number of grid points (DoF).
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5.2 Experiments

5.2.1 Parallel Scaling

To evaluate the effectiveness of the ideas to parallelize the hierarchization algorithm
we perform a strong scaling experiment, i.e., we solve the same problem with an
increasing number of processors.

As a prototypical example we take the hierarchization of a sparse grid in 20
dimensions and level 6. This sparse grid has roughly 13 million grid points, uses
377MB to store the grid and the execution uses in total 1.9 GB memory from the
system.

Given that our machine has four cores with hyperthreading, we experiment with
up to eight threads. The running times for the different numbers of threads are
summarized in Fig. 3.

The preparation of the matrices scales perfectly up to four threads on the four
cores, whereas more threads give no further improvement of the running time.

As a third plot in Fig. 3, we have the average hierarchization, i.e., the average
time for one application of the two sparse matrices. We see that this phase scales
poorly, and preparing the matrices takes roughly twice as long as applying them
using four processors. Hence, with our current implementation of computing the
matrices we have an algorithm that scales almost perfectly, but it is in total not
fast enough to justify changing to an on the fly computation of the matrices, i.e.,
not creating a representation of the matrices. With different hardware or a more
efficient implementation of the algorithms presented in this paper, this situation
might change.

5.2.2 Running Times

In the plots given in Figs. 4 and 5 we compare the running times for the sparse grids
of level 3 and level 6 for different dimensions. The range of dimensions is in both
cases chosen in a way that the running times of both implementations are between
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Fig. 4 Serial run time comparison for different dimensions and level 3: the x-axis gives the
dimension of the sparse grid, labeled at the bottom. The dimension induces a certain DoF, as
given above the figure. The y-axis on the left is running time in seconds for the two single core
implementations with lines connecting the measurements. The y-axis on the right gives the ratio
between the running times as plotted in the blue dashed line
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Fig. 5 Serial run time comparison for different dimensions and level 6: same setup as Fig. 4

1 ms and 3 min. In this range the implementation r SG (following the ideas presented
in this paper) achieves speedups over SG++ as shown in the range of 100-220 for
level 3 and respectively 30-53 for level 6.

5.2.3 Memory Footprint

The amount of memory used by a program is not only an important resource in
itself, it also has, due to caches, a significant influence on the running time.

In Fig. 6, we plot the memory usage of the two implementations rSG and SG++.
We see significant differences in the memory usage per DoF of the sparse grid,
in particular for high dimensions and high levels. For large instances the rSG
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Fig. 7 Maximal sparse grid hierarchization doable serially in 1 s: for every sampled dimension, as
given on the x-axis, we have the maximum level (left y-axis) that the two single core implements
can hierarchize within the resource constraint. In blue the ratio of the DoF of the corresponding
(maximal) sparse grids

implementation reaches a space usage of 16 words of 64-bit (i.e. doubles or long
integers) per DoF. In contrast, the space usage of SG++ per DoF increases with the
dimensionality of the problem.

5.2.4 Solvable Problem Sizes

Figures 7, 8, and 9 show the pareto front of problem sizes that can be computed
with different resource limitations, namely limited computation time for the serial
program and memory consumption. Remember that this comparison is somewhat
unfair against SG++ because SG++ does not exploit that the grid is non-adaptive.
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Fig. 9 Maximal sparse grid hierarchization doable with 16 GB memory: for every sampled
dimension, as given on the x-axis, we have the maximum level (left y-axis) that the two implements
can hierarchize within the resource constraint. In blue the ratio of the DoF of the corresponding
(maximal) sparse grids

The first experiment sets a limit on the computation time for the hierarchization
task. Figure 9 limits the used space somewhat arbitrarily to 16 GB.

In almost all considered cases, the new approach can hierarchize a sparse grid
with at least one more level, sometimes three more levels, than SG++. In particular
for high dimensions, the corresponding increase in degrees of freedom is a factor of
up to 10000.

Observe that this comparison is not very fine grained: Increasing the level of
the sparse grid by one increases the degrees of freedom by a factor of 10 to 5000.
Hence, in many cases in the above comparisons, the resource constraint is by far not
exhausted.

5.2.5 Relation Between Preprocessing and Hierarchization

We investigate the relation between the preprocessing time to create the matrices
W, and R, and the time to apply them once.
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In Fig. 10 we see in the serial case that for small grids the preparation time is
comparatively expensive. One explanation for this behavior is that the application
step becomes memory bound for large grids: As long as the grid is small and
everything fits into the cache, we see that the preparation takes a lot more computing
than the application step. As soon as the grid needs to be fetched from main memory
because it does not fit into the cache anymore, the application step gets slower,
if there are no other effects, by a factor of roughly 3. The preparation phase is
spending more time on computations on BES-vectors, and hence the additional time
for the slower memory access accounts for a smaller fraction of the total running
time. Perhaps the additional memory latency is even completely hidden because the
computation continues while the memory system stores the results.

We repeat this experiment with all four cores in Fig. 11. The findings of this
experiment give further evidence that the application step is memory bound. It is
consistent with the findings of Sect.5.2.1 and Fig. 3. There we saw that the prepro-
cessing step scales well with additional processors, whereas the hierarchization step
improved over the serial case by at most a factor of 1.2, which suggests that the
latter one is memory bound. This fits to what we can observe in Fig. 11, where we
see that the ratio for big sparse grids improves to 1.7-2.
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When comparing Figs. 10 and 11 directly, one notices that in the parallel
case there are fewer samples for small sparse grids. This is due to the fact the
computation gets faster, and that these grid are now reported with a 0 running time
for hierarchization, and we cannot compute the ratio we are interested in.

Going back to the case of level 6 and dimension 20 considered in Fig.3
(Sect.5.2.1) we see that it is indeed prototypical. When locating this measurements
in Fig. 10 by looking for the level 6 measurements with 1.28¢7 DoF, we see that it
actually achieves one of the smallest ratios.

One question that can be addressed by the considerations in this section is by
how much the implementation of the data type for the BFS-vector needs to improve
before an on the fly creation of the matrices is superior. Note that good processor
scaling could provide this improvement and that the implementation does not yet
use the constant time algorithm for shift pos.

6 Conclusion

In this article, we have been exploring the basics of a new algorithmic idea to
work with sparse grids of low level and high dimensions. The main concepts of a
compact layout, rearranging the data and generalized counting present themselves as
promising ideas. There are many directions in which the topic should be developed
further. One direction is to consider vectorized parallel implementation, as done
in [5]. Another direction is the evaluation algorithm on the data layout proposed
here, as done in [6]. More directly, there is the question if a carefully tuned on-the-
fly computation of the two sparse matrices can be beneficial in a parallel setting.
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Alternating Direction Method of Multipliers
for Hierarchical Basis Approximators

Valeriy Khakhutskyy and Dirk Pfliiger

Abstract Sparse grids have been successfully used for the mining of vast datasets
with a moderate number of dimensions. Compared to established machine learning
techniques like artificial neural networks or support vector machines, sparse grids
provide an analytic approximant that is easier to analyze and to interpret. More
important, they are based on a high-dimensional discretization of the feature space,
are thus less data-dependent than conventional approaches, scale only linearly in the
number of data points and are well-suited to deal with huge amounts of data. But
with an increasing size of the datasets used for learning, computing times clearly can
become prohibitively large for normal use, despite the linear scaling. Thus, efficient
parallelization strategies have to be found to exploit the power of modern hardware.
We investigate the parallelization opportunities for solving high-dimensional
machine learning problems with adaptive sparse grids using the alternating direction
method of multipliers (ADMM). ADMM allows us to split the initially large
problem into smaller ones. They can then be solved in parallel while their reduced
problem sizes can even be small enough for an explicitly assembly of the system
matrices. We show the first results of the new approach using a set of problems and
discuss the challenges that arise when applying ADMM to a hierarchical basis.

V. Khakhutskyy (P<)

Institute for Advanced Study, Technische Universitéit Miinchen,
Lichtenbergstrasse 2a, 85748 Garching, Germany

e-mail: khakhtuv@in.tum.de

D. Pfliiger

Institute for Parallel and Distributed Systems, University of Stuttgart,
Universititsstr. 3, 70569 Stuttgart, Germany

e-mail: Dirk.Pflueger@ipvs.uni-stuttgart.de

J. Garcke and D. Pfliiger (eds.), Sparse Grids and Applications - Munich 2012, 221
Lecture Notes in Computational Science and Engineering 97,

DOI 10.1007/978-3-319-04537-5_9,

© Springer International Publishing Switzerland 2014


mailto:khakhtuv@in.tum.de
mailto:Dirk.Pflueger@ipvs.uni-stuttgart.de

222 V. Khakhutskyy and D. Pfliiger

1 Introduction

In recent years, sparse grids have been successfully employed for a whole range
of data mining tasks such as classification, regression, time-series forecasting, and
density estimation. The applications under consideration reflect the importance of
data-driven problems and stem from a variety of disciplines and fields of research
from astrophysics to finance, and from automotive engineering to optical digit
recognition. For examples, see, e.g., [12,13,21].

Traditionally, two different approaches have been studied: one computes the
approximation directly in a hierarchical sparse grid function space, while another
one solves a problem on several full grids independently and then combines these
solutions (combination technique). Each of these methods has its advantages and
drawbacks.

The solution in a sparse grid function space, on the one hand, allows the usage
of spatially (locally) and dimensionally adaptive refinement and can result in better
performance especially on clustered data. But it results in highly nested and multi-
recursive algorithms (UpDown scheme) which are difficult to parallelize, and the
main effort so far focused on shared memory systems and vectorizations.

The combination technique, on the other hand, is restricted to dimensionally
adaptive refinement and cannot refine single grid points in a locally adaptive manner.
It also can exhibit divergent behavior in its direct version. From the algorithmic point
of view, however, the combination technique offers multiple layers of parallelism:
it is embarrassingly parallel with respect to the single solutions to be computed,
while the (typically sparse) systems of linear equations for the individual grids can
be efficiently parallelized using canonical techniques.

The alternating direction method of multipliers (ADMM) allows a new perspec-
tive on the approximation problem in the direct and spatially adaptive formulation,
while additionally offering distributed parallelization of the optimization process.
ADMM has been known under different names for years in the optimization com-
munity, and good convergence results have been reported for different applications
[3,5,22,23]. But to the best of our knowledge, the method has not been studied for
hierarchical bases and sparse grids so far.

This paper intends to fill this gap. It gives an introduction to the method and
insights into the interplay of alternating directions for sparse grid approximation
problems used for data mining. Our experiments show interesting insights and the
results can be used to build further upon.

ADMM was introduced in the 1970s by Glowinski and Marocco [14] and
Gabay and Mercier [10] and was applied for approximations using conventional
finite elements. It was rigorously studied in the optimization community thereafter
([4,6,8], and [9] to name a few). For a detailed review of the method we refer to the
survey by Boyd et al. [3].

With respect to the parallelization of sparse grid methods, the parallelization of
the combination technique for data mining applications was described by Garcke
and Griebel [11] as well as by Garcke et al. [13]. Studies of parallelization for
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spatially adaptive sparse grid algorithms using shared memory parallelization,
vectorization, and hardware-accelerators were conducted and published by
Heinecke and Pfltiger [18, 19].

This paper is organized as follows: Sect.2 formally defines the class of data
mining problems we consider in this paper. It introduces the alternating direction
method of multipliers and describes the transformation of the original optimization
problem into the constrained optimization problem that is required for ADMM.
The study of ADMM for data mining with hierarchical sparse grids is presented
in Sect. 3. The results suggest that ADMM for sparse grids is competitive with the
state-of-the-art implementation on shared memory systems, although its application
on massively parallel systems requires further improvement of the algorithms.
Section 4 summarizes and concludes this paper.

2 Theoretical Background

The alternating direction method of multipliers (ADMM) is a further development
of the dual ascent algorithm by Arrow et al. [1]. It solves constrained optimization
problems of the form

min  h(x) + g(z)
X.Z
subjectto Ax + Bz = c, (D)

with variables x € R”, z € R, linear constraints given by vector ¢ € R” and
matrices A € RP*", B € RP*" and convex cost functions 7 : R" — R,
g :R" >R

The problem is then solved iteratively using the augmented Lagrangian function

L,(x,z,u) = h(x) + g(z) + u (Ax+ Bz —c¢) + §||Ax + Bz — c||§, 2)

with the Lagrangian multiplier u € R’ and a positive penalization coefficient
peRT,

In each iteration of the ADMM algorithm, the x and z variables are calculated as
minimizers of the augmented Lagrangian followed by the update of the Lagrangian
multiplier variable u:

k+1 .

X arg min L (X, Zr, uk) , (3)

X

2Kt = argminL(xk+l,z,uk) 4)
z

uth = uk 4 p(AxF T + BT — o) . (5)
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Obviously, the method can be considered as the splitting of one large vector of
variables into two vectors x and z updated in a Gauss-Seidel pass. This splitting
allows one to exploit the properties of the functions / and g (e.g., differentiability)
independent from each other.

The usage of the penalization term p/2|| - |3 in the augmented Lagrangian
function improves the convergence of the dual ascent algorithm [6]. It can be easily
seen that for feasible solutions (x,z) the penalization term becomes 0. Assuming
that the saddle point of the Lagrangian function exists, one can furthermore prove
that the saddle point of the Lagrangian function without the penalization term is a
saddle point of L, and vice versa [10].

The proof of convergence of the ADMM for closed, proper convex functions
h:R" - RU{+o0}and g : R” — RU {+00} and p > 0 was shown in early days
[10]. Recently, He and Yuan were able to give a convergence rate using a variational
inequality (VI) reformulation of problem (1) [17]. The authors proved that after T
iterations of the ADMM algorithm the average w, = 1/T Y [_, W*, with W* =
(x*,zF, )T, would approximate the solution of VI with accuracy O(1/T).

The data mining problem we consider in this work—regression—is formulated
as follows: given a set of (training) data S' drawn from a distribution S,

S ={(vi,yi) e R xR}'_,, ©6)

with target values y; that presumably were generated by some unknown function
f € V from the inputs v; (which, again, can be affected by some noise). The
goal is to recover this function f from the data: find a function f € V so that
(besides approximating already known values f Vi) ~ yi, i = 1,...,m)itis
able to generalize and predict new data f (v) & y for all new pairs (v, y) drawn
from the distribution S. Compared to classical function approximation problems
in computational science, lower prediction accuracies are sufficient for many data
mining applications due to the high degree of noise contained in the available
knowledge S.

While V can theoretically be infinite-dimensional, we use sparse grid discretiza-
tion to find the best approximation of f in a finite dimensional subspace V,, C V.
The function f is then approximated by a linear combination of basis functions
{¢; }’}Zl that span V,;:

N
o) =" x;¢;v).

J=1

Figure 1 illustrates the so-called modified linear basis functions [21] in one
dimension and up to level 3. The first level contains a single constant basis function
@1, the second level two functions ¢, (linear on the interval [0, 0.5] and O otherwise)
and ¢3 (linear on the interval [0.5,1] and O otherwise). Finally, the third level
has four functions: linear functions ¢, and ¢7 and the classical hat functions ¢s
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01

iX

Fig. 1 The weighted modified one-dimensional basis functions ¢; which are extrapolating towards
the boundary; coefficients x5 and x; are larger than others for illustration

O1(v1) o2(v1) O3(vy) Qa(vy) 2 &1 (v1) 92(v1) " 03(v1) 04(vy) .
B= ¢1(v2) ¢2(v2) ¢3(v2) Pa(v2) o= 01(v2) ¢2(v2) ( >+ 03(va) P4(v2) ( >
/3) o

01(v3) ¢2(v3) O3(v3) Oal(v d1(v3) 92(v3) 03(v3) 04(v3)

Bixq Brxp

Fig. 2 Illustration of matrix and vector decomposition for ADMM

and ¢¢. This idea carries on for the next levels: the two basis functions closest to the
boundary are linear, extrapolating towards the boundary, while all the inner ones are
the classical hat functions. In Fig. 1, the scaling coefficients of the basis functions
are depicted as xi, ..., x7.

Approximating function f; is hence reduced to solving the regularized least-
squares problem for coefficients {x;};_, [21],

1 2 2
min > Bx =yl + Alxl2, M
$1(v1) ¢2(v1) ... dn (V1) X1
with B = : , coefficient vector x = - |, and
é1(vn) 92(Vi) ... SN (Vi) XN

regularization parameter A. Note that this choice of regularization is only reasonable
for hierarchical basis functions.

Following [3], we split the coefficient vector x into P subvectors x =
(xlT, . ,xg)T and break down the matrix-vector product Bx into the sum of
smaller matrix-vector products B;x; as Fig.2 illustrates. Thus we can rewrite the
problem (7) in the form

P P
. 1
min 1> Bixi —yl + > Alxill3 ®)

T T
] ....xp)Tern 2 i1 i
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so that by splitting the problem into a sum of two functions we obtain an
optimization problem in the form required for ADMM:

P P
min g(z z;) + Zh,-(x,-)

i=1 i=1

subjectto Bix; =z, Vi=1,...,P, )

with convex functions g(z) = %Hz —y|1? and h; (x) = A||x||*>. We now solve it using
the ADMM algorithm in three steps:

1
x = argmin{hmxi) + 1B — 2 + —uf-‘||§} : (10)
Xi 2 p
P P P 1
FH = arg min g(Zzi) + 3 Z ||B,-xf,<+1 -z + —uf‘c||% , (1)
z=@!,..20)T i=l1 i=l1 P
uf?"'l = uf.‘ +p (Bixf'H — sz_H) . (12)

It can be proven (see, e.g., [3]) that solving the minimization step (11) is
equivalent to solving

P P
Skl _ . - P 1 k1 1 k412
2! = arg min g(P2) + S Plz— 5 ) Bix; —P—pZu,- 13 a3)

i=1 i=1

and

4

P P
1 1 1
ke+1 S O =S R 2 Gk k+1
z;" = Bix; +pui +z E Bix; ,02 u; . (14)

i=1 i=1

Finally, by substituting (13) and (14) into (10)—(12), one can see that the different
Laplacian multiplier vectors u; become equal and we finally obtain the equations

P
k+1 . : 2, P ko ak, ] ko Lo
xk+ argn}(gn{)k||x,-||2+§||3ixi —Bix; —1z +FZBiXi +;u ||2§ ,

i=1

15)

ik+l

1 P-p 1 < 1
) k k
1P -2=ylh+ ="l -5 ) Bx™ - u llé}, (16)

;= argmin
z

i=1

P
1
k+1 . k k —k
uttl .= qu +p<—P E B,-Xl_+l_z +1) . 17
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Algorithm 1 ADMM algorithm for sparse grids

{Initialize variables: }

x; < 0;

Z< Vs

u<0;

precompute B;;

repeat
update x; by solving (18) simultaneously in all processes;
Allreduce(B;x;, Bx, SUM); {sum up the vectors B;x; from all processes}
update z <= 71— (v + 5 Bx + u);
update u < u + £ Bx — pz;

until || Bx—y||? < convergence threshold; {training error is one possible convergence criterion}

Gatherv(x;, x); {collect partial results}

return x;
A

1 | update x; | update z H update u | update x ™

Q Q

8 S 8
S 2 | update xo 2 update z H update u | update xo 2
& 9] 9]
o o

— —

3 | update x3 2| update z H update u | update x3 =

Time -

Fig. 3 Illustration of the ADMM algorithm

The update steps (16) and (17) are performed with simple linear algebra opera-
tions, while the update step (15) requires the solution of a system of linear equations:

P
A _ 1 1
(51 + pBiTB,') X; = pBiT BiX{-( + Zk — F Z B,‘X{-(_H — ;llk . (18)

i=1

At this point we would like to give a couple of remarks about the implementation
of the ADMM regression. Since the last step requires the repeated solution of a
linear system with the same system matrix and different right-hand side vectors, it
is efficient to precompute the Cholesky factorization of the matrix (/27 + pB] B;)
at the initialization step of the algorithm. If ADMM runs on a distributed system and
subproblems are solved on different machines, the processes need to communicate
the sum Zf=1 B;x*! amongst each other after the update step (15). This can be
done by an MPI operation Al1lreduce. No other communication between pro-
cesses is required, as steps (16) and (17) are not computationally costly and can be
performed independently by each process. After ADMM converges, the sub-vectors
x; need to be gathered only once. The overall method is summarized in Algorithm 1.

The sequence diagram in Fig.3 further illustrates the structure of the ADMM
algorithm. After the update of their vector x;, processes synchronize their internal
values of the vector Bx using collective communication. No other synchronization
is required.
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3 Results

In the following, we show numerical results for the application of ADMM for
regression problems with the direct sparse grid method. We are employing regular
sparse grids with the modified linear basis functions shown before. This choice of
basis functions allows us to approximate even those points that lie close to the
boundaries without having to spend extra degrees of freedom on the boundary.
Unless mentioned otherwise, we measure performance for regular sparse grids with
level 6 for our experiments. We focus primarily on the optimization algorithm
and do not discuss the optimal regularization parameter or convergence criteria to
prevent overfitting on the dataset.

As testing data we picked the Friedman #2 data set [7], a classical benchmark
problem. It is an artificial four-dimensional data set that simulates the impedance in
an alternating current circuit. In most experiments, we used 20,016 data points for
training,' generated by the function

Y = X7 4+ Vxoxs — (xaxa) "2 + ¢, (19)

where the random variables x; are uniformly distributed in the ranges
0 < x; <100, 20<;—2<280, O0<x3<1,1<x4<11,
b4

and ¢ is additional uniformly distributed noise with mean O and variance 125.

Solving the Friedman problem with ADMM, we observe the peculiarity of
the algorithm: The memory footprint of the individual system matrices drops
quadratically with the growing number of processors (e.g., if the number of CPUs
doubles, the size of the system matrix is reduced by the factor of 4). And, hence,
the time of one ADMM iteration also decreases nearly quadratically.” At the same
time, the number of ADMM iterations until convergence will raise, since more
subproblems need to agree on the common solution. This rise, however, is difficult
to estimate theoretically.

It is apparent that for large problems the total time is approximated by the
duration of one ADMM iteration times the number of ADMM iterations. Hence,
as long as individual iterations are dominated by back-substitution and the number
of iterations grows less than quadratically, adding more processors leads to speedup.

Moreover, we would like to stress that decreasing memory footprint of
subproblems would allows the solution of some high-dimensional problems in the

'The implementation of sparse grids algorithms used in this paper requires the dataset size to be a
multiple of 48 in order to improve data padding. Therefore we are using 20,016 data points instead
of 20,000.

2The complexity of individual ADMM operations is dominated by back-substitution in the
x-update step (15), which is linear in the size of the system matrix.
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Fig. 4 Wall-clock time, number of iterations and memory footprint of the individual system
matrices for ADMM with different number of processors trained with 20,016 data entries and a
sparse grid of level 6. The more processes, the less time is spent per ADMM iteration, but the more
iterations until convergence are required

first place as those problems would not fit into memory of any single computational
node.

Figure 4 illustrates this behavior: While the serial version of the ADMM
algorithm naturally requires only one ADMM-iteration, it also has the highest
memory requirement to store the system matrix. Using ADMM with two processors,
and thus subtasks, allows the algorithm to converge in 57 steps, whereas the required
memory per processor is reduced by the factor of 4. These trends proceed as the
number of processors grows: The realization with four processors requires 163
iterations to converge to the same error on the training data, and even though each
single individual ADMM iteration takes less time for four subtasks, the overall
runtime is higher for the same test-error convergence criterion.

While the algorithm requires further improvement, the comparison with the
implementation of sparse grid regression in the software package SGTT [20]
already shows the advantage of the ADMM implementation. Figure 5 provides the
wall-clock time for the same learning task of both implementations. Note that we
ensured that SGTT and ADMM iterate until the same value of the regularized loss
functional is reached. SG™ uses a matrix-free conjugate gradient method. On the
left, we show the results on an AMD OpteronTM 6128HE system equipped with eight
processors with 2 GHz and on the right the results on an Intel i7-2600 running four
processors with 3.4 GHz. We turned on the intrinsics supported by SG*: SSE3 on



230 V. Khakhutskyy and D. Pfliiger

120 | 117.33 [T —

Walltime [s]

15.5825

8x AMD Opteron 6128HE 4x Intel i7-2600
Computer configuration

Fig. 5 Comparison of the ADMM method with a state-of-the-art implementation trained with
20,016 data points and sparse grid level 7. On both systems, ADMM shows its computational
advantage

the AMD system and AVX on the Intel system.? On both systems, we are faster
using ADMM than with the matrix-free conjugate gradient method.

