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The workshop takes place in Building A (‘Gebäude A’, Am Schwarzenberg-Campus 1) in the rooms A0.13.1 and A0.18.1, the registration office is
located in room A0.14 and opened during the breaks. The main talks and the sessions on the left of the following schedule take place in room
A0.13.1, the sessions on the right take place in room A0.18.1. Internet access is provided either using eduroam or using the information handed out
during registration.

Thursday morning

08:30 – 09:00 Registration

09:00 – 09:10 Opening

09:10 – 10:00 Philip Hennig: Probabilistic Numerics (not just) for Linear Algebra

10:00 – 10:30 Coffee Break

10:30 – 11:00 Elias Jarlebring: Restarting for the tensor infinite
Arnoldi method

Jens Saak: A BLAS Level-3 Approach for General-
ized Lyapunov and Sylvester Equations

11:00 – 11:30 Pedro Mercado: Clustering Signed Networks with
the Geometric Mean of Laplacians

Andrii Dmytryshyn: Reducing collections of matri-
ces

11:30 – 12:00 Martin Stoll: Phase field models on graphs Ivana Kuzmanović: Optimization of the solution of
Sylvester and T -Sylvester equations with applica-
tions

12:00 – 13:40 Lunch Break

Lunch can be taken in the mensa of the TUHH (Hamburg University of Technology) for moderate prices. There do exist some places nearby for
other viands which are not easily found, please cling to the locals which, for your convenience, are marked with colored badges.
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Thursday afternoon

13:40 – 14:30 Bart De Moor: Linear algebra in machine learning

14:30 – 15:00 Stefan Güttel: Parallelization of the rational Arnoldi
algorithm

Marie Kubínová: Robust regression for CCD data
with outliers

15:00 – 15:30 Martin Neuenhofen: Krylov subspace recycling for
IDR-type methods

Martin Genzel: Towards a Mathematical Frame-
work for Feature Selection from Real-World Data

15:30 – 16:00 Coffee Break

16:00 – 16:30 Philipp Birken: Preconditioned multigrid smooth-
ers for compressible flow problems

Patrick Kürschner: Yet another low-rank method for
large algebraic Riccati equations

16:30 – 17:00 Pavel Belov: Decomposition method for block-
tridiagonal linear systems

Robert Luce: Fast Computation of the Toeplitz Ma-
trix Exponential

17:00 – 18:00 Meeting of the GAMM Activity Group ‘Applied and Numerical Linear Algebra’

19:00 – Dinner at the Restaurant Al Limone, Lämmertwiete 12

Interested in Applied and Numerical Linear Algebra? Join our Activity Group!
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Friday morning

08:30 – 09:10 Registration

09:10 – 10:00 Efstratios Gallopoulos: Ranking, clustering and storytelling by matrices

10:00 – 10:30 Steffen Börm: DH2-matrix compression for Helm-
holtz problems

Ion Victor Gosea: Model reduction of linear
switched systems from computed data

10:30 – 11:00 Sven Christophersen: H-matrix preconditioners:
Storage and runtime reduction via sparse matrices

Ralf Zimmermann: A matrix-algebraic algorithm
for the Riemannian logarithm on the Stiefel mani-
fold

11:00 – 11:30 Coffee Break

11:30 – 12:00 Erna Begović: Structure-preserving low multilinear
rank approximation of antisymmetric tensors

Philip Saltenberger: Some Remarks on Matrix Poly-
nomials in nonstandard Bases and Linearizations

12:00 – 12:30 Venera Khoromskaia: Tensor numerical modeling
of multi-particle systems

Nikta Shayanfar: Symmetric and skew-symmetric
strong linearizations from block-Kronecker pencils

12:30 – 13:00 Boris Khoromskij: Tensor numerical methods
for PDEs with complicated coefficients and/or
geometry

Heinrich Voss: Variational characterization of real
eigenvalues in linear viscoelastic oscillators

13:00 – 13:10 Closing

1
6

th
G

A
M

M
W

orkshop
‘A

pplied
and

N
um

ericalLinear
A

lgebra’
5



Structure-preserving low multilinear rank approximation of
antisymmetric tensors

Erna Begović

Faculty of Chemical Engineering and Technology
University of Zagreb

Zagreb, Croatia

We are concerned with low multilinear rank approximations of antisymmetric tensors, that is,
multivariate arrays for which the entries change sign when permuting pairs of indices. We show
which ranks can be attained by an antisymmetric tensor and discuss the adaption of existing
approximation algorithms to preserve antisymmetry, most notably a Jacobi algorithm.

Particular attention is paid to the important special case when choosing the rank equal to the
order of the tensor. It is shown that this case can be addressed with an unstructured rank-1 ap-
proximation. This allows for the straightforward application of the higher-order power method,
for which we discuss effective initialization strategies.

