
Approximation of High-Dimensional Numerical Problems –
Algorithms, Analysis and Applications

September 27 – October 2, 2015

MEALS

*Breakfast (Bu↵et): 7:00–9:30 am, Sally Borden Building, Monday–Friday
*Lunch (Bu↵et): 11:30 am–1:30 pm, Sally Borden Building, Monday–Friday
*Dinner (Bu↵et): 5:30–7:30 pm, Sally Borden Building, Sunday–Thursday
Co↵ee Breaks: As per daily schedule, in the foyer of the TransCanada Pipeline Pavilion (TCPL)
*Please remember to scan your meal card at the host/hostess station in the dining room for
each meal.

MEETING ROOMS

All lectures will be held in the lecture theater in the TransCanada Pipelines Pavilion (TCPL). An LCD
projector, a laptop, a document camera, and blackboards are available for presentations.

DURATION OF LECTURES

All presentations are to be 30 minutes + 10 minutes for questions.

SCHEDULE

Sunday
16:00 Check-in begins (Front Desk - Professional Development Centre - open 24 hours)
17:30–19:30 Bu↵et Dinner, Sally Borden Building
20:00 Informal gathering in 2nd floor lounge, Corbett Hall (if desired)

Beverages and a small assortment of snacks are available on a cash honor system.

Monday
7:00–8:45 Breakfast
8:45–9:00 Introduction and Welcome by BIRS Station Manager, TCPL
9:00–9:40 Mike Giles
9:40–10:20 Llúıs Antoni Jiménez Rugama
10:20–10:50 Co↵ee Break
10:50–11:30 Mathieu Gerber
11:30–13:00 Lunch
13:00–14:00 Guided Tour of The Ban↵ Centre; meet in the 2nd floor lounge, Corbett Hall
14:00–14:05 Group Photo; meet in foyer of TCPL (photograph will be taken outdoors so a jacket

might be required).
14:10–14:50 Christoph Schwab
14:50–15:20 Co↵ee Break
15:20–16:00 Markus Weimar
16:00–17:30 Informal Discussions
17:30–19:30 Dinner
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Tuesday
7:00–9:00 Breakfast
9:00–9:40 Erich Novak
9:40–10:20 Grzegorz Wasilkowski
10:20–10:40 Co↵ee Break
10:40–11:20 Michael Griebel
11:20–12:00 Leszek Plaskota
12:00–13:30 Lunch
13:30–14:30 Informal Discussions
14:30–15:00 Co↵ee Break
15:00–15:40 Josef Dick
15:40–16:20 Aicke Hinrichs
16:20–17:30 Informal Discussions
17:30–19:30 Dinner

Wednesday
7:00–9:00 Breakfast
9:00–9:40 Stefan Heinrich
9:40–10:20 Clayton Webster
10:20–10:50 Co↵ee Break
10:50–11:30 Pawe l Przyby lowicz
11:30–13:30 Lunch

Free Afternoon
17:30–19:30 Dinner

Thursday
7:00–9:00 Breakfast
9:00–9:40 Art Owen
9:40–10:20 Natalie Packham
10:20–10:50 Co↵ee Break
10:50–11:30 Peter Kritzer
11:30–13:00 Lunch
13:00–13:40 Roswitha Hofer
13:40–14:20 Daniel Rudolf
14:20–14:40 Co↵ee Break
14:40–15:20 Friedrich Pillichshammer
15:20–17:30 Informal Discussions
17:30–19:30 Dinner

Friday
7:00–9:00 Breakfast
9:00–10:00 Informal Discussions
10:00–10:30 Co↵ee Break
11:30–13:30 Lunch

Checkout by 12 noon.