Even though the number of processors on the Intel system is half that of the
AMD system, the AVX implementation of the algorithms used in SG™ allows
to process twice as many arithmetic operations in one clock cycle as the SSE3
implementation used on the older AMD systems. This and the difference between
the CPU frequencies on these two machines are responsible for the fact that SG*+
is faster on the Intel system.

The implementation of ADMM on the Intel system uses the GotoBLAS2
library [16], which does not support AVX. Therefore, we observe an increase of
the computational time for 4-core Intel system compared to the 8-core Opteron.
This increase, however, is less than by a factor of 2 due to the difference in the
CPU frequency and the different number of ADMM iterations that is required for
convergence on different numbers of processors as described above.

The ADMM implementation needs significantly less time to solve the same min-
imization problem as the current SG™ T implementation since the small submatrices
B; can be efficiently stored in memory and thus directly used for computation. These
results are promising, though they do not illustrate the scaling properties of different
implementations. If the number of ADMM iterations that is required is very high,
this computational advantage will disappear. In the remainder of this section we
therefore focus on the methods to improve the convergence.

3For further details on the parallelization of sparse grid regression using intrinsics we refer to [18].
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Fig. 6 Gauss-Seidel implementation of the x-update step with asynchronous communication

One drawback of the ADMM algorithm used with hierarchical basis functions in
contrast to conventional bases is the problem that initially every process will tend to
approximate the solution for scaled target values z° := 1/P -y. As all values of x
and u are set to O at the beginning, step (15) is reduced to finding a regularized least
squares approximation of z°. This leads to wrong initial values of x; and to slower
convergence towards the correct ones. This explains the increase in the number of
iterations until convergence for a higher number of subtasks.

ADMM thus better suits to a set of independent approximants, whose contri-
butions to the overall result are of the similar size, than to the decomposition of
hierarchical basis functions into subsets. For the hierarchical basis, we would rather
require that the functions with larger support, those on the first levels, approximate
the target values coarsely, and that then those on the higher levels take care of the
residual.

The desired operation can be achieved if the x-update step (15) is carried out

in Gauss-Seidel manner (x**! is updated using new values x5, ..., x**! and old

values xf.‘ s x’;) instead of in Jacobi manner (Xf *1is updated using new values
k ko ok k

Xgs e s Xi 15Xy psee s Xp).

If we order the basis functions such that level sums are ascending and then
partition them into subproblems, processor 1 will obtain the basis functions with the
largest support and impact onto the whole approximation. At the beginning of its
iteration processor 2 receives the new value of B;x; and estimates B,X; correcting
for residual and so forth.

This Gauss-Seidel pass can be implemented using asynchronous communication
of the vector Zf;l B;x; between processors in a ring. In the iteration (k+1)
processor j receives the sum Zl’;ll BixFt! 4 Zf; j B;x¥, estimates the new
coefficient vector x1;+l and sends the updated sum Y /_, B,-Xf-H'l + Zf; i1 Bi xK
to the next processor (j + 1 mod P). Figure 6 illustrates the time line of the
asynchronous algorithm for three processes (compare to Fig.3 with synchronous
communication).

Figure 7 shows how the usage of Gauss-Seidel pass improves convergence. We
further observed that if we rescale the variables z and u (e.g., using the factor



232 V. Khakhutskyy and D. Pfliiger

1800 T T T

1600

1400

1200

1000

800

ADMM iterations

600

400
252

Jacobi GS,orig GS,rescaled

200

Type

Fig. 7 The number of ADMM iterations for different values of the scaling parameter, trained on
20,016 data points for sparse grid level 6 using eight processors. The algorithmic realization with
the Gauss-Seidel pass shows generally better convergence than the classical Jacobi pass. For the
Gauss-Seidel realization, the scaling factor of 1 leads to better convergence

1 instead of P in Egs.(15)—(17)) the convergence of the Gauss-Seidel algorithm
further improves.* With original scaling factors the first subproblem approximates
only at the order of 1/Py which contradicts the intuition of residual correction
described above and leads to larger number of ADMM iterations.

Furthermore, we observed that the convergence of the Gauss-Seidel implemen-
tation is invariant to the choice of the penalization parameter p. Choosing the right
value for the classical ADMM algorithm and the parallel Jacobi implementation
is rather tricky and was often discussed in the literature [3, 15, 17]. However, the
theoretical treatment of the impact of the penalization parameter was conducted
mainly for the original version of ADMM algorithm without parallelization. The
behavior of the parallel version differs [2] and in our experience the heuristics for
dynamic penalty adjustment do not lead to desired results.

While the parallel Jacobi implementation suffers from the poor choice of p,
the parallel Gauss-Seidel implementation shows a very stable behavior. Figure 8
contrasts the number of iterations for the different values of p for both algorithms.
While the number of iterations for Jacobi implementation grows rapidly once the
value of the penalization parameter leaves the interval [0.1,0.2], the number of
iterations for Gauss-Seidel implementation remains the same.

Unfortunately, even with non-blocking communication techniques the
Gauss-Seidel algorithmic implementation can lead to dramatic computation/
communication imbalance. Since the x-update step dominates iterations and z- and

“The similar rescaling of equations for a Jacobi pass leads to divergence of the algorithm.
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Fig. 8 Comparison of the Jacobi and Gauss-Seidel implementation for approximation of Friedman
2 dataset with 20,016 points and sparse grid level 6 on 8 processors as well as with 50,016 points
and sparse grid level 6 on 16 processors. Gauss-Seidel implementation is stable across different
values of the penalization parameter p

u-updates can be negligibly small, in the worst case the time for communication and
interruption could take up to P — 1 times that for the computation. This imbalance
would cancel any convergence improvements.

We therefore combine the both methods to accelerate the convergence with a
few expensive Gauss-Seidel steps at the beginning followed by faster Jacobi steps.
Figures 9 and 10 illustrate the advantages of this approach. They compare the
number of ADMM iterations and the total time required to solve same problems
using only Jacobi iterations with the cases where they are preceded by 1, 5, or
10 Gauss-Seidel iteration steps. Although, the number of iterations continues to
decrease the more Gauss-Seidel iterations we allow, the run with only one Gauss-
Seidel step takes the least time.

Finally, another way to improve convergence for hierarchical basis functions is to
enforce that subproblems share the functions with larger support on the first levels.
This reflects the property of the hierarchical basis that the basis functions on the first
levels are more important than those on higher levels. We illustrate this principle
using the example of an one-dimensional grid with level three (compare, again,
Fig. 1).

Suppose that the calculations are to be split between two processors, then process
1 would calculate the coefficients for the functions on the top two levels, ¢y, ¢», and
¢3, as well as for two on level 3, e.g., ¢4 and ¢s. Process 2, would then calculate the
scaling coefficients for the same functions on the top two levels as well as for the
other two on level 3, namely ¢ and ¢7. Hence, the coefficient vector of the process
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Fig. 9 The number of ADMM iterations for training of sparse grids with levels 6 and 8 on 20,016
and 50,016 data points. The algorithms runs for a given number of Gauss-Seidel iterations steps
and then switches to Jacobi iterations steps. The convergence improves with the number of Gauss-
Seidel steps, but only insignificantly
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Fig. 10 The number of ADMM iterations for training of sparse grids with levels 6 and 8 on 20,016
and 50,016 data points. The algorithms runs for a given number of Gauss-Seidel iterations steps
and then switches to Jacobi iterations steps. The run with only one Gauss-Seidel step takes the least
time

1 would be x; = (x1, X2, X3, X4, x5)7, while the coefficient vector of the process 2
would be x5 = (x1, X2, X3, X6, X7) 7. Correspondingly, the matrix B; would contain
columns 1,2, 3,4, and 5 of the original matrix B, while the matrix B, would contain
columns 1, 2, 3, 6, and 7:
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Fig. 11 ADMM convergence (number of iterations) when sharing the first basis functions trained
with 20,016 data entries and sparse grid level 6. One shared function corresponds to level 1, 9
shared functions correspond to levels 1 and 2. Sharing the function of the first levels significantly
improves convergence behavior
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If we denote the shared columns of a matrix B; by thmd (these would be the
columns 1, 2, and 3 in the example above) and the shared components of a vector x;
by x?hared (the coefficients x|, x,, and x3 in the example above), then the evaluation
of the sparse grid function calculated as ZiP=1 B;x; and used in steps (15)—(17) can
be approximated by

P P
BX ~ Z B:x: — d—1 ZBsharedXshared (20)
~ & d i i .

i=1 i=1

Figure 11 shows the number of ADMM iterations until convergence is reached
for problem splittings with different number of shared functions. The results show
that especially sharing the function on the first level allows a significant convergence
speedup, while the additional computational cost remains negligible.
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Fig. 12 Total time to train a sparse grid with level 6 on 20,016 data points in parallel using 8 and
16 processors. The algorithm extension with an Gauss-Seidel initialization step performs best

At last, we compare the original implementation of the ADMM method for sparse
grids with the extensions described in this paper. Figure 12 shows the time required
to train a sparse grid with level 6 on 20,016 data points in parallel using 8 or 16
processors.

The pure Gauss-Seidel implementation takes the longest due to the long waiting
times. Because of an additional ALLREDUCE call, the shared point implementation
also requires more time than the original Jacobi, despite the reduced number of
iterations. The combination of one Gauss-Seidel initialization step followed by
simultaneous Jacobi steps shows the best results.

4 Conclusions

We introduced ADMM as a new approach to sparse grid regression with promising
potential for parallelization. However, and in contrast to nodal bases as they are
considered for ADMM elsewhere, working with a hierarchical basis raised a few
new issues. The local updates have stronger and more direct global influence, and
these numerical dependencies result in a strong increase in ADMM iterations with
increasing processor count.

To remedy this, we have introduced a Gauss-Seidel style pass for the x-update
only in the first iteration. Introducing sequential dependencies significantly
improved the convergence rate. Apart from the first iteration, we do not introduce
communication overhead and employ Jacobi-style passes. In the future we endeavor
to relax the inter-process dependency in the first iteration using pre-initialization of
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individual solutions and introducing one-sided and asynchronous communication
patterns.

In addition, we have shown that a similar effect can be achieved if all processes
share the basis functions on the first levels and then use an approximation of Bx
during synchronization. They are the basis functions with large supports and have
thus rather global influence. Despite the algorithmic changes and improvements and
new parallel dependencies, the computational time of a single iteration is almost
unaffected.

In our implementation we assembled the system matrices (A/2 - I + pB[ B;)
in (18) explicitly. This is not a drawback as these matrices are significantly smaller
than the original system matrix from problem (7). Hence, they can fit into memory
even for huge problems (data points and/or grid size) and can be efficiently solved
for many relevant problems. This is another advantage of our approach.

Furthermore, preliminary results show that ADMM with sparse grids is com-
petitive with other state-of-the-art sparse grids methods in our data mining setting
on shared memory systems with moderate number of processors. These results,
however, are to be investigated more in detail and in a broader scope as part
of further research. In the future, we also want to address the major problem of
ADMM—the increasing number of iterations with growing processor numbers—in
more detail. This will be a necessary step towards massively parallel data mining
with ADMM in the hierarchical basis.
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An Opticom Method for Computing Eigenpairs

Christoph Kowitz and Markus Hegland

Abstract Solving the linearized and five-dimensional gyrokinetic equations can
already be used to retrieve the microinstabilities driving the microturbulence of
a hot magnetized plasma. The microinstabilities can be computed by calculating
the eigenvalues of the linear gyrokinetic operator, which have a positive real part.
The growth rate and frequency of the instability is given by the computed eigen-
value and its structure by the respective eigenvector. Due to the moderately high
dimensionality, the sparse grid combination technique is used to tackle the curse
of dimensionality for solving the gyrokinetic eigenvalue problem with the already
highly optimized plasmaturbulence code GENE. Whereas the classical combination
technique can retrieve approximation of the searched eigenvalues, the combination
of the eigenvectors requires the application and reformulation of the optimized
combination technique (OptiCom). The reformulation and an algorithm for solving
the reformulated system to compute the eigenpairs is proposed in this paper. A first
analytical test problem is solved and the applicability of the method is shown.

1 Introduction

In the field of fusion energy research, the hot magnetized plasmas can be simulated
by using a variety of approaches including single particle descriptions, magnetohy-
drodynamics (MHD) or kinetic models. Each of the models has a certain application
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area. The five-dimensional gyrokinetic equations can be utilized to simulate the
microscopic turbulence effects, leading to anomalous transport in current magnetic
confinement devices such as tokamaks and stellarators. Ab initio simulations of
microturbulence can be done using gyrokinetics and the transport of heat and
particles can be directly observed in a simulation. One gyrokinetic code being
widely used in the fusion community, is the massively parallel plasma turbulence
code GENE [9], which is developed in the group of Prof. Frank Jenko at the Max-
Planck-Institute for Plasmaphysics (IPP) in Garching, Germany. Despite its high
performance and its good scaling properties [10], GENE is influenced by the curse
of dimensionality due to the underlying five-dimensional model. Even setups with
moderate resolutions lead to a high number of degrees of freedom, since it is a five-
dimensional problem.

As one remedy to this problem, sparse grids [3] have been identified. Due to the
fact, that GENE cannot be easily refactored to use a hierarchical basis required by
sparse grids, the sparse grid combination technique [11] is applied to create sparse
grid solutions of gyrokinetic problems. Whereas a previous study [17] evaluated
the application of the classical combination technique with its integer valued
combination coefficients for the linear gyrokinetic initial value problem, this paper
focusses on the application of the optimized combination technique (OptiCom) to
the gyrokinetic eigenvalue problem. The classical combination could be used to
combine the eigenvalues, but it cannot be applied to the corresponding eigenvectors.
Thus a new approach which uses the OptiCom for eigenvalue problems will be
proposed, which shall be used in the context of linear gyrokinetics. An analytic test
problem and the performance of the algorithm will be presented.

1.1 The Linear Gyrokinetic Eigenvalue Problem

The gyrokinetic equation is a five-dimensional description of a magnetized plasma,
which is derived from the six-dimensional Vlasov-Equation

%—FV%—}-(ﬁ(E(ﬁ)—FVXB(ﬁ)))%:C(fs)7 (1)
X mg ov

describing the behaviour of the six-dimensional distribution function f(x, v;¢) of
different charged particle species s in an electric field E and a magnetic field B.
The normalized distribution function is giving the probability to find a particle of
species s (ion or electron) with mass m, and charge g, at a certain position in phase
space. With E and B being influenced and generated by the distribution function in
the plasma due to Maxwells equations

1 9B 10E 4
VE=drp VxE=-—-2" VB=0 VxB=-—+"2§ (2
c ot c ot c
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and the moments of the distribution function

p0 =, [ flxnav i =a. [vAixvay G)
the equation is nonlinear. Note that the term %38—?, which is describing electro-

magnetic waves in Maxwells equations, is not regarded in GENE. The Vlasov-
equation (1) is not only governing the interaction of the particles due to long
range field interactions on the lefthandside, but also describing their collision by
the collision operator C on the righthandside of the equation.

The Vlasov equation (1) fully resolves the gyration of the charged particles
around the magnetic field lines, which determines its characteristic time-scale. In the
gyrokinetic equation, the fast gyration of the charged particles around the magnetic
field lines is not resolved anymore and only the magnetic moment u, i.e. the gyration
velocity, is part of the model. That not only reduces the dimensionality to five, but
it also removes the fastest motion from the model. The characteristic time-scale
of gyrokinetics is now the movement of the center of gyration (guiding center)
parallel and perpendicular to the magnetic field. This time-scale is significantly
longer than the characteristic time-scale in the original Vlasov equation (1) and thus
decreases the computational effort tremendously. Further approximations [2], which
are not explained in this paper, yield the gyrokinetic equation. For the transformed
distribution function g it reads in a general form as

% L@+ M) @
with £ being a linear integro-differential operator and A/ being a nonlinear operator
on g governing the £ x B drift of the charged particles, driving the turbulent
behaviour.

In linear gyrokinetics only the linear operator L is regarded, since it already
describes the instabilities leading to microturbulence. The linear gyrokinetic equa-
tion

dg

o = L) 5)
is a set of ODE’s, since the operator £ can also be expressed as a matrix L, when
g is discretized on a grid. Since its solution is determined by the eigenvectors
and eigenvalues of £ and the initial condition is a superposition of all of them,
the time development of g is completely characterized by the spectrum of L.
Only eigenmodes having eigenvalues with a positive real part are thus growing
modes. In general, the spectrum of £ contains only few eigenvalues with positive
real part (as seen in Fig. 1), which means only a few modes actually destabilize
a plasma. An analysis of these unstable modes allows then an estimation of
the turbulent transport by quasilinear transport models [1]. Furthermore it allows
feasible parameter scans for suitable nonlinear simulation regimes due to their
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much smaller demands in computational resources than nonlinear simulations [10].
In GENE two possibilities exist to do linear computations: a time-integration to
compute the single most unstable mode and a computationally more demanding
eigenvalue computation of all unstable modes for problems of about a few hundred
thousands unknowns [18,20]. The latter one will be the focus of this paper, since
the currently used preconditioned Jacobi-Davidson method only scales up to 64
processors [15]. A further improvement of the performance could allow to do a
detailed linear analysis on even larger linear gyrokinetic problems.

1.2 The Combination Technique

The sparse grid combination technique can be used to compute a sparse grid
approximation f, of a problem at a position x € R? by a proper summation of
approximations of it on coarser, possibly anisotropic grids using piecewise linear
ansatz functions. All these regular cartesian grids span over the same domain, but
do have different resolutions, which is denoted by level vector 1 € N¢. It is giving
the level of resolution in each dimension i of the grid by 2/ + 1 being the number
of grid-points in the ith of d dimensions and with /; > 0. The general form of the
combination technique is thus given by

fx) =" ah 6)

1€Sk

with S C {l € Nd} being the set of coarse grid resolutions used for the combination
and the k; being the maximum level of resolution in the ith dimension. The ¢ is
the vector containing the combination coefficients ¢ for each of the different grid
resolutions 1, governing if a solution f; is added or subtracted.
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1.2.1 Classical and Dimension Adaptive Combination Scheme

The classical combination technique relies on combinatorics to retrieve a suitable
index set S with the appropriate combination coefficients [11]

d—1 d—1
ro=Yer (0 Y . ™
q=0

Yili=n+d—-1D—q

Whereas this approach can be used to find sparse grid approximations for problems
on domains requiring an isotropic grid layout, other approaches for defining a suit-
able index set exist [6,13] which can adapt the sparse grid approximation by refining
or coarsening the resolution dimensionally. These approaches are optimizing the
grid structure and index set towards a better approximation, but they do not adapt
the combination coefficients ¢ to better suit the underlying problem to be solved.

1.2.2 OptiCom

In the previous section, the classical combination scheme with its integer valued
combination coefficients has been introduced. But problems exist, where these
coefficients do not lead to sufficiently accurate results or no results at all. They
then need to be adapted to the problem to improve or enable an approximation by
the combination technique. This method of optimizing the combination coefficients
(OptiCom) [14] is based on the minimization of the functional

2

Pofi—) ciPy fi

i=1

J(e) = ®)

with P,,n € N? being projection operators projecting the solution f into a
solution space, which is characterized by the underlying cartesian grid with 2" + 1
points in the ith of d dimensions. It is basically the minimization of the difference
between the solution on a full grid Py and the combined solution Y _/_, ¢; Py, f¢ by
changing the combination coefficients. If the projection operators are orthogonal,
the optimization can be done by solving

1Ay fill> - (P S Py )] [ 1Py, flI?
L =l ©)

P, fr. Py fo) - R, Sl Cn 17, fill?
to retrieve the optimal combination coefficients by computing the norms || - || and

scalar products (-, -) in the embedding spaces [6]. These norms and scalar product
have to be chosen according to the projection operators P.
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1.2.3 Applicability of OptiCom for the Gyrokinetic Eigenvalue Problem

Applying the sparse grid combination technique for eigenvalue problems cannot
be done straightforwardly. If the underlying eigenvalue problem is symmetric, the
combination of eigenvectors according to (7) can be used to compute the respective
eigenvalues by using the Rayleigh quotient and the typical error cancellation and
extrapolation behavior occurs [4]. Since the linear gyrokinetic operator is neither
symmetric nor hermitian, this approach is not applicable for GENE. Nevertheless
applying the classical combination technique directly for the eigenvalues can lead
to an approximation [16]. The approximation of the eigenvectors on the other hand
requires an additional scaling before. Some problems allow a computation of an
appropriate scaling before combination [8], but in general it is unknown. Thus the
OptiCom can be used in order to calculate the scaling implicitly since the scaling
is done in the optimization process. There is an approach to compute eigenpairs,
which relies on the access of the matrix-vector product, i.e. the application of the
operator on a test-vector [7]. Besides that, it is also based on the discretization of the
operator by a Galerkin approach. Unfortunately, the method is not applicable to the
gyrokinetic eigenvalue problem using GENE. Whereas there is access to its matrix-
vector product, the linear gyrokinetic operator in GENE is not a result of a Galerkin
formulation. Thus we need to change the approach to suit our non-symmetric and
non-hermitian eigenvalue problem.

2 Method

In this section the method to compute eigenvalues and eigenvectors from previously
computed approximations on coarser grids is presented. It reformulates the basic
idea of the OptiCom and connects it with a nonlinear optimization of the combina-
tion coefficients.

2.1 Reformulation of the OptiCom

Since the method to compute eigenvalues described in Sect. 1.2.3 cannot be applied
to the gyrokinetic eigenvalue problem, an alternative is proposed here. Instead of
formulating the underlying minimization principle in the form of (8), it can be
tailored towards an eigenvalue problem with the general description

Lgo = Aogo (10)
which can be reformulated as a minimization of the function

J(g.2) = Lg - Agl* = (LI - Ahg|? (11)
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with zero being its minimum, which is reached for A = Ay and g = g,. The vector
g is a righthand eigenvector on the full grid with its respective eigenvalue A, both
being the eigenpair of the linear operator L of a regular full grid, i.e. the operator
L discretized on the full grid of resolution n. The eigenpair is unknown and thus
the functional in (11) can give an estimate how close the current estimates of g and
A are to the correct solutions g and A respectively. Following the concept of the
OptiCom, the eigenvector g shall be approximated by a weighted sum of eigenvector
approximations on the set of combination grids &

g~ Y ag=g with L =Ag and g = Pug (12)
leS

with g being the eigenvector of a smaller resolution operator matrix L, linearly
prolongated onto the full grid of resolution n by some prolongation operator Py,.
They can thus be easily added and a combination approximation g. on the full grid
of resolution n can be created. The prolongation and storage of g is time consuming
but allows the direct evaluation of the eigenpair on the full grid problem later on
and is thus justified. This combination g. might be able to uniquely represent the
eigenvector gy, but usually it will just be an approximation of it and thus the ¢ will
not be unique.

Putting all interpolated partial solutions of set S into a rectangular matrix G =
(g1, -.-&,], g can be represented as the matrix-vector product

g. = Ge 13)

so that the functional (11) then reads as

2

Jev(e, 2) = L —Agel? = [(LI=AD D am| = [(LI-ADGe|>  (14)

les

which has to be minimized as well.

In contrast to (8), the function Jgy is does not only depend on the combination
coefficients ¢ but additionally also on the respective approximation of the eigenvalue
A. The advantage of formulating the OptiCom minimization principle like this is
that it does not involve any projection operators and does not rely on any method or
basis in which the partial solutions g are formulated in. Also this formulation shows
that at the end, the combination coefficients for combining the eigenpair of the full
resolution eigenvalue problem (10) is found. Previous approaches using OptiCom
for eigenvalue computations did not take the full resolution operator into account,
because they did not need to.