This is a joint work with Daniel Kressner (EPF Lausanne).
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Decomposition method for block-tridiagonal linear systems

Pavel Belov

Department of Computational Physics
Saint-Petersburg State University

Saint-Petersburg, Russia

Study of the three-body scattering includes developing the reliable analytical approaches as well
as effective parallel computational techniques. One of the rigorous approaches for treating the
three-body scattering problems above the breakup threshold is based on the configuration space
Faddeev formalism [2]. It reduces the scattering problem to a boundary value problem by im-
plementing appropriate boundary conditions. These boundary conditions have been introduced
by S. P. Merkuriev [3] and their new representation has been constructed recently in Ref. [1].
The numerical solution of the boundary value problem [3, 1] for the two-dimensional integro-
differential Faddeev equations in polar coordinates includes solving the linear system with a
block-tridiagonal matrix of large order. The block-tridiagonal structure arises from an expansion
of the unknown solution in a basis of the Hermite splines on the θ-grid and the finite-difference
approximation of the second derivative on the equidistant ρ-grid. The matrix sweeping algo-
rithm [5] is traditionally used for such problems. The algorithm is well defined and robust for
matrices with diagonal dominance, but its sequential nature makes it difficult to be applied for
parallel calculations.

The present talk is focused on the developed decomposition method (DM) for efficient par-
allel solution of the block-tridiagonal linear systems. The initial matrix is logically reduced to
some new independent on-diagonal blocks and a coupling matrix of much smaller size [4]. The
solution includes parallel inversions of the on-diagonal blocks and solving the equation for the
coupling matrix. The DM includes using the sweeping algorithm for dealing with the blocks,
but the parallel structure and possible recursivity of the method lead to remarkable growth of a
performance. The analytical estimation of the computational speedup of the DM with respect to
the sequential sweeping algorithm and practical tests have been carried out. For not so large su-
percomputing systems, the DM allows us to obtain a linear growth of the computational speedup
S with increase of the number of computing units P : S ' 3/7P . For larger supercomputing sys-
tems, the nonparallelized part of the method is increased, so the linear growth decelerates. The
application of the DM for parallel solution of the studied linear systems reduced overall time of
calculation up to 20 times.

This is a joint work with Eduard Nugumanov and Sergey Yakovlev from Department of Com-
putational Physics of the Saint-Petersburg State University.

References

[1] P. A. BELOV AND S. L. YAKOVLEV, Asymptotic method for determining the amplitude for three-particle
breakup: Neutron-deuteron scattering, Physics of Atomic Nuclei, 76 (2013), pp. 126–138.

[2] L. D. FADDEEV AND S. P. MERKURIEV, Quantum scattering theory for several particle systems, Kluwer
Academic Publishers, Dordrecht, 1993.

[3] S. P. MERKURIEV, C. GIGNOUX, AND A. LAVERNE, Three-body scattering in configuration space, Annals of
Physics, 99 (1976), pp. 30–71.

[4] J. M. ORTEGA, Introduction to parallel and vector solution of linear systems, Springer, New York, 1988.

[5] A. A. SAMARSKII AND E. S. NIKOLAEV, Methods for solving finite-difference equations, Nauka, Moscow,
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Preconditioned multigrid smoothers for compressible flow
problems

Philipp Birken

Centre for the Mathematical Sciences
Lund University
Lund, Sweden

A core difficulty when designing fast multigrid methods for finite volume discretizations for the
compressible Navier-Stokes equations are high aspect ratio grids in the boundary layers. For
uniform meshes, SGS turns out to be a good smoother. For high aspect ratio grids, a recently
proposed method uses so called preconditioned Runge-Kutta smoothers to obtain reasonable
convergence rates. The preconditioner is again SGS. To explain this, we relate the terminology
used among engineers in CFD to numerical linear algebra. Then we compare the method to pre-
conditioned GMRES as a smoother and present a Fourier analysis, as well as numerical results.

This is joint work with Jonathan Bull (Uppsala University) and Antony Jameson (Stanford
University).
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DH2-matrix compression for Helmholtz problems

Steffen Börm

Institut für Informatik
Universität Kiel
Kiel, Germany

We consider the integral operator

G[u](x) =

∫
Γ

exp(iκ‖x− y‖)
4π‖x− y‖

dy

arising in the context of boundary integral methods for the Helmholtz equation. Here Γ denotes
the boundary of a domain Ω, while κ is the wave number corresponding to the Helmholtz equa-
tion.

Since G is a non-local operator, standard discretization techniques lead to dense matrices that
can only be handled if efficient compression algorithms are employed. Standard techniques like
interpolation or adaptive cross approximation fail in the high-frequency case, i.e., if the wave
number κ is large.

This problem can be circumvented if a directional approximation is used. A. Brandt suggested
to choose a fixed direction c with ‖c‖ = 1 and to consider the kernel function

g(x, y) = exp(iκ〈x− y, c〉) exp(iκ(‖x− y‖ − 〈x− y, c〉))
4π‖x− y‖︸ ︷︷ ︸

=:gc(x,y)

.