** 5-day workshop participants are welcome to use BIRS facilities (BIRS Co↵ee Lounge, TCPL and Reading
Room) until 3 pm on Friday, although participants are still required to checkout of the guest rooms by 12
noon. **
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Approximation of High-Dimensional Numerical Problems –
Algorithms, Analysis and Applications

September 27 – October 2, 2015

ABSTRACTS
(in alphabetic order by speaker surname)

Speaker: Josef Dick (University of New South Wales)
Title: Fast QMC matrix-vector multiplication
Abstract: Quasi–Monte Carlo (QMC) rules 1/N

PN�1

n=0

f(ynA) can be used to approximate integrals of
the form

R
[0,1]s f(yA) dy, where A is a matrix and y is a row vector. This type of integral arises, for

example, from the simulation of a normal distribution with a general covariance matrix, from the approx-
imation of the expectation value of solutions of PDEs with random coe�cients, or from applications from
statistics. In this talk we discuss QMC quadrature points y

0

, . . . ,yN�1

2 [0, 1]s such that for the matrix
Y = (y>

0

, . . . ,y>
N�1

)> whose rows are the quadrature points, one can use the fast Fourier transform to

compute the matrix-vector product Y a

>, a 2 Rs, in O(N logN) operations and at most 2(s � 1) extra
additions. The proposed method can be applied to lattice rules, polynomial lattice rules, and a certain type
of Korobov p-set and even works if the point set y

0

, . . . ,yN�1

is transformed to another domain U ✓ Rs

by a coordinatewise mapping � which is the same in each coordinate. (Joint work with Frances Y. Kuo,
Quoc T. Le Gia, and Christoph Schwab.)

Speaker: Mathieu Gerber (Harvard University)
Title: Improving Simulated Annealing through Derandomization
Abstract: We propose and study a version of simulated annealing (SA) on continuous state spaces based on
(t, s)R-sequences. The parameter R 2 N̄ regulates the degree of randomness of the input sequence, with the
case R = 0 corresponding to IID uniform random numbers and the limiting case R = 1 to (t, s)-sequences.
Our main result, obtained for rectangular domains, shows that the resulting optimization method, which
we refer to as QMC-SA, converges almost surely to the global optimum of the objective function ' for any
R 2 N. When ' is univariate, we are in addition able to show that the completely deterministic version
of QMC-SA is convergent. A key property of these results is that they do not require objective-dependent
conditions on the cooling schedule. As a corollary of our theoretical analysis, we provide a new almost sure
convergence result for SA which shares this property under minimal assumptions on '. We further explain
how our results in fact apply to a broader class of optimization methods including for example threshold
accepting, for which to our knowledge no convergence results currently exist. We finally illustrate the
superiority of QMC-SA over SA algorithms in a numerical study, notably on a non-di↵erentiable and high
dimensional optimization problem that arises in spatial statistics. (Joint work with Luke Bornn.)

Speaker: Mike Giles (Oxford University)
Title: Ideas, tricks and techniques for reduced MLMC variance
Abstract: Most multilevel Monte Carlo (MLMC) applications use a fairly simple coupling of the coarse
and fine levels. This talk will discuss the variety of ways in which we can construct more elaborate
estimators with reduced variance. These are particularly important when small perturbations to the
underling stochastic solution can lead to a large change in the output functional.

If time permits, I will discuss 6 approaches: conditional expectation; splitting; change of measure;
martingale control variate; antithetic estimators; importance sampling. Hopefully, these ideas may be
helpful in completely new applications to be tackled in the future.
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Speaker: Michael Griebel (University of Bonn)
Title: Sharp bounds for certain exponential sums with application to tensor product approximation of
analytic functions
Abstract: We prove sharp, two-sided bounds on certain exponential sums. They appear in the error analysis
of tensor product approximation, interpolation and integration of d-variate analytic functions. Examples
are tensor products of univariate Fourier-Legendre expansions or interpolation and integration rules at Leja
points. Moreover, we discuss the limit d ! 1, where we prove both, algebraic and sub-exponential upper
bounds. As an application we consider tensor products of Hardy spaces, where we study convergence rates
of a certain truncated Taylor series, as well as of interpolation and integration using Leja points. (Joint
work with Jens Oettershagen.)