Now having the function Jgy(c, A) for minimization, a straightforward method
would be the application of the least squares method by setting up the normal
equations
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[(LI — ADG]* [(LI — ADG] e = K(X)e = 0 (15)

with K(1) now being a function of A. The matrix K(A) will be singular as soon
as with A = Ay the correct eigenvalue has been found. Any solution ¢y to the
singular system K(4o)e = 0 will then give the combination coefficients to compute
the eigenvector gy on the fullgrid by

go = Geo. (16)

Since it can not be guaranteed, that g, can be exactly represented in the basis of
combination grid solutions G by Ge, the minimum of the functional Jgy might not
evaluate to 0, even if with A = A the correct eigenvalue has been found.

2.2 The Method of Osborne

Solving the linear eigenvalue problem in (10) has now changed into solving a
nonlinear eigenvalue problem in (15), since there the A has to be found, which
leads to a singular system. For retrieving this value, a method [12] is used which was
originally proposed for general eigenvalue problems [19]. In there, an eigenvalue
problem

A(M)g(h) = 0, with A(\) = B, — AB, (17)

is formulated, where A is not restricted to be linear in A. In the description of the
method here, we restrict B, to be the identity. Again the matrix A(A) is singular if
with A = A the eigenvalue has been found. The solution g is then the corresponding
eigenvector, which can have an arbitrary scaling. In order to find the eigenpair (1o
and gy), the system (17) is embedded into a slightly larger set of equations of the

form
AL x\ (g 0
= 18

( s 0) (/3 1 (%)
with x and s being arbitrary nonzero vectors and s giving a scaling of a retrieved
eigenvector. Since the system will not be singular for any A, a g and 8 can always
be computed. In the case of A = A the matrix A is singular and thus there is only
a solution of the system with B = 0 since there cannot be a unique solution for a
B # 0. Due to the scaling condition s, there is only one solution for g in this case,
which is then the eigenvector g, belonging to A¢. The value of 8 is thus decreasing

as A is approaching the eigenvalue. Thus the computation of an eigenpair has now
been reformulated into finding roots of the nonlinear function 8(4).
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In order to find the roots, Newtons method is employed and an iteration formula
A; is formulated by [12]

s*g

Aivr =Ai — ————
*A—1dA S’
s*A-15e

19)

requiring an initial guess in the proximity of the eigenvalue. There are also update
formulas for the respective vectors s and x since their appropriate choice speeds
up the convergence of Newton’s method. The numerical intensive part is then the
inversion of A for the update of the current approximation of the eigenvalue.

2.3 Combining Both Approaches

In order to use the method of Sect.2.2 for the function K(A) in (15) in Sect.2.1,

small adjustments have to be made. First of all the function K(1) is now a complex
function. Since only the derivative % is required, the update of (19) using the

Newton step described in [12] can be computed by

B Iy s*c

g T M N—1dK
H s*K(A) ™ Fe

Aig1 = A; — (20

to iterate towards the root of B(4). An example for that approach can be seen in
Sect. 3. Note that we now find ¢, which are the combination coefficients to compute
an approximation the eigenvector of L by gy = Ge.

The applicability of this Newton iteration heavily depends on the partial solutions
G since they influence the structure of K. As long as it is possible to represent
the eigenvector gy accurately with the partial solutions G, the function S(Ao) is
zero. That will usually not be the case, since the partial approximations g may not
contain parts of the frequencies of the full grid eigenvector. As soon as the g. can just
represent an approximation of the full grid eigenvector, the function 8(A) does not
have roots at the eigenvalues of L anymore and a Newton iteration will not converge.
Since the deviations are assumed to be small, the minimum of |8| will still indicate
an approximation eigenvalue of L, since its real and complex part will be closest to
zero in this case. The corresponding set of combination coefficients will thus give
also the best approximation of the respective eigenvector.

To allow the computation of the minimum another approach than the straight-
forward Newton iteration can be taken. One could also use the Newton algorithm
to find the minima of a function, but for that a second derivative of f would be
required, which is difficult for the special form of K of our OptiCom-eigenvalue
problem. The easiest approach to find the minimum is a gradient descent method
which we will present here. For the gradient descent, the required gradient of § can
be computed by rearranging the second term in (20) to get
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dp s*K(h) ™ Ke o
dr s*c '

This has the same computational effort as the Newton step. Having that gradient,
one can use the gradient descent method to find the minimum. Unfortunately the
method has a really slow convergence, so that other optimization methods requiring
the first derivative might be used by applications using this algorithm.

2.4 Computational Effort

The computational effort of the proposed scheme lies in several subproblems, which
are: the computation of the approximation of the eigenvector and the eigenvalue
on the combination grids, the projection of these up onto the full grid to get the
matrix G, computing the matrix-matrix products LG and G*G, solving the inversion
of K~! and the minimization of B(1) using Newtons or the gradient descent
method.

Solving the eigenvalue problems (12) is not done by the proposed algorithm itself
but completely by the application, which will in our case be GENE. It is assumed,
that it will be a lot faster than solving the eigenvalue problem on the full grid, due
to a tremendously reduced grid size. The prolongation of the results g up onto
the grid of the operator L to get g; is time consuming and might require a large
amount of time compared to the previous step, since it is filling a full resolution grid.
The computation of the matrix-matrix products in the next step is then definitely
requiring some computational effort. The size of the operator L € C"*" with n being
the number of grid points of the full grid is indeed rather large. But for evaluating
the product LG, it just has to be applied m times, with m being the number of
grids used for the combination. Solving the eigenvalue problem on the full grid will
require a lot more applications of the operator L onto some vector, since the matrix
is assumed to be too large for being explicitly accessible in memory and thus an
iterative eigenvalue solver is used. In GENE for example, the underlying solver for
solving the eigenvalue problem on the large full grid, requires a lot of iterations [18]
so that a single evaluation the linear gyrokinetic operator £ on each of the m vectors
will be much less demanding. The evaluation of G*G will not require much effort,
since these matrices are explicitly stored in memory. The results of the matrix-matrix
products are themselves of the same size as the matrix K € C™* and do thus not
consume a lot of memory.

With K being a rather small matrix, executing its inversion does not require a
lot of effort. Due to that, the execution time of a single iteration, including the
computation of K, the inversion of the system and following that the computation of
the gradient of § in (21) is done very quickly.

Since a single iteration is not time consuming, the choice of the optimization
method is not critical. The Newton method has a much higher rate of convergence
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than the gradient descent method. But due to the small size of the system and the
fast computation of a single iteration, the latter still convergences fast compared
to the time required to compute the initial combination grid approximations of the
eigenpair and the connected projection onto the full resolution grids.

One issue which might also come up in future applications of the method, is
that the computed approximations of the eigenvector on the different combination
grids do not belong to the same eigenvalue [8]. Thus the retrieved eigenvector
approximations might have to be checked for their similarity, which can be a
demanding task. Especially the envisioned larger sets of combination grids will then
lead to a large overhead. In the gyrokinetic eigenvalue problem, the eigenvalues of
interest can sometimes be mutually close, so that step will be required.

3 First Results: Analytic Example

We applied the proposed algorithm to an analytic problem on finding an eigen-
function of a simple ODE. The chosen analytic problem is finding the periodic
eigenfunction uy for

, d
Lj=hu with L, = (22)

in the unit interval £2 = [0, 1], which is
up(t) = ¥ with Ay = 27ki, (23)

with k € N*. To perform an analytic study of the problem using the proposed
algorithm, we emulated the combination technique by applying a semidiscretization.
For that, the domain is split in two parts. Each half of the domain can be represented
by either the correct eigenfunction u; (23) or by a linear approximation

(1—4t) t<

24
4t-3) t> 9

uc(t) = {

N = N —

Similar to the combination technique, solutions of different approximation qualities
have to be created. For that we set up three different approximations:

u(t) t<
ue(t) t >

ur(t) 1<
uc(t) t>

uc(t) t=<

uc(t) t>

ui(t) = uz(t) =

uy(t) = {

N— N —
[SIERSIES
N— N —
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Fig. 2 The approximations of the eigenfunction u; with the real parts (solid) and the imaginary
parts (dashed)

which can be seen in Fig. 2. None of them gives the eigenfunction « but the sum

3 cl = 1
uf(t) = ZC,‘M,‘ (l) with ¢, = 1 (25)
i=1 c3 =—1

actually gives the correct solution. This is similar to the combination technique
where the approximation of different, even anisotropic, resolutions g are combined.
In this one-dimensional problem the anisotropy is emulated by using different
resolutions, i.e. approximation qualities, in the two halves of the domain instead
of different dimensions. The function u s represents the solution on an infinitely
fine grid, thus the analytical solution, whereas u. is only an approximation on a
very coarse grid of two grid points (a linear approximation). This approach is thus
basically a one-dimensional combination scheme with only two scales [5].

Having done this approach, the method proposed in Sect. 2.3 can be applied. The
matrix K, (1) is then constructed as described in (15)

Ku(A) = [(Ly — A)Gu]*[(Lu - A)Gu] (26)

with G,, being the row vector [u; u, u3] and L, being the operator applying the first
derivative onto a function u;. That leads to a matrix K, € C**3 with the entries

Kuij = (Lyui — Aui)(Lyuj — Auj). (27)

Since we are using analytic functions here, we use an integral expression as scalar
product so that

1
Ky = | Wi =2 Loy = . (28)
0
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Fig. 3 The absolute value of

B (1) in the region around the %
eigenvalue Ay = 27i on the 24
complex plane. The Newton
iteration steps do converge 21
directly to the root at 27i
(dotted line). A second local 18
minimum can be observed at
—277i, which might be 15
problematic for the gradient 12
descent method
9
6
3
0
Note that the derivative dd'i“ is computed by
dK d
5 = qp (L= DG (L = 2)Gu]) (29)
=—[(L,—MG,]" G, (30)
so that we get
dK [
(d/\”) =—/ (Lyui — Auj)u;de. (31)
i,j 0

Now the Newton iteration according to (19) can be computed.

The iteration is converging in a few steps towards the correct combination
coefficients mentioned in (25). Since the sum u; + u, — u3 can exactly represent
the eigenfunction u in the domain, the Newton iteration converges because the root
of B(A) is existing. But besides the Newton iteration the slower converging gradient
descent method is also leading to the solution. The root of f is also a minimum of
|| and thus the gradient descent will also converge. Its step-size is determined by
the absolute value of 8. Nevertheless, the gradient-descent bears the risk of only
finding a local minimum of 8 which is actually not the eigenvalue. It can be seen in
Fig. 3. Thus a sufficiently good initial guess for the eigenvalue is required to retrieve
the combination coefficients leading to an approximation of an eigenvector using
the gradient descent method.

The classical combination technique would not be able to solve the eigenvalue
problem, since it is a purely extrapolating technique. Whereas it would give the
same combination coefficients, it would not be able to handle any perturbations.
The proposed method on the other hand uses the partial solutions as basis functions
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and scales them to solve the underlying eigenvalue problem. The method could
thus be applied to other eigenvalue problems as the gyrokinetic eigenvalue problem
in GENE.

4 Summary

An algorithm has been proposed, allowing to use an optimized sparse grid com-
bination technique for eigenvalue problems, where the coarse approximations of
the solution are only accessible as is and no information regarding the basis
functions is available. The algorithm is based on a reformulation of the minimization
principle underlying the optimized combination technique. This formulation leads
to a nonlinear eigenvalue problem, which is solved employing an embedding of
the problem into a slightly larger matrix. This allows to use a Newton iteration
or a gradient descent method to iterate towards the desired eigenvalue. Having
found the eigenvalue, the eigenvector is computed. Depending on the quality of the
initial approximations, the computed eigenvalue might not exactly be the solution
to the full resolution eigenvalue problem. But the embedding of the optimization
problem also gives an estimate of the accuracy of the retrieved eigenpair, so that an
optimization of the chosen index set for combination can be triggered. The effort to
compute an eigenpair using the proposed algorithm has been studied and it appears
to be able to reduce the computational effort to find eigenpairs in high dimensional
settings. It has been tested on a one-dimensional analytical problem and exhibited
the expected behaviour in finding the correct solution. Pitfalls of using the gradient
descent method have been identified, which can be circumvented by using a rather
close initial guess for the iteration towards the eigenvalue.

The method thus seems to be a viable tool for identifying microinstabilities using
the gyrokinetic code GENE, since eigenpair approximations of lower resolution,
which can be computed rather cheaply, can be combined to give a high resolution
approximation of the eigenpair. This would not be possible using the classical
combination technique or the method based on the Rayleigh quotient [7] and thus
it is one step towards using the combination technique for computing eigenpairs in
GENE. Compared to the currently applied Jacobi-Davidson method, an improved
runtime is expected.

In future work the algorithm will be applied to GENE to give exact measurements
of the performance, since the time for the computation of the partial solutions,
the interpolation onto the full resolution grid and the evaluation of the matrix-
matrix products cannot be calculated exactly here. Using this method might lead to
improved scaling properties, since all of this steps can be done in parallel. Together
with a proper initial choice of the coarse combination grids, the it could be a
computationally more efficient alternative to the currently used iterative eigenvalue
solver.
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Classification with Probability Density
Estimation on Sparse Grids

Benjamin Peherstorfer, Fabian Franzelin, Dirk Pfliiger,
and Hans-Joachim Bungartz

Abstract We present a novel method to tackle the multi-class classification
problem with sparse grids and show how the computational procedure can be split
into an Offline phase (pre-processing) and a very rapid Online phase. For each
class of the training data the underlying probability density function is estimated
on a sparse grid. The class of a new data point is determined by the values of the
density functions at this point. Our classification method can deal with more than
two classes in a natural way and it provides a stochastically motivated confidence
value which indicates how to rate the respond to a new point. Furthermore, the
underlying density estimation method allows us to pre-compute the system matrix
and store it in an appropriate format. This so-called Offline/Online splitting of
the computational procedure allows an Online phase where only a few matrix-
vector products are necessary to learn a new, previously unseen training data set. In
particular, we do not have to solve a system of linear equations anymore. We show
that speed ups by a factor of several hundred are possible. A typical application for
such an Offline/Online splitting is cross validation. We present the algorithm and
the computational procedure for our classification method, report on the employed
density estimation method on sparse grids and show by means of artificial and real-
world data sets that we obtain competitive results compared to the classical sparse
grid classification method based on regression.
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1 Introduction

We consider the classification problem arising in the context of data mining. We
want to reconstruct an unknown function f : RY — {1,...,n} which assigns
class labels 1, ..., 7 to points in the d-dimensional space R?. Given is only a set of
training data

S = {(xy) € R x {1, o}
where x; is a point in the d-dimensional space R? and y; the class label corre-
sponding to x;. Usually the set S also contains noise, thus, in general, interpolating
the training points in S does not generalize well enough to new data points.
Classification methods try to find an approximation of the unknown function f by
using only the training data set S. There are many classification methods available,
see, e.g., [3,12].

Here we are interested in sparse-grid-based classification techniques. What we
call the classical sparse grid classification method employs regression where the
regression function is discretized on a sparse grid. This approach has been shown
to be competitive with the best existing methods for moderately high-dimensional
problems, see, e.g., [9-11, 14, 21, 23]. The key advantage of such a grid-based
method is that it scales only linearly with the number of training data points [11]
because the ansatz functions are not associated to the data points but stem from a
grid. Since common (full) grids suffer from the curse of dimensionality, i.e., the
number of grid points grows exponentially with the number of dimensions, sparse
grids are employed.

In contrast to the classical approach with sparse grid regression, our proposed
classification method is based on probability density functions which are discretized
on sparse grids. We assume that each class of the training data has been generated
separately, i.e., the data points in each class have a different underlying density
function. We approximate these density functions by splitting the training data set
into its classes and by estimating the individual density functions on sparse grids.
The density estimation is based on the non-parametric approach introduced in [13]
which has already been successfully used in the context of clustering [19]. To assign
a class label to a new data point, we evaluate the estimated density functions at
the new point and respond with the class label associated to the density function
which yields the highest value. Note that this approach is highly related to Bayesian
classification methods [16, 17]. Just like the classical sparse grid classification, our
method scales only linearly with the number of training data points.

With the proposed method we can cope with more than two classes in a natural
way and we can also derive a natural confidence value of the respond by comparing
the values of all density functions: If we assign a label to a data point for which one
density function yields a much higher value than the others, it is very likely that the
data point is correctly classified. In contrast, if several density functions yield about
the same value, the data point most probably lies in a region where different classes
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overlap and thus the class label cannot be assigned with high certainty. However, the
information that a response should be considered more like an educated guess than a
founded statement is already valuable for certain applications. For example, for the
detection of non-coding RNAs, classifiers are trained in [24] to have a pre-screening
first before a biochemical test is performed to verify the result. Due to the large
number of non-ncRNAs and due to the difficulty, time, and cost of a biochemical
test, a classifier should minimize the false positives (i.e., non-ncRNA classified as
ncRNA) and rather miss a few true positives (i.e., correctly classified points). We
refer to [24] for an extensive discussion of this biochemical classification problem.

Both the classical and our proposed classification method requires us to solve
a system of linear equations to construct a classifier for a given training data
set. However, the system matrix of our method is independent from the training
data points. Thus, we can employ a so-called Offline/Online splitting of the
computational procedure: In the Offline phase, we pre-compute the system matrix
and store it in an appropriate format. Usually, this is a computationally very
expensive and time consuming task. In the Online phase, when we are given a
new training data set, we load the system matrix and solve the corresponding
system of linear equations. Since we already have the system matrix this is cheap.
Furthermore, if the system matrix has been decomposed (e.g. LU decomposition or
diagonalization) during the Offline phase we do not even have to solve the system
in the Online phase again but only need a few matrix-vector products to construct a
classifier. Thus, the computational procedure in the Online phase of our method is
in O(N?) rather than in O(N?) as for the classical sparse grid classification based
on regression.

Such an Offline/Online scheme pays off if we compensate the costly Offline
phase by repeating the Online phase many times or if our (real-time) application
requires a classifier immediately after new training data has been provided. Such
scenarios can be found in e.g. online learning or data stream mining [2,7,8]. Another
very common example is parameter selection. If we employ cross validation to find
a good parameter configuration for the current data set at hand, we have to train
many classifiers with different parameters on different training data sets. Hence, we
have to repeat the Online phase very often and can so afford an expensive Offline
computation.

In the following Sects. 2 and 3, we state some properties of sparse grids and the
classification approach based on sparse grid regression. In Sect. 4 we discuss how to
estimate probability density functions using sparse grid discretization. In Sect. 5 we
continue with an in-depth discussion of our proposed classification method based
on density estimation. The Offline/Online splitting is introduced in Sect. 6 and the
results for various artificial as well as real-world data sets are presented in Sect. 7.
In terms of accuracy, we do not only obtain competitive results with our proposed
method, but can also improve on the results of the classical approach. As far as
the runtime of our method is concerned, with the Offline/Online splitting we gain a
factor of up to several hundred in the Online phase compared to the prediction step
of the method without the Offline/Online splitting.
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Fig. 1 On the left a full grid, in the middle a regular sparse grid, and on the right an adaptively
refined sparse grid

2 Sparse Grids

In contrast to many other methods in data mining which employ ansatz functions
associated to the training data points, we pursue a grid-based approach. This means,
we have ansatz functions associated to grid points rather than to data points. Sparse
grids are necessary because a straightforward discretization with 2¢ grid points
in each direction would suffer the curse of dimensionality: The number of grid
points is in O(2') and depends exponentially on the dimension d. Here, the
dimension d is the dimension of the usually high-dimensional space where our
data points {xi,...,Xy} of the training data set S come from. Thus, a full grid
typically becomes computationally infeasible already for four or five dimensions.
For sufficiently smooth functions, sparse grids enable us to reduce the number
of grid points by orders of magnitude to only O(2°4¢~") while keeping a similar
accuracy as in the full grid case. Figure 1 shows a full and a sparse grid. Following
[4] we denote with Vz(l) the sparse grid space of level £ and dimension d. It is also
possible to adaptively refine sparse grids, see Fig. 1 (right). Many error indicators
exist which help to select appropriate grid points for refinement. More details about
adaptivity in the context of classification can be found in [21,22]. For more details
on sparse grids in general, their applications and further reading, we refer to [4].

3 Classification with Sparse Grid Regression

In this section, we briefly describe the classical sparse grid classification method
which employs sparse grid regression. For more details, see [11,21, 22] and the
references therein.

Let § = {(xi,yi) e R x {1,.. "”}}?4:1 be the training data set. We are then
looking for a function f € V such that

%

1 M
f = argmin (ﬁZ(y,» — u(x;))’ +A||£u||iz). M

i=1

The first term of (1) ensures closeness of f to the training data and the second
one imposes a certain smoothness on f in order to generalize to new, previously
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unseen data. The regularization parameter A controls the trade-off between fidelity
and smoothness. The regularization operator £ is typically V, but simpler and
computationally more efficient choices are possible [21,22].

In the following, we always set the space V' to a sparse grid space Vl(l) of level £
and dimension d. Thus we can write the function f as linear combination

N
f) =) aigi(x). 2)

i=1

with hierarchical coefficients «y,...,ay and hierarchical basis functions
d1,...,¢y. The optimization problem (1) can be solved by plugging (2) into
(1) and setting the derivatives with respect to the hierarchical coefficients to zero
[11]. This leads to a system of linear equations

1 1
—BBT + AC |« = — By, 3
(87 3¢ )= Loy o

where B;j = ¢;(x;), Cij = (L¢i, L$j)2andy = (y1,..., yum). After f has been
computed, the class label of a new data point x € R? is determined by evaluating
the function f at x. In the case of a binary classification problem, i.e., if we have
only two labels -1, we can define the label y of a point x as

-1 i) <o,
i f(x) > 0.

The method can also be extended to more than two classes by constructing multiple
classifiers, see, e.g., [21]. Evaluating f at point x means evaluating the sum (2).
Clearly, the sum (2) is independent from the number of training data points M and
scales only linearly with the number of grid points N.

From a computational point of view the system of linear equations (3) can be
solved with the conjugate gradient method such that only a procedure for the matrix-
vector product with the matrices BB and C is required. Whereas the matrix-vector
product with BBT is straightforward, the computational procedure for the product
with C might become very complicated depending on the regularization operator L.
In [21] it is argued that the regularization term || £ f ||i2 can be replaced with ), o?
in the minimization problem (1) which corresponds to the identity matrix / instead
of the general matrix C. We also stick to this choice in the following.

It is important to note that the system matrix ﬁBBT + AC of (3) has dimension
N x N and thus is independent from the number of data points M. However,
since usually the matrix BB” is not explicitly formed but only a procedure for
the matrix-vector product with B and B is provided, the product with BB still
depends on the number of data points M because B has dimension N x M and
thus a matrix-vector product with a vector of size M has to be performed in each
iteration of the CG method. For the regularization term ), 0{1-2, the product with
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the weighted regularization matrix AC = Al is in O(N), see [21,22]. Overall, a
matrix-vector product with the system matrix ﬁBB T 4+ AC isin O(NM + N)
and thus clearly depends on the number of data points M. This is a drawback of
the classification method based on sparse grid regression when it comes to large
data sets. In contrast, the minimization problem corresponding to our classification
method based on sparse grid density estimation relies on a system matrix which
is independent from the data points. Therefore, the matrix-vector product with the
system matrix is completely decoupled from the number of data points M.

4 Density Estimation with Sparse Grids

Before we introduce our classification method based on sparse grid density estima-
tion we first discuss how to actually perform density estimation on sparse grids. We
follow the density estimation method introduced in [13] but instead of full grids we
employ sparse grids and we replace the regularization term with a computationally
more efficient one.