In the first factor, the variables x and y can be separated. The second factor gc is smooth in a cone
along the axis c, and therefore can be approximated by standard interpolation.

Brandt’s idea gives rise to DH2-matrices, a class of matrices with local low-rank structure
that can be used to approximate the operators arising in the context of the Helmholtz boundary
integral method.

This talk gives an introduction toDH2-matrices and describes an algorithm that can be used to
construct an adaptive approximation of the system matrix. Numerical experiments suggest that
this algorithm may also be useful for constructing preconditioners for the Helmholtz equation.
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H-matrix preconditioners: Storage and runtime reduction via
sparse matrices

Sven Christophersen

Computer Science Institute, Scientific Computing
University of Kiel

Kiel, Germany

Setting up preconditioners for large, sparse linear systems of equations, arising e.g. from finite
element discretizations of PDEs, is a challenging task. Things become even more complicated
when jumping coefficients are introduced.

A very elegant tool for the construction of such preconditioners are hierarchical matrices (H-
matrices). Techniques to construct approximative inverses with these kinds of matrices are of
purely algebraic nature and therefore widely applicable.

On the other hand one major drawback of these methods is by far the storage complexity of
these algorithms compared to other techniques such as multigrid or incomplete LU factorization.

Investigations on the memory consumption reveal that a huge amount of memory is used for
the storage of inadmissible matrix blocks, which are stored in standard array representation. Fur-
ther research on these small, but dense, matrices shows that they often exhibit a sparse structure
itself and can therefore be stored more efficiently by using sparse matrices instead.

The memory consumption can be decreased by an order of magnitude and even setup times
can be reduced by significant factors, which makes these kinds of preconditioners more compet-
itive to other algorithms, while at the same time keeping the robustness.

We will present which changes have to be done in theH-matrix arithmetics and where poten-
tial pitfalls are located in the implementation of these modified algebraic routines.
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Linear algebra in machine learning

Bart De Moor

ESAT - STADIUS, Stadius Centre for Dynamical Systems, Signal Processing and Data Analytics
Department of Electrical Engineering (ESAT)

KU Leuven
Leuven, Belgium

In this presentation, we will focus on least squares support vector machines. These are machine
learning algorithms, that basically, in their so-called primal formulation, start from a constrained
optimization problem with a quadratic (least squares) objective function. The ingredients are
a function that maps given data points to a higher dimensional (possibly infinite dimensional)
feature space, a vector of unknown weights and a vector of error variables that, in the case of a
classification problem, tolerates misclassifications.

First, we will show how standard (Gaussian) linear regression problems with linear con-
straints and a priori information on the distribution of the vector of unknowns and residuals,
lead to constrained weighted least squares problems. These can be solved, either for the vector
of unknowns, the vector of residuals or the Lagrange multipliers introduced for the constraints.
This leads to three different, yet equivalent solutions.

We then use this result to solve a given least-squares optimization problem in its so-called dual
form, which ultimately leads to (large) set of linear equations (in the literature called a Karush-
Kuhn-Tucker system). The feature mapping is not to be known explicitly, but leads (via the
so-called ‘kernel trick’) to a kernel function, that one can choose depending on the requirements
and a priori information on the data and the problem. Examples are linear kernels, polynomial
ones, Radial Basis Functions, etc.

So in the first part of the talk, we will elaborate how plain linear algebra allows to formulate
non-linear classification and regression problems, by clever exploitation of the ‘kernel trick’.

In the second part of the talk, we turn the problem around. We will show how the machinery
of least squares support vector machines can be deployed to formulate kernel extensions of Prin-
cipal Component Analysis (SVD), Canonical Correlation Analysis (Angles between subspaces)
and Partial Least Squares. This allows us to generalize these well known ‘linear’ statistical tech-
niques, to non-linear extensions, while we only use insights and algorithms from linear algebra.

We will comment on issues of sparsity and robustness, and illustrate our presentation with
an abundance of applications from industrial and medical data sources.
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Reducing collections of matrices

Andrii Dmytryshyn

Department of Computing Science
Umeå University
Umeå, Sweden

We prove Roth-type theorems for systems of matrix equations including an arbitrary mix of
Sylvester and *-Sylvester equations, in which the transpose or conjugate transpose of the un-
known matrices also appear. In full generality, we derive consistency conditions by proving that
such a system has a solution if and only if the associated set of 2× 2 block matrix representations
of the equations are block diagonalizable by linked equivalence transformations, see [1].

We also describe the class of all possible sets of complex matrices that can be reduced to an
upper-triangular form by associated unitary transformations, and the class of all possible sets
of real matrices that can be reduced to a quasi-upper-triangular form by associated orthogonal
transformations. Here one may think of Schur forms for a single matrix, a matrix pencil, and ma-
trices associated with the periodic eigenvalue problem which all are frequently used and studied
representatives of this class. Schur forms are the key ingredient for solving systems of Sylvester
matrix equations by generalizations of the Bartels-Stewart algorithm.