Speaker: Stefan Heinrich (University of Kaiserslautern)
Title: On the complexity of parametric stochastic di↵erential equations
Abstract: We consider the problem of strong solution of scalar stochastic di↵erential equations depending
on a parameter. We seek to find numerical approximations for all parameter values simultaneously.

The problem is approached within a general scheme of solving parameter-dependent numerical problems
by multilevel methods, developed previously by T. Daun and the author in a series of papers. First we
obtain suitable convergence results for the Banach space valued Euler-Maruyama scheme in spaces of
martingale type 2. Then we develop a multilevel scheme involving two embedded Banach spaces, where
discretization is balanced with approximation of the embedding. Finally, the parametric problem is cast into
this embedded Banach space setup, from which a multilevel method for the strong solution of parametric
stochastic di↵erential equations results.

We obtain convergence rates for various smoothness classes of input functions. Furthermore, the op-
timality of these rates is established by proving matching lower bounds. Thus, the complexity of this
problem is established in the sense of information-based complexity theory.

Speaker: Aicke Hinrichs (JKU Linz)
Title: Curse of dimensionality for integration of smooth functions on general domains
Abstract: In this talk we explain how recently obtained deviation inequalities for log-concave measures
by O. Guedon and E. Milman can be used to prove lower complexity bounds for integration of smooth
functions on general convex domains. More generally, we can also consider integration with respect to
log-concave measures. This generalizes recent results for some standard domains like the Euclidean ball
and the cube. It turns out that the curse of dimensionality for classes of smooth functions holds if the in-
tegration domain satisfies a  

2

-condition. The method seems more natural than previous approaches what
concerns the relation to the geometry of the domain and enables us to close gaps left open in previous
work. (Joint work with Mario Ullrich and Joscha Prochno.)

Speaker: Roswitha Hofer (JKU Linz)
Title: Generalizations of van der Corput-Halton Sequences
Abstract: One of the most basic low-discrepancy sequences is the van der Corput sequence ! = (xn)n�0

in base b, where b is an integer greater than 1. The nth point xn is obtained by setting

xn = 'b(n) :=
n
0

b
+

n
1

b2
+ · · ·+ nr

br+1

where
n = n

0

+ n
1

b+ · · ·+ nrb
r, with n

0

, n
1

, . . . , nr 2 {0, 1, . . . , b� 1}, r = blogb nc. (1)

Equation (1) can be viewed
- as an example of a canonical number system of n on the one hand and
- as an example of a b-adic representation of n on the other.
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A very interesting and useful aspect of this van der Corput sequence is, that one can build a multidimen-
sional low-discrepancy Halton sequence (xn)n�0

by setting

xn := ('b1(n), . . . ,'bs(n))

where b
1

. . . , bs are pairwise coprime integers greater than 1.
In the talk we consider generalizations of the van der Corput sequence using the two di↵erent point

of views in the items above. Proper generalizations should preserve the low-discrepancy property in one
dimension and the possibility to build multidimensional low-discrepancy Halton-type sequences. (Work
supported by the Austrian Science Fund (FWF), Project F5505-N26, which is part of the Special Research
Program “Quasi-Monte Carlo Methods: Theory and Application”.)

Speaker: Peter Kritzer (JKU Linz)
Title: Open-type QMC rules based on shifted Halton sequences
Abstract: We discuss quasi-Monte Carlo integration in weighted Sobolev spaces. In contrast to many
previous results the algorithms considered here are of open type, i.e., they are extensible in the number of
sample points without having to discard the samples already used. As the underlying integration nodes we
consider randomized Halton sequences in prime bases, for which we study the root mean square worst-case
error. The randomization method is a p-adic shift which is based on p-adic arithmetic.

Furthermore, we outline an approach in which candidates for good shifts can in fact be chosen from a
finite set and can be found by a component-by-component algorithm. (Joint work with Peter Hellekalek
and Friedrich Pillichshammer.)