We want to estimate the density function corresponding to the data points in the
training data set S = {xy,..., Xy} C R9. Note that S does not contain any labels
anymore but only data points. Let f. be an initial guess of the density function of
the data in S. We then want to find an estimated density function f such that

£ = argmin [ @00~ £.0)" dx-+ ALl @

uevV

Again we have a regularization or penalty term ||£u||i2 to impose a smoothness
constraint and a regularization parameter A to control the trade-off between error
and smoothness. We set the initial guess f; to

1 M
fs = ﬁzgm (5)

i=1

where &y, is the Dirac delta function centered on x;. We refer to [13] for a motivation
and justification of (5). For us this is a simple and sufficient choice. However, other
choices for f. might become necessary in certain cases, see [13] and the examples
therein. In [13] we then find the necessary transformations to obtain the variational
equation

M
/Qu(x)s(x)dx + A /_Q Lu(x) - Ls(x)dx = % Zs(xi), VseV, (6)

i=1

with the test functions s € V. Note that for the following classification method
the statistical properties (unit integrand, moments, etc.) of the estimated density
functions are not important.
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Instead of employing the finite element method with full grids, as proposed in
[13], we employ sparse grids to discretize f. Let Vz(l) be the sparse grid space
of level £ and @ = {¢y,...,¢n} the set of the corresponding (hierarchical) basis
functions. We set the test space to the sparse grid space Vz(l) and follow the usual
Galerkin approach and obtain the system of linear equations

(P+AC)a=h, 7

where P;; = (¢i,$;)12, Cij = (Lo, Lp;);2 and by = 57 Zﬁ/lzl ¢i(x;). In order
to preserve moments a special regularization operator £ is developed in [13]. Since
for our purposes we do not require our estimated density functions to have such
statistical properties, we can employ the simple but very effective regularization
term Zi oziz as introduced in [21] and described in Sect. 3. Then, again, the matrix
C becomes the identity matrix /.

Just as in the case of the classical classification method based on sparse grid
regression, the system of linear equations (7) can be solved with the conjugate
gradient method. Thus, we only have to provide the matrix-vector product with
the matrix P because the matrix C has become the identity matrix /. Efficient
and parallel algorithms exist to compute the product in O(2¢ N) for the hierarchical
basis @ of a sparse grid space [21]. Just as for the regression problem (3), the system
matrix P 4+ A[ of the density estimation problem is of dimension N x N where N
is the number of sparse grid points and thus is independent from the number of data
points M . However, whereas for the regression problem the product with the matrix
BBT still depends on the number of data points M, the product with the system
matrix of the density estimation problem is truly independent from M. Moreover,
the system matrix corresponding to the density estimation is not only independent
from the number of data points but even from the data points themselves. Whereas
an entry B;; for the regression problem is the hierarchical basis function ¢; evaluated
at the data point x;, an entry P;; for the density estimation problem is the L? dot
product of the two hierarchical basis functions ¢; and ¢; which does not depend on
the data points in S. As far as the density estimation problem is concerned, the data
points influence only the right hand side but not the system matrix of the system of
linear equations (7). We show in Sect. 6 that this gives us the opportunity to split the
computational procedure in an (expensive) Offline and a (cheap) Online phase.

5 Classification with Sparse Grid Density Estimation

In this section, we introduce the multi-class classification problem with density
estimation. We employ the density estimation method discussed in the previous
section.

Let S = {(x,-, yi) e RY x {1,..., n}}’M=1 be the training data set. Note that we
now have labels again. We have M pairs of a data point x; € R? and a class label
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Fig. 2 The data points of the two-moons data set and the contours of the corresponding two
density functions
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Fig. 3 The plot demonstrates the confidence value provided by our density-based classification
method. The left plot corresponds to class 1 and the right one to class 2

yi € {1,...,n}, see, e.g., Fig. 2 for an example of the two-dimensional two-moons
data set with two classes. We now split the training data set S into n partitions
St,..., 8" with

SE = {(xi,yi) € Slyi =k},

such that the set S* contains all M pairs (x;, y;) with class label y; = k. We then
estimate the probability density functions f!,..., f” for each set S',...,S" with
the sparse grid method described in Sect. 4.

Figure 2 shows a contour map of the two estimated density functions corre-
sponding to the two classes of the two-moons data set. Clearly, density function
f! evaluates to greater values in the region where most data points with label 1
lie than in the rest of the domain. Just as density function f? yields greater values
in the region of class 2. Furthermore, the contour lines of the two density functions
approximate the shape of the boundary of the data point cluster with label 1 and label
2, respectively. Figure 3 demonstrates the confidence value we have discussed in
Sect. 1. It shows the contour map of 7 (x)/(f'(x) + f?(x)) fori = 1,2. Consider
for example point (0.4, 0.5). It lies between the two classes, thus it is very difficult
to assign the correct class. This fact is well reflected by the two density functions.
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Both functions evaluate to about the same value at (0.4, 0.5), which confirms that
we can only make an educated guess but not a profound statement about the class
label of (0.4,0.5).

We can now summarize our proposed classification method based on sparse grid
density estimation:

1. Split the training data set

S = {(xi, ) € R x{1,....n}}1
into its separate classes St ...,S".

2. Estimate the density functions fl, o S R? — R forthe datasets S!,...,S"
on a sparse grid with the minimization problem (4).

3. For anew pointx € R?, evaluate the estimated density functions and assign class
label k to x if function f* yields the greatest value, i.e.,

y = argmax f*(x).

Let us again point out the close relationship to Bayesian classification meth-
ods [16,17].

6 An Offline/Online Splitting for Classification

In the following, we describe our Offline/Online splitting of the computational
procedure of the classification method based on sparse grid density estimation. We
propose two matrix decompositions of the system matrix and discuss their properties
in the context of the classification problem.

One advantage of our classification method is that the system matrix is truly
decoupled from the number of the training data points M, cf. Sect.4. However,
the system matrix of the density estimation problem is even independent from the
data points themselves. This allows us to introduce an Offline/Online splitting of
the computational procedure. The Offline/Online splitting is only reasonable in
settings where we want to have a very fast evaluation (Online phase) in favor of a
quite costly pre-processing step (Offline phase). We can think of applications in the
multi-query and real-time context. Another example is cross validation. There we
want to construct a classifier for different regularization parameters A with different
training data sets and test them on a testing data set. Thus, we have to construct
many classifiers where only the parameter A as well as the training and testing data
set change. Such an Offline/Online splitting of the computational procedure is very
common in model order reduction where parameter-independent matrices, vectors
and values are pre-computed and reused over and over again, cf. [18]. We follow this
idea and want to pre-compute the system matrix P 4+ AI of the density estimation
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problem (7). We would like to emphasize once more that this is not possible with
the classical sparse grid classification method based on regression because there the
system matrix depends on the data points.

Let V[(I) be the sparse grid space of level £ and dimension d spanned by some
(hierarchical) basis @. To explicitly form the matrix P + AI corresponding to
Vz(l) we can employ the already available matrix-vector product procedures by
multiplying with the unit vectors. Especially for higher dimensional data sets,
this becomes rather expensive because one matrix-vector product with P is in
O(2¢ N) which is only linear in the number of grid points N but with the factor
2¢ depending exponentially on the dimension d. Therefore, in our case, where we
want to assemble the system matrix, it is better to follow the naive approach where
we explicitly compute the L? dot products of all combinations of the basis functions.
Even though this scales quadratically with the number of grid points N, we do not
have the factor 2¢ anymore. A key question is how to store the matrix during the
Offline phase. We discuss here an LU decomposition and an eigendecomposition of
the system matrix.

Since we want to solve a system of linear equations an LU decomposition is an
obvious choice. Thus, in the Offline phase we compute

LU = P + Al,

store the matrices L and U and can then solve the corresponding system of linear
equations in the Online phase with backward and forward substitution which is
in O(N?) only. A severe drawback of the LU decomposition is that we have to
fix the regularization parameter A already in the Offline phase. This is indeed a
disadvantage as cross validation with respect to the regularization parameter A is
in our context one key application of such an Offline/Online splitting. However, it
has also been shown that the classification method is not very sensitive to different
parameters A for huge data sets and thus the LU decomposition might be used in
cases where also the costs of the Offline phase is crucial.

If we store the eigendecomposition of the matrix P we are able to vary the
parameter A and the Online phase is still in O(N?). Let P = USUT be the
eigendecomposition of P where U is an orthonormal matrix and S a diagonal
matrix. Such an eigendecomposition exists because P is a Gram matrix and the
basis functions in @ are linearly independent. We store U and S in the Offline
phase and can then construct a classifier, i.e., compute (P + A/ )_lb, in the Online
phase as follows

(P+AD)7"'"D=WSUT +AUUTY 'Tb=U (S +A)"'UD.

Because U is orthonormal we have U™! = UT. The matrix S + Al is an
N x N diagonal matrix which can be easily inverted in O(N). Therefore, in
order to solve the system (7) we only have to invert the diagonal matrix S +
Al and perform three matrix-vector products with N x N matrices. Hence, the
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Online phase is still in O(N?) and we can modify the parameter A in the Online
phase. Note that even though we invert the diagonal matrix S + Al we have
not experienced any numerical instabilities for the numerical examples in Sect. 7.
Computing the eigendecomposition in the Offline phases takes usually distinctly
longer than computing the LU decomposition. Nevertheless, we will always employ
the eigendecomposition in the following because it gives us greater flexibility with
respect to the regularization parameter A.

7 Examples with Artificial and Real-World Data Sets

In this section, we report on the performance of the proposed classification method
based on sparse grid density estimation. Note that the reported accuracies do not
depend on whether we use the Offline/Online splitting or not, of course. We compare
with the classification approach based on sparse grid regression. We always employ
sparse grids with linear hierarchical basis functions (“hat functions”) and without
basis functions at the boundary because we simply transform the data set in the
[0.1,0.9]¢ cube if necessary [20]. The selection of the regularization parameter
A was performed with k-fold cross validation. For more information about our
parameter selection procedure and an in-depth discussion, we refer to [6]. To tackle
the multi-class classification problem with the classical approach, we compute a
sparse grid regression function for each class separately, as discussed in [21].

Let us first consider the results with density functions estimated on regular sparse
grids, see Table 1. We compare the training and test accuracies of the classical
approach [11,21] and our proposed method for eight data sets. For all eight data
sets we obtain competitive results. For four data sets we either obtained 100 % test
accuracy or a better test accuracy than with the classical approach. For all other data
sets (three spheres, svmguidel, olive oils, and shuttle) the classical approach is only
slightly better, i.e., by around 1 %. However, the accuracies for all eight data sets
clearly suggest that they can be learned by our proposed method. Hence, our method
can cope with both artificial data sets (two-moons, three spheres, svmguidel) as
well as real-world ones (old faithful, Iris flower, olive oils, shuttle and oil flow).
Note that in rare cases our method can achieve slightly better results for the test data
set than for the training set due to the optimization problem originating from density
estimation which does not target explicitly the classification error.

Let us now come to the results for adaptively refined sparse grids, see Table 2.
Note that adaptive sparse grid pose a challenge to the Offline/Online splitting, see
the outlook in Sect. 8. We employ the standard sparse grid refinement criterion based
on the absolute value of the hierarchical coefficients, see, e.g., [4, 21]. We only
consider the data sets for which we did not obtain 100 % test accuracy in Table 1
and skipped the shuttle and oil flow data set because we will discuss them in the
context of the Offline/Online splitting below. Except for the Iris flower data set,
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Table 1 Percent of correctly classified data points for the classical and proposed classification
method on regular sparse grids

Regression-based  Density-based

QU

k Grid points Level Training Test Training Test
10 17 3 100.00  100.00 100.00  100.00

Two-moons [6]

n

2 2
Old faithful [3] 2 2 10 17 3 100.00 100.00  100.00 100.00
Three spheres [6] 3 3 10 351 5 100.00 99.85 99.92 99.71
Iris flower [5] 4 3 10 769 5 99.33 95.33 97.33 96.00
Svmguidel [15] 4 2 - 769 5 97.05 96.75 95.21 95.85
Olive oils [1] 9 3 5 9439 5 100.00 99.77 99.77 99.08
Shuttle [11] 9 2 5 9439 5 99.59 99.57 97.54 97.66

(3]

Oil flow [3] 12 5 3249 4 86.11 65.64 86.11 84.57

We used k-fold cross validation to determine the test accuracy except for the svmguidel data
set where an extra test set is available. The table also includes references where to find more
information about the data set, the dimension ¢ and the number of classes n

Table 2 Results for the proposed method on adaptive sparse grids

d n k Grid points Training Test
Three spheres [6] 3 3 10 602 100.00 100.00
Iris flower [5] 4 3 10 209 96.37 93.33
Svmguidel [15] 4 2 - 683 95.61 95.88
Olive oils [1] 9 3 5 732 100.00 100.00

Again the results have been obtained with k-fold cross validation

where overfitting occurs, we need distinctly fewer grid points if we employ adaptive
refinement, i.e., if we adapt the grid to the data set.

In Fig. 4 we show a dimension-wise plot of the Iris flower data set, i.e., the four-
dimensional data points are projected onto two dimensions each, as well as contour
plots of the three density functions corresponding to the three classes of the data set.
If we compare the dimension-wise plot of the data set with the dimension-wise plots
of the density functions, we see that the density functions evaluate to higher values
near the center of the corresponding class. This visualizes that it is reasonable to use
the density value as a measure of confidence in the membership to its class.

Overall, we obtain either better or almost as good results as with the classical
approach for all data sets. And, just as with the classical approach, we can drastically
improve the results using adaptively refined sparse grids.

Finally, we want to report on the runtime of the proposed method with and
without the Offline/Online splitting. We only consider the olive oils, shuttle and oil
flow data set because only for those the classification took longer than one second.
In Table 3 we show the runtime in seconds for the regression-based and density-
based classification methods. In case of the density-based method we report the
runtimes with and without the Offline/Online splitting. Without the Offline/Online
splitting we did not assemble the system matrix but used the matrix-vector product
procedures in combination with the CG method to solve the system of linear
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dim 1 dim 2 dim 3 dim 4 dim 1 dim 2 dim 3 dim 4
class 2 class 3

Fig. 4 Projection of the Iris flower data set to two dimensions each and the density functions
corresponding to the three classes of the Iris flower data set. All three density functions evaluate to
high values near the center of their corresponding class

equations. We stopped either after 50 CG iterations or when the norm of the residual
was below 10710,

Let us first consider the runtimes of the regression-based method and the
density-based method without the Offline/Online splitting. The olives oil data set
is eight-dimensional and consists of 348 data points only. We do not see a distinct
difference between the runtimes of the density-based and regression-based methods.
The shuttle data set is also eight-dimensional but has 43,500 data points. For this
large data set, we can clearly see the effect of the dependence of the matrix-vector
product on the number of data points for the regression-based method. Our density-
based method without the Offline/Online splitting is about five times faster than the
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Table 3 Runtimes in seconds of the regression-based approach and the density-based
classification method without (standard) and with (pre-computed) Offline/Online splitting are
reported

Density-based Density-based
Regression-based standard Offline/Online
d M Solve (s) Total (s) Solve (s) Total (s) Solve (s) Total (s)
Olive oil 8 348 55 55 60 61 <1 <1
Shuttle 8 43,500 1,006 1,018 215 242 10 36
Oil flow 12 1,318 25 25 567 567 <1 1

We split the (Online) runtime in the time spent to solve the system of linear equations and the
total time including all reading, writing and pre-processing of the data. The table also includes the
dimension d and the number of (training) data points M of the data sets

regression-based method. However, for the oil flow data set we have the opposite
situation. It is a 12-dimensional data set and contains only a few points. Recall
that, due to the UpDown algorithm, the matrix-vector product with the system
matrix corresponding to the density-based method depends exponentially on the
dimension, i.e., it is in O(2? N'), whereas the product with the matrix 1 BBT + A1
can be performed in O(NM). This is confirmed by the runtime results in Table 3.
The regression-based method is faster than the density-based method due to the
dependence on the dimension.

With the Offline/Online splitting we obtain by far the lowest runtimes for the
classification of the data sets. For the shuttle data set, the speed up is limited by
the construction of the right hand side, which depends on the data points and thus
cannot be pre-computed. We gain speed ups of up to 100 compared to the regression-
based method and of up to 500 compared to the density-based method without the
Offline/Online splitting. The measurements were performed on an Intel Core 17 870
with a single thread only.

8 Conclusions

We presented a novel classification method based on probability density estimation
with sparse grids. For each class of the training data set, we estimate a density
function on a sparse grid. The computational complexity of the corresponding
minimization problem scales only linearly with the number of training data points.
Additionally, in contrast to the classification method based on sparse grid regression,
the system matrix of the underlying system of linear equations is independent
from the training data points. First, this makes the matrix-vector product with
the system matrix truly independent from the number of data points which is
especially advantageous for large data sets. Second, this allows an Offline/Online
splitting of the computational procedure where we pre-compute the system matrix
(Offline phase) and reuse it for different data sets (Online phase). This reduces the
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complexity of learning a data set from O(N3) to only O(N?). Furthermore, we have
shown that if we store the eigendecomposition corresponding to the system matrix
we can even change the regularization parameter A in the Online phase.

The performance of the method has been demonstrated on numerous data sets
of various dimensions and different numbers of classes. We obtained competitive
results compared to the classical approach. Seven out of eight data sets were learned
with an accuracy in test data well above 95 %. Furthermore, in 50 % of all cases the
accuracies were either 100 % or better than the accuracies obtained with the classical
method. And they were even improved by employing locally refined sparse grids.
Finally, we have shown that for certain data sets we can reduce the time to solve
the underlying system of linear equations by a factor of up to several hundred if we
employ the Offline/Online splitting.

Future work includes the Offline/Online splitting for adaptively refine sparse
grids. One option is to pre-compute the matrices corresponding to several refined
sparse grids and to use a standard error indicator (e.g. the absolute value of the
hierarchical coefficients) to select from them the most appropriate one.
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Adjoint Error Estimation for Stochastic
Collocation Methods

Bettina Schieche and Jens Lang

Abstract This paper deals with partial differential equations with random input
data. An efficient way of solving such problems is adaptive stochastic collocation
on sparse grids. For higher efficiency and a better understanding of the method,
we derive adjoint error estimates for nonlinear stochastic solution functionals. The
resulting adjoint problem also involves random parameters and can be treated by
stochastic collocation as well. Only a few adjoint evaluations are required in order
to estimate the deterministic error, while the stochastic error requires much more
effort to be detected. To overcome these substantial additional costs, we suggest to
replace the adjoint problem by a reduced model and demonstrate the applicability of
the approach for nonlinear solution functionals and up to nine random dimensions.

1 Introduction

People in natural and engineering sciences have realized that simulations become
more reliable when including uncertainties, such as natural fluctuations or deviations
in manufacturing processes. The systematic analysis of output uncertainties with
respect to input uncertainties is known as uncertainty quantification (UQ) [33].
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One important branch of research deals with partial differential equations (PDEs)
with correlated random parameters. Solution approaches are basically Monte Carlo
methods, spectral methods of Galerkin type, and stochastic collocation on sparse
grids. The first is for sure the best known sampling strategy and convinces with
simplicity and generality. Low convergence rates can be overcome by the recently
suggested multilevel Monte Carlo variance reduction technique [5, 15]. Spectral
methods go back to [50] and are founded on stochastic, orthogonal basis polynomi-
als, on whose span the PDE is projected, resulting in deterministic, coupled systems
[20,25,34,52] of certain structure [16, 17,45, 46].

Stochastic collocation [51] came up as an alternative approach to spectral
methods. The given random parameter space is here discretized into a number of
collocation points that equal realizations of the random input. The corresponding
deterministic solutions are then interpolated and integrated in order to extract
statistical quantities of the solution. It is obvious that the number of collocation
points is an important issue, especially for time-consuming underlying problems.
So, a common approach is to choose the collocation points on structured, but sparse
grids.

Stochastic collocation can be seen as an application of sparse grids. The name
was proposed by Zenger [55], but the idea goes back to [48]. There are many works
that study sparse grids as a tool for high-dimensional interpolation and integration
in terms of convergence and polynomial exactness (see [6,42] and the references
therein). Adaptive versions can be found for example in [12, 24, 30]. A detailed
overview is provided by [13]. In the context of stochastic collocation, important
works addressing questions such as a priori error estimates are among others [4,
40, 41]. Last but not least, sparse grids have been discovered to be also useful to
discretize deterministic equations [26-28].

We focus on stochastic collocation on dimension-adaptive sparse grids [24]
with global Lagrange interpolation, because the approach combines the decoupling
nature of Monte Carlo with fairly good convergence properties. The aim of this
paper is to study the applicability of adjoint error estimation in the stochastic
collocation setting. Conventional adaptivity criteria are usually based on relative
changes of the solution or some solution functional, often stored as hierarchical
surpluses when using hierarchical stochastic basis functions. Although the resulting
error indicators provide reasonable results [21,38,54], it is by far not clear how much
they over- or underestimate the true error in a particular application. Moreover,
it is important to study the contribution of deterministic discretization errors and
interpolation errors more closely in order to balance both error sources and avoid
unnecessary computational costs.

So far, adjoint equations have been used to predict errors at randomly chosen
points [14] or at the collocation points [2], leading to a random representation of
the deterministic discretization error, which can be used to adapt spatial meshes.
Our new contributions are a general derivation of stochastic, adjoint error estimates
and extensive numerical studies for quite challenging problems, including sev-
eral nonlinear solution functionals and rather high-dimensional random parameter
spaces. Moreover, in contrast to [2], we address the question of deterministic and
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stochastic parts of the error, compare the results to traditional error indicators,
and give a suggestion of how to overcome additional computational costs. Our
numerical examples impressively show that adjoint error estimation is a power-
ful tool to gain understanding in the error behaviour of stochastic collocation
methods.

The present paper is structured as follows: Sect.2 formulates the PDE with
random parameters including some mathematical preliminaries. Then, in Sect.3
all ingredients for stochastic collocation are provided and Sect. 4 is dedicated to
the general description of adjoint error estimates for different types of solution
functionals. Numerical results are presented in Sect. 5, followed by a summary and
conclusion in Sect. 6.

2 Problem Formulation

Throughout this work we consider a general PDE equipped with parameters such
as material properties, forces, initial conditions, and boundary conditions. The
particular application is not important to describe the general setting. In order to
introduce uncertainties in the parameters, let (§£2, X', P) be a complete probability
space, with £2 being the set of outcomes of a random experiment, the sigma algebra
XY of events in 2, and a probability measure P : ¥ — R. By doing so, the uncertain
parameters are modelled as random variables or random fields with dimension
® € §2 in addition to space and time. Without loss of generality, we describe the
problem by the form

A, x,t,0) = f(x,t,w) in D x (0, Tepg] x £2
B(u,x,t,w) = g(x,t,w) ondD x (0, Tepq] x 2 (1)
u(x,0, ) = up(x, w) inD x §2,

with differential operator A, boundary operator B, and initial solution uy. We seek
for a random solution field u(x, ¢, w), that solves problem (1) almost surely. The
spatial variable is denotedbyx € D C R? and the time 7 acts in the interval [0, Tend]-
As a side note we want to mention that there are quite a few works available that
deal with the analysis of problem (1) [3, 40]. Typically, deterministic results can be
extended to the stochastic case, provided that the parameters satisfy some additional
assumptions. Suitable solution spaces are Bochner spaces that contain L”-integrable
random variables taking values in deterministic solution spaces X :

L2%(82;X) = {v: 2 — X measurable : E[||v||}] := / ]| dP(w) < oo}. (2)
2

Note that E[-] refers to the expected value operator. Furthermore, we will use the
notation Var[-] and Cov[-, -] for the variance and covariance, respectively.
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We restrict our studies to correlated random fields, sometimes also known as
colored noise in contrast to white noise problems. For numerical treatment, we
follow the “Finite Noise Assumption”, assuming that all random parameters can be
expressed by finitely many random variables. This parametrization step is justified
by the Karhunen-Loeve expansion [25], for which we assume a general random
parameter, here denoted by «(x, @), with continuous covariance function Cov(x, X),
for simplicity time-independent. The covariance function defines a linear operator
of integral type, whose spectrum is given by the integral equation

/ Cov(x,X) fr(X)dXx = A, f,(x), 3)
D

with countable many normalized, orthogonal eigenfunctions f,. The corresponding
eigenvalues A, are positive, with 0 being the only limit point. The Karhunen-Logve
expansion of the random field « is then given by

a(x,0) =El] + Y £ VA&, )
n=1

with uncorrelated random variables &,, that can either be calculated from more
accurate information about marginal distributions of «, or be part of the modelling.
Usually, common types of distributions such as uniform, normal, or log-normal
distributions are chosen. A further assumption that we are going to use in this work,
is the stochastic independence of all arising random variables. Equation (4) allows
for truncation after a finite number of terms. It can be shown that the truncation error
in L2(D x £2) is directly linked to the eigenvalues that correspond to the truncated
terms. Hence, they can be used as a criterion to maintain a given amount of variance
in the sequence. How many terms will be kept in practice depends on the decay
of the eigenvalues A,, which in turn depends on the smoothness of the covariance
kernel [10].