This is joint work with Bo Kågström (Department of Computing Science, Umeå University,
SE-901 87 Umeå, Sweden, bokg@cs.umu.se) and Vladimir V. Sergeichuk (Institute of Mathemat-
ics, Tereshchenkivska 3, Kiev, Ukraine, sergeich@imath.kiev.ua).

References

[1] A. DMYTRYSHYN AND B. KÅGSTRÖM, Coupled Sylvester-type matrix equations and block diagonalization,
SIAM J. Matrix Anal. Appl., 36 (2015), pp. 580–593.
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Ranking, clustering and storytelling by matrices

Efstratios Gallopoulos

Computer Engineering & Informatics Department
University of Patras

Rion, Greece

Starting with Google’s PageRank and continuing with few but well advertised events such as
the Netflix competition and prize, in the last 20 years we have witnessed (and welcomed) the
establishment of matrix computations at the core of “modern” fields such as data analytics and
machine learning. In this talk, after briefly considering these historical developments, we review
some interesting problems in key tasks such as clustering and ranking that have led to unconven-
tional approaches that were successful by taking into account not only accuracy and efficiency
but also interpretability. We then consider the problem of diagonal estimation for matrix inverses
and the role of multiple right-hand side iterative solvers in the process. We conclude with our
application of matrix-aided ranking in storytelling that has led to some surprising conclusions.
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Towards a Mathematical Framework for Feature Selection from
Real-World Data

Martin Genzel

Institute of Mathematics / Research Group Applied Functional Analysis
Technische Universität Berlin

Berlin, Germany

A fundamental challenge in machine learning is the selection of discriminative features from a rel-
atively small collection of sample pairs {(xxxi, yi)}1≤i≤m. Here, the observations yi ∈ R are often
supposed to follow a noisy single-index model, depending on a certain set of target variables. The
major difficulty is now that these variables cannot be observed directly, but rather arise as hidden
factors in the actual data vector xxxi ∈ Rd (feature variables). A typical example would be mass spec-
trometry data of the human proteome, where the desired molecular concentrations of proteins are
intrinsically encoded by means of Gaussian-shaped peaks.

In this talk, we will see that a successful feature selection is still possible when the applied
estimator does not have any knowledge of the underlying data representation and only takes
the “raw” samples {(xxxi, yi)}1≤i≤m as input. Guarantees of such type are especially appealing for
practical purposes, since in many applications even standard methods, e.g., the Lasso or logis-
tic regression, yield surprisingly good outcomes. The mathematical basis of our results forms a
recent framework for structured signal recovery from highly underdetermined (non-)linear equa-
tion systems.This allows us to treat the problem of feature selection in a unified way, particularly
including non-linear observations, arbitrary convex signal structures as well as strictly convex loss
functions.

This is joint work with Gitta Kutyniok (TU Berlin).
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Model reduction of linear switched systems from computed data

Ion Victor Gosea

Computer Science and Electrical Engineering
Jacobs University Bremen

Bremen, Germany

We discuss model order reduction (MOR) of continuous-time linear switched systems (LSS)
which represent a class of hybrid linear systems.

A linear switched system is a system which switches among a finite number of linear sub-
systems. Hence, the state and output trajectory of an LSS is a concatenation of the state and
output trajectories of the linear subsystems. At each time instance, the active linear subsystem is
determined by a so called switching signal.

First consider interpolatory model order reduction; the main contribution is generalizing the
Loewner framework to the class of LSS. We manage to devise a moment matching method that
constructs reduced order LSS models whose transfer functions match those of the original system
on a grid of selected finite frequencies, or interpolation points. This requires the appropriate
definition of high order transfer functions for LSS.

Then we propose a different approach towards balanced reduction for linear switched sys-
tems. This appraised MOR technique was already generalized from basic linear systems (no
switching) to the class of LSS. The key difference between our method and the existing ones is
the definition of the energy functions used to compute the so-called controllability and observ-
ability gramians P and Q corresponding to each active mode.

We illustrate the practical applicability of the proposed methods by means of two numerical
examples. The first example is a randomly generated system. Then, the second example comes
from a real life situation – it is a large scale heat conduction system with relatively moving geom-
etry parts that induce a moving thermal load in one of the subsystems.

This is a joint work with Athanasios C. Antoulas from Rice University Houston.
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Parallelization of the rational Arnoldi algorithm

Stefan Güttel

School of Mathematics
The University of Manchester
Manchester, United Kingdom

Rational Krylov methods are applicable to a wide range of scientific computing problems, and
the rational Arnoldi algorithm is a commonly used procedure for computing an orthonormal ba-
sis of a rational Krylov space. Typically, the computationally most expensive component of this
algorithm is the solution of a large linear system of equations at each iteration. We explore the
option of solving several linear systems simultaneously, thus constructing the rational Krylov
basis in parallel. If this is not done carefully, the basis being orthogonalized may become badly
conditioned, leading to numerical instabilities in the orthogonalization process. We introduce the
new concept of continuation pairs which gives rise to a near-optimal parallelization strategy that
allows to control the growth of the condition number of this nonorthogonal basis. As a conse-
quence we obtain a significantly more accurate and reliable parallel rational Arnoldi algorithm.
The computational benefits are illustrated using several numerical examples from different ap-
plication areas.