Speaker: Erich Novak (Universität Jena)
Title: A Universal Algorithm for Multivariate Integration
Abstract: We present an algorithm for multivariate integration over cubes that is unbiased and has optimal
order of convergence (in the randomized sense as well as in the worst case setting) for all Sobolev spaces
Hr,mix([0, 1]d) and Hs([0, 1]d) for s > d = 2. (Joint work with David Krieg)

Speaker: Art Owen (Stanford University)
Title: Scrambled geometric net integration over general product spaces
Abstract: We investigate randomized quasi-Monte Carlo sampling over triangles, disks, spheres and Carte-
sian products of these and similar spaces. For an s-fold product of a d-dimensional domain the estimators
are unbiased with variance O(n�1�2/d(log n)s�1) given su�cient smoothness of the integrand. (Joint work
with Kinjal Basu.)

Speaker: Natalie Packham (Frankfurt School of Finance & Management)
Title: Latin hypercube sampling for dependent random vectors
Abstract: We extend the variance reduction technique Latin hypercube sampling (LHS) (McKay et al,
1979) to vectors of dependent random variables. The resulting estimator is shown to be consistent and
asymptotically unbiased, and a central limit theorem holds. In some valuation examples of financial pay-
o↵s, when compared to standard Monte Carlo simulation, a variance reduction of factors up to 200 is
achieved. We illustrate that the extended method is suited for problem with rare events and for high-
dimensional problems, and that it may be combined with quasi-Monte Carlo methods as well as other
variance reduction techniques such as control variates and importance sampling.
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Speaker: Friedrich Pillichshammer (JKU Linz)
Title: Explicit constructions of infinite sequences with optimal order of Lp-discrepancy
Abstract: The Lp-discrepancy of a sequence is the Lp-norm of the local discrepancy function. In 1986 P.
Proinov showed that for every infinite sequence in the d-dimensional unit cube the Lp-discrepancy of the
initial N points is at least of order (logN)d/2/N for infinitely many N 2 N. This result is based on the
celebrated result of Roth about the L

2

-discrepancy of finite point sets.
In this talk we present explicit constructions of infinite sequences whose Lp-discrepancy (for finite p)

matches Proinov’s lower bound for all N 2 N. Our construction is based on higher order digital sequences
over the finite field of order two.

Besides the Lp-norm we also discuss other norms of the local discrepancy function. (Joint work with
Josef Dick (Sydney), Aicke Hinrichs (Linz) and Lev Markhasin (Stuttgart).)

Speaker: Leszek Plaskota (University of Warsaw)
Title: Multivariate Lp approximation of Hölder classes in the presence of Gaussian noise
Abstract: We study Lp approximation, 1  p < 1, of functions f : [0, 1]d ! R from Hölder classes Hd

r,⇢

in the statistical setting. That is, we assume that all partial derivatives of order r exist and are Hölder
continuous with exponent % 2 (0, 1] and constant

C(f) := max
|↵|=r

sup
t1,t22[0,1]d

|D(↵)f(t
1

)�D(↵)f(t
2

)|
kt

1

� t
2

k⇢1
 1.

Approximations are based on information about f given by a vector y = (y
1

, y
2

, . . . , yn),

yj = f(xj) + ej , 1  j  n,

where ej are independent Gaussian random variables with mean 0 and variance �2j > 0, and can be collected
nonadaptively or adaptively. The error of approximation ' is defined as

sup
f2Hd

r,%

�
E kf � '(y)kpp

�
1/p

where the expectation is with respect to information y about f . We show the following.

• If arbitrary many observations with arbitrary variances �2j satisfying
P

j �
�2

j  N are allowed, then
the minimal error is of order ✓

1

N

◆ r+%
2(r+%)+d

.

• If only n observations with fixed variances �2 > 0 are allowed then the minimal error is of order

max

(✓
�2

n

◆ r+⇢
2(r+⇢)+d

,

✓
1

n

◆ r+⇢
d

)
.