For convenience, let now M be the total number of random variables and
collect them in the random vector § = (§;(w), ..., Ey(w)). Given that, the Doob-
Dynkin-Lemma justifies that the unknown solution is a nonlinear functional of £,
namely u(x,t,w) = u(x,t,€). A more intuitive way to look onto the resulting
problem is provided by a change of the measure. To this end, we assume that
the M random variables are strongly measurable with probability density functions
Pn(¥). Due to the stochastic independence, the density function of § separates like
oly) = ]_[fy:l on(Vn), withy = (y1,...,ym). Let I’ = §(£2) be the image space
of 2. Then, we can change to the weighed Lebesgue measure p(y) dy and finally
arrive at the following counterpart of problem (1):

Au,x,t,y) = f(x,1,y) inD x (0, Tong] x I

B(u,x,t,y) = g(x,t,y) onadD x (0, Tena] x I” 5)
u(x,0,y) = up(x,y) inDx1I.
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Note that the hypercube I" can be seen as a deterministic parameter space in R
Having set up the general problem under consideration, the next section is devoted
to the stochastic collocation approach to solve problem (5) numerically.

3 Stochastic Collocation on Sparse Grids

The idea of sparse grids in multiple dimensions is to start with a sequence of nodes
for one dimension, given by Y' = { y} }’}“: »i = 1,2,.... Moreover, we claim
Y C Y*! resulting in a nested sequence of nodes. Using Lagrange interpolation,

defined on these nodes, yields the approximation

U'w) =) u(vHL; (), (©)

J=1

for a function u(y) in one dimension and nodal Lagrange polynomials L} (»).
Let now Al (u) := U'(u) — U'~'(u) be the difference between two consecutive
interpolation rules, with Uy = 0. Smolyak’s formula for an interpolation rule in M
dimensions is then given by

Ak, M)(w) = Y~ (A" ®---® A™) (u) (7
li|<k+M

and approximates a function u(y) in the M variablesy = (y1,..., yu). The multi-
index i := (iy,...,ip) relates each dimension to an interpolation rule, and the
sparsity property results from the restriction |i| := i} + --- 4+ iy < k + M with a
natural number k, called the level of the algorithm.

A rigorous numbering of all points in the resulting sparse grid yields the set
{yU} f —, with total number of points P. Let the corresponding nodal, multivariate
Lagrange polynomials be denoted by £ (y). Then we can write Eq. (7) in the short
form

P
Ak, M)@) =) uiLi(y). uj = u@y). 8)

Jj=1

First note that sparse grids are again nested, which allows to reuse old points
when adding new ones. This is especially interesting for adaptivity. Second, the
collocation points should not be chosen equidistantly when applying Lagrange
interpolation. And finally, the collocation points should also provide suitable
quadrature nodes in order to calculate functionals of the solution. Examples of such
functionals are the ¢’” moments of the solution, which are given by
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P P
E[A(k, M)(u)7] = Z Z wj, - E[Lj - L], 9)

=1 =1

and result in pre-computable expected values over products of multivariate Lagrange
basis polynomials. However, it is convenient to approximate these expected values
by means of the current set of collocation points, yielding

P
E[Lj, L]~ Y L;37)L;, () EIL;] . (10)
7=l =w;

Due to the fact that we have £, (y')) = §;;, such a quadrature rule results in the
following approximation of expression (9):

»
E[A(k. M)w)!] ~ Y wjul. (11)
j=1

To sum up, the collocation points in multiple dimensions are based on tensor
products of one-dimensional quadrature nodes of increasing accuracy. These nodes
should be nested, well-suited for Lagrange interpolation, and equal to quadrature
nodes with respect to the considered probability measure. Basically, there are
two classes of nodes that satisfy these conditions. The first are the Clenshaw-
Curtis nodes, which equal the extrema of Chebyshev polynomials. The second
are nested versions of Gauss quadrature rules, known as Gauss-Patterson nodes.
The first has provided reasonable results in previous works [6, 19, 21]. However,
convergence problems with sparse grids have been observed, especially in higher
dimensions [37].

The question of nested extensions of Gauss quadrature was first addressed in
[32]. Similar to the Gauss rule itself, the idea is to choose all degrees of freedom
such that the highest possible polynomial exactness is obtained. If this procedure
allows for a recursive extension, a nested sequence of nodes arises [43]. In the case
of unweighted integrals, such extensions are known as Gauss-Patterson-Legendre
rules and are linked to the uniform distribution. However, for arbitrary Gauss rules
the derivation of extended formulas is not straightforward, especially for unbounded
weighting functions, such as the density of the normal distribution [44]. One idea is
to allow a lower degree of exactness, ending up with suboptimal extensions [8]. A
sequence for the normal distribution can be found in [22,29].

These rules together with sparse grids have, for example, been proposed in
[23]. Recent research underlines that this choice of collocation points improves the
accuracy of the integrals compared to Clenshaw-Curtis nodes [37]. Due to our own
positive experiences with these nodes, we have decided to use Gauss-Patterson rules
in this work. Figure 1 shows the sparse grids for M = 2 and levels k = 0, ..., 4 for
the Gauss-Patterson-Legendre quadrature.
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Fig. 1 Sparse grids with nested Gauss-Patterson-Legendre nodes in two dimensions for Smolyak
levelsk =0,..., 4

The appropriate Smolyak level is not known beforehand and has to be increased
adaptively. One adaptivity concept is the dimension-adaptive, i.e. anisotropic, ver-
sion of Smolyak’s formula, which is well-suited for global Lagrange interpolation.
We use this algorithm to generate sparse grids with more nodes in the dominating
parameter ranges. This generalized adaptive Smolyak algorithm was introduced in
[24], and we would like to sketch the idea briefly.

Compared to Eq.(7), the mentioned algorithm does not sum over all indices
li| < ¢, but successively adds indices to the sum, whose nodes exhibit large error
indicators. Note that an index i can only be part of the sum if the so-called father-
indicesi—e;, j = 1,..., M, are also used, where e; denotes the jth unit vector.
Otherwise the telescopic character of the sum is violated.

For each new index, a local error indicator is needed. The one with the largest
contribution is then further refined. A global error indicator is given by the sum
of all error indicators that refer to indices that were not yet refined, also called
active indices in the spirit of [24]. In practice, we do not always interpolate the
whole solution, but rather a functional like a space-time integral over the solution
for example. The resulting interpolation then gives a random variable, for which
we may be interested in the first or second moment. Hence, when adding a new
index to the generalized Smolyak sum, a natural error indicator is given by this
new contribution to the stochastic quantity of interest for the respective index. More
precise, local error indicators refer to normalized changes in a stochastic solution
functional throughout this paper.

The aim of this work is to analyze the global error behaviour and the quality of
the error indicators very thoroughly. To this end, we make use of adjoint calculus,
which is an important tool to construct error estimates for deterministic PDEs. There
are some new issues that have to be addressed in the stochastic context, which will
be covered by the next section.

4 Stochastic Adjoint Error Estimation

For deterministic problems, adjoint equations are already used to construct efficient
a posteriori error estimates [7, 18, 35]. The approach is also known as dual-based
or goal-oriented error estimation, because it controls the error in some quantity of
interest. In this context the expression “primal” refers to the original problem.
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Adjoint error estimates in the context of UQ are not that well understood. A
perturbation-based approach can be found in [1], which is restricted to small input
fluctuations. For spectral methods of Galerkin type, adjoint error estimates naturally
arise from using a variational formulation for both deterministic and stochastic
dimensions [39]. However, it is by far not clear how to approximate the adjoint
solution such that the resulting error estimate captures both the deterministic and
stochastic error contribution.

At this point we have to ask for the intentions, which may be of very different
kind. A recent work [14] uses the adjoint framework to build up a representation
of the error with the same number of terms as used for the original solution. The
resulting surrogate for the error is then compared to the true errors point-wise in
the random parameter space. Similarly, the adjoint problem can be solved in all
collocation points [2] to provide error estimates.

However, the same collocation points for the adjoint problem hide information
about the interpolation error, which vanishes in these points by construction. Our
goal is to understand how the stochastic adjoint problem can be used to capture
both deterministic and stochastic errors. This is not a trivial task and we will mainly
study these effects numerically in Sect. 5. In this section we want to derive adjoint
problems, discuss stochastic functionals, and present our ideas to gain a more
efficient evaluation of the adjoint problem.

4.1 From Deterministic to Stochastic Adjoint Error Estimation

Let us first consider a deterministic solution functional 7 («) of integral type, i.e.

T = / Nw). (12)

with a possibly nonlinear functional /. More precise, the integral is meant to cover
the deterministic domain, which may be the spatial domain D, or, in the time-
dependent case, D x (0, Tng]- A typical expression for the error between the true
value and the approximate value, denoted by 7 (), is given by

T W) — T (up) = /¢Res(uh) + HOT, (13)

with residual Res(u;,), adjoint solution ¢, and higher order terms (HOT') due to lin-
earization in the case of nonlinearities [ 18]. Note that the index / refers to the whole
deterministic discretization. For the extension to stochastic problems, we start with
the parametrized PDE (5) derived in Sect. 2. For simplicity, we neglect the determin-
istic variables x and ¢ as well as the boundary and initial conditions and consider

A(u,y) = f(y) yer. (14)
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We assume to have an approximate solution us. By means of linearization about
upg, We arrive at

A(u,y) = A(upe, y) + .A/(th, y)(u — upe) + HOT. (15)

In the following equations we will skip the HOT, because they are neglected in
practice anyway. Recall that each value y refers to a realization of an underlying
random vector €. Hence, we can derive the adjoint system

A* (e, Y) (y) = k(). yer, (16)

which apparently depends on the same parametrized random parameters as the
primal problem, with solution ¢ (y), that can again be interpreted as a random field
¢ (). The same holds for the not yet specified right hand side «(y) or «(§). In
the following we will use the notation § when stressing the underlying random
variables, and y when we are talking of realizations of §.

For fixedy € I, the derivation of the adjoint operator A* (upg, y) of the linearized
operator A’ (upg, y) is based on the usual duality condition given by

/ A (ure. V) () v(y) = / () A (e Y)0(¥) (17)

for test functions v. Goal-oriented error estimation in this context now requires a
stochastic quantity of interest. Many different kinds of such functionals are possible.
The ones we would like to treat here are the following:

Q1 (u) = E[T (w)1], Qs(u) = J(E[u?]),
Qr(u) = E[J ]9, Qu(u) = J(E[u]?).

These stochastic solution functionals involve a deterministic solution functional 7,
now treated either as a random variable or evaluated in random fields, depending
on the type of composition of 7 and E[-]. The number ¢ allows higher moments to
be part of the quantity of interest, but is not restricted to natural numbers. Note that
these functionals can be arbitrarily combined, so that they also cover functionals
that involve variances of the solution.

Likewise to the deterministic setting, we are interested in the difference Q; (1) —
Qi(upg), 1 = 1,...,4. In order to find expressions for these errors, we use a first
order Taylor expansion about uy¢ in all cases. For the first solution functional, this
yields

Qi (u) — Qi (ups) ~ E[/ qT (ung) T N (ung) (u — upe)]. (18)

=1(y)
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We set the right hand side of the adjoint system (16) equal to «;(y) and call the
corresponding unknown ¢ (y). Then the error allows for the following expression

Q1) ~ Q) ~ B[ 11(9) i) (19)
— L[ A 090 0) - ) 0)
D B[ g A ) - )] @
B[ awuey - Awen e
D B[ 0w - Awe )] 23)
=:Res(upe)

We observe that the error has the same structure as the deterministic error (13),
apart from the fact that the expected value arises, which is nothing else than an
integral over the stochastic domain. For the other types of solution functionals a
first order Taylor expansion about u¢ gives

Os(1) — Qs (ure) ~ E / ¢ ELT (e ' BN )| — )], (24)

=:2(y)
Qs () — Qs(upe) ~ EJ / N Ef Dqufy (w—we)],  and (25
—_—
=:3(y)
Qu() — Qalupe) ~ E[ / N Elune] Vg Elunel?™ (e — upe)]. 26)
=:k4(y)

In order to see that the two latter approximations hold, note that the Taylor expansion
yields E[u — upg] as part of the integrand. Drawing the expectation in front of the
whole integral, reveals the given structure. We set the right hand side of the adjoint
system (16) equal to «;(y) and get the corresponding adjoint solutions ¢; (y), i =
1,...,4, yielding the error estimates

Qi(u) — Qi(upg) ~ E[/ @i (y) Res (une)], i=1,...,4 27)

Note that it is also possible to consider boundary integrals or even function evalua-
tions as underlying deterministic solution functional 7. For the latter, the resulting
adjoint is also known as generalized Green’s function [18]. We refer to [35] for
details on how to include boundary and initial conditions into adjoint error estimates.
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From now on, we will skip the index 7, but assume a solution functional Q that
allows for the general error expression

Q(u) — Qluye) ~ E| [ (&) Res(upe)]. 28)

| S —
=:€(§)

4.2 Discussion About Deterministic and Stochastic Errors

In practice we have to approximate the adjoint random field ¢. The brute-force
approach that reuses the discretization of the primal solution usually does not
provide acceptable results, because the interpolation error vanishes in all primal
collocation points and, especially in the finite element context, the deterministic
error vanishes as well due to the orthogonality of residual and adjoint function. This
means that the adjoint has to be obtained in an enriched solution space [7].

From another point of view, different kinds of approximations of ¢ capture
different information of the overall error. Let us consider the current P primal
collocation points with quadrature weights {w j}f —1- We suggest to estimate the
deterministic error according to

P
Q(ug) — Qupe) ~ Zéjwj, € = e(y(j)), 29)

=1

because it hides all information about the interpolation error. This error expression
means solving the adjoint problem for each primal collocation point. Depending on
the required accuracy of the error, we claim that one can even get along with less
adjoint computations to obtain quite accurate approximations of the deterministic
error. If we now want to detect the interpolation error as well, it is obvious that an

improved quadrature rule based on a refined sparse grid has to come into play. Let

P

this number of adjoint collocation points be denoted by P with weights {w; } =1

So we propose to estimate the overall error by means of
P
Qu) — Qune) ~ Y €j), (30)
j=1

with P somehow large enough. Although formally not difficult, the choice of this
fine quadrature rule is not a trivial task. To our best knowledge, no suggestions in
literature can be found addressing this issue. In this paper we answer this question
numerically for selected problems. Anyway, we are sure that the number of adjoint
collocation points has to exceed the number of primal collocation points to detect
the overall error. This is computationally demanding, which leads to the topic of the
following subsection.
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4.3 Application of Reduced Order Models

Reduced order models (ROMs) [9, 47, 49] play an important role in parametric
studies or optimization. The approach is based on the observation that solutions of
PDEs or corresponding quantities of interest often lie on low-dimensional manifolds
of the solution space.

We do not want to go into details of ROMs, but sketch the typical procedure. In
a first step, selected simulations are run to create a set of snapshots of the solution
for either different points in time, different input parameter values, or both. Let us
assume that the spatial discretization of the underlying PDE consists of N degrees
of freedom. Hence, what we end up with is a set of vectors of length N. One way to
find the most influencing modes of the solution is to perform a Proper Orthogonal
Decomposition (POD) of the snapshot set. This technique basically consists in
solving an eigenvalue problem. The resulting eigenvectors that correspond to the
largest eigenvalues then serve as a reduced basis.

We assume now to have suitable reduced basis functions ¥y, ..., ¥g, with R <
N. Just like for the truncated Karhunen-Lo¢ve expansion, one can, for example,
choose R such that 95 % of the variance in the snapshots is maintained. We now
want to approximate a solution u in terms of the reduced basis, i.e.

R
u(x,t,y) ~ uR(x,t,y) = Za,(z,y)wr(x), 31

r=1

with unknown coefficient functions a,, which depend on time ¢ and the random
parameters y. Plugging expression (31) into the governing equations (5), followed
by an L?(D)-projection on the reduced basis, yields the conditions

/ Res(u®(x,t,y))¥i (x) dx = 0, i=1,....R, (32)
D

where Res denotes the residual of problem (5). For linear problems, these condi-
tions for the coefficient functions a, (¢, y) can be simplified, so that all terms reduce
to size R. The resulting systems of ordinary differential equations are supposed to
be considerably smaller than the systems that would arise from the original finite
element basis.

The reduced problem still involves the random parameter £ and can be solved by
stochastic collocation, where each collocation point requires a cheap equation to be
solved.

To which extent we can benefit from ROM:s is still an open issue, because
their performance strongly depends on the kind of application, the pre-computed
snapshots, and the dimension R of the reduced problem. Nevertheless, the approach
can be important for problems that would hit their computational limits otherwise.
We did not find much literature on reduced models in the context of stochastic
collocation. However, the setting is similar to parametric studies, for which one
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may consult [11,31,36] for instance. Our aim is to replace full adjoint problems by
ROMs to accelerate the error estimation.

5 Numerical Results

We present results for an elliptic problem in one spatial, but nine random dimen-
sions, and a parabolic problem in two spatial and three random dimensions. So
the first problem is more challenging from a stochastic point of view and the second
from a deterministic point of view. We have considered several solution functionals
for our numerical studies, of which we show here a representative selection. All
results are obtained with MATLAB with linear finite elements in space, a build-in
ODE solver, and the adaptive stochastic collocation procedure, outlined in Sect. 3.
Since we only deal with uniformly distributed random variables, our results are
obtained with Gauss-Patterson-Legendre quadrature nodes. Also recall from Sect. 3
that we use contributions of a new index set to a quantity of interest as natural
local error indicators and the sum of contributions belonging to not yet refined
collocation points serves as a natural global error indicator in comparison to adjoint
error estimates.

5.1 Elliptic Problem: Stationary Diffusion Equation

The problem under consideration is the stationary, elliptic problem in one spatial
dimension given by

—0y(a(x,w)d u) =10, forx € (—=0.5,0.5), w € 2
(33)

u(x,w) =0, forx = £0.5,w € §2,
with correlated random diffusion coefficient «, parametrized by a truncated

Karhunen-Logve expansion (see Eq.(4)) with constant mean E[] = 0.1. More
precise, we use an exponential covariance function given by

Cov(x,%) = o2 exp (— X Zﬂ) , (34)

with standard deviation 0 = 0.02 and correlation length ¢ = 0.5, which results
in M = 9 random variables for a truncation error of less than 5 %. The random
variables are assumed to be uniformly distributed. Note that the specific choice
of the covariance function allows to solve the corresponding eigenvalue integral
problem (3) analytically [25].
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Fig. 2 Elliptic problem with random diffusion coefficient: we show the error indicators at each
iteration for both quantities of interest, compared to the true difference to the reference solution,
denoted as exact error. Both plots reveal monotonic convergence and over-estimation of the true
error. (a) Convergence Q;. (b) Convergence Q,

For a goal-oriented error analysis, we want to consider the quantities of interest

0.5

0.5
Q1(u) = / Eluldx  and  Q(u) = / E[u?] dx. (35)

—0.5 —0.5

We aim to study the global interpolation error by means of adjoint calculus in
each iteration of adaptive stochastic collocation. In order to exclude deterministic
discretization errors from our studies, we use a rather fine spatial mesh size of
2713 for all results shown here. The reference solution uses 2,007 collocation points
and is the result of adaptive stochastic collocation with a tolerance of 2e — 6. We
also checked the results for reference solutions based on more collocation points
as well as different types of collocation points. So, we could make sure that our
results are not biased by the choice of the reference solution. Figure 2 compares at
each iteration the natural error indicators explained in Sect.3 and the true errors.
We notice that the error indicators drive the solution in the correct direction and
interestingly exhibit a similar rate of convergence as the true error. However, they
are around one magnitude larger than the actual error. So, we will now focus on
adjoint error estimates for Q; and Q,.

Estimating the error by means of adjoint problems means approximating the
right-hand side of Eq. (28). Since we want to focus on the interpolation error, we use
the same deterministic finite element mesh for both the primal and adjoint problem.

The first row of Fig.3 shows the performance of the resulting adjoint error
estimates based on Gauss-Patterson-Legendre nodes for both quantities of interest.
We use sets of different sizes, namely 2,007, 1,103, 335, and 199 adjoint collocation
points, and plot the effectivity index, i.e. the estimates divided by the true error.
For the linear functional Q; we observe that the curves start very close to the
optimal value 1, but suffer from effectivity problems with increasing number of
primal collocation points. The more adjoint collocation points we use, the better the
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Fig. 3 Elliptic problem with random diffusion coefficient: we show the effectivity of adjoint error
estimates with respect to the primal number of collocation points. The sparse grids for the estimates
are based on several different numbers of Gauss-Patterson-Legendre and Clenshaw-Curtis nodes.
(a) Estimates Q; (Gauss-Patterson). (b) Estimates O, (Gauss-Patterson). (c¢) Estimates Q;
(Clenshaw-Curtis). (d) Estimates Q, (Clenshaw-Curtis)

estimates are, and for the maximal used number of 2,007 points no quality break-
off is observed at all. For the nonlinear functional Q, the curves behave similarly,
except that the estimates first improve due to decreasing HOT terms, before they
also lack effectivity.

One could argue that the huge number of adjoint collocation points may only
be caused by the fact that we use the same kind of quadrature rule for the primal
and adjoint problem. That is why we want to approximate the error estimates now
by means of a different type of nodes, namely Clenshaw-Curtis nodes, where we
pre-constructed sparse grids of similar sizes (2,009, 1,121, 333, and 197). The
second row of Fig.3 shows the corresponding plots for both solution functionals.
It is interesting to see that the set of 1,121 points gives the best performance,
but is not as stable as the 2,007 Gauss-Patterson-Legendre points. Although the
curves start with suitable error estimates, the estimates begin to stagger and become
meaningless after some iterations. So, we can conclude that using a different
rule does not improve the estimates. In this case the Clenshaw-Curtis nodes behave
rather unpredictably and should not be used to obtain adjoint error estimates.
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Fig. 4 Elliptic problem with random diffusion coefficient: we compare the effectivity of the full
adjoint error estimator (2,007 adjoint collocation points) with adjoint error estimates based on
reduced order models of the adjoint problem for increasing snapshot sets (see legend of the plots).
(a) ROM estimates Q. (b) ROM estimates Q,

We see that a suitable number of adjoint collocation points exceeds the number
of primal collocation points by far. As mentioned in Sect. 4.3, we suggest to use a
ROM for the adjoint problem. First we generate rather small snapshot sets consisting
of only a few full solutions of the adjoint problem. By means of a standard POD-
Galerkin method, we then generate a reduced basis and a reduced model for the
adjoint problem, by which we replace the original problem to evaluate the huge
number of adjoint collocation points. Figure 4 shows for both quantities of interest
the results obtained with increasing size of the underlying snapshot set. Note that
the maximal number of used snapshots is 59, which is still small compared to the
2,007 adjoint collocation points. What we see is that all estimates predict more than
90 % of the true error in nearly all cases. The estimates are thus indeed suitable
alternatives to the full adjoint error estimates, because they are significantly cheaper
without losing much accuracy. Note that the computational costs to evaluate the
reduced model at the adjoint collocation points is negligible.

We conclude that adjoint calculus is able to predict the interpolation error with
respect to some solution functional very accurately, provided that sufficiently many
adjoint collocation points are used to approximate the error estimate. Hence, the
estimates are very costly, which can be overcome to some extent by means of cheap
ROMs.