This is joint work with Mario Berljafa.

16 16th GAMM Workshop ‘Applied and Numerical Linear Algebra’



Probabilistic Numerics (not just) for Linear Algebra

Philipp Hennig

Empirical Inference Department
Max Planck Institute for Intelligent Systems

Tübingen, Germany

Numerical algorithms *estimate* unknown quantities given the result of tractable, ‘observable’
computations. They can thus be seen as an instance of inference, in the statistical sense. Prob-
abilistic numerics formalizes this connection, by phrasing computation as the manipulation of
probability measures. The talk will briefly outline some recent results showing that several sem-
inal classic numerical methods can be interpreted as statistical estimators in a formally precise
way.

Perhaps surprisingly, linear algebra remains the most challenging area for this perspective.
The main part of the talk will review recent and ongoing work to construct probability measures
that are simultaneously consistent with the design of classic linear solvers, of low computational
complexity, and whose width (posterior variance) provides a meaningful, albeit limited, notion
of uncertainty over the result of a linear computation.
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Restarting for the tensor infinite Arnoldi method

Elias Jarlebring

KTH Royal institute of technology
Stockholm, Sweden

An efficient and robust restart strategy is important for any Krylov-based method for eigenvalue
problems. The tensor infinite Arnoldi method (TIAR) is a Krylov-based method for solving non-
linear eigenvalue problems (NEPs), which can be interpreted as an Arnoldi method applied to
a linear and infinite dimensional eigenvalue problem where the Krylov basis consists of polyno-
mials. We propose new restart techniques for TIAR and analyze efficiency and robustness. More
precisely, we consider an extension of TIAR which corresponds to generating the Krylov space
using not only polynomials but also structured functions that are sums of exponentials and poly-
nomials, while maintaining a memory efficient tensor representation. We propose two restarting
strategies, both derived from the specific structure of the infinite dimensional Arnoldi factoriza-
tion. One restarting strategy, which we call semi-explicit TIAR restart, provides the possibility
to carry out locking in a compact way. The other strategy, which we call implicit TIAR restart,
is based on the Krylov-Schur restart method for linear eigenvalue problem and preserves its ro-
bustness. Both restarting strategies involve approximations of the tensor structured factorization
in order to reduce complexity and required memory resources. We illustrate the approaches by
applying them to solve large scale NEPs that arise from a delay differential equation and a wave
propagation problem.

Joint work with Giampaolo Mele, KTH Royal Institute of technology.
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Tensor numerical modeling of multi-particle systems

Venera Khoromskaia

Max-Planck Institute for Mathematics in the Sciences
Leipzig, Germany

Tensor numerical methods first appeared as algorithms for accurate grid-based calculation of
the 3D convolution integrals with the Newton kernel in the Hartree-Fock equation, by using
the rank-structured tensor representation of the multidimensional functions and operators [4].
Now tensor methods are being developed further for electronic structure calculations of large
crystalline clusters, and biomolecules, where the summation of the electrostatic potentials in large
finite volumes is one of the challenging problems. Recently, we invented an efficient method for
summation of the long-range potentials on L×L×L 3D lattices using the assembled vectors of
the canonical/Tucker tensor representation of a single Newton kernel [3] defined on fine n×n×n
3D Cartesian grids. Computational complexity of this method is of the order of O(L) which is
much less as compared with O(L3) in traditional approaches, like Ewald-type summation. The
canonical tensor rank of the resulting sum of a large number of Coulomb potentials positioned
on rectangular 3D lattices is the same as for tensor representation of a single Newton kernel. For
lattices having different shapes, like L-shape, O-shape or hexagonal lattices the rank is increased
by a small factor [2]. For the case of multiple defects and vacancies in the crystalline molecular
structures the canonical-to-Tucker (C2T) rank truncation via reduced HOSVD is employed [4, 2].
For summation of the electrostatic potentials in molecular systems with arbitarily distributed
potentials we introduce the new range-separated tensor format using the grid-based independent
low-rank representation of the global and localized parts in the target tensor [1].