Speaker: Pawe l Przyby lowicz (AGH University of Science and Technology)
Title: Minimal asymptotic errors for global approximation of SDEs driven by additive non-homogeneous
Poisson noise
Abstract: We study strong global approximation of stochastic di↵erential equations (SDEs) of the following
form ⇢

dX(t) = a(t,X(t))dt+ c(t)dN(t), t 2 [0, T ],
X(0) = x

0

2 R,
(2)

where a : [0, T ]⇥R ! R and c : [0, T ] ! R satisfy certain regularity conditions and N = {N(t)}t2[0,T ]

is
a non-homogeneous Poisson process with an intensity function � = �(t) > 0.
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We present the exact convergence rate of the minimal errors that can be achieved by arbitrary al-
gorithms based on a finite number of observations of the Poisson process. We consider two classes of
methods, that use equidistant and nonequidistant sampling for the process N . We define optimal schemes,
that are based on the classical Euler scheme, which asymptotically attain established minimal errors. We
discuss methods based on a regular sequences of discretizations and algorithms that use adaptive stepsize
control. It turns out that methods based on nonequidistant mesh are more e�cient than those based on
the equidistant sampling.

Speaker: Daniel Rudolf (Friedrich-Schiller-Universität Jena)
Title: On the size of the largest empty box amidst a point set
Abstract: For a given point set with cardinality n we are interested in the dispersion, that is, the volume
of the largest box which does not contain any of those points. It is known that the dispersion of the best
point set is of asymptotic order 1/n for n ! 1 and fixed dimension d. However, the dependence on the
dimension is not very well studied. We prove that for every set of n points in [0, 1]d there exists an empty
box of volume 1/8 · n�1 log d for n � log d. (Joint work with Christoph Aistleitner and Aicke Hinrichs.)

Speaker: Llúıs Antoni Jiménez Rugama (Illinois Institute of Technology)
Title: Applications of Guaranteed Adaptive Quasi-Monte Carlo Algorithms
Abstract: In recent years we have developed adaptive quasi-Monte Carlo (qMC) cubature algorithms
using Sobol sequences and integration lattice sequences that meet the error tolerance prescribed by the
user. These algorithms have been implemented in MATLAB http://gailgithub.github.io/GAIL_Dev/

and they are guaranteed for integrands whose Fourier series coe�cients decay not too erratically.
This talk presents several applications of these adaptive qMC algorithms, including option pricing,

multivariate normal probability, and Sobol indices. These examples illustrate how our algorithms need
little a priori information. One does not need to know the decay rates of the Fourier coe�cients nor
the weights defining the underlying function spaces containing the integrands. We also discuss how these
adaptive qMC algorithms can work with other e�ciency enhancing methods such as control variates and
importance sampling. (Joint work with F. J. Hickernell and Da Li.)