5.2 Parabolic Problem: Heat Equation

The second numerical example we want to treat is similar to a parabolic problem
suggested in [53], except of a slightly more challenging random input. The aim of
this problem is to demonstrate adjoint error estimation also for a time-dependent
problem in two spatial dimensions, which is technically more demanding than the
elliptic problem in one dimension.
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Fig. 5 Parabolic problem: oD,
computational domain D 1
aD, (0,0) oD,
06 ap,?P29p,
3 dD; -1 1 oD, 3

The problem describes the heat conduction in an electronic chip with random
heat conductivity a. The computational domain is depicted in Fig. 5, which we have
discretized into triangles with 8465 degrees of freedom. At the cavity, a heat flux
into the domain is assumed, while the remaining boundary is thermally isolated.
The initial temperature is fixed by 0. The governing equation is the unsteady heat
equation subject to the just described boundary conditions:

T -V -(ax,w)VT) =0 in D x (0, Tepg] x 2

ax,w) VT -n =0 in dD; x (0, Teng] x £2

ax,w) VT -n=1 in dD; x (0, Tepa] X 2
T(x,0,0)=0 inD x £ .

(36)

The unknown temperature distribution is denoted by 7" and n refers to the outer
normal vector. The temperature keeps growing over time due to the incoming flux
together with adiabatic boundary conditions at the remaining walls. We set the final
point in time to Tepg = 1.

The conductivity parameter « is modelled as a spatially correlated random field
with expected value E[o] = 1, correlation length ¢ = 4, and standard deviation
o = 0.2. We use a covariance function, suitable for two-dimensional random fields,

Ca(x, i) — 0,2 ”X _CX”Z Kl (|IX_CX||2) ) (37)

where K refers to the modified Bessel function of second kind and first order.
The corresponding eigenfunctions for the Karhunen-Loéve expansion have to be
calculated numerically (see [25] for a Galerkin approach). In order to maintain 95 %
of the variance, we truncate the expansion of o after three terms and assume the
resulting M = 3 random variables to be uniformly distributed.

In order to get a first impression of the solution, we present in Fig. 6 the expected
value and standard deviation of the temperature at the final point in time T¢pg = 1.
We observe that the solution exhibits most variance near the cavity. This gives rise
to a quantity of interest that only acts in this region. Therefore, we consider the
nonlinear stochastic solution functional

1
QT) = \/Var[ /0 Tl d1]. (38)
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Fig. 6 Parabolic problem: on the left we show the (a) expected value of the temperature
distribution at time 7¢,q = 1, on the right the corresponding (b) standard deviation. Both plots

reveal larger variations near the cavity of the domain
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Fig. 7 Parabolic problem: the error indicators given by relative changes of the quantity of interest
Q are compared to the exact errors. They appear to overestimate the exact error. Moreover, adjoint
error estimates based on either the full or the reduced problem are applied at each iteration. They
do not differ from each other and capture the exact error very well

The aim of this example is to use stochastic collocation with a tolerance of 1.0e — 3
for the relative error of Q. We not only want to detect the interpolation error, but
also deterministic error contributions. Therefore, we compute a reference solution
with a triangulation of 530,049 degrees of freedom, a higher accuracy in time, and
a stochastic tolerance of 1.0e — 5. Likewise, we can obtain semi-discrete reference
solutions with respect to the deterministic and stochastic dimensions.

First, we apply the tolerance to the usual error indicators. Ignoring the curves for
the error estimates for the moment, Fig. 7 shows the resulting error indicators at each
iteration with respect to Q, compared to the numerically exact error. We see that the
indicators are satisfactory in the sense that the error is not underestimated. Instead,
the error is slightly overestimated, so that 47 collocation points are demanded
instead of the sufficient 31 collocation points. This behaviour is acceptable, but
leads to the question whether an adjoint error estimator is able to detect the true
error more accurately.

In order to answer this question, we take a closer look at the critical iteration,
namely when reaching 31 collocation points. Here we evaluate the error estimate
on different sparse grids and show the resulting effectivity for both the overall and
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Fig. 8 Parabolic problem: we present the performance of adjoint error estimates for the deter-
ministic and overall error contribution within the solution functional Q (recall Egs. (29) and (30)).
The plot refers to 31 primal collocation points, because these are needed to reach the tolerance of
1.0e — 3. Both curves increase up to an effectivity of about 0.95

deterministic error in Fig. 8. For the latter we compare the estimate to the semi-
discrete reference solution. Moreover, all involved adjoint solutions are obtained on
a refined spatial mesh. By doing so, each collocation point requires more compu-
tational costs for the adjoint than for the primal problem. However, the plot reveals
that only a few adjoint collocation points are sufficient to detect the deterministic
error contribution. On the contrary, the overall error really needs an extended set of
adjoint collocation points to be captured accurately. Note that a suitable number of
adjoint collocation points is not that large as shown for the elliptic case. This may be
due to fact that the stochastic space is rather low-dimensional in the current setting
and we do not focus on the pure interpolation error.

These results are very promising and give rise to reduced models, especially
because of the fact that so few adjoint problems capture the deterministic error. We
use the most simple sparse grid of 2M +1 = 7 full adjoint solutions (compare k = 1
in Fig. 1) to build a reduced model of the adjoint problem. A POD of snapshots for
these collocation points at several points in time is used to find the most important
modes of the stochastic adjoint solution as a random field. Due to the fact that Q
concentrates on one spatial point, the adjoint functions mainly give weight to this
point. This is nicely reflected in the POD modes, depicted in Fig. 9. As expected,
we observe a peak in the mentioned spatial point in the first modes, followed by the
smaller scales of the adjoint solution.

We now use the resulting POD basis to build a reduced model of the adjoint
problem, i.e. we have an approximation for the adjoint random field ¢ (x,¢,£) at
hand that can be evaluated in an arbitrary number of adjoint collocation points at
very low computational costs. The largest set of adjoint collocation points used
in Fig. 8 consists of 63 points and is apparently sufficient to obtain accurate error
estimates. Hence, the reduced model enables us to obtain cheap error estimates
for the overall error of the solution functional Q at each iteration of the actual
primal adaptive collocation procedure. Coming back to Fig. 7, we see this statement
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Fig. 9 Parabolic problem: we show the dominating nine POD modes of the stochastic adjoint
solution. As expected most of the energy concentrates on the underlying spatial reference point
(0.0)

verified. The plot impressively shows that the effectivity of both the full and
reduced adjoint error estimates tends to 1 with increasing number of iterations
and lets the algorithm correctly terminate with the optimal number of 31 primal
collocation points. Actually, there is no difference observable between the full and
reduced estimates. We can conclude that the reduced model is very effective for
the considered problem. A little drawback may be the expensive calculations of
the first full adjoint problems. However, we are rewarded by a reduction of primal
collocation points and an accurate statement about the final error.

6 Conclusions

We have extended adjoint error estimates to stochastic collocation methods for
PDEs with random parameters. It turns out that solution functionals involving
deterministic and stochastic integrals all lead to the same structure of error estimates
by means of linearization of nonlinear terms. The resulting typical structure of
an integral over the residual weighted by an adjoint solution is also known from
deterministic adjoint error estimation.

The unknown adjoint function has to be approximated, where we use stochastic
collocation as well. It is important to note that the choice of the adjoint collocation
points strongly influences the kind of error we are able to capture. In this work we
have shown numerically that the deterministic error only requires a small amount of
adjoint collocation points, while the interpolation error may need up to magnitudes
more adjoint than primal collocation points to be detected accurately. In order to
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overcome the substantial amount of additional costs, we suggest to replace the
adjoint problem by a reduced model based on few expensive simulations. The
resulting surrogate model is then very cheap and can be evaluated in arbitrary many
adjoint collocation points.

Our results considerably contribute to the understanding of errors and estimates
for stochastic collocation methods. A topic for future research could be a deeper
analytical analysis of the arising estimates. Furthermore, the effective combination
of reduced models for both primal and adjoint problems remains to be investigated.
And finally, it would be interesting to apply the methodology also to more complex
equations, such as they arise in fluid mechanics.
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POD-Galerkin Modeling and Sparse-Grid
Collocation for a Natural Convection Problem
with Stochastic Boundary Conditions

Sebastian Ullmann and Jens Lang

Abstract The computationally most expensive part of the stochastic collocation
method are usually the numerical solutions of a deterministic equation at the
collocation points. We propose a way to reduce the total computation time by
replacing the deterministic model with its Galerkin projection on the space spanned
by a small number of basis functions. The proper orthogonal decomposition (POD)
is used to compute the basis functions from the solutions of the deterministic model
at a few collocation points. We consider the computation of the statistics of the
Nusselt number for a two-dimensional stationary natural convection problem with
a stochastic temperature boundary condition. It turns out that for the estimation of
the mean and the probability density, the number of finite element simulations can
be significantly reduced by the help of the POD-Galerkin reduced-order model.

1 Introduction and Problem Formulation

We study the convective flow in the unit square D = (0, 1) x (0, 1) with stochastic
temperature Dirichlet conditions [8]. The governing equations are the dimensionless
incompressible Navier-Stokes equations with the Boussinesq approximation for the
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Fig. 1 Sketch of the domain y

D with the locations of the I 1\?
temperature boundaries /] ,;’ 1
and Flff
i D i
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q X
0 I 1

temperature forcing term. We only consider cases for which the solution tends to
a unique stationary solution independently of the initial data, so that the stationary
version of the equations is applicable. We fix all parameters and incorporate them
explicitly in the equations, which are consequently given as

u-Vu+Vp—V-(Vu+ (Vu)') +5000gg =0 inD, (1)
u-Vg—-V-.-Vg=0 1inD, 2)
V-u=0 inD. 3)

The unknown field variables are the velocity u = (u,v)”, the pressure p and the
temperature ¢. The direction of gravity is given by g = (0, —1)7. A general vector
in the physical space will be denoted by x = (x, y).

The boundary I of the domain D is split into the parts 1"];7 and I 1\? , as sketched
in Fig. 1. The following boundary conditions are imposed:

u=0 onl, 4
q=gqp onlf, S)
Vg-n=0 only. (6)

Here, n denotes the boundary unit normal vector pointing outward of the domain.
The temperature Dirichlet boundary data are given by

0.5 ifx =0
x,a(y,0)) = ’ (7
a(x.(7.6)) —054+a(y,0) ifx=1,

where «(y, 0) is a centered stochastic process and 6 is a member of the space of
random events £2. The process «(y, 0) is spatially correlated with the exponential
covariance function
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K1, y2) = e iyl

The Nusselt number Nu at the left boundary is chosen as the output of the

simulation:
19
Nu=— / 9
0 dax

The goal of this paper is to demonstrate how a reduced-order formulation of
this Boussinesq problem can be used to compute accurate statistics of the Nusselt
number at a low computational cost. While the problem serves as a prototype
for related scenarios, we limit our focus to sparse-grid collocation [27] for the
discretization of the stochastic dimensions and POD-Galerkin modeling [23] for
the reduced-order treatment of the deterministic sub-problems. We note that the
stochastic collocation method has been combined with reduced-order models based
on the reduced basis method [21] in the context of elliptic boundary value problems
with uncertain coefficients [3, 4, 19] and uncertain boundary conditions [1]. The
reduced basis method has also been applied to steady incompressible Navier-Stokes
problems with uncertainty in the viscosity and in the boundary conditions [7] and to
the unsteady Boussinesq equations in a deterministic setting [17].

®)

x=0

2 Numerical Solution

To be able to compute the statistics of the Nusselt number for the given stochastic
Boussinesq problem we have to perform a number of modeling steps. In each of
these steps we introduce a parameter with which we can control the accuracy of
the modeling. At first, we transform the infinite-dimensional stochastic process to
a low-dimensional one using a Karhunen-Loeéve expansion. The number of terms
in the expansion will be denoted by K. Then, we discretize the resulting stochastic
dimensions of the problem using collocation on a sparse grid with a sparse grid
refinement level of L. The collocation method requires a set of P deterministic
problems to be solved independently, where P is depending on the dimension K
and the level L. We employ the finite element method for the discretization of the
physical dimensions of the deterministic problems and denote the finite element grid
refinement level as M.

2.1 Karhunen-Loeéve Expansion

A truncated Karhunen-Loeve expansion of the stochastic process that determines
the temperature boundary condition is given by
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K
a(y.0) ~ a(y.£0) =Y VLE0) i (). )

i=1

where £*(0) = (&7 (0),...,£%(0))T is a random vector. For the case of exponential
covariance it is possible to derive the eigenvalues A1, ..., Ak and the eigenfunctions
fi. ..., fk analytically [10]. It holds that E[§7(9)] = 0 and E[§7 (6)7(0)] = &,
foralli,j = 1,..., K. An explicit representation of the elements of the random
vector is given by

1
£(6) = %r/o 0 0) /i) dy,  i=1,. K

Since we do not possess full knowledge about the stochastic process, we replace
£*(0) by the modeled random vector § = (£1,...,£x)". As modeling assumptions,
we impose that £, ..., £k are mutually independent and that & ~ U[—~/3, /3] for
i =1,..., K, so that each random variable has unit variance and is contained in a
closed domain. To compute a realization of the stochastic boundary condition, we
use

0.5 if x =0,

PO =N 054+ YK VTEAO) =1,

(10)

where a realization of the random vector can be computed with a suitable pseudo-
random number generator. Figure 2 illustrates the spatial components of the
decomposition and presents typical realizations of the modeled process.

2.2  Stochastic Collocation

We have described how the stochastic boundary condition can be modeled as a
function of K independent, uniformly distributed random variables. For a given
realization of § we can compute an approximate Nu by the following steps:

1. Define the temperature boundary condition gp via (10).
2. Solve the deterministic problem (1)—(6) numerically.
3. Evaluate the boundary integral (8).

If the Nusselt number is to be computed for a large number of realizations,
or if integrations over the stochastic space are to be performed, it is beneficial to
replace the steps 1-3 by a simpler model, as provided by the sparse grid collocation
method [2, 9]. The cost of the method is determined by the numerical solutions of
a decoupled set of deterministic problems at predefined collocation points in the
stochastic domain.
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Fig. 2 Scaled Karhunen-Loeéve functions 4/A; f;(y) for i = 1,...,4 (left) and six random

realizations of the boundary condition gp using K = 4 (right)
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Fig. 3 Sparse grids of dimension K = 2 based on a nested sequence of Chebyshev points for
different Smolyak levels L

For the stochastic collocation we use Smolyak’s algorithm [24] with an underly-
ing nested sequence of Chebyshev points in the interval [—+/3, +/3]. The resulting
sparse grids for K =2 and L = 2, ..., 6 are presented in Fig. 3.

The collocation points for a fixed stochastic dimension K and Smolyak level
L are given as &1,...,&p. The respective multivariate Lagrange polynomials are
denoted as £1(§),..., Lp(€). It holds that £;(§;) = &;; foralli,j = 1,..., P.
The sparse grid approximation of the temperature field depending on the random
vector is given by

,
qx.E) ~ Y L,E)q(x.E)), (11)

p=1

It follows from (8) and (11) that the Nusselt number computed from the sparse grid
approximation of the temperature field is given by
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Fig. 4 Uniform mesh refinement

P
Nu(€) ~ ) L,E)Nu(E,). (12)

r=1

To set up the sparse grid interpolation, we have to perform the steps 1-3 for
each collocation point and store the respective Nusselt numbers. For any other
realization of &, the Nusselt number can then be evaluated quickly by using the
sparse interpolation (12). Furthermore, integrals over the stochastic domain can be
evaluated using exact integrations of the Lagrange polynomials.

2.3 Finite Element Discretization

As the stochastic collocation in our case relies on finite element simulations, a
sufficiently fine mesh is crucial for the accuracy of the stochastic simulation. For
the numerical simulation we use a simple triangular mesh with uniform refinement,
where M denotes the refinement level. The mesh refinement is sketched in Fig. 4.
Following the usual finite element modeling steps [12], we first derive a weak
form of the Boussinesq problem: Find p € L?,u € H}, ¢ — gp € H;, for which

(u-Vu,¢%) + (Vu+ (Vo) vy¥)
—(p.V-9¥") + (500084, 9") =0  Vy'eH;,  (13)
w-Vg.y) +(Vg.Vy) =0  Vy?eH;, (14
(V-u,y?)=0 Vyrel’ (15)

We approximate the velocity and temperature fields in each mesh triangle
with piecewise quadratic polynomials and the pressure field with piecewise linear
polynomials. This choice of elements, also known as Taylor-Hood finite elements
[25], fulfills an inf-sup stability condition [13] and could be called a standard
approach for incompressible flow calculations. We introduce the finite element
spaces L% C L? and H(l) n C H(l), which are spanned by the pressure and velocity
finite element basis functions, respectively, as well as H, hl C H'and HOl » C H !
which are spanned by the temperature basis functions.
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Fig. 5 Temperature fields resulting from a deterministic simulation with K = 0 (upper left) and
from simulations with K = 4 using random realizations of the temperature boundary condition
(other plots). All plots use the same color scaling. A mesh refinement level of M = 4 was used
for the computations

We define a continuous extension gy € H) of the Dirichlet data into the
computational domain D. We require that q{’) is equal to the Dirichlet condition
gp of the problem for all mesh nodes on the Dirichlet boundary and equal to zero
at all other mesh nodes. Based on the Karhunen-Loeve expansion we can define
suitable functions f',..., f# € H/ so that

K
ah(x.£) = £ + Y V& f(). (16)

i=1

By using the finite element spaces as test spaces in (13)—(15) and replacing the
unknowns by their finite element representations, we obtain the following discrete
weak form: Find p" € L2, w" € H},, ¢" — ¢}, € H},, for which

" vu', ") + (V' + (V)T vy
—(p", V-¥") + (5000gg", Y*) =0 VY"eHy,, (17
W"-Vg" y) + (V¢" Vy) =0 VyleHy, (18)
(V-u", y?)y=0 Yyl e L7, (19)

After testing against the finite element basis functions in turn and evaluating the
inner products, we obtain a system of non-linear algebraic equations. We employ
the trust-region dogleg method [20] of the Matlab® R2012a Optimization Toolbox
to solve the system. A few pseudo-time-steps with the backward Euler method are
sufficient to obtain good initial values for the solver. The cost of the finite element
solution is determined by the LU-decomposition of the Jacobi matrix.

The temperature solution of the deterministic finite element simulation with K =
0 and a few solutions with random boundary conditions and K = 4 are shown in
Fig.5. Notice the absence of thin boundary layers, which justifies the choice of a
uniform grid.
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3 Reduced-Order Modeling

A considerable amount of computational work may be needed for the setup of the
sparse grid interpolation if the discretizations of the stochastic and the physical
space are sufficiently fine. As a possible remedy we propose the use of reduced-
order models that are obtained by a Galerkin projection of the deterministic
equations on the space spanned by a set of reduced basis functions. To compute
the reduced basis functions we use a proper orthogonal decomposition (POD) of
a set of representative solution snapshots. The POD is very closely related to the
Karhunen-Loeve decomposition. Just like the sparse grid collocation method, the
considered reduced-order models provide a computationally inexpensive mapping
from a realization of the random vector to the respective Nusselt number. While the
sparse grid collocation is based purely on polynomial interpolations, however, POD-
Galerkin models include features of the governing equations. The computational
work as well as the accuracy of the reduced-order models depend on the parameter
R, which is equal to the number of POD basis functions that are used to build the
model.

In the following we first introduce the POD in a general context. Then we
describe the POD approximation of the velocity field as a special case, which inher-
its the discrete divergence-freeness and the fulfillment of the Dirichlet conditions
from the finite element simulation. The POD approximation of the temperature field
involves the approximation of the stochastic process at the temperature Dirichlet
boundary. Having the reduced-order approximations of the velocity and temperature
available, we are able to formulate the reduced-order model and describe how it can
be used to reduce the computational cost of the sparse-grid collocation method.

3.1 Proper Orthogonal Decomposition

We briefly summarize a few computational aspects of proper orthogonal decompo-
sition that are necessary for the development of the reduced-order model. For details
we refer to the literature [15].

Let a set of snapshots u;,...,uy € L? be given. The extension to snapshots
which are vector-valued functions is straightforward and will not be detailed,
here. We would like to find a set of basis functions ¢i,...,¢pr € L? which
are mutually orthonormal, (¢;,¢;) = §;; fori, j = 1,..., R, and which minimize
the differences between the snapshots and their orthogonal projection on the space
spanned by the basis functions. In particular, the basis functions are supposed to
solve the constrained minimization problem

2
subjectto (¢, ¢p;) =8;; for i,j =1,...,R.

R
Un —Z(”na¢r)¢r
r=1
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To solve the minimization problem we use the “method of snapshots” [23]. The
Gramian matrix G € RY*V of the snapshots consists of the mutual inner products
(i, u;). We compute its eigenvalue decomposition

GV =VA,
where V € RY*V is an orthogonal matrix that contains the eigenvectors of G as

columns and A € R¥*¥ is a diagonal matrix with the eigenvalues A1, ..., Ay sorted
decreasingly on the diagonal. The POD basis functions are then given as

N
Vjj .
6= uw,  j=1...R (20)
i=1VAi

where v;; are the entries of V. Alternatively, the POD can be computed by singular
value decomposition [18].

3.2 Reduced-Order Approximation of the Velocity Field

Suppose that for a set of collocation points &1, . ..,Ey we have obtained respective
finite element velocity snapshots u}l’, . ,u}]v € H(l) - We perform a POD of the
snapshots, which provides us with POD basis functions @V, ..., @% € H(l) » APOD

representation u® € H} , of the velocity field is given as

R
(.6 =) a,E)¢rx), 1)

r=1

where H) , C H(l) , 18 the space spanned by the first R velocity POD basis functions.

By applying (20) to the present case of vector-valued functions and assuming
that the snapshots fulfill the discretized weak form (17)—(19), one can see that
the POD basis functions fulfill homogeneous Dirichlet conditions. By (21) this
property carries over to the POD representation of the velocity field. In a similar
way, it can be shown that the POD basis functions are discretely divergence-free by
construction,

(Vg y?)=0 Vy’el], r=1,....R. (22)
and that this property is inherited by the POD representation of the velocity,

(V-uf yry=0 vyrell (23)
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3.3 Reduced-Order Approximation of the Temperature Field

The reduced-order approximation of the temperature field is performed in a way
that a priori incorporates the Dirichlet conditions, similar to the approach taken in
the finite element discretization. The procedure is a variant of the control function
method [11] for multiple parameters [14]. Let the finite element temperature
snapshots for a set of collocation points &;,...,Ey be given as q{l, . ,qﬁ,. We
define modified temperature snapshots g1, ..., g} € HO1 5 as

ql{(X):qlh(X)—q]}S(X,Ei), i:L--'st

where q]’;(x,é‘) is a continuous extension of the Dirichlet data into the domain,
see (16). A POD of rank R of the modified snapshots provides us with POD
basis functions ¢>”, . ,¢>;’2 IS HO1 - The POD basis functions fulfill homogeneous
Dirichlet conditions because, by (20), they are linear combinations of the modified
snapshots. We introduce the POD representation of the temperature as

R
a"(x.&) = qh(x. &) + D _ b ()¢ (). (24)

r=1

It holds that g® — gl € H{, where HJ, C H], is the space spanned by the first
R temperature POD basis functions. After substituting the definition (16) of q]’g in
(24) and declaring

Ph () = fi (), brr1(§) = 1,
¢l = V™, bk ® =&, k=1, K,
we obtain
v
q"(x.§) =Y b E)¢! (%) (25)

r=1

with R = R + 1 + K. It turned out that it was beneficial for the computation of the
Nusselt number to replace foh (x),..., f Kh (x) with functions which are linear in x
throughout the domain. This approach, which uses different continuous extensions
of the boundary data as compared to the finite element model, will be used for all
reduced-order computations.