This is joint work with Peter Benner and Boris Khoromskij.
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Tensor numerical methods for PDEs with complicated
coefficients and/or geometry

Boris Khoromskij

Max-Planck Institute for Mathematics in the Sciences
Leipzig, Germany

We discuss how the tensor numerical methods based on the low-rank canonical, Tucker, TT and
QTT approximations apply to computationally intensive problems arising in computer mod-
elling of elliptic PDEs with complicated coefficients and/or geometry. Such equations typically
arise in the Hartree-Fock calculations, in protein modeling via the Poisson-Boltzmann equation,
in iso-geometric analysis as well as in the homogenization theory for elliptic problems. Both
theoretical and numerical aspects will be addressed.
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Robust regression for CCD data with outliers

Marie Kubínová

Faculty of Mathematics and Physics
Charles University in Prague

Prague, Czech Republic

This contribution deals with the discrete image deblurring problem

Axtrue ≈ b, (1)

where the matrix A represents the discretized blurring operator, vector b represents the acquired
data, and vector xtrue is the vectorized two-dimensional true scene. For data from a CCD detec-
tor array, assuming zero background emission, the following mixed Poisson-Gaussian statistical
model applies

b = Poiss(Axtrue) +N (0, σ2I). (2)

The log-likelihood functional for this model can be efficiently approximated by the weighted
least-squares problem with the weights depending on the computed data; see, e.g., [5]. It is
known, however, that the least-squares solution is not robust with respect to outliers. Robustness
can be achieved by replacing the least-squares loss function 1

2z
2 by a function ρβ(z), less stringent

towards large errors; see also [1, 4]. This leads to the minimization of the following functional

min
x≥0

{
m∑
i=1

ρβ

(
[Ax]i − bi√
[Ax]i + σ2

)
+
λ

2
‖Lx‖2

}
, (3)

where the quadratic term λ
2 ‖Lx‖

2 is added to regularize the problem.
In the presentation, we will show that the optimization problem (3) can be successfully used

to reconstruct the true scene from data with outliers of various types; see also [3]. Further, we
discuss the convexity of the functional (3) and the choice of the parameter β, defining the trade-
off between the robustness and efficiency. We also investigate efficient computational approaches
to solve (3) with emphasis on the solution of the linear systems arising in some Newton-type
methods.

This is joint work with James Nagy (Emory University).
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Optimization of the solution of Sylvester and T -Sylvester
equations with applications

Ivana Kuzmanović

Department of Mathematics
University of Osijek

Osijek, Croatia

In this talk Sherman—Morrison—Woodbury–type formula for the solution of the Sylvester equa-
tion of the form

(A0 +U1V1)X +X(B0 +U2V2) = E

as well as for the solution of the T -Sylvester equation of the form

(A0 +U1V1)X +XT (B0 +U2V2) = E,

where U1, U2, V1 and V2 are low-rank matrices will be presented. These formulas can be used to
obtain algorithms for efficient calculation of the solution of structured Sylvester and T -Sylvester
equations as well as for optimization of parameter-dependant equations.

A special application where obtained algorithms give very good results is a very important
problem of damper viscosity optimization in mechanical systems.

This is joint work with Ninoslav Truhar.
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Yet another low-rank method for large algebraic Riccati
equations

Patrick Kürschner

Computational Methods in Systems and Control Theory
Max Planck Institute for Dynamics of Complex Technical Systems

Magdeburg, Germany

For large-scale algebraic Riccati equations

ATXM +MTXA−MXBBTXM +CTC = 0,

we want to compute low-rank factors Z ∈ Rn×r, r� n such that ZZT ≈ X . An iterative method
will be introduced, which can be seen as a direct generalization of the low-rank alternating direc-
tions implicit (ADI) iteration for Lyapunov equations. In fact, it directly reduces to the Lyapunov
ADI iteration if B = 0. Different issues regarding an efficient implementation will be addressed,
including also the important shift selection problem. Afterwards, we show that this new method
is closely related, and under some conditions even equivalent, to other, existing methods for Ric-
cati equations. Several numerical experiments are used to illustrade how this ADI type iteration
performs in comparison with other, competetive approaches.
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Fast Computation of the Toeplitz Matrix Exponential

Robert Luce

EPF Lausanne
Lausanne, Switzerland

An important structural feature of Toeplitz matrices is that they have low rank representations
as solutions of certain matrix Stein or Sylvester equations. Using these low rank properties we
present techniques for the computation of the full matrix exponential of a Toeplitz matrix in
quadratic complexity, i.e., with run time and storage proportional to the output. An interesting
application for our algorithm is the solution of an PIDE arising from option pricing of an asset in
Merton’s jump diffusion model.
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Clustering Signed Networks with the Geometric Mean of
Laplacians

Pedro Mercado

Department of Mathematics and Computer Science
Saarland University

Saarbrücken, Germany

We define a signed network G± as a pair of graphs G± = (G+,G−), where G+ = (V,E+) encodes
positive (friendship) relations and G− = (V,E−) encodes negative (enmity) ones. In this talk
we discuss major drawbacks of popular extensions of spectral clustering to signed networks [1,
3]. Our analysis shows that in expectation under the Stochastic Block Model (SBM) existing
approaches do not recover ground-truth clusters even when either G+ or G− contains no noise.
This problem arises as existing approaches merge the informations from G+ and G− through
a form of arithmetic mean of Laplacians or adjacencies of the positive and negative part. We
propose to use the geometric mean of the Laplacian matrix L of G+ and the signless Laplacian Q
of G−, defined by

L#Q = L1/2(L−1/2QL−1/2)1/2L1/2.