Speaker: Christoph Schwab (ETH Zürich)
Title: Higher Order Quasi Monte-Carlo Integration for Bayesian Inverse Problems with Distributed Input
Data
Abstract: We analyze Quasi-Monte Carlo quadratures in Bayesian estimation of solutions to countably-
parametric operator equations with holomorphic dependence on the parameters considered in [Cl. Schillings
and Ch. Schwab: Sparsity in Bayesian Inversion of Parametric Operator Equations. Inverse Problems, 30,
(2014)]. Such problems arise in numerical uncertainty quantification and in Bayesian inversion of operator
equations with distributed uncertain inputs, such as uncertain coe�cients, uncertain domains or uncertain
source terms and boundary data. We show that the parametric Bayesian posterior densities belong to a
class of weighted Bochner spaces of functions of countably many variables, with a particular structure of
the QMC quadrature weights: up to a (problem-dependent, and possibly large) finite dimension S product
weights can be used, and beyond this dimension, weighted spaces with the so-called SPOD weights recently
introduced in [F.Y. Kuo, Ch. Schwab, I.H. Sloan, Quasi-Monte Carlo finite element methods for a class of
elliptic partial di↵erential equations with random coe�cients. SIAM J. Numer. Anal. 50 (2012), 3351–
3374] are used to describe the solution regularity. We establish error bounds for higher order, Quasi-Monte
Carlo quadrature for the Bayesian estimation based on [J. Dick, Q.T. LeGia and Ch. Schwab, Higher order
Quasi-Monte Carlo integration for holomorphic, parametric operator equations, Report 2014-23, SAM,
ETH Zürich].
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It implies, in particular, regularity of the parametric solution and of the countably-parametric Bayesian
posterior density in SPOD weighted spaces. This, in turn, implies that the Quasi-Monte Carlo quadrature
methods in [J. Dick, F.Y. Kuo, Q.T. Le Gia, D. Nuyens, Ch. Schwab, Higher order QMC Galerkin dis-
cretization for parametric operator equations, SINUM (2014)] are applicable to these problem classes, with
dimension-independent convergence rates O(N�1/p) of N -point HoQMC approximated Bayesian estimates
where 0 < p < 1 depends only on the sparsity class of the uncertain input in the Bayesian estimation.
Hybridized versions of the fast component-by-component (CBC for short) construction [R. N. Gantner and
Ch. Schwab Computational Higher Order Quasi-Monte Carlo Integration, Report 2014-25, SAM, ETH
Zürich] allow e�cient Bayesian estimation on parametric input with up 104 dimensional parameter vec-
tors. (Joint work with J. Dick and T. LeGia (University of New South Wales, Sydney, Australia) and with
R. N. Ganter (ETH Zürich, Switzerland). Work supported by Swiss National Science Foundation (SNF)
and by the European Research Council (ERC).)

Speaker: Grzegorz W. Wasilkowski (University of Kentucky)
Title: On e�cient truncation for integration of multivariate functions from weighted anchored and ANOVA
spaces
Abstract: We consider numerical integration of s-variate functions from weighted anchored and ANOVA
Sobolev spaces. Under the assumption that the weights decay su�ciently fast, the s-variate integrals can
be well approximated by k-variate integrals obtained by truncating the last s � k variables. For modest
error demands and large s, the number k of active variables can be very small relative to s yielding more
e�cient cubatures. (Joint work with Peter Kritzer and Friedrich Pillischshammer.)

Speaker: Clayton Webster (Oak Ridge National Laboratory and University of Tennessee)
Title: Best s-term and quasi-optimal polynomial approximations for high-dimensional parameterized PDEs
Abstract: In this talk, we present a generalized methodology for constructing and analyzing quasi-optimal
polynomial approximations, applicable to a wide class of parameterized PDEs with both deterministic and
stochastic inputs. Such quasi-optimal methods construct an index set that corresponds to the best s-terms,
based on sharp estimates of the polynomial coe�cients, that are typically downward closed. We seek to
exploit this fact by studying orthogonal projections, structured interpolation, as well as compressed sens-
ing, under this additional assumption. We consider several cases of N -dimensional a�ne and non-a�ne
input data, and our proofs reveal sharp asymptotic error estimates in which we achieve sub-exponential
convergence rates with respect to the total number of degrees of freedom. Rigorous stability analysis,
explicit cost bounds, and `

1

minimization estimates, of the various quasi-optimal techniques will also be
explored. Computational evidence complements the theory and shows the advantage of our generalized
methodology compared to previously developed estimates.

Speaker: Markus Weimar (University of Siegen)
Title: Adaptive Algorithms - Theory and Practice
Abstract: In recent years, the adaptive numerical treatment of operator equations has become a field of
increasing importance. Motivated by the enormous increase in computer power, more and more com-
plicated models have been developed, analyzed, and simulated. In practice, this might lead to systems
involving hundreds of thousands or even millions of unknowns. Although in IBC it is well-known that
for large classes of problems there is (theoretically) no benefit when using adaptive algorithms, in practice
adaptive strategies are very often unavoidable to increase e�ciency. In this talk, we give an introduction to
wavelet-based methods for the numerical solution of operator equations. Moreover, for specific examples
we present regularity assertions which show that adaptive variants of these schemes indeed outperform
their classical, non-adaptive counterparts.
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