Figure 6 shows the functions ¢;€ RPN ,qb;{e 15> which are required to implement
the Dirichlet conditions for K = 4, as well as the first five basis functions of the
temperature POD approximation using snapshots with M = 4 at the collocation
pointsof K =4 and L = 6.
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Fig. 6 Dirichlet functions ¢2 Hlreees ¢% +5 (fop row) and POD basis functions o, ..., ¢ (bottom
row) of the temperature snapshots at the collocation points of K = 4 and L = 6. The color scales
are the same within the fop row and within the bottom row

3.4 POD-Galerkin Reduced-Order Model

The discretized weak form (17)—(19) is the starting point for the derivation of
the reduced-order model. At first, we substitute u” by u® and ¢” by g*. Due to
(23), the discrete continuity equation is automatically fulfilled for u® and, thus,
can be neglected. We choose the POD spaces H) , and H|, as test spaces for
the remaining equations. Due to (22), the pressure term becomes zero for all
discrete pressures p” € Lﬁ. This leaves us with the following reduced-order weak
formulation: Find u® € H} , and ¢® — ¢}t € H/y, for which

uf . vuk ¢") + (VuR + (Vut)T, ve")
+ (5000gq",¢") =0 V¢" € H) 4, (26)
@R Vg® ¢%) + (Vg Ve?) =0 V¢ € Hyp, 27)

After testing against the POD basis functions in turn, the reduced-order model can
be written as

R R R
DD @Vl Naa; + ) (V! + (Vo) Vela:
i=1j=1 i=1
R/
+ ) (5000g/ . ¢%)b; = 0. r=1,...,R, (28)

i=1
R R

R/
DY @ Vel ¢aib; + D (V! . V)b =0, r
i=1

i=1j=1

I
_

....,R. (29
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The inner products can be evaluated via the finite element representations of the
POD basis functions, which leads to a set of algebraic equations with quadratic
non-linearities. The unknowns are the POD coefficients a;,...,ag and by, ..., bg,
while bpy1 = 1is fixed and bry 41 = & fork = 1,..., K is the input data. The
reduced-order model is solved by the same non-linear solver as the finite element
model. The cost of performing one iterative step is determined by the evaluation of
the quadratic terms and by the LU-decomposition of the Jacobi-matrix.

To obtain a reduced-order equation for the Nusselt number we substitute (25) in
(8) to see that

R/

Nu(g®) = b,Nu(g?).

r=1

where Nu(q&? ) can be evaluated and stored once for each r = 1,..., R, so that the
Nusselt number can be directly computed from any solution of the reduced-order
model, without forming the approximation of the temperature field.

In the following we will evaluate the reduced-order model for input vectors &
whose length can be incompatible with the dimensions R’ of the reduced-order
model. This case occurs, for example, when we evaluate one model for different
stochastic dimensions. We remove the last entries of & when it is too large and we
fill it with zeros when it is too small. For instance, suppose we have a model with
a stochastic dimension of K = 2, so that R’ = R + 3. If we want to evaluate this
model at a collocation point of the stochastic dimension K* = 4, we are faced with
arandom vector (§1, &, &3, £4). In this case, we evaluate the model at (1, &).

3.5 Application to Stochastic Collocation

For a stochastic collocation with dimension K* and Smolyak level L*, we propose
to replace the finite element simulations with reduced-order simulations. This results
in the following POD-aided stochastic collocation method:

1. Choose K and L for the computation of the POD snapshots.

2. Create temperature boundary conditions for the collocation points of K and
L, perform the respective finite element simulations and store the numerical
solutions.

3. Create a reduced-order model from the numerical solutions. The model takes a
realization of € as input and provides the respective Nu as output.

4. Evaluate the reduced-order model at the collocation points of K* and L*, and
store the resulting values of Nu.

5. Create a sparse grid interpolation of K* and L* using the data generated with the
reduced-order model.

This procedure provides us with a sparse grid interpolation of dimension K* and
level L* at the cost of the finite element simulations necessary for dimension K and
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level L plus the computational overhead from building and solving the reduced-
order model. If we can obtain an accurate reduced-order model with snapshots of
dimension K < K* orlevel L < L* and with R much smaller than the number of
finite element mesh nodes, then we can expect savings of computation time.

4 Results

To compare the POD-aided stochastic collocation method with the standard stochas-
tic collocation, we consider three aspects. Firstly, we estimate the approximation
properties of the respective sparse-grid interpolation of Nu throughout the parameter
domain. Secondly, we assess the accuracy of the probability density function that is
computed via a Monte-Carlo simulation using random evaluations of the sparse-grid
interpolation. And, finally, we investigate the computation of the mean and variance
of the Nusselt number using an exact integration of the underlying Lagrange
polynomials.

To enable a quantitative comparison of the methods, in Table 1 we show the
numbers of collocation points for the different stochastic dimensions and Smolyak
levels. In Table 2 we present total and average computation times of the finite
element model (FEM), the reduced-order model (ROM) and of the sparse-grid
interpolation (SG) as well as the times needed to create the models. The computation
time of the sparse-grid was tested in one instance for the approximation of the
probability density function via Monte Carlo sampling with 1,000,000 evaluations
of the sparse-grid interpolation at random points (see Sect. 4.2). In another instance,
the computation of the mean via an exact integration of the multivariate Lagrange
polynomial was considered (see Sect.4.3). All computations were performed with
Matlab®. The timings were measured on a single computational thread on an
Intel® Xeon® E5-2670 CPU. The Monte Carlo sampling as well as the independent
finite element and reduced-order simulations are well suited for parallel processing,
though.

4.1 Approximation of the Nusselt Number

The goal of this section is a sparse grid representation of the Nusselt number that is
valid throughout the domain of £. We compare the results from a standard stochastic
collocation with the results from a POD-aided stochastic collocation.

Suppose we have computed the numerical solutions with a finite element mesh
refinement level of M at the collocation points of the stochastic dimension K
and the Smolyak level L. At first, we create a sparse grid interpolation from
the available numerical solutions (see Sect.2.2) using the standard stochastic
collocation. Then we use the available numerical solutions to build a POD-Galerkin
reduced-order model with R basis functions. We evaluate the reduced-order model
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Table 1 Number of collocations points P depending on the stochastic dimension K and the sparse
grid refinement level L

L=0 L=1 L=2 L=3 L=4 L=5 L=6 L=7 L=8

K=0 1 1 1 1 1 1 1 1 1
K=1 1 3 5 9 17 33 65 129 257
K=2 1 5 13 29 65 145 321 705 1,537
K=3 1 7 25 69 177 441 1,073 2,561 6,017
K=4 1 9 41 137 401 1,105 2,929 7,537 18, 945
K=5 1 11 61 241 801 2,433 6,993 19,313 51,713
K=6 1 13 85 389 1,457 4,865 15,121 44,689 127,105

Table 2 Total and average computation times and relevant parameters

K L P M R Total (s) Average (s)
FEM setup 4 0.46
FEM simulation 4 6 2,929 4 13,245.52 4.5222
FEM simulation 4 3 137 4 602.46 4.3975
ROM setup 4 3 137 4 30 1.67
ROM simulation 4 6 2,929 4 30 63.57 0.0217
SG Nusselt density 4 6 2,929 3,053.72 0.0031
SG Nusselt mean 4 6 2,929 0.27

at the collocation points that are necessary to build a sparse grid interpolation of
stochastic dimension K* = 4 and sparse grid refinement level L* = 6.

We want to compare the standard collocation and the POD-aided collocation, for
varying discretization parameters. We vary the finite element mesh refinement level
M from 1 to 4, the stochastic dimension K from 0 to 4, the Smolyak level L from
0 to 6 and, for the reduced order model, we compare the numbers of POD basis
functions R = 5,10, 15, 20, 25, 30. To estimate the errors of the Nusselt number,
we use a reference solution which is obtained by finite element computations with
M = 5 at the collocation points of K = 6 and L = 8. For each of these
collocation points we can compute the difference between the reference Nusselt
number and interpolated Nusselt number. The maximum absolute difference is our
error estimate. A comparison of the estimated errors of the standard and the POD-
aided stochastic collocation is given in Fig. 7. In the following, we comment on each
of the plots.

The first plot of Fig.7 shows the dependence of the error on the stochastic
dimension K. Note that K = 0 is equivalent to a fully deterministic simulation.
As we would expect, the error in the Nusselt number decreases when the number of
Karhunen-Loeéve terms is increased. Furthermore, it turns out that both methods lead
to results of similar accuracy, which shows that the POD-Galerkin modeling does
not introduce any significant error. The results suggest, however, that the number
of finite element simulations can not be reduced by using a POD of snapshots of a
lower stochastic dimension and that one should use K = K*.
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Fig. 7 Estimates of the maximum absolute error of the Nusselt number throughout the stochastic
domain for the sparse grid interpolation (FEM) and the POD-aided sparse grid interpolation (POD),
both relying on finite element solutions of mesh level M at the collocation points of stochastic
dimension K and Smolyak level L. In the POD case, a reduced-order model with R basis functions
was evaluated at the collocation points of dimension K* = 4 and level L* = 6 and a respective
sparse grid interpolation was formed

In the second plot of Fig.7 the error is presented for varying Smolyak level L.
The case L = 0 is equivalent to a fully deterministic simulation. We can see that the
error of the POD-aided collocation method drops much faster than the error of the
standard method when the level is increased. Therefore, by using finite element
snapshots at the collocation points of a low level, e.g. L = 2, it is possible via the
reduced-order model to create a sparse-grid interpolation that is about as accurate
as a standard collocation with L = 5or L = 6.
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Fig. 8 Probability density function of the Nusselt number obtained from a Monte Carlo simu-
lation. The line represents the results obtained directly from the finite element simulations with
K = 4 and L = 6 while the dots present the results obtained from a reduced-order model with
R = 30 that was created from finite element solutions at the collocation points of K = 4 and
L = 2 and evaluated at K* = 4and L* = 6

In Fig.7, the third plot demonstrates the accuracy with respect to the mesh
refinement level M . With this plot we want to ensure that the resolution of the finite
element mesh is adequate. When comparing computation times, an over-resolving
finite element mesh would give an advantage to the reduced-order model. One can
see that by decreasing the mesh resolution from M = 4 to M = 3 the error of the
Nusselt increases significantly, so that M = 4 is indeed an appropriate choice.

The last plot of Fig. 7 shows the dependence of the POD-aided stochastic colloca-
tion on the number of basis functions. The results of the standard method, which do
not depend on R, are shown for comparison. We see that a reduced-order model with
25-30 basis functions is sufficient to build a sparse grid whose error is very close to
the error of the sparse grid obtained directly from the finite element snapshots.

We can conclude that the refinement parameters K = 4, L = 6 and M = 4 are
a choice that balances the errors introduced by the Karhunen-Loe¢ve expansion, the
sparse-grid interpolation and the finite element simulation, respectively. The error
introduced by a reduced-order model with 30 basis functions is small enough as to
be dominated by the other error components.

4.2 Probability Density

We want to assess the applicability of the POD-aided collocation method to the
computation of the probability density function of the Nusselt number via the Monte
Carlo method. Figure 8 shows the probability density functions approximated with
a Monte Carlo simulation using 1,000,000 samples and a bin width of 0.1. For the
POD-aided collocation we used finite element solutions of K = 4 and L = 2
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Fig. 9 Probability density functions of the Nusselt number obtained from a Monte Carlo
simulation using a POD-aided stochastic interpolation of varying K* and L* built from snapshots
at the collocation points of K = 4and L =2

to create a reduced-order model with 30 POD basis functions. We evaluated the
reduced-order model at K* = 4 and L* = 6 to create a respective sparse grid
interpolation. For the standard collocation we created an interpolation directly from
the finite element solutions of K = 4 and L = 6. All finite element computations
were performed on a mesh with M = 4. We observe that the POD-aided collocation
produces a probability density function that is visually indistinguishable from the
one obtained with the standard method.

The computation time that is required to evaluate the stochastic interpolation at
a given point in the stochastic domain is dependent on the number of collocation
points. To see whether a smaller number of collocation points is sufficient for an
accurate computation of the probability density function, we compare the results of
the POD-aided stochastic collocation method for different stochastic dimensions K *
and Smolyak levels L* in Fig. 9. We used snapshots of M = 4, K = 4and L = 2
to build a reduced-order model with R = 30 and created sparse grid interpolations
of varying L* and K™. For the case of varying stochastic dimension, we see that at
least K* = 2 is needed to capture the correct slope at Nu > 0.5 and at least K* = 3
is needed to capture the peak. For the case of varying Smolyak level we see that at
least L* = 5 is needed to approximate the peak correctly.

4.3 Mean and Variance

Often one is not interested in the detailed probability density function of a
stochastic quantity, but rather in simple statistics like the mean and variance.



312 S. Ullmann and J. Lang

K=4, M=6, R=50 K=4, M=6, R=50

o FEM o FEM
10° x  POD 10° x  POD

error of mean Nusselt number
X
error of variance of Nusselt number
o

0 1 2 3 4 5 6 0 1 2 3 4 5 6
L L

Fig. 10 Absolute errors of the mean (left) and variance (right) of the Nusselt number depending
on the Smolyak level L. The errors were obtained with respect to reference solutions with K = 4,
L=6and M =7

To compute the moments of the Nusselt number we use exact integration of the
multivariate Lagrangian polynomials. The computation of the integrals is based on
one-dimensional Clenshaw-Curtis quadrature weights [5], which can be efficiently
computed with a routine based on an inverse FFT [26]. To obtain the second
moments we compute the square of the Nusselt number at the collocation points
and subsequently use the same quadrature weights as in the case of the mean Nusselt
number.

The resulting plots of the mean and variance of the Nusselt number depending
on the Smolyak level L are presented in Fig. 10 for the standard collocation and
the POD-aided collocation. The other parameters were set to K = 4, M = 6 and
R = 50. Snapshots of level L were used to build a reduced-order model, which was
subsequently evaluated at K* = 4 and L* = 6 to build the sparse-grid interpolation.
To estimate the errors we used reference values of the mean and variance obtained
with K = 4, L = 6 and M = 7. Note that with this choice at L = 6 the error
estimator does not capture the effects of K and L anymore. The second plot of
Fig. 10 contains two values which are significantly lower than the finite element
error. They were most probably a result of errors that canceled by chance, and are
therefore not representative. For the computation of the mean Nusselt number we
observe that the sparse grid refinement level can be reduced by 1 or 2 when POD-
Galerkin modeling is employed.
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5 Concluding Remarks

In our study we have assessed the applicability of POD-Galerkin reduced-order
modeling to the context of stochastic collocation on sparse grids. For the test case
of the computation of the Nusselt number in a natural convective flow setting, we
have studied the behavior of the different error contributions in a systematic way
with the help of a reference solution. By employing a reduced-order model we were
able to significantly decrease the number of finite element simulations necessary to
create an accurate sparse grid interpolation. For example (see Fig. 7), by building a
reduced-order model from the finite element solutions at the 137 collocation points
of Smolyak level L = 3 and evaluating the model at the 2,929 collocation points
of Smolyak level L* = 6, we were able to obtain a sparse grid interpolation with
a similar accuracy as an interpolation created directly from 2,929 finite element
solutions of level L = 6.

To further assess the efficiency of the method we comment on the computation
times (see Table 2): It took about 3h 41 min to perform the 2,929 finite element
computations of level L = 6 and about 10 min to perform the 137 finite element
computations of level L = 3. In comparison, 2,929 evaluations of the reduced-order
model took only 64 s. The additional computational overhead of the reduced-order
model, i.e. the creation of the basis functions from the snapshots and the assembly of
the system matrices, was less than 2 s. Therefore, by using reduced-order modeling
the total computation time could be decreased by almost a factor of 20. The resulting
sparse grids had the same number of collocation points, independently of whether
they were created using finite element solutions or reduced-order solutions, and so
their evaluation times were identical.

We have limited our scope to the context of a sparse grid collocation method
based on the standard Smolyak formula with underlying Clenshaw-Curtis nodes.
Possible enhancements on the side of the employed sparse grids include the
incorporation of adaptivity [16] and error estimation [22]. To create the reduced-
order model, we have used a proper orthogonal decomposition of snapshots at
the collocation points of a lower Smolyak level. In principle, one could place the
snapshots freely in the parameter domain, which opens the possibility of further
enhancements on the side of the reduced-order model. In particular, the reduced
basis method [21] provides automatic positioning of the snapshots in the parameter
domain with the help of an error estimator. Further, alternative choices of the
continuous extension of the Dirichlet data could be explored [6].
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Opticom and the Iterative Combination
Technique for Convex Minimisation

Matthias Wong and Markus Hegland

Abstract Since “A combination technique for the solution of sparse grid problems”
Griebel et al. (1992), the sparse grid combination technique has been successfully
employed to approximate sparse grid solutions of multi-dimensional problems. In
this paper we study the technique for a minimisation problem coming from statistics.
Our methods can be applied to other convex minimisation problems. We improve the
combination technique by adapting the “Opticom” method developed in Hegland et
al. (Linear Algebra Appl 420:249-275, 2007). We also suggest how the Opticom
method can be extended to other numerical problems. Furthermore, we develop a
new technique of using the combination technique iteratively. We prove this method
yields the true sparse grid solution rather than an approximation. We also present
numerical results which illustrate our theory.

1 Introduction

The full grid discretisation, though accurate, suffers fully from the curse of
dimensionality. At the sixth GAMM Seminar in 1990, Zenger presented the sparse
grid discretisation for the solution of partial differential equations [21]. The curse
can be partially overcome through sparse grids. Since the seminal paper by Zenger,
sparse grids have been used successfully in other areas such as interpolation, integral
equations, data mining and other areas. The helpful Sparse Grid Tutorial is a good
entry to understanding sparse grids [9].

The sparse grid combination technique is a way of approximating the sparse grid
solution through a combination of low-resolution approximations [11]. This avoids
using the hierarchal basis intrinsic to a direct sparse grid approach. Moreover, the
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combination technique adds an extra level of parallelism. The technique has been
widely applied [4,7,15,18].

There are studies to improve the accuracy of the combination technique [4, 15].
Most notably the “Opticom” method was developed for orthogonal projection
problems [13] and was successfully applied to regression and eigenvalue problems
[6, 8].

Interestingly, there are few studies which compare the combined solution, the
Opticom solution and the true sparse grid solution together. Most studies compare
either pair of these or with the full grid solution. However, a quick reflection reveals
arich set of possibilities. For example, even if the combined solution is not close to
the full grid solution, it does not mean it is not close to the true sparse grid solution.
This is obvious, but the same applies to comparing with the Opticom solution. Even
if the combined solution is not close to the true sparse grid solution, it does not
tell us whether there are better approximations or whether it is already optimal. This
reflection warrants study and is one motivation of the paper. We hope these questions
may lead to a deeper understanding of the combination technique.

In the next section we define the numerical problem of interest. We also explain
the statistical problem which will be the subject of our numerical experiments. In
the same section we introduce the concept of Bregman projection as a conceptual
tool. In the third section, we give a brief overview of the combination technique
and present our numerical results. We use those results later for comparison. In the
fourth section we introduce the method of Opticom for minimisation. For these we
present numerical results. We also sketch how the Opticom method can be extended
to more general numerical problems. In the fifth section we explain a new way
of using the combination technique iteratively. Combined with Opticom, we can
recover the true sparse grid solution. Numerical results support the theory and raise
new questions at the same time. Finally, we give a summary of the methods and
present our conclusions.

2 The Minimisation Problem
In this section we define our numerical problem of interest. We also introduce the
application problem on which we will test the techniques.

2.1 Theoretical Formulation

We are interested in a standard minimisation problem over a space of functions.
Let T = [0,1]? and H is a Hilbert space of functions u : T — R. Furthermore,
let j : H — R to be a differentiable and strictly convex functional with a unique
minimum. We are interested in the minimisation problem
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Upin = argmin j(u).
u€H
We require j to have zero derivative at the unique minimum. In particular
(Vj(“min)7 U) =0 (D
forall v € H, where V denotes the Gateaux derivative. In practice, we cannot solve
our minimisation problem over the infinite dimensional space H and must restrict

ourselves to discretised subspaces V;, C H. Let u; denote the minimiser of j on V},.
To find calculate this u;, € Vj,, we require

(Vj(un),v) =0 2

whenever v € V},. This is the only property we need for our subsequent analysis.
Our application problem comes from [10]. The functional j is given by

. 1 y 1 «
70 = 5y +10g [ di =S ute) ®
where t1,...,t, € T = [0, 1]¢ are n i.i.d. data samples. If we write
u(t)
e
flu) = —
fT eu(t) d“(t)

then f(¢|um;,) is an estimator for the underlying probability density function (pdf).
Equation (2) is satisfied if H is a reproducing kernel Hilbert space continuously
embedded into C(T’). The continuous embedding implies

lulloo < Chillulln

for some finite positive constant Cy. The H-norm is implicitly parameterised by
two statistical parameters o and f. The parameter « is the usual regularisation
parameter used in regression [0, 17]. It has been absorbed into the H-norm for
notational convenience. The constant f is the structural parameter determining the
kernel of H. Readers may refer to [10] for other statistical aspects of the problem,
including a more detailed description of « and .

2.2 Implementation

For implementation, we choose a discretised space V, C H with basis functions
b1, ..., ¢m. At the moment we are not concerned with the specific choice of basis
functions. The flexibility in choosing any basis will become important later on.
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The infinite dimensional problem on H is reduced to an m-dimensional problem.
If we define J : R” — R by

m
J@©) =J(r, .. em) = j(Zciqﬁi),
i=1
our minimisation problem can be recast into

Cmin = arg crgﬂl@ J(c).

At this point one can choose a suitable minimisation technique. In our case, the
finite dimensional problem was studied in another submitted paper [20]. We use
Newton’s method to solve Eq. (2). Explicitly, we would like to find the roots of

VJ(e) = 0.

Using Newton’s method, we start with guess ¢o. At the k-th step we have ¢* and
therefore V J(c*¥) and V2J(c¥). With these we can solve the linear system

V2J(c®)8c* = V()
for the update step §c*. Next, we find a step size A* and update using the formula
KT = ¢k 4 Ak§ck,

The step size should be chosen appropriately for convergence [10]. One way to
choose A* is through the Armijo criterion [14].

2.3 Minimisation as Bregman Projection

Every differentiable strictly convex functional induces a Bregman divergence.
Roughly speaking, the Bregman divergence induced by j is a distance function
“with respect to” j. The Bregman divergence of j can be used as a notion of
distance between two functions and therefore give us an error measure. They enjoy
desirable properties which we will explain. Readers may find a fuller treatment of
Bregman divergences in [1].

Assume j : H — R is differentiable and strictly convex. The Bregman
divergence of j, denoted d; : H x H — R™ is defined by

dj(u,v) = ju) = j) = (Vj(),u—v).

The function d (u, v) is non-negative, but it may not be symmetric nor satisfy the
triangle inequality. A Bregman divergence is therefore not a true metric.



Opticom and the Iterative Combination Technique for Convex Minimisation 321

In the following subsection we show how Bregman divergences leads to an inter-
pretation of our convex minimisation problem as a Bregman projection problem.
The concept is interesting in itself but is also useful for understanding Opticom.

2.3.1 Bregman Divergence for Convex Minimisation

Minimising j turns out to be equivalent to minimising the Bregman divergence of
u to the true solution u,,;,. In fact, we have a stronger statement.

Proposition 1. Let uy, denote the minimiser of the functional j on a subspace V;, C
H and let v € V},, the Bregman divergence of v from uy, is

d; (v,up) = j(v) = ).

Proof. Using Eq.(2), we have (Vj(u),v) = 0 for all v € V},. Since v, u, are
both in V},, their difference is in V. The linear term from the definition of Bregman
divergence drops out and we have the formula.

In other words, the minimiser of j on V} is a Bregman projection of the true
minimum u,,;, onto the space V}. Orthogonal projection is an instance of the
Bregman projection with j(u) = |Ju|*.

The other two benefits for using Bregman divergences are specific to our
statistical functional j. We omit the proofs. The first one is a type of norm
equivalence.

Proposition 2. Ifu,v € H are functions, then

1+ C?
THllu—vllip

1
Ellu—vllfq =d;(uv) =

Recall Cy is the embedding constant such that ||u||coc < Cy|lu| g forallu € H.
Finally, the Bregman divergence of j can be interpreted statistically using the
Kullback-Leibler (KL) divergence important in statistically learning.