We show that in expectation under the SBM the extremal eigenvectors of the matrix L#Q recover
ground-truth clusters in any reasonable clustering setting, outperforming existing approaches.
We propose a numerical method to efficiently compute some extremal eigenvectors of the geo-
metric mean L#Q without ever computing L#Q itself. Our algorithm is based on the inverse
power method and the extended Krylov subspace technique [2], and applies to the geometric
mean A#B of a generic pair of positive definite matrices A and B.

This is joint work with Francesco Tudisco and Matthias Hein.

References

[1] K. CHIANG, J. WHANG, AND I. DHILLON, Scalable clustering of signed networks using balance normalized
cut, CIKM, 2012, pp. 615–624.

[2] V. DRUSKIN AND L. KNIZHNERMAN, Extended Krylov subspaces: approximation of the matrix square root
and related functions, SIAM J. Matrix Anal. Appl., 19 (1998), pp. 755–771.

[3] J. KUNEGIS, S. SCHMIDT, A. LOMMATZSCH, J. LERNER, E. LUCA, AND S. ALBAYRAK, Spectral analysis
of signed graphs for clustering, prediction and visualization, in ICDM, 2010, pp. 559–570.
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Krylov subspace recycling for IDR-type methods

Martin Neuenhofen

RWTH Aachen
Aachen, Germany

We consider Krylov subspace recycling for the numerical solution of sequences of large sparse
linear systems with fixed system matrix and changing right-hand sides.

M(s)stab(`) is a modification of IDR(s)stab(`) that recycles modified Sonneveld spaces. Its
key concept is to start an iterative solution scheme for subsequent right-hand sides from a smaller
dimensioned initial Sonneveld-type space. This is enabled by using a small piece of data (not
larger then the memory required by IDRstab itself) from the former solution process. The purpose
of a smaller space dimension is a potentially faster convergence of Mstab right from the beginning
compared to IDRstab.

In the talk we briefly review IDRstab with emphasis on possible generalizations and then
present Mstab. Finally we show on some examples when at all and how well Mstab can yield a
performance improvement.
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A BLAS Level-3 Approach for Generalized Lyapunov and
Sylvester Equations

Jens Saak

Computational Methods in Systems and Control Theory
Max Planck Institute for Dynamics of Complex Technical Systems

Magdeburg, Germany

The solution of dense Lyapunov equations has been considered a solved problem after the semi-
nal paper by Bartels and Stewart. Variants of their algorithm have increased the efficiency by re-
arranging the operations, especially for the generalized equations. None of the direct approaches
goes beyond a BLAS level-2 formulation, though. On the other hand, the RECSY method ap-
proaches the solution via recursive subdivision into smaller problems. RECSY can thus accelerate
the solution process on many processors, but it has a rather irregular memory access pattern.

Our formulation uses a BLAS level-3 type tiling approach after the reduction of the coeffi-
cients to Schur form. It thus accelerates the triangular solution phase compared to the BLAS
level-2 methods. The proposed method acts as an outer iteration the exploits the existing solvers
for solving the arising block problems on the single tiles.

When the RECSY solver is used as the inner method, the outer iteration contributes a largely
regularized memory access pattern. Therefore also here we get a notable acceleration with respect
to the standalone solver.

For a single equation the runtime is, however, dominated by the reduction of the coefficient
matrices to Hessenberg/Schur form. Therefore, the overall performance gain is limited. How-
ever, the gain can be increased, e.g, for the solution of autonomous differential matrix equations,
or when the spectral divide and conquer method is used to accelerate the Schur reduction.
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Some Remarks on Matrix Polynomials in nonstandard Bases and
Linearizations

Philip Saltenberger

Institut Computational Mathematics, AG Numerik
TU Braunschweig

Braunschweig, Germany

One approach to deal with nonlinear eigenvalue problems represented by matrix polynomials
is to linearize the matrix polynomial and solve the generalized eigenvalue problem. It is well-
known that the Frobenius companion forms are linearizations for matrix polynomials given in
the standard monomial basis. Often it is of great interest to have many classes of linearizations
at hand from which one with the most favorable properties in terms of, e.g., conditioning and
backward errors of eigenvalues, symmetry or sparsity patterns can be selected. For this purpose,
in [1] certain vector spaces of matrix pencils have been introduced that generalize the Frobenius
companion forms. These turned out to be very appropriate settings to find linearizations and es-
pecially to study their properties. Although these spaces were originally constructed for matrix
polynomials in the standard basis it was recognized that this approach extends to nonstandard
bases as well. However, in the nonstandard case, there has not been done much research concern-
ing the characterization of these spaces. We will present a simple framework for the construction
of these spaces for matrix polynomials given in orthogonal polynomial bases, discuss how lin-
earizations therein can be found and how an algorithm for the construction of blocksymmetric
pencils can be derived from this approach.

References

[1] D. S. MACKEY, N. MACKEY, C. MEHL, AND V. MEHRMANN, Vector spaces of linearizations for matrix
polynomials, SIAM J. Matrix Anal. Appl., 28 (2006), pp. 971–1004 (electronic).
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Symmetric and skew-symmetric strong linearizations from
block-Kronecker pencils

Nikta Shayanfar

Institut Computational Mathematics
TU Braunschweig

Braunschweig, Germany

Polynomials eigenvalue problems with a structured matrix polynomials arise in many applica-
tions. The standard way to solve polynomial eigenvalue problems is through the classical first
and second Frobenius companion linearizations, which may not retain the structure of the ma-
trix polynomial. Particularly, the structure of the symmetric and skew-symmetric matrix poly-
nomials can be lost, while from the computational point of view, it is advisable to construct a
linearization which preserves the symmetry structure. Recently new families of block-Kronecker
pencils have been introduced in [1]. Applying block-Kronecker pencils, we introduce structure-
preserving strong linearizations for symmetric and skew-symmetric matrix polynomials. When
the matrix polynomial has odd degree, these linearizations are strong regardless of whether the
matrix polynomial is regular or singular. Additionally, we construct structure-preserving strong
linearizations for regular symmetric or skew-symmetric matrix polynomials of even degree un-
der some simple nonsingularity conditions.

References

[1] F. M. DOPICO, P. W. LAWRENCE, J. PÉREZ, AND P. V. DOOREN, Block Kronecker linearizations of matrix
polynomials and their backward errors, MIMS-eprint 2016.34, The University of Manchester, 2016.
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Phase field models on graphs

Martin Stoll

Numerical Linear Algebra for Dynamical Systems
MPI Magdeburg

Magdeburg, Germany

Phase field models are classical tools in the simulation of materials and their behaviour. Recently,
Bertozzi and co-authors introduced a Ginzburg-Landau energy defined via the Graph Laplacian.
They then obtained an Allen-Cahn equation that solves a semi-supervised learning problem. In
this talk, we want to present this technique and extend it to the case of a nonsmooth potential.
For this we describe the Graph Laplacian and show how its dominating eigenvectors can be
used to define a reduced Allen-Cahn equation that we need to solve numerically. In the case of
nonsmooth potentials, we have to use an iterative solver within a generalized Newton scheme.
Additionally, we introduce a vector-valued formulation. We illustrate this technique on an exam-
ple from image segmenation. Also, if the summer goes well, we want to extend this technique to
the Laplacian of a hypergraph and present first results.
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Variational characterization of real eigenvalues in linear
viscoelastic oscillators

Heinrich Voss

Institute of Mathematics
Hamburg University of Technology

Hamburg, Germany

Viscous damping is the most common model to describe damping in a linear system. This model
assumes that the instantaneous generalized velocities are the only relevant variables that deter-
mine damping. Viscous damping models are widely used for their simplicity and mathematical
convenience, but it is well recognized that a physically realistic model of damping will not be
viscous.

Possibly the most general way to model damping within the linear range is to use nonviscous
damping models that depend on the past history of motion via convolution integrals over kernel
functions. The equation of motion for an n–degree of freedom linear system with such damping
can be expressed by

Mü(t) +

t∫
0

G(t− τ)u̇(τ)dτ +Ku(t) = f(t)

together with initial conditions.
In this talk we consider exponential damping for which the kernel matrix has the special form

G(t) =

N∑
k=1

µke
−µktCk,

and the corresponding free motion problem in Laplace domain reads(
s2M +

N∑
k=1

µk
s+ µk

Ck +K

)
u = 0.

For small damping this problem has 2n+ r eigenvalues which can be arranged as

{λ1, λ1, . . . , λn, λn} ∪ {σ1, . . . , σr}

where λj , λj are complex conjugate pairs, and σ1, . . . , σr are r negative real numbers named non-
viscous eigenvalues.

We prove a variational characterization of all nonviscous eigenvalues and discuss numerical
methods for determining them.
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A matrix-algebraic algorithm for the Riemannian logarithm on
the Stiefel manifold

Ralf Zimmermann

IMADA
SDU Odense

Odense, Denmark

The Stiefel manifold is the Riemannian matrix manifold of rectangular n-by-pmatrices U featuring
orthonormal columns, i.e., UTU = I . For any Riemannian manifold, the Riemannian exponential
is a local isometric diffeomorphism from the tangent space at a point to the manifold. The inverse
mapping is called the Riemannian logarithm. In this talk, I present a derivation for a numerical
algorithm for evaluating the Riemannian logarithm on the Stiefel manifold with respect to its
canonical metric. In contrast to the optimization-based approach known from the literature, I
work from a purely matrix-algebraic perspective. Moreover, I prove that the algorithm converges
locally and exhibits a linear rate of convergence.
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