Proposition 3. Ifu,v € H and if KL(u, v) denotes their KL-divergence, then

1
di(u,v) = §||u—v||%{ + KL(v,u)

2.4 Numerical Examples

For our numerical experiments, we sampled 50,000 data points from two known
probability distributions. A large sample size was used to reduce influence from
statistical error. This allows us to focus on the numerical errors themselves.
The first sample is a strongly correlated, two dimensional, multivariate normal
distribution. We picked correlated datasets because they tend to cause problems
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for the combination technique. Using this sample of 50,000 data points, we
performed two numerical experiments with different statistical parameters. We
chose different regularisation parameters to show how the smoothness of u,,
affects the combination technique. To demonstrate the effect of dimensionality, we
again conduct a third experiment using a strongly correlated, multivariate normal
distribution—but in three dimensions. At the moment, the quadrature of fT edu
limits us to three dimensions. This is not the limitation of the combination technique
(or our modifications thereof) but of our statistical method. The problematic
quadrature is still a subject of research.

In the following we wish to measure two different accuracies. The first compares
the solution accuracy between different refinement levels. The second compares the
solution accuracy across our different methods.

For refinement accuracy we calculate the error through the Bregman divergence
dj (u, wpin). We do not have j (), but for artificial examples we can calculate high
resolution solutions until they converge. We use this value to approximate the true
solution.

Next, we are interested in comparing the combination technique, Opticom and
the iterative method in their ability to approximate the full grid solution u; of
the same refinement level /. For this, we use the same error measure as [20] and
calculate the percentage error in j using the formula

J ) = jun)

) = =

In the following we present our numerical results for three datasets. All the plots
of numerical results are gathered near the end in Figs. 1, 2, and 3 of Sect. 5.2.

Example 1 (2D Dataset A). The 2D dataset A is a two dimensional, strongly
correlated dataset sampled from a multivariate normal distribution. We set ¢ = 2.0
and B = 5.0 to impose a heavier regularisation and therefore a more stringent
smoothness for u,,;,,. As an approximation for the true minimum value, we use
J (Umin) = —2.3320. The results are presented in Table 1.

As predicted by the theory in [10], the error decreases as refinement increases.
The decrease is exponential before slowing down for convergence, Sect. 5.2, Fig. 1.

Example 2 (2D Dataset B). 2D dataset B is the same as before but with smaller
parameters @ = 0.2 and 8 = 1.0. The true solution u,,;, is therefore less smooth.
We use the approximation j (u,,;,,) = —3.2560. The results are presented in Table 2.

The rate of convergence is not significantly affected by decreasing regularisation.

Example 3 (3D Dataset). The third dataset is the correlated data set in three
dimensions. Computational resources restricted us to a lower refinement level.
Running the combination technique to very high levels give us an estimate
J (Uin) = —4.2630. The results are in Table 3.

This dataset present the most difficulties to the combination technique.
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Fig. 1 A combination
technique illustrated in the
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Fig. 2 2D dataset, strong
regularisation
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Table 1 Full grids: 2D

o Level  Functional j(u Error d; (u, u,;
dataset, strong regularisation JW G

1 —1.3827 0.949
2 —1.6757 0.656
3 —2.0897 0.242
4 —2.2485 0.084
5 —2.3045 0.028
6 —2.3242 0.008
7 —2.3301 0.002

Table 2 Full grids: 2D

Level  Functional j Error d; (u, uy;
dataset, weak regularisation Al unctional /() rror d; (1, tyin)

1 —1.6913 1.569
2 —2.0854 1.165
3 —2.6517 0.608
4 —3.0485 0.212
5 —3.1904 0.070
6 —3.2322 0.028
7 —3.2467 0.013

Table 3 Full grids: 3D Level  Functional j(u)  Error d; (u, u)

dataset
1 —2.4702 1.793
2 —3.1282 1.135
3 —3.9000 0.363
4 —4.1674 0.096
5 —4.2391 0.024

3 The Classical Combination Technique

We call the combination technique developed in [11] the classical combination
technique. This distinguishes it from the techniques later on.

Let (I1,...[;) denote the resolution levels of a coarse grid so, for example, (2, 4)
would denote a 2 x 2* grid with (22 4 1) x (2* 4 1) nodes.

In the combination technique, the user specifies a desired level and the technique
defines the set of coarse grids and their coefficients. For the level 3 case, the
combination technique specifies levels (3,1),(2,2),(1,3),(2,1) and (1,2) for
solutions uy, . .., us, and piece them together to form a solution

5
Ue = Ul + Uy + U3 — Uy — U5 = E Cil,

i=1

where the coefficients ¢; are respectively 1,1, 1, —1, —1, see Fig. 1.

The combination scheme illustrated by Fig. 1 approximates the more expensive
full grid solution (3,3) indicated by an F. This is the classical combination
technique. The classical coefficients are selected using the inclusion/exclusion
principle and is independent of the numerical problem [12].
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Table 4 Classical

combination: 2D dataset, Level Functional j(u)  Error d(u, uy;,) % error e, (u)

strong regularisation 1 —1.3827 0.949
2 —1.5838 0.748 5.485
3 —1.8549 0.477 11.238
4 —1.9628 0.369 12.708
5 —2.1410 0.191 7.096
6 —2.1849 0.147 5.992
7 —2.2740 0.058 2.410

Table 5 Classical

combination: 2D dataset, Level  Functional j(u) Error d (u, uyn) % error ey (u)

weak regularisation 1 —1.6913 1.569 -
2 —2.0588 1.201 1.748
3 —2.4047 0.855 9.315
4 —2.6498 0.610 13.080
5 —2.7800 0.480 12.864
6 —2.9779 0.282 7.869
7 —3.0818 0.178 5.081

The combined solution #. does not live in any of the coarse grid spaces but is
a member of the sparse grid space with the corresponding mesh level. However,
the technique only approximates the sparse grid solution. As a result, we cannot
use error bounds developed for the sparse grid discretisation. Error bounds for the
classical combination technique have been found for model problems [2, 16, 19].
These analysis assume specific error forms which is not often available. In general,
there are no theoretical bounds on the approximation error. Indeed, the technique
has been known to fail [5].

3.1 Numerical Examples

Example 4 (2D Dataset A).

As the refinement level increases, the functional values in Table 4 drops. The
errors ey, (#) suggest the combination technique is often much inferior to the full grid
solution. However, this may be because the sparse grid solution itself is inferior. As a
result, a comparison between the combined solution and the full grid solution alone
is insufficient to reveal the accuracy of the combined solution. We will see later that,
in fact, the combined solution actually approximates the sparse grid solution very
well with this dataset.

Example 5 (2D Dataset B).

The results of Table 5 is similar to 2D dataset A. The errors in e;(«) drops
similarly. The similarity is superficial, as we will see later that the true sparse grid
solution is much better, Fig. 2. We found that in general, a weaker regularisation
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Table 6 Classical

combination: 3D dataset Level  Functional j(u) Error d(u, uyin) % error ej, (i)

1 —2.4702 1.793 -

2 —2.7253 1.538 12.879
3 —2.9048 1.358 25.519
4 —3.4801 0.783 16.490
5 —3.6490 0.614 12.879

(that is, when the solution is less smooth) causes more problem for the combination
technique.

Example 6 (3D Dataset).

Table 6 shows the classical technique failing completely. The discrepancy from
the full grid solution is significant. For some levels it was actually better not to
combine but to pick the best of the coarse grid solutions.

4 The Opticom Method

The method of Opticom was developed in [13] to improve the classical combination
technique for orthogonal projection problems. In this section we explain how
Opticom can be adapted to more general minimisation problem.

4.1 The Idea of Opticom

Consider the orthogonal projection of u € H onto the Hilbert subspace V, C H
with respect to the space norm || - || . Algorithmically, we seek P,u € V}, such that
forall v € V;,

(u,v)g = (Phu,v)y.

Suppose V1, ..., V,, are subspaces of V5 and V is itself a subspace of H. Here we
are thinking of V1, . . ., V},, as the coarse grid subspaces of the combination technique
and V; stands for the sparse grid function space. Let u € H, u; = P;u be the
orthogonal projections of u onto the spaces V; and u; = Psu be the orthogonal
projection of u onto V;. Instead of computing the sparse solution u; directly, we
calculate u;’s and approximate u; through a linear combination of u;’s. We wish to
minimise the approximation error. Precisely, we seek c¢;’s such that

m
Ug — E Cilj

i=1

F(cl,...,cm): (4)

2
H

18 minimised.
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The minimiser of F' can be obtained by setting the derivative to zero. We obtain
the equation

(ur,u) (ui,uz) ... (uy, um—1) (w1, tp) c (w1, ug)

(U, u1) (W, u2) oo Uy Um—1) (U, Upy) Cm (Um, us)

We do not have u; but we know (u;, uy) = (u;, u;) in the right hand side. This allows
us to calculate optimal coefficients ¢;’s. This method proposed by [13].

The Opticom method can be applied for numerical methods which are orthogonal
projections in nature. One example is Galerkin projection for elliptic PDEs. Another
example is for regression. Indeed, the Opticom method was applied to improve the
combination technique for regression [6].

The Opticom method cannot be applied for other problems. While we can always
write down Eq. (4) and differentiate, we cannot solve the linear system because we
do not have (u;, uy). The idea of Opticom, however, can be adapted to minimisation
problems in a straightforward way.

4.2 Opticom for Minimisation Problems

Consider the coarse grid subspaces V1, ..., V,, C H designated by the combination
technique. Let u; = argmin,ey; j(v). Naturally, we can choose ¢;’s such that the
combined solution minimises the functional j. In other words, we seek coefficients
such that

J©) = J(Cty. .. Cm) = j(Zc,-u,-)
i=1

is minimised. The minimising ¢;’s can be found by solving VJ(¢) = 0. We are in
fact minimising j on the space spanned by the coarse grid solutions u;:

Ve = span{uy, ..., uy,} C V;.

The subscript ¢ stands for the space of all combined solutions.
By Proposition 1, the Opticom solution minimises the Bregman divergence

dj(iciui,us).
i=1

In other words, Opticom is a Bregman projection onto the space V..
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Table 7 Opticom: 2D dataset, strong regularisation

Functional j («) Error d(u, uyin) % error e, (u)

Level Opticom Classical Opticom Classical Opticom

1 —1.3827 0.949 0.949 - -

2 —1.5844 0.748 0.748 5.485 5.446

3 —1.8555 0.477 0.477 11.238 11.211

4 —1.9639 0.369 0.368 12.708 12.656

5 —2.1420 0.191 0.190 7.096 7.050

6 —2.1855 0.147 0.147 5.992 5.967

7 —2.2741 0.058 0.058 2.410 2.403

This is another way of viewing the Opticom technique for convex minimisation
problems—instead of orthogonal projections using the space norm, we use Bregman
projections with the Bregman divergence of ;. Since || - ||, is a convex functional,
our way of looking at Opticom generalises the idea from [13].

This is exactly the same as the original minimisation problem we were solving.
The only difference is that we are using the coarse grid solutions rather than hat
functions as the basis set. The implementation of the Opticom algorithm is therefore
similar to the original problem. Much of the original code can be reused. If one is
using an object oriented approach, the class structure of the Opticom is algorithm is
almost identical. Moreover, the new problem has size equal to the number of coarse
grid subspaces. The system is therefore very small.

In summary, the Opticom solution is a Bregman projection on to the space V..
This attains the best possible combination of coarse grid solutions to minimise j.
Methods of improving the combination technique by truncating some coarse grids
is equivalent to setting some of the coefficients to zero and adjusting the coefficients
of the other grids using the inclusion/exclusion principle. Opticom is by definition
superior in accuracy.

Opticom still may not be the true sparse grid solution because V., # Vi, nor
do we have an error bound. In fact, our numerical examples reflect a diversity of
phenomenon.

4.3 Numerical Examples

Example 7 (2D Dataset A).

Example 8 (2D Dataset B).

The results in Tables 7 and 8 are not significantly better than the ones in the
classical technique. We expect this for the strongly regularised experiment. This
is because, as remarked, the classical solution is already close to the true sparse
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Table 8 Opticom: 2D dataset, weak regularisation

Functional j («) Error d(u, uyin) % error e, (u)

Level Opticom Classical Opticom Classical Opticom

1 —1.6913 1.569 1.569 - -

2 —2.0610 1.201 1.199 1.748 1.642

3 —2.4066 0.855 0.853 9.315 9.241

4 —2.6774 0.610 0.583 13.080 12.174

5 —2.7836 0.480 0.476 12.864 12.751

6 —2.9842 0.282 0.276 7.869 7.672

7 —3.0874 0.178 0.173 5.081 4.908

Table 9 Opticom: 3D dataset

Functional j(u) Error d (u, uyin) % error ey (u)
Level Opticom Classical Opticom Classical Opticom
1 —2.4702 1.793 1.793 - -
2 —2.8991 1.538 1.364 12.879 7.322
3 —3.2974 1.358 0.966 25.519 5.453
4 —3.6411 0.783 0.622 16.490 12.627
5 —3.8898 0.614 0.373 12.879 8.238

grid solution. Opticom, however, did not offer any significant improvement for the
weakly regularised set. This stands in contrasts with the next set of results.

Example 9 (3D Dataset).

For the three dimensional problem we see in Table 9 that Opticom improved on
the classical technique. Both the errors measured are significantly less.

4.4 Opticom for General Problems

Before proceeding further, let us consider how insights from this section generalise
the Opticom method to other problems beyond [13].

A numerical solution uj, on the discretised space V;, C H can be understood
as an approximation of the true solution in # € H. In general, we may write the
numerical solution u;, on the space V}, as

up = Phu

where P, : H — V) is some operator. The operator may or may not be known
explicitly. In minimising the H -norm error, P}, is the orthogonal projection operator.
In convex minimisation problems, P}, is the Bregman projection operator. The Finite
Element Method for elliptic PDE exploits the Galerkin projection.
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We do not know u itself for Pju. The operator P, is merely an abstract way of
thinking about the numerical method as mapping u to its discretised approximations.

Definition 1 (Opticom). Let u € H denote the true solution. Let Py : H — V; be
an operator where V is a sparse grid space. Denote u; = Pyu. Let P; : H — V]
be operators where Vi,...,V,, are coarse grid spaces. The combination space is
defined as

V. = span{uy, ..., up}.

If P. : H — V, is defined, then the Opticom solution is given by u, = P.u.

This defines Opticom for a large class of problems. They include any numerical
scheme which is defined for a generic basis set (as opposed to being able to use
only specific ones like hat functions). In this case the operator P, seeks coefficients
for some basis functions. There is no reason why we cannot use the coarse grid
solutions uj, ..., u, as a basis set and solve the problem again. This replaces the
classical coefficients and gives the Opticom solution just proposed.

In general, what is the relationship between u, and u;? What are the conditions
for an appropriate error bound? What is the relationship between u, and the classical
solution? What are the conditions for an appropriate error bound?

This definition of Opticom raises theoretical questions about the combination
technique. We now have three solutions to consider: the classical solution, the
Opticom solution and the sparse grid solution. The Opticom solution serves as a
“bridge” between the classical technique and the sparse grid solution. It allows us
to ask questions concerning the combination technique in a new way. We hope to
pursue these questions further in the future. A concrete place to start may be to
focus on the case where Pj, is the Bregman projection onto spaces V. In this case
the Opticom solution is necessarily defined.

5 An Iterative Combination Technique

The coarse grid solutions do not span the whole sparse grid space V;. Therefore the
Opticom solution which minimises j on V, may not be the true sparse grid solution
which minimises j on V. The first motivation for our new technique is the desire
to keep the parallelism and simplicity of the combination technique but improve the
accuracy by finding a better solution in the space V;.

The second motivation comes from a completely different perspective. In the
future of petascale computing and beyond, fault-tolerance and robustness of our
numerical methods become a concern [3]. This is particularly the case for “silent”
errors. These are the unreported errors committed by the computation devices. In
these cases, iterative algorithms are advantageous because they are intrinsically
robust. Iterations can automatically correct errors which have crept in.
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These are two possible motivations for the new computation technique we will
describe. It is a slight modification of the combination technique which allows us to
parallelise while giving us an iterative method.

5.1 The Method of Combistep

As the name suggests, Combistep applies the combination technique to approximate
each sparse grid Newton step. Consider the Newton’s method on the sparse grid
space V;. The algorithm can be summarised as follows.

1. Start with guess uy € V;
2. At the k-th step, find Newton step Auf and step size A
3. Update using

W = kAR Ak

4. Repeat until convergence

Instead of running a full Newton’s method on each coarse grid until convergence
and then combining the solutions, we run only one Newton step on each coarse grid
before we combine them for a sparse grid step. Algorithmically,

1. Start with guess uy € V;
2. At the k-th step, for each coarse grid space V;, find Newton step Auf.‘
3. Combine the Newton steps for a sparse grid Newton update

m
W =+ Auk =k + ZcfAuf-‘

i=1
4. Repeat until convergence

We call this method “Combistep”. The combination is made for each step rather
than for the solution. An iterative scheme is thereby retained.

Note that Combistep retains the parallelism of the classical combination tech-
nique. Just like the classical combination technique, each component grid can be
computed in parallel. Also like the combination technique, there is a need to address
load balancing so we do not waste time waiting for the final component grid at each
synchronisation step.

Does the method converge to the true sparse grid solution or to somewhere else?
In fact, how can we even ensure j goes down with each iteration? This can be
solved by exploiting the Opticom idea. We choose coefficients for the coarse grid
steps which minimises j. It turns out the Opticom choice of the coefficients is what
we need.
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Theorem 1. Assume exact arithmetic. If we choose step coefficients to minimise
functional j, then the Combistep iteration will terminate only at the sparse grid
minimum.

Proof. Let V; denote a sparse grid function space, Vi,..., V,, C V; be coarse grid
spaces such that V; = Z;":l V;. Furthermore let u* € V; and u, be the minimiser of
j in Vy. We claim that if u¥ # uj, then there are coarse grid spaces with non-zero
updates. Furthermore, there must be at least one choice of step coefficients which
will decrease j.

Recall the minimiser of j on V}, is characterised by V j(u;) = 0. If there are no
updates in any of the coarse grids Vi, ..., V,, then Vj(u") is the zero map on each
of the coarse grid spaces. In particular, for each i and for all v € V;

(Vjwb),v) =o.

Since V; = Z;’Ll V:, we can write, forany v € V; v = Z;‘n=1 v; for some choice of
v;’s. Since V j(u¥) is a linear we have

m

(Vj@b),v) = (Vj@b),v).

i=1

All the summation terms evaluate to zero by assumption. This is to say Vj(u*) is
the zero map on V, contrary to the assumption u* is not the minimum.

Therefore at the k-th step, at least one of the coarse grid spaces V; will have a
non-zero update Au* and step size A¥ such that j(u* + A* Au¥) < j(u¥). There is
therefore a choice of coefficients cX’s such that the update w* t1 = uF + 37 ¢k Auk
will give j(u¥T1) < j(u*). This will continue as long as u* # u,.

5.2 Numerical Examples

In theory the results of Combistep should give the true sparse grid solution. This
will allow us to see all the previous results in a new light. When does the classical
technique approximate the true sparse grid solution? When does it not? When does
Opticom offer an improvement?

Example 10 (2D Dataset A).

The results of Table 10 are close to the original classical solutions. Even though
the classical technique had a large discrepancy from the full grid solution for some
levels, the results of Table 10 show it was not the problem of the combination
technique but the limitations of the sparse grid discretisation.
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Table 10 Combistep: 2D dataset, strong regularisation

Functional j («) Error d(u, uyin) % error e, (u)

Level Combistep Classical Combistep Classical Combistep

1 —1.3827 0.949 0.949 - -

2 —1.5852 0.748 0.747 5.485 5.400

3 —1.8744 0.477 0.458 11.238 10.305

4 —1.9717 0.369 0.360 12.708 12.310

5 —2.1545 0.191 0.178 7.096 6.510

6 —2.1880 0.147 0.144 5.992 5.858

7 —2.2753 0.058 0.057 2.410 2.352

Table 11 Combistep: 2D dataset, weak regularisation

Functional j(u) Error d (u, uyin) % error ey (u)

Level Combistep Classical Combistep Classical Combistep

1 —1.6913 1.569 1.569 - -

2 —2.0780 1.201 1.182 1.748 0.830

3 —2.6153 0.855 0.645 9.315 1.374

4 —2.8536 0.610 0.406 13.080 6.394

5 —2.9886 0.480 0.271 12.864 6.325

6 —3.0222 0.282 0.238 7.869 6.499

7 —3.1312 0.178 0.129 5.081 3.560

Table 12 Combistep: 3D dataset

Functional j (u) Error d (u, uyin) % error ey, (1)
Level Combistep Classical Combistep Classical Combistep
1 —2.4702 1.793 1.793 - -
2 —2.9194 1.538 1.344 12.879 6.676
3 —3.5980 1.358 0.665 25.519 7.744
4 —3.8417 0.783 0.421 16.490 7.815
5 —4.0606 0.614 0.202 12.879 4.210

Example 11 (2D Dataset B).

Table 11 shows a different scenario. The sparse grid solution is significantly
better than for both Opticom and the classical solution. This is confirmed vividly
for the 3D set.

Example 12 (3D Dataset).

The results in Table 12 show the results for the 3D dataset. The errors in
the Bregman divergence drop as for the two dimensional datasets. Moreover, the
discrepancy from the full grid solution drops by two to three times. The numerical
results of all the datasets are summarised in Figs. 2, 3, and 4.

In conclusion, the numerical results of this paper illustrate the theory. Denote the
classical combined solution uj,gsicq;- Recall V. denotes the span of the coarse grid
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Fig. 4 3D dataset
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solutions and V; denotes the sparse grid space. In general we have
Uclassical € VC 9 Vs

Opticom minimises j over V. while Combistep provides the true sparse grid
solution. As a result we expect the methods, ordered by increasing accuracy,
to be (1) the classical combination technique, (2) Opticom and (3) the iterative
combination technique. This is confirmed by all the numerical results we presented.
We do not, however, have specific error bounds and expect a range of phe-
nomenons. The classical technique are at times close to the sparse grid solution and
sometimes not. We found that the combination technique tends to work better when
the true solution is smoother. The Opticom solution may or may not greatly improve
the classical coefficients. This too, is evident throughout the numerical experiments.
The results of the 2D dataset with weak regularisation is particularly interesting.
We see the classical technique does not approximate well the sparse grid solution
though it does approximate the Opticom solution. This is perhaps surprising. We
see it is a different question to ask whether the classical combination technique is
optimal and whether it is a good approximation for the sparse grid solution.

6 Conclusion: Applications and Further Research

In this paper we presented two new combination technique methods for convex
minimisation. The first one is a generalised Opticom method and the second
is Combistep, an iterative combination technique. Numerical results confirm our
theory. The solution from the Combistep is better than the Opticom solution which
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is in turn better than the classical solution. Moreover, all of them are inferior to the
full grid solution.

The Opticom method developed here generalises the work of [13] through
Bregman projections. The Opticom method seeks the optimal combination of the
coarse grid solutions by using the coarse grid solutions as a new set of basis
functions. The implementation is simple programming-wise because the class
structures can be maintained.

The Combistep method is a robust, iterative use of the combination technique.
The method is based on using the combination technique to approximate each
iterative step rather than the final solution. When combined with Opticom, the
method converges to the true sparse grid solution. The method can also be used
to refine a classical combined solution. In our paper we focused on the theoretical
aspects and not yet on a numerically efficient implementation. For now, our
experience is that the method scales like the combination technique.

Most importantly, this paper raise research questions concerning the combination
technique. We compared all the relevant solutions—the combined solution, the
Opticom solution and the true sparse grid solution. The numerical results have been
revealing. Furthermore, we proposed a framework for understanding Opticom in a
general setting. This allows us to pose theoretical questions about the combination
technique in a new way. We hope research into this area could lead to a deeper
understanding of the combination technique. A less ambitious undertaking would
be to concentrate on the combination technique for convex minimisation problems.
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